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configuration except L-fucose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 

 

1. Introduction 

1.1 Glycoproteins 

 Glycoproteins consist of proteins to which carbohydrate are covalently linked. The 

predominant sugars found in glycoproteins are Glc, Gal, Man, Fuc, GalNAc, GlcNAc and NeuAc. 

The distinction between proteoglycans and glycoproteins depends on the level and types of 

carbohydrate modifications. Carbohydrates are linked to the protein component through either 

O-glycosidic or N-glycosidic bonds. The N-glycosidic linkage is through the amide group of 

asparagine. The O-glycosidic linkage is to the hydroxyl group of serine, threonine or hydroxylysine. 

The linkage of carbohydrate to hydroxylysine is generally found only in the collagens. The linkage 

of carbohydrate to 5-hydroxylysine is either through the single sugar galactose, or the disaccharide 

glucosylgalactose. In Ser- and Thr-type O-linked glycoproteins, the carbohydrate directly attached 

to the protein is GalNAc. In N-linked glycoproteins, it is GlcNAc. The predominant carbohydrate 

attachment in glycoproteins of mammalian cells is via N-glycosidic linkage. The site of 

carbohydrate attachment to N-linked glycoproteins is found within a consensus sequence of amino 

acids, N-X-S(T), where X is any amino acid except proline.  

 

1.1.1 Biosynthesis of glycoproteins 

         Biosynthesis of glycoproteins occurs via protein glycosylation (the addition of chains of sugar 

units, or oligosaccharides, to proteins). Protein glycosylation is a group of complex posttranslational 

modifications that occur through the function of many enzymes working together in the 

endoplasmic reticulum (ER) and Golgi apparatus. Oligosaccharides can be attached to proteins 

through a variety of linkages, with the two most common linkages being N-linked and O-linked 

glycosylation. Monosaccharides are joined together and to protein by the glycosidic bonds. 

Formation of these bonds requires free energy which is acquired through the conversion of 

monosaccharide units to nucleotide diphosphate or monophosphate sugars (enzymes using 

nucleotide sugars as glycosyl donors during biosynthesis of oligosaccharides belong to Leloir 

pathway enzymes; the non-Leloir pathway enzymes use glycosyl phosphates) (Gerardy-Schahn et. 

al. 2001, Goto et. al. 2001) (Figure 1).  
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Figure 1. Monosaccharides are joined together with protein by the glycosidic bonds. Formation of these 

bonds requires free energy input which is acquired through the conversion of monosaccharide units to 

nucleotide diphosphate or monophosphate sugars. Nucleotide sugars are used by the glycosyltransferases 

during glycosylation. 

 

Nucleotide sugars are synthesized in the cytosol via following reaction:  

   sugar-1-phosphate + XTP ----------------- sugar-XDP + PPi  

This process is catalyzed by nucleoside transferases and pyrophosphatases.  

An exception is CMP-NeuAc which is synthesized from the sugar (not sugar phosphate) and CTP:  

   NeuAc + CTP -------------------- CMP-NeuAc + PPi  

  

Nucleotide diphosphate Monosaccharide units 

UDP  Glc, GlcNAc,  

GalNAc, Gal,      

NeuAc, Xyl  

GDP  Fuc, Man 

CMP  NeuAc 

 

Table 1. Nucleotide diphosphate used for individually monosaccharides units.  

 

        The ER and Golgi membranes contain transporters for nucleotide sugars. They are antiporters : 

when sugar nucleotides are imported, nucleotides are exported from the ER or Golgi vesicles 

(Hirschberg et. al. 1998). 
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Figure 2. Nucleotide sugar transporters are very hydrophobic proteins from 340 amino acids to 400 amino 

acids long. They reside in Golgi apparatus and/or ER membrane. They have ten transmembrane helices, and 

their C- and N-terminal regions are placed in cytosol. They antiport nucleotide sugars pooled in cytosol into 

lumen of Golgi apparatus or ER for the corresponding nucleoside monophosphates such as UMP for 

UDP-sugars, GMP for GDP-sugars or CMP for CMP-sugars. The transported nucleotide sugars are utilized 

as sugar donors by glycosyltransferases for synthesis of sugar chains of glycoproteins, glycolipids and 

polysaccharides. UDP-glucuronic acid also serves as a substrate for glucuronidation in ER lumen. There are 

many molecular species of nucleotide sugars, and it is assumed that there is a specific nucleotide sugar 

transporter for each of them. Hut1 protein is molecular chaperon, and SQV-7 complex participate in 

morphogenesis. LPG2 protein inhibits the release of midgut proteases and thereby may protect the parasite 

surface from attack. 
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1.1.1.1 Glycoproteins with N-glycosidically linked oligosaccharides 

  The core of N-glycans is transferred onto proteins en bloc and has a clearly defined 

structure. It is a branched oligosaccharide unit which consists of three Glc, nine Man and two 

GlcNAc residues (Glc3Man9GlcNAc2). The oligosaccharide is transferred from carrier lipid 

dolichol pyrophosphate to amide nitrogen of selected asparagine residues of polypetide chains. The 

acceptor polypeptide is characterized by the consensus sequence Asn-X-Ser/Thr, where X can be 

any amino acid except proline.   

       The synthesis of the core oligosaccharide starts with the transfer of α-linked 

N-acetylglucosaminphosphate from uridinephosphate to dolicholphosphate giving rise to GlcNAc-

PP-Dol. There follows the transfer of the second GlcNAc residue and five Man groups at the 

cytosolic side of ER, where the sugar nucleotides UDP-GlcNAc and GDP-Man serve as sugar 

donors. Subsequently, the Man5GlcNAc2-PP-Dol heptasaccharide is transferred to the luminal side 

of ER (Kornfeld and Kornfeld, 1985). This reaction is catalysed by ATP-independent flippase, 

which is anchored in the cytoplasmic membrane of ER and it is specifically inhibited by Verapamil. 

Flippases were identified as transmembrane proteins from the RTF1 family. This group of enzymes 

was originally discovered in yeast. Family of RTF1 proteins has not ATP-binding part, so they do 

not belong to the family of the ABC translocators which use ATP for enzymatic activity. Genes for 

homologous protein of the RTF1 families were also found in the genomes of other eukaryotic 

organisms (Helenius et. al. 2002). After translocation into ER the residual four Man and three Glc 

were added according to a defined reaction sequence determined by the specifity of the individual 

glycosyltransferases, and the chain was elongated to the full-lenght lipid linked oligosaccharide 

Glc3Man9GlcNAc2-PP-Dol (Kukuruzinska and Robbinson, 1987). This glycan that contains three 

terminal Glc residues, but not Man9GlcNAc2 is efficiently transferred to protein by 

oligosaccharyltransferase (Haselbeck and Tanner, 1982). In mammalian cells the importance of the 

terminal Glc residues is evident from the fact that transfer of Man9GlcNAc2-PP-dolichol is 

approximatelly 25 times less efficient than of the complete structure. The terminal Glc units are 

required for recognition of the oligosaccharide structures with enzymes oligosaccharyltransferase. 

Oligosaccharyltransferase (Ost) is an enzyme associated with translocation complex (Kelleher et. al. 

1992). Translocation complex is composed of protein channel, a signal peptidase, BiP, calnexin and 

probably also from other factors. Oligosaccharyltransferase is composed of several transmembrane 

subunits (Knauer and Lehle, 1994). For example, Ost from Saccharomyces cerevisiae contains eight 

of them, Ost1p, Ost2p, Wbp1, Swp1, Stt3p, Ost3p/Ost6p, and Ost4p Ost5p, the first five subunits is 

essential (Silberstein and Gilmore, 1996; Yan and Lennarz, 2005). Ost interacts with nascent 



14 

 

polypeptides and is looking for a specific glycosylation sequence (Asn-X-Ser/Thr). Then it 

catalyzes the binding of the oligosaccharides with the amide nitrogen of asparagine to form 

N-glycosidic bond (Ecker et. al. 2003). Unlike yeast, where only one type of Ost was found, in 

mammalian cells two Ost complexes occur, differing in their specificity to lipid carriers and 

oligosaccharide structure. Complexes containing STT3-A domain prefer complete oligosaccharide 

structure, while the complex containing STT3-B domain has a higher affinity for oligosaccharide 

incomplete structures.  

 Initially, the terminal Glc is removed through the action of glucosidase I (GI), a membrane 

bound enzyme recognizing α-1,2-linked Glc (Shailubhai et. al. 1987; Shailubhai et. al. 1991). It is a 

type II membrane glycoprotein of approximately 82 kDa with a short N-terminal cytosolic peptide, 

transmembrane region, and a large catalytic domain. The remaining two Glc residues are then 

removed by glucosidase II (GII). GII is a soluble protein recognizing α-1,3-linked Glc, composed of 

two closely linked glycoprotein chains, α and β, with molecular weight of 107 and 54 kDa. Part of 

α chain is a catalytic domain belonging to the family of hydrolases. chain is highly conserved 

glycoprotein, which contains in its C-terminal part of sequence homologous to mannose-6-P 

receptor. This enzyme plays an important role in calnexin/calreticulin cycle (Helenius, 1994). The 

existence of this cycle was demonstrated in 1993 for calnexin and later was discovered that this 

cycle also includes the soluble ER protein calreticulin. After removal of the Glc residues, the action 

of α-mannosidases removes several Man residues as the protein progresses to the Golgi (Measaeli 

et. al. 1999). The action of the various glucosidases and mannosidases leaves N-linked 

glycoproteins containing a common glycan core consisting of three Man and two GlcNAc residues 

(Molinari and Helenius, 1999). Through the action of a wide range of glycosyltransferases and 

glycosidases a variety of other sugars are attached to this core as the protein progresses through the 

Golgi. These latter reactions generate the three major types of N-linked glycoproteins. High-

mannose type contains all Man outside the core in varying amounts, hybrid type contains various 

sugars and amino sugars and complex type is similar to the hybrid type, but in addition, contains 

Gal and NeuAc (Ballou, 1990). In terms of biosynthesis N-glycosylation is cotranslation 

phenomenon, because the connection of oligosaccharide structures to the protein chain in the ER 

takes place before the end of its biosynthesis.  
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Figure 3. The mechanism for N-linked protein glycosylation. The core oligosaccharide is assembled and 

attached to dolichol phosphate (a lipid carrier) on the outer ER membrane. This lipid-oligosaccharide 

complex is flipped across the lipid bilayer (so it is now facing the ER lumen) by proteins referred to as 

flippases. Then, the oligosaccharide is elongated by specific enzymes. Finally, it is transfered to the nascent 

polypeptide while it is being translated. In N-linked glycosylation, the addition of an oligosaccharide to the 

polypeptide occurs by a covalent attachment of the sugars to an asparagine side chain. 

 

 

1.1.1.2 O-glycosylation 

    While the N-glycosylation is governed by the above rules, no exact rules were found for 

glycosylation of O-type. This process is the stepwise addition of the sugar residues directly onto the 

polypeptide chain. Carbohydrate structures are bound via the hydroxyl group of serine or threonine. 

However, glycosylation on tyrosine, hydroxyproline or hydroxylysine has also been described. 

Eight basic structures representing the core consist of GalNAc and next sugars (Gal, GlcNAc) 

bound to the initial GalNAc by different types of bonds. From these eight structures a large variety 
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of O-linked oligosaccharides may be synthesized. O-glycosylation proceeds late, mostly in the 

Golgi apparatus. At first, the GalNAc residue is transferred from UDP-GalNAc to the hydroxyl 

group of Ser or Thr residue. It is catalyzed by N-acetylgalactosaminyltransferase. Then the protein 

moves to the trans-Golgi vesicles where the carbohydrate chain is elongated. The specific 

glycosyltransferase adds the Gal residue to the GalNAc. The last steps in biosynthesis of typical 

O-glycans are the additions of two NeuAc residues in the trans-Golgi. O-glycosylation is most 

prevalent in regions rich in serine or threonine. Functionaly, the O-glycosylation applies especially 

in protective function of proteins, as well as the formation of blood groups and participates in 

protecting the epithelium.  

 

1.1.2 Variations in the carbohydrate moieties between mammals and yeasts 

 Yeasts are capable of performing many eukaryotic posttranslational modifications, including 

N-glycosylation. However, the N-linked glycans from yeast differ significantly from those of 

mammalian and human cells. Mammalian cells and yeast share the initial biosynthetic pathway for 

the synthesis of N-glycans. The process is initiated by the transfer of GlcNAc from UDP-GlcNAc 

onto dolichol phosphate on the cytoplasmic face of the ER. Subsequent glycosyltransferase 

reactions that catalyze the addition of GlcNAc and Man mature the structure to Man5GlcNAc2-P-

dolichol, which is then translocated to the luminal face of the ER membrane by a flipase enzyme. 

Once inside the ER the structure is further extended to Glc3Man9GlcNAc2-P dolichol, at which 

point the glycan is transferred to the N-X-S/T motif of the target peptide by the 

oligosaccharyltransferase complex. Following transfer to the nascent polypeptide, three Glc 

residues and one Man residue are removed to produce Man8GlcNAc2, at this stage the 

glycopeptide is transported to the Golgi apparatus. Although this glycan structure arriving into the 

Golgi is identical in yeast and mammals, the pathways diverge significantly as the protein proceeds 

through the rest of the respective secretory pathways (Ballou, 1990). In mammalian cells the 

Man8GlcNAc2 glycan is trimmed to Man5GlcNAc2 by the action of several -1,2-mannosidases, 

at which stage GlcNAc is added by N-acetylglucosaminyltransferase I (GnTI). Subsequent 

trimming and extension reactions lead to the production of complex type structures. In contrast to 

mammals, yeast do not further trim the Man8GlcNAc2 glycan in the Golgi, but rather extend the 

existing high mannose structure with additional Man residues, to produce hypermannosylated 

glycan chains (Gemmil and Trimble, 1999). 
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1.1.3 Biological significance of glycosylation 

Protein folding   

 The single most important role of glycosylation is the promotion of proper folding of newly 

sythesized polypeptides in the ER (Helenius, 1994). It is well known that glycans can have a direct 

effect on the protein folding process (Imperiali and O'Connor, 1999). The presence of a large polar 

carbohydrate unit is also likely to affect the folding process locally by orienting the polypeptide 

toward the surface of protein domains. In vitro refolding experiments showed that the glycosylation 

can have positive effect on the folding process (Kern et. al. 1993; Imperiali and O'Connor, 1999).  

The most important indirect effect of glycans on folding involves a unique chaperone system called 

calnexin/calreticulin cycle, found in ER of eukaryotes. The existence of this cycle was 

demonstrated in 1993 for calnexin, and later discovered that this cycle includes also soluble ER 

protein calreticulin. Every single step has been extensively studied, and is described in detail. The 

process begins with connecting the core glycan to the emerging polypeptide chain. The first 

terminal Glc is rapidly removed by glucosidase I. After removing of the first Glc, there follows 

removing of the second Glc catalyzed by glucosidase II. Monoglucosylated core binds specifically 

to calnexin or calreticullin. In the formation of such a complex calnexin and calreticulin serve as 

molecular chaperones, protecting protein against aggregation and export of incorrectly folded 

peptides from the ER. Further, these chaperones enable interaction of ERp57 complex 

glycoproteins with thiol-disulfide oxidoreductase. This enzyme catalyzes the formation of correct 

disulfide bonds during protein biosynthesis. The release of polypeptide chains from the calnexin / 

calreticulin complex occurs after removing of the last Glc residue by glucosidase II. After 

interaction of a new polypeptide with UDP-Glc: glycoprotein glucosyltransferase, which serves as a 

sensor of correct protein conformation, correctly folded proteins can leave the ER. In the opposite 

case incorrectly folded proteins are degraded. Degradation process is called ER associated 

degradation (ERAD), and it is very important, since it prevents accumulation of incorrectly folded 

proteins in the ER. 

 Calnexin belongs to a group of type I of transmembrane proteins. Calreticulin is soluble ER 

protein. Both belong to the family of lectins isolated from legumes. Both are monomeric calcium-

binding proteins and have ER localization sequence. NMR structure of the calreticulin and X-ray 

crystallography revealed the unusual architecture of this lectin. It consists of two separate domains, 

globular β-sandwich domain that is homologous with lectins isolated from the legumes, followed 

by proline rich domain. Calnexin differs by trasmembrane part and cytoplasmic domain of a size of 

96 amino acids. This domain is phosphorylated and responsible for interaction with the ribosome. 
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Calnexin and calreticulin also have an identical carbohydrate-binding specificity. For proper 

interaction of these lectins one Glc and three Man residues present in the oligosaccharide nucleus 

are important. Glycoprotein glucosyltransferase is the sensor capture of the correct protein 

conformation. It is one of the most interesting enzymes of the calnexin/calreticuline cycle. It is a 

large soluble protein with a C-terminal sequence which ensures retention in the ER. Catalytic 

glucosyltransferase segment contains 300 amino acids with high homology to members of the 

glycosyltransferase family 8. This segment is located in the C-terminal part. The N-terminal part 

consists of approximately 1200 amino acids. This part of the GT is probably involved in the 

recognition of a suitable substrate. C-and N-terminal domains are structurally and functionally 

related. How accurately has been the composiiton of glucosyltransferase protein determined? To 

this question there is not currently a clear answer. Two ways how could the glucosyltransferase 

check the correct conformation of the protein have been suggested. The first way would be through 

hydrophobic peptides, which are exposed on the surface of the protein. The second way would be 

through the dynamics of the protein surface. Glucosyltransferase uses a substrate of UDP-glucose, 

transported to the ER from cytosol. Furthermore, the correct operation of glucosyltransferase 

requires the presence of Ca
2+

, Mg
2+

 or Mn
2+

. 

 

Effect on protein stability and solubility 

 An example of a glycoprotein that is medically important is erythropoetin also known as 

EPO. This glycoprotein has improved the treatment for anemia particularly induced by cancer 

chemotherapy.  It is secreted by kidney and stimulates the production of red blood cells. EPO is 

made of 165 amino acid (Dordal et. al. 1985). It is N-glycosylated at the asparagine residue and O-

glycosylated at a serine residue. It is composed of 40% of carbohydrates by weight. The 

glycosylation enhances stability of the protein in the blood as compared to the unglycosylated 

protein, which only carries about 10% of the bioactivity (Kubota et. al. 1990). This low bioactivity 

is due to the rapid removal from the blood by the kidney. Although recombinant human EPO has 

aided the treatment of anemia it has also been misused by athletes to increase their red blood cell 

count and their oxygen carrying capacity. However modern drug testing can usually distinguish 

between this and natural EPO. 

 

Protection of protein 

 Carbohydrates play an important role in the protection of glycoproteins from proteolytic 

attack. Experiments showed that heavily glycosylated porcine pancreatic ribonuclease is very 
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insensitive to the proteolytic attacks. Subtilisin undergoes autoproteolysis when its carbohydrates 

moieties are removed while the native glycosylated enzyme is stable (Wang and Hirs, 1977). EPO 

described above can serve as the second example of such a protection. It was reported that by 

removal of terminal NeuAc from EPO leads to an increase in its susceptibility to proteolysis by 

trypsin (Goldwasser et. al. 1974).  

 

Influence on biological activity 

 Generally, only completely glycosylated proteins have full biological activity as shown for 

HGF (hepatocyte growth factor). The studies demonstrated that nonglycosylated protein retains 

only mitogenic activity, and loses morphogenetic activities. The second example is the blood 

clotting Factor IX which completely loses its activity after removal of terminal sialic acids (Yan et. 

al. 1990). The glycosylated tissue plasminogen activator and glycosylated EPO have much higher in 

vivo activities than their unglycosylated forms (Berg et. al. 1993, Higuchi et. al. 1992, Delorme et. 

al. 1992).  

 

Influence on in vivo clearence rate  

  Oligosaccharides structures on proteins play also dominant role in in vivo clearence rate of 

glycoproteins. Two clearence pathways were found. In the first clearence pathway the glycoproteins 

without NeuAc with exposed terminal Gal and GlcNAC (desialylated complex N-glycans) bind to 

the sialoglycoprotein receptor which occurs on the surface of hepatocytes and consequently are 

eliminated from circulatory system (Weis and Ashwell, 1989). The second clearence pathway is 

represented by mannose receptors on the surface of endothelial cells in liver and kidney and on 

resident macrophages which bind glycoproteins with high mannose structures (Ezekowitz and Stahl, 

1988).  

 

1.1.4 Glycosidases 

 The intracelular degradation of glycoproteins and glycosaminoglycans occurs predominantly 

in lysosomes. This degradation involves the concerted action of about 20 hydrolytic enzymes 

(glycosidases). The amino acids and cabohydrates result from the degradative process are released 

from lysosome, and used again in biosynthesis.  

            Glycoside hydrolases are classified by international enzyme nomenclature into group EC 

3.2.1 as enzymes catalyzing the hydrolysis of O- or S-glycosides yielding smaller sugar moieties. 



20 

 

They can be classified as either retaining or inverting enzymes. Glycoside hydrolases can also be 

classified as exo or endo acting, dependent upon whether they act at the (usually nonreducing) end 

or in the middle, respectively, of an oligo/polysaccharide chain.  

          Glycoside hydrolases are found in essentially all domains of life. In prokaryotes they are 

found both as intracellular and extracellular enzymes that are largely involved in nutrient 

acquisition. One of the important occurrences of glycoside hydrolases in bacteria is the enzyme 

β-galactosidase (LacZ), which is involved in regulation of expression of the lac operon in 

Escherichia coli. In higher organisms glycoside hydrolases are found within the ER and Golgi 

apparatus where they are involved in processing of N-linked glycoproteins, and in the lysozyme as 

enzymes involved in the degradation of carbohydrate structures. Deficiency in specific lysozomal 

glycoside hydrolases can lead to a range of lysosomal storage disorders that result in developmental 

problems or even death. Glycoside hydrolases are found in the intestinal tracts and saliva where 

they degrade complex carbohydrates such as lactose, starch and sucrose. In the gut they are found as 

glycosylphosphatidyl anchored enzymes on endothelial cells. The enzyme lactase is required for 

degradation of the milk sugar lactose and is present at high levels in infants, but in most populations 

will decrease after weaning or during infancy, potentially leading to lactose intolerance in 

adulthood. The enzyme O-GlcNAcase is involved in removal of GalNAc groups from serine and 

threonine residues in the cytoplasm and nucleus of the cell. 

  They are very common enzymes with roles in nature including degradation of biomass such 

as cellulose and hemicellulose, in anti-bacterial defense strategies (e.g., lysozyme), in pathogenesis 

mechanisms (e.g., viral neuraminidase), and in normal cellular function (e.g., trimming manosidase 

involved in N-linked glycoprotein biosynthesis). Together with glycosyltransferases described 

above, glycosidases form the major catalytic machinery for the synthesis and breakage of glycosidic 

bonds.  A classification system for glycosyl hydrolases, based on sequence similarity, has led to the 

definition of more than 100 different families (Henrissat and Davies, 1995). This classification is 

available on the CAZy (CArbohydrate-Active EnZymes) web site. The database provides a series of 

regularly updated sequence, and allows a reliable prediction of the catalytic mechanism 

(retaining/inverting), active site residues and possible substrates. The online database is supported 

by CAZy system, an online encyclopedia of carbohydrate active enzymes (Henrissat and Coutinho, 

1999). Based on three dimensional structural similarities, the sequence-based families have been 

classified into 'clans' of related structure. Recent progress in glycosidase sequence analysis and 3D 

structure comparison has allowed the proposal of an extended hierarchical classification of the 

glycoside hydrolases (Naumoff, 2006). 

http://en.wikipedia.org/wiki/Lysozyme
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         Reaction mechanism can be of two types - inverting and retaining. Inverting enzymes utilize 

two enzymic residues, typically carboxylate residues, acting as acid and base, respectively, as 

shown below for a β-glucosidase. 

   

 

 

Figure 4. Inverting mechanism of the glycosidase reaction. Inverting enzymes utilize two enzymatic 

residues, typically carboxylate residues, that act as acid and base respectively. 

 

   

Retaining glycosidases operate through a two-step mechanism, with each step resulting in 

inversion for a net retention of stereochemistry. Again, two residues are involved, which are usually 

enzyme-borne carboxylates. One acts as a nucleophile and the other as an acid/base. In the first step 

the nucleophile attacks the anomeric centre, resulting in the formation of a glycosyl enzyme 

intermediate, with acidic assistance provided by the acidic carboxylate. In the second step the now 

deprotoned acidic carboxylate acts as a base and assists a nucleophilic water to hydrolyze the 

glycosyl enzyme intermediate, giving the hydrolyzed product. The mechanism is illustrated below 

for hen egg white lysozyme (Vocadlo et. al. 2001). 
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Figure 5. Retaining glycosidases operate through a two-step mechanism, with each step resulting in 

inversion, for a net retention of stereochemistry.  

 

 

Figure 6. An alternative mechanism for hydrolysis with retention of stereochemistry.  

  

 An alternative mechanism for hydrolysis with retention of stereochemistry can occur that 

proceeds through a nucleophilic residue that is bound to the substrate, rather than being attached to 

the enzyme. Such mechanisms are common for certain N-acetylhexosaminidases, which have an 

acetamido group capable of neighboring group participation to form an intermediate oxazoline or 

oxazolinium ion. Again, the mechanism proceeds in two steps through individual inversions to lead 

to a net retention of configuration, described above.  

Many compounds are known that can act to inhibit the action of a glycoside hydrolase. 
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Nitrogen-containing, 'sugar-shaped' heterocycles have been found in nature including 

deoxynojirimycin, swainstonine and castospermine From these natural templates many other 

inhibitors have been developed, including isofagomine and deoxygalactonomin and various 

unsaturated compounds such as 1,5-hydroximolactone. Inhibitors that are used clinically include 

antidiabetic drugs or antiviral drugs like oseltamivir and zanamivir. Moreover, some proteins have 

been found to act as glycoside hydrolase inhibitors.  

 

1.1.5 α-N-Acetylgalactosaminidase 

 α-N-Acetylgalactosaminidase (α-NAGA; EC.3.2.1.49) is an exoglycosidase specific for the 

hydrolysis of terminal GalNAc α-linked to amino acids serin or threonine, or to various sugar 

chains. According to enzyme nomenclature of IUBMB (International Union of Biochemistry and 

Molecular Biology) these enzymes belong to Hydrolase-Glycosidase-Glycosidase hydrolyzing O- 

and S- glycosidic linkage group. According to CAZY system prokaryotic α-NAGA belong to 

enzyme family 36 (Clan GH-D) and eukaryotic α-NAGA to enzyme family 27 in the same clan like 

prokaryotic enzyme. In phylogenetic tree of enzyme family 27 and 36, α-NAGA are divided to three 

groups. The first group includes α-NAGA and α-galactosidases (-GA) of vertebrates, second group 

includes these enzymes from yeast, and in the last group there are α-NAGA and -GA from plants 

and fungi. The phylogenetic mapping showed that the evolution of genes for α-NAGA from 

vertebrates is distinct from evolution of genes for α-NAGA from fungi (evolutionary paralelism). α-

NAGA were evolved from fungal -GA occurring in fungi growing on solid substrates as a way for 

metabolic utilization of compounds containing terminal α-linked GalNAc.  

         α-NAGA can occur in organisms in various isoforms, which can be different in their catalytic 

activities (Weignerova et. al. 2008). Unlike monomeric forms, dimeric and tetrameric forms of these 

enzymes are enzymatically activite. The mutual equilibrium of individual forms is influnced by pH 

value. If the pH value is very low, enzyme occur in dimeric or tetrameric active forms. Alkaline 

environment preferably creates monomeric (inactive) form of the enzyme. 

 Enzymatic hydrolysis of glycosidic bond uses the retaining mechanism, when the anomeric 

of bond for substrate and product is unchanged. The carbon C1 of GalNAc involved in glycosidic 

linkage is subjected to two nucleophilic attacks. First, atom of oxygen Asp140 attacks electrophilic 

carbon C1 of the carbohydrate skeleton. This interaction leads to creating of covalent enzyme - 

substrate complex. Then follows the attack of deprotonated molecule of water, this reaction causes a 

release of the product and regeneration of an enzyme. 
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1.1.6 Schindler disease  

 One of the most studies disorders related to metabolism of glycoproteins and malfunction of 

glycosidases is Schindler disease. This disease is also known as Kanzaki disease. This disease was 

first described in 1988 by Detlev Schindler. Schindler/Kanzaki disease is an inherited metabolic 

disorder belonging to the lysosomal storage disorders. A deficient enzyme, -NAGA, leads to an 

abnormal accumulation of certain compounds (glycosphingolipids) in the cells of the body. This 

abnormal accumulation causes damage to the cells that may get worse over time (Wang et. al. 1990; 

Cantz and Ulrich-Bott, 1990). There are two forms of Schindler disease. The classical form of the 

disorder, known as Type I Schindler disease, has an infantile onset (Sakuraba et. al. 2004). Affected 

individuals appear to develop normally until approximately 1 year of age, when they begin to lose 

previously acquired skills that require the coordination of physical and mental activities 

(developmental regression). Additional neurological and neuromuscular symptoms may become 

apparent, including diminished muscle tone (hypotonia) and weakness; involuntary, rapid eye 

movements (nystagmus); visual impairment; and episodes of uncontrolled electrical activity in the 

brain (seizures). With continuing disease progression, affected children typically develop restricted 

movements of certain muscles due to progressively increased muscle rigidity, severe mental 

retardation, hearing and visual impairment, and a lack of response to stimuli in the environment. 

Type II Schindler disease, which is also known as Kanzaki disease, is the adult-onset form of the 

disorder (Umehara et. al. 2004). Associated symptoms may not become apparent until the second or 

third decade of life. In this milder form of the disease, symptoms may include the development of 

clusters of wart-like discolorations on the skin (angiokeratomas); permanent widening of groups of 

blood vessels (telangiectasia), causing redness of the skin in affected areas; relative coarsening of 

facial features; and mild intellectual impairment. The progressive neurological degeneration 

characteristically seen in the infantile form of the disease has not occurred in association with type 

II Schindler disease. Both forms of Schindler disease are inherited as autosomal recessive traits. 

According to investigators, different changes (mutations) of the same gene are responsible for the 

infantile- and adult-onset forms of the disease. The gene has been mapped to the long arm (q) of 

chromosome 22 (22q11). Diagnosis of Schindler disease is based on the symptoms the individual 

has, as well as the age the symptoms began. A urine test, blood test, or skin sample (biopsy) may 

help confirm the diagnosis. In Schindler disease, the blood or skin sample will show decreased 

activity of α-NAGA. Treatment for Schindler disease focuses on its symptoms, since there is as yet 

no cure for the disease. Specialists such as a neurologists (for seizures or nervous system 
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complications), eye doctor (ophtalmologist), and geneticist will be involved in the individual’s care. 

Physical and occupational therapy can help the individual with Type I disease maintain muscle 

movement and relieve discomfort.  

 

1.2 Synthesis of glycopeptides and glycoproteins 

           The need for carbohydrates in biological events may be explained through the diverse range 

of chemical properties that they can transfer onto other compounds. Glycosylation is the most 

complex protein modification event and nature does not provide a coding template of the type that is 

available for nucleic acids and polypeptides. Carbohydrates are unparalleled in the number of 

structures they can adopt, and as a consequence, nature appears to exploit this structural diversity to 

convey information at a molecular level. In terms of oligomerization, proteins and nucleic acids are 

effectively linear in structure (amide bonds in proteins and 3′-5′ linkage of phosphodiesters within 

DNA), where limited basis sets (4 for DNA, 20 for amino acids) give rise to limited variations. In 

addition to inherent configurational variation (gluco, manno, etc.), additional variety caused by ring 

size, branching, anomeric configuration, and modification (e.g., acylation, sulfation, and 

phosphorylation) gives carbohydrates strong potential for diversity. This inherent structural diversity 

parallels a wide range of functions within nature  (Dwek, 1996; Varki, 1993), ranging from a source 

of energy and metabolic intermediates to the structural components of plants (cellulose), animals 

(chitin), and nucleic acids (DNA, RNA). However, greater variation in oligosaccharide structure is 

exploited by nature through the combination of carbohydrates with proteins 

(glycopeptide/glycoprotein), the products of which have caused an explosion of interest within the 

scientific community. This structural diversity generated by carbohydrates is assumed to be ruled by 

a glycocode, a term representing the potential level of complex information that carbohydrate 

structures are able to convey (Davis, 2002; Gabius et. al. 2004) This vast number of potential 

variations represent a technological barrier and means that oligosaccharide portions of glycoproteins 

can not be made simply on an iterative basis since there are far too many possible synthetic targets. 

It is therefore crucial that the design of new glycoproteins is guided by identification of the 

associated functions and activities of existing natural and resulting synthetic structures.  

 

1.2.1 Potential aplications 

 Recent developments in glycopeptide/glycoprotein synthesis have been further driven by the 



26 

 

practical applications of the synthetic products (Wong, 1995). For example, Verez-Bencomo 

developed a glycoconjugate vaccine composed of a fully synthetic capsular polysaccharide antigen 

of Haemophilus influenzae type b (Hib) (Verez-Bencomo et. al. 2004) highlighting the fact that 

access to synthetic complex carbohydrate-based vaccines is feasible. Initial results from clinical 

trials demonstrated long-term protective antibody titers as compared to the already licensed 

commercial products. This Cuban work has set the international benchmark for synthetic vaccines, 

and highlighted the need for further development of similar approaches to other human pathogens 

and, perhaps, greater innovation and courage in other countries.  

 The second example can be modulation of the serum half-life with glycans, and an attempt 

to modulate the pharmacokinetics of synthetic insulin in the way best suited for diabetes patients. 

Nishimura and colleagues combined mutagenesis with enzymatic synthesis in the production of a 

glycosylated insulin (Sato et. al. 2004). Standard insulin is rapidly degraded by the liver (within a 

few hours of administration), thus requiring frequent booster shots. Methods to increase in vivo 

activity of insulin have been investigated (Markussen et. al. 1987), but these are limited by intricate 

administration regimes resulting in uncontrolled fluctuation in glucose blood levels caused by 

decreased water solubility (Markussen et. al. 1988). Nishimura tackled the water solubility and 

degradation problems by introducing sialic acid, a sugar that is known to increase glycoprotein half-

life in vivo (Egrie et. al. 2003). A protocol used required the installation of accessible Gln residues 

through mutagenesis into the B chain of insulin and subsequent transglutaminase-catalyzed 

transamidiation with a lactosyl amine. The resulting glycoprotein was further modified through 

enzymatic sialylation with a Sia--2,6-transferase to make Sia2,6-Lac. The modified insulin 

showed a long-lasting in vivo activity compared to the unmodified insulin. Interestingly, the same 

synthetic methods were also used in the creation of a dendrimeric display of sialic acid, leading to 

an insulin ―glycodendriprotein‖. Although the binding affinity of these modified insulins to receptor 

decreased as dendrimer size increased, an overall in vivo activity increase was observed due to the 

enhanced half-life caused by the higher presence of sialic acid.  

Fatalities resulting from malaria are caused by an inflammatory surge initiated by malarial 

toxin released from the parasite Plasmodium falciparum; glycosylphosphatidylinositols (GPI) are 

thought to be the primary toxins underlying this pathology. In an attempt to produce a vaccine 

against malaria, Seeberger and co-workers chemically synthesized the GPI oligosaccharide and 

conjugated it to carrier proteins (Schofield et. al. 2002). Anti-GPI antibodies were obtained from 

immunized mice and shown to neutralize the pro-inflammatory activity of P. falciparum in vitro. 

More impressively, it was demonstrated that deaths from malarial parasites in animal models were 
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greatly decreased, thereby establishing the idea that GPI conjugates could be used for antimalarial 

vaccine design. The rapid and high-yielding assembly of the GPI motif was possible through 

automated solid-phase glycosylation chemistry (Hewitt et. al. 2002). Such chemistry is useful since 

it could be modified to include alternative building blocks for structure – activity studies.  

 

1.2.2 Chemical synthesis of glycopeptides 

 Chemical synthesis of N- and O-glycopeptides can be done in three different ways: synthesis 

of preformed glycosyl amino acids building block, synthesis in solution and synthesis on solid 

supports.  

      

1.2.2.1 N-Glycosides     

 The most useful techniques for synthesis of glycopeptides is synthesis by preformed 

glycosyl amino acids bulding blocks. It is commonly used for the synthesis of N-glycosides 

exploiting the formation of a peptidic bond between a glycosylamine 1 and a protected aspartic acid 

derivative 2. Glycosylazides are usually employed as glycosylamine precursors, which can be 

obtained by treatment of glycosyl halides or 2-iodoglycosylsulfonamides with azide salts (Szilagyi 

and Györgydeak, 1985).  

 

Figure 7. Synthesis of N-glycosides. Chemical conditions of reaction (a) include DCC, HOBt, THF, 79.5%. 

 

 In a strategy reported by Kiessling et al., glycosylazides are used directly for a 

stereoselective N-glycosylation by Staudinger ligation. Herein the glycosylazide 3 was reacted with 

phosphinothioester 4 furnishing glycosylasparagine 5 in a moderate yield (Figure 8) (He et. al. 

2004). Takahashi and coworker described a synthesis that avoids the need to prepare glycosylazides. 

The β-glycosyl trifluoroacetoimidate 6 was shown to react with asparagine 7 to deliver β-
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configurated N-glycosyl asparagine 8 (Figure 8) (Tanaka et. al. 2005). Glycosylamines can be 

prepared directly from unprotected sugars by Kochetkov’s procedure, which involves treatment 

with ammonium bicarbonate. An improved procedure based upon ammonium carbamate was 

introduced by Likhosherstov. The carbamic acid salts 10 are stable upon storage and are converted 

into the free amines 11 by base-treatment or by applying vacuum (Figure 8). Flitsch et al. have 

shown the acceleration of the Kochetkov procedure by irradiation with microwaves. The 

conversions of the sugars into the corresponding amines were finished within 90 min with yields 

ranging from 35 to 87%. Complex N-linked glycosyl amino acids can also be obtained by releasing 

N-linked carbohydrates from natural. 

 

 

Figure 8. Alternative methods for the synthesis of N-glycosidic bonds. Conditions for individual 

reactions are as follows: (a) DMF, 45%; (b) TMSOTf, MeNO2, 0 ◦C to r.t., 68%; (c) NH4COONH2 

in sat. NH3 solution (d) base or high vacuum. 

 

  

 The second technique is synthesis of glycopeptides in solutions. This techniques is analogy 

to biosynthetic pathway, glycosyltransferases can be used to step by step assemble carbohydrate 

structures by using sugar nucleotides as a donor. This approach was predominantly utilized in the 

synthesis of O-linked glycopeptides like fragments of the P-selectin glycoprotein ligand-1 PSGL-1 

(Holm et. al. 2005). There are glycosidases that catalyze the release of N-glycans by cleaving the β-

glycosidic linkage between two GlcNAc residues adjacent to asparagines in N-glycans. In a trans-

glycosylation approach, these enzymes can transfer saccharide moieties from glycosyl asparagine 
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donors to N-linked GlcNAc-peptides. Wang applied the endo-β-N-acetylglucosaminidases from 

Arthrobacter protophormiae (Endo-A) and from Mucor hiemalis (Endo-M) for the synthesis of 

peptides displaying high-mannose type N-glycans (Singh et. al. 2003). Glycopeptide products are 

obtained in relatively modest yields and, though elegant, access to the complex N-glycopeptide 

donors is required. Significant improvements of transglycosylation yields were brought about by 

Shoda’s proposal of using 1,2-oxazolines as substrates (Fujita et. al. 2001). During the solid-phase 

synthesis of N-glycopeptides it is practical to employ a block glycosylation approach in which the 

full-length carbohydrate is coupled to the aspartic acid side chain (Wang et. al. 2001). For example, 

in Danishefsky’s synthesis of the HIV envelope glycoprotein gp120-fragment the 3-OH of the Man 

residue of precursor was subjected to α-mannosylation with building block followed by 

debenzoylation and extension with thiolactoside donor. Regioselective opening of the benzylidene 

exposed the primary hydroxyl group of hexasaccharide. The glycosylation with the trimannosyl 

building block completed the assembly of the nonasaccharide. In preparing the stage for the 

connection of the sugar unit with the peptide, the protecting groups were removed followed by 

conversion of to the glycosylamine by using Kochetkov’s procedure. The aspartic acid side chain of 

N, S-protected peptide was activated by HATU in DMSO to accomplish the coupling with 

glycosylamine. Removal of the remaining protecting groups afforded glycopeptide (Mandal et. al. 

2004). A similar strategy was employed in the synthesis of the high-mannose-type analogue of 

glycoconjugate, which also spanned a fragment of HIV virus envelope-protein gp120. Both highly 

complex glycopeptides are putative HIV vaccines (Dutkin et. al. 2004). 

 The last techniques using in synthesis of glycans is synthesis on solid support. This synthesis 

allows the automation of the highly repetitive process of building block coupling - if desired in 

parallel and combinatorial formats. Further advantages of solid-phase synthesis are the speed and 

ease of synthesis and the possibility to drive reactions to completion by using a large excess of 

building blocks and reagents. To cope with the acid sensitivity of many carbohydrates, the solid-

phase synthesis of glycopeptides is most commonly performed by coupling N-Fmoc-protected 

amino acid building blocks, which allow the application of relatively mild conditions for the 

cleavage of temporary and permanent protecting groups. With few alterations concerning the 

removal of carbohydrate protecting groups, the standard protocols of Fmoc-based solid-phases 

peptide synthesis can be applied.  

 In solid-phase synthesis, the choice of the linker that connects the growing glycopeptide 

with the solid support is of critical importance. Acid-labile linkers such as the one used by Wang 

(Wang, 1973), the HMPA (Shepard and Williams, 1982), the linker used by Rink (Rink, 1987), or 
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the PAL-linkers (Albericio et. al. 1990) have frequently been used to release unprotected 

glycopeptide acids and glycopeptide esters. The synthesis of protected glycopeptide fragments has 

been accomplished by using very acid-labile linkers such as SASRIN (Mergler et. al. 1988), HMPB 

(Floersheimer and Riniker, 1991), Sieber’s linker of quite complex structure (Sieber, 1987) or trityl 

linkers (Barlos et. al. 1989) or the Pd(0)- labile allylic HYCRON anchor (Seitz and Kunz, 1995). 

 

 

1.2.2.2 O-glycosides 

 The preparation of the basic O-linked glycosyl amino acids (αGalNAc)Ser/Thr 3 is typically 

accomplished by treatment of glycosyl halides such as 1 with the free hydroxyl groups of otherwise 

protected amino acids 2 in the presence of silver salts (Paulsen et. al. 1995). High α-selectivities can 

be achieved when benzyl-protected glycosyl fluorides are employed as glycosyl acceptors (Shao 

and Guo, 2005). The alternative reaction of acetimidates 1 with the protected amino acids 2 in the 

presence of Lewis acids also assures access to the desired compounds. For the synthesis of complex 

O-glycosides, a stepwise glycosylation strategy has emerged as reliable. Thus, the carbohydrate part 

is assembled by using a glycosyl amino acid as an acceptor, to which further glycan residues are 

appended. Versatile syntheses for the preparation of the more complex 2,6-sialyl-T, 2,3-sialyl-T and 

sialyl-TN-antigens were developed by Kunz. 

Figure 9. Synthesis of O-linked glycosylamino acids. Chemical conditions for individual reactions 

are as follows: (a) Ag2CO3/AgClO4 (X = Hal); (b) TMSOTf (X = OCNHCCl3); (c) NaBH4, 

NiCl2; (d)Ac2O, pyridine; (e) BF3OEt2, 2 (X = OAc); (f) AgOTf, 2 (X = Hal, OCNHCCl3); (g) 

CuCl2. 



31 

 

In principle, the synthesis of O-linked glycopeptides in solutions can be performed by 

attaching the glycan as block to the amino acid/peptide aglycon or by stepwise assembly of the 

peptide part by using preformed glycosyl amino acids. The modest yields of block glycosylations 

and their relatively poor α/β-selectivities call for the application of the latter approach. The step-

by-step condensation of presynthesized building blocks in solution has found widespread 

application. Danishefsky reported the synthesisof various glycopeptides bearing complex O-linked 

carbohydrate structures. The synthesis of a short trivalent T antigen glycopeptide was reported by 

Guo. The approach benefited from straightforward work-up steps due to the O-unprotected glycan 

moieties. The convergent synthesis of the peptide part of O-glycopeptides hasbeen performed by 

fragment ligations of protected and unprotected peptide segments in organic and aqueous solvents, 

respectively. Ligation methods that allow the use of unprotected (glyco)peptides provide the 

opportunity to employ segments accessed by both chemical and recombinant means. In an approach 

known as expressed protein ligation, Macmillan and Bertozzi coupled chemically synthesized 

multiply glycosylated peptide thioesters with recombinant peptide fragments (Macmillan and 

Bertozzi, 2004). The peptides were expressed in E. coli as conjugates with a C-terminal chitin-

binding domain. The removal of the chitinbinding domain proceeded through the intermediary 

formation of a thioester that was hydrolyzed. Subsequently peptide was treated with factor Xa 

protease which cleaved behind C-terminal to the recognition sequence Ile – Glu – Gly – Arg. The 

exposed cysteinylpeptide was submitted without purification to native chemical ligation with 

glycopeptidethioester (Macmillan and Bertozzi, 2004).  

 Glycan O-acetylation offers a convenient means to stabilize O-glycosidic bonds against 

electrophilic cleavage. Using glycosyl serine and threonine building blocks with O-acetyl protected 

glycans the Kunz group prepared a host of O-glycopeptides (Dziadek et. al. 2004). For example, a 

tandem repeat sequence of the epithelial mucin MUC4 was synthesized on Wang–Tentagel resin. 

The synthesis started from Fmoc-Asp(OtBu) resin. The chain assembly was performed by 

employing standard protocols of Fmoc solid-phase peptide synthesis. However, the excess of 

acylating agents was reduced from ten to two equivalents in the coupling of the precious glycosyl 

amino acid building blocks. After the TFA treatment, performed to simultaneously cleave the Wang-

linker and the amino acid side chain protection groups, the glycan moiety was deblocked. The sialic 

acid benzyl ester groups were removed by hydrogenolysis followed by mild acetate hydrolysis at 

pH 9 (Brocke and Kunz, 2004). 
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1.2.3 Enzymatic in vitro synthesis of glycopeptides or glycoproteins 

  Various types of sugar-modifying enzymes have been used in the synthesis of glycopeptides. 

Glycosyltransferases, exoglycosidases, and endoglycosidases have proven to be valuable catalysts 

for the formation and elaboration of glycans on glycopeptides.  

       The biosynthesis of oligosaccharides can be divided into Leloir and non-Leloir pathway 

enzymes. In mammalian systems, Leloir pathway enzymes account for the synthesis of most cell-

surface glycoforms. These enzymes catalyze the transfer of a given carbohydrate from the 

corresponding sugar nucleotide donor substrate to a specific hydroxyl group of the acceptor 

molecule. Non-Leloir glycosyltransferases, which consume sugar phosphates as glycosyl donors, 

have not been applied widely in the synthesis of glycopeptides, and will not be discussed further. 

Leloir glycosyltransferases are ideal for the synthesis of glycopeptides due to their high regio- and 

stereospecific glycosidic linkage formation and high yield. Nevertheless, glycosyltransferases suffer 

from two shortcomings. First, the nucleoside diphosphates (NDPs) produced are often inhibitors of 

the glycosyltransferase. In addition, the expense of sugar nucleotide (NDP-sugar) can become a 

concern for large-scale synthesis. Fortunately, both of these problems can be solved by the use of 

multi-enzyme sugar nucleotide regeneration, wherein the product inhibition is avoided and expense 

reduced by recycling catalytic amounts of the NDPs to NDP-sugars (Wong et. al. 1982). Another 

obstacle is the availability of a wide diversity of glycosyltransferases. Though enzymes for all 

desired glycosidic linkages have not been isolated, several glycosyltransferases are available 

commercially and many others can be expressed recombinantly or isolated from tissue sources. 

 

 

1.2.3.1 Use of glycosyltransferases for the synthesis of O-glycoproteins 

        Leloir glycosyltransferases are a favorable tool for the synthesis of O-linked glycopeptides, 

as the enzymatic transfer of individual monosaccharides to a preformed simple O-linked glycan of a 

synthetic glycopeptide is more convenient than difficult chemical glycosylations involving issues of 

protecting group manipulation and stereoselectivity. Such elaboration of glycans was used in the 

synthesis of glycopeptides containing an O-linked sialyl-Lewis-X (SLeX) tetrasaccharide, a 

glycopeptide fragment of P-selectin glycoprotein ligand-1 (PSGL-1), and tumor associated Tn 

(GalNAcαThr/Ser)-antigens and T (Galα1-3GalNAcαThr/Ser)-antigens and their sialylated forms. 

Various glycoforms of SLex, SLea, and their sulfated derivatives are moieties on adhesion 

molecules that are recognized by selectins. Interactions between selectins and their ligands leads to 

a ―rolling‖ of the leukocyte on the endothelial cell surface as an inflammatory response to an injured 

site. In an effort to construct specific glycoforms of SLex of interest to the study of cell-cell 
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adhesion, an O-linked glycopeptide containing β-linked GlcNAc was elaborated sequentially with 

β1,4-galactosyl-, α2,3-sialyl-, and α1,3-fucosyltransferases to yield a SLex tetrasaccharide-

containing glycopeptide (Seitz and Wong, 1997). The enzymatic glycosylation of the O-GlcNAc-

octapeptide substrates was performed both in solution and on solid support, highlighting the 

flexibility of glycosyltransferases in chemoenzymatic methodologies for glycopeptide synthesis. 

More recently, a similar approach has been reported for the chemoenzymatic synthesis of 

glycopeptides with a spacer between the SLex or SLex mimetic glycan and peptide (Matsuda et. al. 

2001).  

        Another example can be synthesis of glycoproteins containing mucins. The most common 

O-linked carbohydrates in eukaryotes are the mucins, which contain a core structure represented by 

the Tn- and T-antigens. Sialylated Tn- and T-antigens are expressed in low levels in many normal 

tissues but can become expressed abundantly in several types of human malignancies. In addition, 

mucins are involved in inflammation and cellular recognition. Due to such important biological 

connections, efficient methods for the preparation of Tn- and T-antigens and their sialylated forms 

have been realized. Chemoenzymatic syntheses of the α2-3sialylated T-antigen, including the 

glycosyl amino acid Neu5Acα2-3Galβ1-3GalNAcα- threonine and a neoglycopeptide, using the 

sialyltransferase ST3Gal, it has been reported (Gamblin et. al. 2009). 

 

 

1.2.3.2 Use of glycosyltransferases in the synthesis of N-glycoproteins 

  The synthesis of N-linked glycopeptides is also enhanced by chemoenzymatic approaches 

incorporating the use of glycosyltransferases, with advantages analogous to those realized with O-

linked glycopeptides. Similar to O-glycopeptides, the use of sialyltransferases is favorable as 

chemical introduction of sialic acid and deprotection of sialylated glycans remains challenging. 

Earlier work highlighted an efficient method for the chemoenzymatic synthesis of N-linked 

sialyllactosamine glycopentapeptides using galactosyl- and sialyltransferases in a two-step, one-pot 

reaction (Unverzagt et. al. 1990). Slight modification of this procedure was used for the enzymatic 

transfer of galactose and sialic acid onto glycopeptides with multiple acceptor sites, and these 

multivalent sialoglycopeptides were tested as inhibitors of influenza virus (Unverzagt et. al. 1994). 

Additional employment of this method by Unverzagt demonstrated a chemoenzymatic synthesis of 

a diantennary complex-type N-linked glycosyl asparagine by means of sequential, one-pot glycan 

elaboration with β1,4-galactosyl- and α2,6-sialyltransferases (Figure 10 on the next page). In this 

case the choice of protecting groups was critical for obtaining unprotected glycosyl asparagine for 
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enzymatic glycosylation. This chemoenzymatic approach provides a complex glycosyl amino acids 

for chemical synthetic strategies. 

 

Figure 10. Chemoenzymatic synthesis of an N-linked complex-type diantennary glycosyl asparagine. The 

heptasaccharide core was elaborated to a complex-type undecasaccharide by sequential one pot enzymatic 

glycosylation.  

 

 

1.2.3.3 In vivo synthesis of glycoproteins using specialized production cells 

  In vivo methods for the synthesis of glycoproteins have been established. Such methods, 

consequently, are the equivalent of in vivo enzymatic methods, whereby enzymes within the cell are 

used for synthetic purposes. Two types of in vivo glycoprotein synthesis have been explored, 
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including cotranslational incorporation of an unnatural amino acid by in vivo suppressor tRNA 

technology and post-translational modification of glycoproteins via pathway re-engineering in 

yeast. In vivo suppressor tRNA technology allows the site-specific incorporation of non-natural 

amino acids into proteins (Liu et. al. 2003). This process involves the evolution of an orthogonal 

tRNA synthetase and tRNA pair that selectively charges and inserts a selected unnatural amino acid 

into the protein in the place of an amber codon TAG. Using this method, engineered E. coli were 

used to produce neoglycoproteins and glycoproteins. Neoglycoproteins were generated by in vivo 

insertion of p-acetylphenylalanine into recombinant protein followed by chemical modification with 

aminooxy saccharides. In addition, homogeneous O-linked glycoproteins were produced by direct 

incorporation of the glycosyl amino acids GlcNAc-β-serine (Zhang et. al. 2004), and GalNAc-α-

threonine (Xu et. al. 2004). These glycoproteins containing core monosac-charides glycans were 

then elaborated by glycosyltransferases in vitro. Though this method is distinguished for its ability 

to introduce glycans site-specifically into proteins, further development of this method is needed to 

achieve favorable production levels. Another method for in vivo synthesis of glycopeptides is 

pathway reengineering in yeast. N-linked glycosylation occurs in yeast, though conservation with 

human glycosylation only exists in the early steps of N-glycan assembly and processing. 

Differences in later steps result in high-mannose type glycans in yeast, which are not suitable for 

therapeutic human glycoproteins. Thus, efforts have been made to humanize N-glycosylation 

pathways in yeast for the production of therapeutic glycoproteins (Wildt and Gerngross, 2005). 

Such re-engineering requires altering endogenous N-glycosylation reactions and genetic 

incorporation of human N-glycosylation pathways into yeast and other fungi. Although the ability to 

humanize glycosylation pathways in yeast has progressed recently, future research is necessary for 

efficient yeast strains to be developed for homogeneous human glycoprotein synthesis.  

 

1.2.4 Synthesis and application of glycopeptides and glycoprotein mimetics 

       Glycan chains of glycoproteins modulate physical and chemical properties of proteins, such 

as solubility, viscosity, charge, conformation, and dynamics and thereby can bestow stability and 

resistance to proteolytic degradation and can lead to improved protein properties. On the other 

hand, the glycans provide unique epitopes for molecular recognition that are involved in cell–cell 

communication, cell growth and differentiation, cancer metastasis, bacterial and viral infection, and 

they direct protein folding. Oligosaccharides are attached to proteins mainly via an N-glycosidic 

bond to asparagine or an O-glycosidic bond to hydroxylated amino acids, such as serine and 
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threonine, as is described abow. Whereas all N-glycoproteins share the same core structure, which 

is derived from a common biosynthetic oligosaccharide precursor, a variety of carbohydrate - 

peptide linkages are found in O-glycoproteins. In the mucins, the GalNAc(α1–O)Ser/Thr linkage 

(also called Tn antigen) is found. Another widely occurring O-glycosidic bond is the 

GlcNAc(β1-O)Ser/Thr linkage. Less common O-glycosidic linkages include those to hydroxylysine 

or tyrosine. The synthesis of glycopeptide and glycoprotein mimetics, represents an alternative 

strategy to produce single glycoforms for biological studies. The replacement of a natural structure 

with a non-natural one allows study of the influence of distinct structural elements on biological 

activity, but has many practical applications as well. Use of chemoselective ligation reactions 

makes glycoconjugate synthesis accessible to a broader community. Furthermore, S- and 

C-glycosidic bonds for example are more stable than the corresponding O-glycosides (both 

chemically and with respect to enzymatic degradation), which leads to an increased half life of a 

glycoconjugate within a biological system. Thus, beneficial properties of glycans may be 

permanently linked to a protein, which is an important aspect for pharmaceutical applications. 

       Two major approaches can be distinguished: the linear and the convergent assembly. In the 

linear assembly, carbohydrates are coupled to amino acids to give modified amino acids carrying 

either mono- or oligosaccharides. These are used as building blocks in solution or solid-phase pep- 

tide synthesis (SPPS) to provide glycoconjugates and, respectively.  

 In convergent approaches, carbohydrates are coupled to presynthesized peptides or to 

proteins. Depending on the type of chemistry used for carbohydrate attachment, there might be a 

need for protecting groups at the peptide and carbohydrate, an approach which is confined to 

synthetic peptides. Conjugation of carbohydrates to full-length proteins is possible via 

chemoselective ligation to amino acids with a unique reactivity, for example cysteine residues. 

Combined with site directed mutagenesis, this approach allows for control of both site of 

attachment and type of saccharide. Alternatively, genetically engineered proteins containing non-

proteinogenic amino acids with a unique chemical reactivity can be employed. Mixed linear and 

convergent assembly strategies have also been described. Glycopeptide mimetics or synthesized by 

the linear route have been extended in the glycan part by convergent attachment of an 

oligosaccharide through chemoselective ligation.  

 Compared to linear approaches, the convergent synthesis of glycopeptide and glycoprotein 

mimetics offers greater flexibility with respect to the sugars attached to a peptide. Thus, the 

preparation of several well-defined glycoforms of the same peptide/protein becomes possible. The 

approach is also of interest for combinatorial glycopeptide synthesis. If chemoselective ligation 
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reactions are employed for the sugar attachment, it is possible to modify unprotected peptides and 

even whole proteins. 

           The biological importance of glycans and the need for pure glycoforms of glycoproteins for 

biological studies and pharmaceutical applications have been the major driving forces toward the 

development of strategies for the preparation of these structures. The synthesis of glycopeptide and 

glycoprotein mimetics allows for structure-activity relationship studies but has many practical 

applications as well. Replacement of labile N- and O-glycosidic bonds by more stable C- and S-

glycosides generates compounds with longer half-lives and simplifies their preparation by linear 

assembly strategies due to the increased stability of the corresponding building blocks. Convergent 

approaches using chemoselective ligation reactions provide access to homogeneous glycoprotein 

mimetics that are likely to impact our understanding of how specific glycoforms mediate 

physiological processes. Despite the progress made in the field, many challenges remain, e.g., the 

development of methods for the controlled introduction of multiple (different) glycans into proteins. 

 

1.3 Immune system and its regulation 

  Immunology is a science that examines the structure and function of the immune system. It 

originates from medicine and early studies on the causes of immunity to disease. The earliest known 

mention of immunity was during the plague of Athens in 430 BC. Thucydides noted that people 

who had recovered from a previous bout of the disease could nurse the sick without contracting the 

illness a second time. In the 18th century, Pierre-Louis Moreau de Maupertuis made experiments 

with scorpion venom and observed that certain dogs and mice were immune to this venom. This and 

other observations of acquired immunity were later exploited by Louise Pasteur in his development 

of vaccinations and his proposed germ theory of disease. Robert Koch confirmed that the 

microorganisms are the cause of infectious disease. Viruses were confirmed as human pathogens in 

1901, with the discovery of the yellow fever virus by Walter Reed.  

  Immunology made a great advance towards the end of the 19th century, through rapid 

developments, in the study of humoral immunity and cellular immunity. Particularly important was 

the work of Paul Ehrlich who proposed the side-chain theory to explain the specificity of the 

antigen-antibody reaction; his contributions to the understanding of humoral immunity were 

recognized by the award of a Nobel Prize in 1908, which was jointly awarded to the founder of 

cellular immunology, Elie Metchnikoff.  

 The immune system is composed of many interdependent cell types that collectively protect 

http://en.wikipedia.org/wiki/Immunology
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the body from bacterial, parasitic, fungal, viral infections and from the growth of tumor cells. Many 

of these cell types have specialized functions. The cells of the immune system can recognize and 

destroy bacteria, kill parasites or tumor cells, or kill viral-infected cells. Often, these cells are 

depended on the other cells type for activation signals in the form of secretions known as cytokines, 

lymphokines, and interleukins.  

 An immune response to foreign antigen requires the presence of an antigen-presenting cell 

(APC), (usually either a macrophage or dendritic cell). When an APC presents an antigen on its cell 

surface to a B cell, the B cell is signalled to proliferate and produce antibodies that specifically bind 

to that antigen. If the antibodies bind to antigens on bacteria or parasites it acts as a signal for 

macrophages to engulf and kill them. Another important function of antibodies is to initiate the 

"complement destruction cascade." When antibodies bind to cells or bacteria, serum proteins called 

complement bind to the immobilized antibodies and destroy the bacteria by creating holes in them. 

Antibodies can also signal natural killer cells and macrophages to kill viral or bacterial-infected 

cells.  

 If the APC presents the antigen to T cells, the T cells become activated. Activated T cells 

proliferate and become secretory in the case of CD4+ T cells, or, if they are CD8+ T cells, they 

become activated to kill target cells that specifically express the antigen presented by the APC. The 

production of antibodies and the activity of CD8+ killer T cells are highly regulated by the CD4+ 

helper T cell. The CD4+ T cells provide growth factors or signals to these cells that signal them to 

proliferate and function more efficiently. This multitude of interleukins or cytokines that are 

produced and secreted by CD4+ T cells are often crucial to ensure the activation of natural killer 

cells, macrophages, CD8+ T cells.  

 

1.3.1 Lymphocytes 

 Lymphocytes are type of leukocytes (white blood cells) that have major responsibility for 

the activities of the immune system. In humans lymphocytes make up 25 to 33 percent of the total 

number of leukocytes. They are found in circulation and they concentrated in central lymphoid 

organs such as spleen and lymph nodes where the specific immune response is initiated. Two major 

types of lymphocytes were found. The first type is B lymphocytes or B cells, which grow to 

maturity independend of the thymus. The second type is called T lymphocytes or T cells, this type 

migrate to thymus, where develop into adults cells. B and T cells are able to recognize specific 

antigens through receptors on their surface. The ability to respond to virtually any antigen comes 
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from the enormous variety of lymphocyte populations that the body contains, each of them with a 

receptor capable of recognizing a unique antigen. The cells are stimulated by binding to a foreign 

antigen, such as a component of a bacterium or virus, a lymphocyte multiplies into a clone of 

identical cells. Some of the cloned B cells differentiate into plasma cells that produce antibody 

molecules. These antibodies are closely modeled after the receptors of the precursor B cell, and, 

once released into the blood and lymph, they bind to the target antigen and initiate its neutralization 

or destruction. Antibody production continues for several days or months, until the antigen has been 

eliminated. Other B cells, the memory B cells are stimulated to multiply but do not differentiate into 

plasma cells; they provide the immune system with long-lasting memory.  T-lymphocytes multiply 

and differentiate in the thymus into helper, regulatory, or cytotoxic T cells or become memory T 

cells. They are seeded to peripheal tissues or lymphatic system. Once stimulated by the appropriate 

antigen, helper T cells secrete chemical compounds called cytokines which stimulate the 

differentiation of B cells into plasma cells, thereby promoting antibody production. Cytotoxic T 

cells, which are activated by various cytokines, bind to and kill infected cells and cancer cells. 

There are not only disparaties among T and B cells, but also between subsets of these cells. Every 

mature T cells containg marker known as CD3. Most helper T cells carry a CD4 marker, a molecul 

that recognizes MHC class II types. Cytotoxic/supressor T cell containing molecule known as CD8 

on their surface. This molecule is able to recognize MHC antigens class I. Different T cells have 

different class of antigen receptors either alpha/beta or gamma/delta.     

        NK cells (natural killer cells) have been described only in 1975 as lymphocytes, which are 

able to kill without prior stimulation, proliferation and differentiation of some tumor or virus-

infected cells. They are large granular lymphocytes that develop in the bone marrow with other 

cells from pluripotent stem cells. Developmentally they are closer to T-lymphocytes - this 

relationship became apparent by the recent discovery of T lymphocytes, which bear on their surface 

markers characteristic of NK cells (NKR-P1). This group was called NKT and cells are similarly as 

the Tc lymphocytes involved in cytotoxic reactions, which are directed against tumor or virus-

infected altered cells. Production of cytokines is also important in the regulation of specific immune 

responses, cell differentiation, and cell adhesion. The most important cytokine produced by NK 

cells, is INF-γ (Horejsi and Bartunkova, 2001), which stimulates macrophages to be converted into 

an activated form, an increased expression of MHC class II and secretion of IL-12, which is a 

significant differentiating factor for Th1 lymphocytes and inhibiting factor for the development of 

Th2 lymphocytes. Additionally, NK cells are producers of TNF- and which are necessary for 

stimulation (TNF-) or inhibition (TNF-) of mitosis, and participate also in inflammatory 
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processes. NK cells are also producers of so-called colony stimulating factors (CSF). These factors 

stimulate the differentiation of monocytes (M-CSF), granulocytes (G-CSF) and myeloid cells (GM-

CSF). Finally, NK cells are also important in regulating autoimmune responses.  

 

1.3.2 Receptors of lymphocytes 

1.3.2.1 B cells receptors (BCRs) 

 B lymphocytes recognize antigens via their antigen-specific receptors (BCRs). The BCR is a 

membrane-bound immunoglobuline and it is this molecule that allows the distinction of B cells 

from other types of lymphocytes as well as being the main protein involved in B cell activation. The 

receptor is composed of two heavy and two light domains with variable regions on the N-termini of 

their polypeptide chains. Formation of a complex between BCR and other transmembrane 

molecules CD79 and CD79 is responsible for full activation of B lymphocytes.  

 

 

1.3.2.2 T cells receptors (TCRs) 

 The T cells receptors are composed of two different chains that form the TCR heterodimer 

responsible for ligand recognition. CD3 molecules (CD3-gamma, delta, epsilon and zeta), which are 

assembled together with the TCR heterodimer, possess a characteristic sequence motif for tyrosine 

phosphorylation, known as ITAMs (Immunoreceptor Tyrosine-based Activation Motifs). The TCR 

polypeptides themselves have very short cytoplasmic tails,and all proximal signaling events are 

mediated through the CD3 molecules (Anderson et. al. 1989). Cytotoxic T lymphocytes activation 

is initiated by the interaction of the TCR with antigenic peptides complexed to MHC-I molecules on 

the surface of almost every cell in body, so it can be distinguish between self antigens and foreign 

antigens, for example viral-infected cells. Cytotoxic T lymhocytes are very sensitive to amount of 

self antigens presented, because increasing of antigen presentation can indicate to malignant cells. 

Helper T cell and inflammtory T cell TCR recognize antigen presented on MHC class II molecules 

on surface of antigen-presenting cells such  as macrophage or dendritic cells that present antigen to 

T or B cells.  

 

1.3.2.3 NK cells receptors 

 NK cells have two basic types of receptors on their surface: activating and inhibitory. 

According their structure we can divide the receptors of NK cells into immunoglobulin and C-type 

lectin families.    
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Activating receptors 

 Interaction of membrane receptors with their ligands leads to signal transduction into the 

cell. Since most NK cell receptors do not express ITAM motifs within their polypeptide chains, they 

associate with signal transmitting adaptor proteins via charged amino acids that are found in the 

transmembrane of the receptor. These adaptor molecules are e.g. DAP10 and DAP12, which contain 

tyrosine-binding activation immunoreceptors ITAM (Lanier et. al. 1998) motif ITAM 

phosphorylation is provided by protein-tyrosine kinases (PTK) of Src group. Signalling is also 

using the phosphatidylinositol-3-kinase and PTK ZAP10 and SYK. Another possibility of signal 

transmition can be through the G-proteins which are asocciated with the receptors. After ligand 

binding the G-proteins consisting of three subunits,  , and , disconnect from the receptor. GTP 

binds to  subunit instead of the previously bound GDP, which it leads to dissociation into  and 

-complex. Subunits and  can bind to other enzymes, and influence their activities. Among the 

NK cell activating receptors are human NKR-P1, CD69, NKG-2D, mouse NKR-P1A, C, and F, and 

CD69, and a group of receptors responsible for spontaneous (natural) cytotoxicity of NK cells,  

NKp30, NKp44, NKp46, and CD16, low affinity Fc  receptor responsible for antibody-dependent 

cellular cytotoxicity (Smyth et. al. 2002).  

 

Inhibitory receptors 

  These receptors contain in its intracellular part imunoreceptor tyrosine-based inhibitory 

motif (ITIM). To this motif, a protein-tyrosine phosphatase SHP2 and SHP1 is bound that 

dephosphorylate protein tyrosine kinases and thereby inhibit transmission of signals. Specific 

ligands for these receptors are MHC class I glycoproteins. Human MHC molecules are called HLA 

(human leukocyte antigen), which is divided into HLA-A, B, C called classical and HLA-E, F, G 

series called nonclassic (Horejsi and Bartunkova, 2001). Among the classical inhibitory NK cell 

receptor molecules belong mouse Ly-49 and NKR-P1B/D, and human KIR2DL, KIR3DL and 

NKG-2A.  

 

Immunoglobulin receptors  

 These group of receptors called KIR (Killer Inhibition Receptors) (Biassoni et. al. 2000), so 

far have been found only on the surface of human NK cells. They are divided into two subfamilies, 

depending on the number of immunoglobulin domains in the extracellular part of molecule. The 

first subfamily contains two (KIR2D) and the other subfamily of three (KIR3D) immunoglobulin 

domain type. Ligands for these receptors are classical HLA molecules. 
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1.3.2.4 C-type lectin family receptors 

 Lectins were definied as proteins able to specifically recognize and reversibly (non-

covalently) bind saccharide structures (Goldstein et. al. 1980). The lectins contain at least two or 

more sugar binding sites in their carbohydrate-recognition domains, as well as other protein 

modules which may be soluble or membrane embedded. The lectins have been found in a variety of 

species from viruses to plants and humans. The lectins can have variety of functions in organisms as 

adhesion molecules (selectins), immune-recognition molecules (mannosa binding receptor) and so 

on. Lectins can be classified by different criteria, but the most useful is classification based on 

structural and functional properties and similarities. Thus, we can distinguish eight main groups of 

lectins: calnexins, P-type lectins, L-type lectins, C-type lectins, I-type lectins, M-type lectins, R-

type lectins and galectins (Dood and Drickamer, 2001). The term C-type lectins is generally used 

for the animals to distinguish them from plant lectins (Brewer, 2001).  

        The C-type lectins were first properly defined in the 80
th

 of the 20th century (Drickamer, 

1988). A common feature of this family is called the CRD (Carbohydrate Recognication Doman). 

CRD requires calcium ions for its binding activity. The lenght of CRD of C-type lectins is around 

125 amino acids. CRD is composed of a highly conserved combination of two α-helixes and two 

anti-parallel β-sheets connected by random coils with 14 invariant and another 18 highly conserved 

amino acids (Bezouska et. al. 1991). This carbohydrate domain is stabilized by two or more 

disulphide bonds. Different binding specificity is provided by the participation of variable loops in 

binding site formation. During evolution some members of C-type lectins have lost the ability to 

bind carbohydrates or calcium, instead they can gained another substrate specifity (Drickamer, 

1999). 
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Figure 11. Comparison of NKC gene complex, encoding genes for C-type lectin receptors. 

 

 According to amino acids sequence homology we can divide the C-type lectins into seven 

different groups: proteoglycans, type II transmembrane receptors, selectins, collectins, type II 

lymphocyte receptors, macrophage mannose receptors and free CRD (Drickamer, 1993). From 

these groups mainly lymphocyte receptors are expressed on the surface of NK cells. These proteins 

contain one CRD on the extracellular C-terminus. Their tertiary structure was initially resolved in 

case of CD94 molecule although this domain is somewhat atypical due to the lack of one -helix 

otherwise structurally conserved in CRD (Boyington et. al. 1999). CRD is usually glycosylated and 

receptors occur in the form of homodimers (except for heterodimer CD94-NKG2) (Lazetic et. al. 

1996). 

        Genes encoding the lectin receptor of the C-type lectins are located in the NKC gene 

complex. In humans, NKC occurs on the 12th chromosome, in mice at the 6th and rats on the 4th 

chromosome. The genes for the polymorphic receptor family of Ly-49 and NKR-P1 are located 

away from the monomorphic genes for CD69 and CD94 (Figure 11). The group of Ly-49 family 

includes nine members of the Ly-49A - Ly-49I. Family Ly-49 receptors have inhibitory function for 

cell cytotoxicity. These receptors are present on the surface of mouse and rat NK cells. On the 

surface of human NK cells have not been discovered yet (Ryan and Seaman, 1997).  

  It seems that their function in human NK cells has been taken over by KIR receptors. As 

more was discovered family of five genes for C-type lectins marked as NKG 2A-E. NKG 2 

receptors differ in the extracellular and cytoplasmic parts. This diversity allows great variability of 

receptors for their ligands. NKG 2 receptors are usually associated with glycoproteins referred to as 

CD94 (Yokoyama, 1998). NKG 2 can not be expressed on the cell surface without the presence of 

CD94. CD94 function is not yet entirely clear. Since the intracellular part of CD94 is too short and 

contains no signal sequence, it seems that facilitates transport of NKG 2 on the surface of cells. 



44 

 

1.3.2.5 Ligands of C-type lectin NK cell receptors 

   Ligands of the C-type can be divided into three major groups. The first group consists of 

receptors recognizing MHC class I or similar molecules. The best example is murine Ly-49 

(KLRA1) receptor. Ly-49 receptors are inhibitory and serve as a self-recognition system. Murine 

Ly-49 is comprised approximatelly from 23 highly polymorphic genes (ly-49A – W) (Dimasi and 

Biassoni, 2005). Ly-49A was the first NK cell receptor whose structure in complex with its MHC 

class I was solved (Tormo et. al. 1999) and the missing self hypothesis was demonstrated  right on 

this receptor. Ly-49 was found only in rodents, the same function in humans executes the KIR 

immunoglobulin-like receptor. The second member of first group is homodimeric activation 

receptor NKG-2D (KLRK1), which recognizes stress induced MHC class I ligands MICA and 

MICB or viral infection associated ligands ULBP (Lanier, 2005). NKG2/CD94 receptors are the last 

subfamily of the first group. This family is conserved in human as well as in mice. NKG2 and CD94 

are covalent heterodimers which are responsible for signaling. Various forms are different functions: 

isoform A and B are inhibitory and C is activatory receptor. The gene for CD94 occurs in single 

form and is known in all species lying close NKG2A, -B, -C gene cluster (KLRC1, -2, -3).  

   The second group is composed of KLRG1 (MAFA), an inhibitory receptor. These receptors 

are expressed on the surface of mature T and NK cells. The ligands for KLRG1 have been found E-, 

N and R-cadherin (Li et. al. 2009). Cadherins (named for "calcium-dependent adhesion") are a class 

of type-1 transmembrane proteins. They play important roles in cell adhesion, ensuring that cells 

within tissues are bound together. They are dependent on calcium (Ca
2+

) ions to function, hence 

their name. The cadherin superfamily includes cadherins, protocadherins, desmogleins, and 

desmocollins, and more. In structure, they share cadherin repeats, which are the extracelular Ca
2+ 

binding domains. There are multiple classes of cadherin molecule, each designated with a prefix (in 

general, noting the type of tissue with which it is associated). It has been observed that cells 

containing a specific cadherin subtype tend to cluster together to the exclusion of other types, both 

in cell culture and during development. For example, cells containing N-cadherin tend to cluster 

with other N-cadherin expressing cells. However, it has been noted that the mixing speed in the cell 

culture experiments can have an effect on the extent of homotypic specificity. In addition, several 

groups have observed heterotypic binding affinity (i.e., binding of different types of cadherin 

together) in various assays (Volk et. al. 1987). One current model proposes that cells distinguish 

cadherin subtypes based on kinetic specificity rather than thermodynamic specificity, as different 

types of cadherin homotypic bonds have different lifetimes (Bayas et. al. 2005).  

         The last group of C-type lectin NK cell receptor-ligand pairs are able to recognize another 
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C-type receptors. These receptors are more likely to be conserved during evolution because 

receptor-ligand pair are mixed with each other in the NKC gene complex. The first receptor ligand 

pair identified in this group were mNKR-P1F and mNKR-P1B/D (Carlyle et. al. 2004).  
 

 

 

1.3.2.6 Cytotoxic activity of NK cells 

 The NK cells are two mechanisms known cytotoxic effect and it is the natural cytotoxicity, 

which takes place either via the apoptotic Fas ligand or lytic path in the presence of calcium, and 

cellular cytotoxicity dependent on antibody against the target structure (ADCC). After meeting the 

target cells with NK cell realize interaction between the surface receptors of both cells, 

strengthening mutual ties and run the lytic mechanisms. Target cell after receiving the "kiss of 

death" is dying, NK cells detach from it and goes to other potential target.  

 

Antibody-dependent cellular cytotoxicity (ADCC)  

 ADCC as one of the mechanisms used by NK cells is part of a specific adaptive immunity. 

When the NK cell meets with a cell that is opsonized by IgG antibodies the NK cell trigger the 

reaction. On the surface of NK cells occurs stimulatory low-affinity receptor for IgG CD16 

(FcgRIII). This receptor binds to the Fc portion of antibodies. CD16 was found in most human and 

murine NK cells, activated monocytes and on the surface of T cells. After binding ligand on CD16 

leads to activation of PTKase of Src family bound on tyrosine residues in the cytoplasmic ITAM 

domen (Leibson, 1997). Further leads to activation of phospholipases, stimulation of 

fosfatidilinositol-3-kinase and induction of MAP kinase, leading to increased levels of intracellular 

calcium (Perrusia, 2000). Increasing of Ca
2+

 leads to triggering of cytotoxic mechanisms leading to 

apoptosis. ADCC has the dominant activity of antibodies against tumor-transformed cells (O’Shea 

et. al. 1991). 

 

Lytic way dependent on calcium ions  

 In the cytoplasm of NK cells is a large amount of cytotoxic granules (specialized 

lysosomes), which contain a protein called perforin and proteases called granzyms. After NK cell 

recognizing of damaged or otherwise altered cell using of specialized surface receptors, the 

cytotoxic granules migrate to the plasma membrane, fuse with it and its contents are poured into the 

narrow gap between the two cells (degranulation). The pores created by perforin in the cytoplasmic 

membrane (perforin is structurally similar complement protein C9) enter into the cell interior 
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granzymy. These in turn cleaves proteasis precursors from the group of caspas in the cytoplasm, 

which are thus activated. Caspases affect to other proteins in the cytoplasm, leading to run the 

whole series of reactions leading to apoptotic death of target cells (Trapani et. al. 2000). Why 

granzymy acts only on the target cell and not damage the cells that secret him it is not yet entirely 

clear. One possible explanation is that granzymy are secreted as a whole and then fuse with the 

membrane of the target cells without damaging of effector cell.  

 

Fas-Fas ligand path (Fas-FasL)  

 On the surface of NK cells is a protein called Fas ligand (FasL). This protein belongs to the 

TNF (Tumor Necrosis Factor) of the surface molecules. FasL binds to the apoptotic receptor Fas 

(CD95) (Ashkenazi, 2002), which is present on the surface of many different cells. By binding to 

this receptor are activated a cascade of reactions leading to apoptotic cell death. On the surface of 

NK cells express three apoptotic receptors: TRAIL ligand, TNF and already have mentioned FasL. 

On the surface of NK cells is also found apoptotic receptor Fas, which provides an important 

feedback regulation of NK cells (Montel et. al. 1995). However, some tumor cells use this fact for 

security again the attack by the immune system, they express surface FasL and thereby induce 

apoptosis of cytotoxic cells. 
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2. Introduction to methods 
 

2.1 Molecular biology 

 The history of molecular biology begins in the 1930s with the convergence of various, 

previously distinct biological disciplines: biochemistry, genetics, microbiology, and virology. In 

1940, George Beadle and Edward Tatum demonstrated the existence of a precise relationship 

between genes and proteins (Beadle and Tatum, 1941). In the course of their experiments 

connecting genetics with biochemistry, they switched from the genetics mainstay Drosophila to a 

more appropriate model organism, the fungus Neurospora. In 1944, Oswald Avery demonstrated 

that genes are made up of DNA (Avery et. al. 1944). In 1952, Alfred Hershey and Martha Chase 

confirmed that the genetic material of the bacteriophage is made up of DNA. In 1953, James 

Watson and Francis Crick discovered the double helical structure of the DNA. In 1961, Francois 

Jacob and Jacques Monod hypothesized the existence of an intermediary between DNA and its 

protein products, which they called messenger RNA. Between 1961 and 1965, the relationship 

between the information contained in DNA and the structure of proteins was determined and 

named as genetic code, which creates a correspondence between the succession of nucleotides in 

the DNA sequence and amino acids in proteins. The chief discoveries of molecular biology took 

place in a period of only about twenty-five years. Another fifteen years were required before new 

and more sophisticated technologies as are polymerase chain reaction (PCR), reverse 

transcription, restriction digestions, gel electrophoresis, blotting and probing, DNA or RNA micro 

arrays, quantitative PCR amplification and directed-site mutagenesis.  

        The new techniques and methods are being developed and improved for achieving faster 

methods, higher senstitivity or higher yields. For example, we can buy the kit for isolation of 

plasmid DNA from bacterial strains. Isolation by this kit takes around one hour. The older protocol 

takes around 12 hours. On the other hand is it still necessary to know principle of older methods, 

this knowledge can help us in solving problems.  

 

2.2 Recombinant protein expression 

       Proteins are best expressed in their native cell type under physiological conditions, which 

ensure a correct protein synthesis, posttranslation modifications, protein folding or subcellular 

targeting. Only a small amount of proteins occur naturally in such amounts that would suffice for 

biochemical or structure studies. Of these reasons many various heterologous expression systems 
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have been developed to produce of recombinant proteins. The expression systems we can be 

divided into two groups: prokaryotic (bacterial) which includes commonly Escherichia coli 

expression system and eukaryotic expression system including yeast (Pichia pastoris and 

Saccharomyces cerevisiae), baculovirus-infected insect cells, mammalian cells and recently 

developed cell-free system (Yokoyama, 2003).  

 

2.2.1. Prokaryotic expression systems   

        Prokaryotic expression systems are generally easier to handle and are satisfactory for most 

purposes. Of these reasons is this system still the most widely used for recombinant protein 

expression. More than 90% of all solved protein structures are originated from recombinant 

proteins produced in Escherichia coli. This bacteria is very favorite, because we have many 

knowledge about its genetic, physiology and complet genomic sequence, which greatly facilitates 

gene cloning and protein expression. The high growth rates combines with the ability to express 

high levels heterologous proteins and rapid growing to high densities in simple and inexpensive 

media. These of properties make E. coli a very useful tool for recombinant protein expression 

system. However, expression in E. coli does have some disadvantage, of course. The most 

important is inability of posttranslation modifications. It is significant problems, because many 

proteins can not be able to fold to native structure or they are not active. Recombinant proteins are 

very often produced into insoluble protein agregates called: inclusion bodies. Inclusion bodies 

might to be harvested and solubilized in chaotropic reagents and successfully refolded in vitro. 

Unfortunately, the refolding yields are very often low, making the whole process ineffective.  

 

2.2.2 Eukaryotic expression systems 

       Eukaryotic expression systems such as yeast, insect cells or mammalian cells are able to 

perform a number of posttranslational modifications such as disulfide bridge formation, 

glycosylation or other. Eukaryotic expression systems can be divided into categories based on the 

nature of cellular system used for recombinant expression. In this work I will describe only the 

yeast expression system Pichia pastoris and Saccharomyces cerevisiae, since these expressions 

systems were used for production of recombinant α-NAGA. 

         Yeasts are favoured alternative host for produce of recombinant proteins. Yeasts combine 

some of the advantage of prokaryotic and eukaryotic based expression systems. For example, they 

can be grown relative rapidly on simple and cheap media to high cell density. They possess the 
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cellular machinery to carry out posttranslational modifications. Added advantages are the 

availability of complete genomic sequence, the using nuclear stable high copy plasmids and 

ability to secrete the target protein.  

 

Pichia pastoris  

      The methalotrophyc budding yeast Pichia pastoris was first described by Koichi Ogata in 

1969. It was initially intended for single cell protein production by Phillips Petroleum Company 

due to low cost of methanol at the time (Ogata et. al. 1969). Phillips Petroleum Company 

developed media and methods for growing of Pichia pastoris on methanol in continuous culture at 

high cell density (>130 g/L dry cell weight). In the early 1980s, Phillips Petroleum Company 

contracted with the Salk Institute Biotechnology Industrial Associates (SIBIA), to develop 

P. pastoris as heterologous gene expression system. Researchers at SIBIA isolated the AOX1 gene 

and its promoter and develop vectors, strains and methods for molecular genetic manipulation of 

P. pastoris. In 1993, Phillips Petroleum Company licensed Invitrogen to sell components of the 

system to researchers worlwide.  

 Pichia pastoris has many of the advantage of higher eukaryotic expression system such as 

protein processing, protein refolding and posttranslational modification, while being to easy 

manipulate as E. coli. It is easier, faster and cheaper to use than other eukarytioc expression 

system. Pichia pastoris shares the advantages of molecular and genetic manipulation with 

Saccharomyces cerevisiae, but it has 10 to 100 fold higher heterologous proteins expression 

levels. Furthermore Pichia can grow between pH 3-7 without any significant changes in specific 

growth and low pH can eliminate the proliferation of many contaminating microorganism. All of 

these features make Pichia very useful as expression system.  

 

Saccharomyces cerevisiae 

         For a variety of reasons, the common yeast Saccharomyces cerevisiae has been used 

extensively as a host cell for expression of cloned eukaryotic gene. First, it is single-celled, it is 

extremely well known genetically and physiologically, and it is grown readily in both small 

culture vessels and large-scale reactors. Second, several string promoters were isolated from yeast 

and characterized. Naturally occuring plasmids call 2μm, these plasmids can be used as part of 

and endogenous yeast expression vector system. Third, the S. cerevisiae is capable of carrying out 

many posttranslation modifications. This yeast normally secretes so few proteins that, when it is 

engineered for extracellular release of recombinant protein, the product can be easy purified. 
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Saccharomyces cerevisiae is used in baking and brewing industries, so this yeast has been listed in 

by U.S. Food and Drug Administration as a ―generally recognized as safe‖ (GRAS) organism. 

Therefore, the use of this organism for production for human therapeutic agents (drugs or 

pharmaceuticals) does not require the same extensive experimentation demanded for unapproved 

host cells. A number of proteins that have been produced in S. cerevisiae are currently being used 

as commercial as a vaccines, pharmaceuticals or diagnostic agents. For example at present more 

than 50% of insulin is produced by S. cerevisiae. The advantages of recombinant protein 

expression in S. cerevisiae are the same as in P. pastoris described above. However, in some cases 

expression was low and the yields were modest. In other instances, the recombinant protein was 

hyperglycosylated with more than 100 mannose residues in N-linked oligosaccharides chains. The 

mannose often alters functions and makes the recombinant protein antigenic. Several approaches 

to humanizing yeast N-glycosylation pathway have been attempted over the past decade with 

limited success. However recently, was prepared N-glycoengineering strain of S. cerevisiae with 

complex type of glycosylation.  

      The last disadvantage is problem with secretion of recombinant proteins. Proteins were 

designed for secretion very often retained in the periplasmic space, increasing the time and cost of 

purification. Despite all of the disadvantages is S. cerevisiae still much used as expression system 

and exist proteins which was successful expressed only in this yeast.   

 

2.3 Protein renaturation in vitro 

        Correct protein function (enzymatic activity, binding specifity) is mainly dependent on its 

structure and the structure is determinated by amino acids sequence. Even modest changes in 

protein structure can result in disfunctions of protein. Bruce Merrifield showed that simple protein 

is able to fold in solution spontaneously. On the basic of these experiments we can conclude, that 

the amino acids sequence not only determines the structure but also influence the folding of 

protein. Although the process of denatured protein refolding is different from folding of newly 

synthetized one, the theory of protein folding can be applied to both of these processes. There is a 

balance between two kinds of forces - the stabilizing (disulfide bonds formation, van der Waals, 

hydrogen bonds, hydrophobic interactions) and the destabilizing (electrostatic repulsion, chain 

entropy) and the protein folding is the result of this balance. The stable and correct folding state is 

characterized lower value of Gibss free energy. Protein can enter to local minimums (folding 
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traps) on the way from unfolded to native conformation which could be hard or even impossible to 

continue to fully native conformation. In refolding protein in vitro we try to minimize entering of 

protein to local minimums.  

        Generally the process of in vitro refolding consists of two steps, the denatured protein 

(inclusion bodies) solubilization in chaotropic agents such as urea or guanidinium hydrochloride. 

The protein is solubilized and transfer into non-denaturing enviroment that could be supplemented 

with stabilizing chemicals such as arginine as low molecular chaperone or glycerol and redox 

system such as reduced/oxidized glutathione or cysteamine/cystamine for support of disulfide 

bonds formation. We can use three main methods for in-vitro refolding: rapid dilution, dialysis and 

chromatographic methods.  

         The principle of fast dilution method is that denatured protein is slowly dropped into the 

stirred refolding buffer, what ensures the lowest possible local concentration of unfolded protein 

in solution and possibility of correct refolding of protein. 

         Dialysis method is based on slow exchange of solution through the semipermeable 

membrane, however sometimes it is difficult to keep the protein concentration low enough. As the 

concentration of denaturing agent is used in high concentration, the dialysis should be done in 

several steps. In any of them the concentration of refolded protein should not exceed 0.1 mg/ml, 

otherwise the protein could aggregate.  

  Last widely used refolding techniques are based on chromatographic methods. Gel filtration 

or affinity chromatography are the most suitable for refolding of proteins.  

 

2.4 Physical biochemistry 

2.4.1 Chromatography 

 Chromatography is physical methods widely used in biochemistry. Chromatography allows 

effective separation of substances necessary for reliable identification and quantification of 

components. The distribution of substances based on their different mobility in a two-phase 

stationary (anchored) and mobile (moving). Different substances differ in their adsorption 

properties, the values of partition coefficients in its dimensions and in their charges, which can all 

be used in chromatography for their division of compounds using suitable chromatographic 

equipment. Chromatography may be preparative or analytical. The purpose of preparative 

chromatography is to separate the components of a mixture for further use (and is thus a form of 

purification). Analytical chromatography is done normally with smaller amounts of material and is 
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for measuring the relative proportions of analytes in a mixture. The first chomatography 

experiments were separation of plant pigments such as chlorophyll at the begining of 20
th 

century. 

These separations carried out Rusiian botanist Mikhail Semyonovich Tsvet. The new types of 

chromatographic techniques (gas chromatography, paper chromatography and high performance 

liquid chromatography) were developed Archer John Porter Martin and Richard Laurence 

Millington Synge during 1930s and 1940s. The development tends to higher efficiency, resolution, 

sensitivity and reproducibility and shorter separation times, similarly as in other analytical and 

separation techniques. The new stationary phases with better hydrodynamic properties and with 

different size of the stationary phase particles were developed. The particle size of the stationare 

phases is very important for determination of the maximal applicable liquid pressure during 

separation.  

 We can distinguish types of chromatography according the stationare phases and interaction 

of sample with this phase (ion exchange, hydrophobic interactions, affinity, size exclusion), and 

further by embodiment of chromatography (planar, think layer, column) and type of mobile phase 

(gas, liquid).  

 

2.4.2 Analytical ultracentrifuge 

 Theodor Svedberg invented the analytical ultracentrifuge in 1925 and won the Nobel Prize 

in Chemistry in 1926 for his research on colloids and proteins using the ultracentrifuge. The 

vacuum ultracentrifuge was invented by Edward Greydon Pickels. It was his contribution of the 

vacuum which allowed a reduction in friction generated at high speeds. Vacuum systems also 

enabled the maintenance of constant temperature. In 1946, Pickels cofounded Spinco (Specialized 

Instruments Corp.) and marketed an ultracentrifuge based on his design. Pickels, however, 

considered his design to be complicated and developed a more ―foolproof‖ version. But even with 

the enhanced design, sales of the technology remained low, and Spinco almost went bankrupt. The 

company survived and was the first to commercially manufacture ultracentrifuges, in 1947. In 

1949, Spinco introduced the Model L, the first preparative ultracentrifuge to reach a maximum 

speed of 40,000 rpm. In 1954, Beckman Instruments (now Beckman Coulter) purchased the 

company, forming the basis of its Spinco centrifuge division. 

  In an analytical ultracentrifuge, a sample being spun can be monitored in real time through 

an optical detection system, using ultraviolet light absorption and/or interference optical refractive 

index sensitive system. This allows the operator to determine sample purity, characterize assembly 
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and disassembly mechanisms of biomolecular complexes, macromolecular conformational 

changes, thermodynamic parameters, determine the subunit stoichiometries and measure of 

equilibrium constant. With modern instrumentation, these observations are electronically digitized 

and stored for further mathematical analysis. Two kinds of experiments are commonly performed 

on these instruments: sedimentation velocity experiments and sedimentation equilibrium 

experiments. 

 Sedimentation velocity is technique which reffer entire time-course of sedimentation, and 

report on the shape and molar mass of the dissolved macromolecules, as well as their size-

distribution. The size resolution of this method scales approximately with the square of the 

particle radii, and by adjusting the rotor speed of the experiment size-ranges from 100 Da to 10 

GDa can be covered. Sedimentation velocity experiments can also be used to study of the complex 

composition from multi-signal analysis exploiting differences in each components spectroscopic 

signal, or by following the composition dependence of the sedimentation rates of the 

macromolecular system, as described in Gilbert-Jenkins theory.  

         Sedimentation equilibrium experiments are not concerned only with the final steady-state 

of the experiment, where sedimentation is balanced by diffusion opposing the concentration 

gradients, resulting in a time-independent concentration profile. Sedimentation equilibrium 

distributions in the centrifugal field are characterized by Boltzmann distributions. This experiment 

is insensitive to the shape of the macromolecule, and directly reports on the molar mass of the 

macromolecules. Information that can be obtained from an analytical ultracentrifuge include the 

gross shape of macromolecules, the conformational changes in macromolecules, and size 

distributions of macromolecular samples. For macromolecules, such as proteins that exist in 

chemical equilibrium with different non-covalent complexes the number and subunit 

stoichiometry of the complexes and equilibrium constants can be studied. 

 

2.4.3 Mass spectrometry 

 Mass spectrometry (MS) is an analytical technique for the determination of mass to charge 

ratio (m/z) of the charged sample molecules. Further more it could be used for for elucidation of 

protein or peptide structure. The principle of this technique is ionization of sample molecules and 

determining the mass-to-charge ratio of created ions in the gas phase from their behavior in the 

electromagnetic field. Furthermore the complex molecules could be fragmented and m/z ratio of 

these fragments could be measured.  
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The history of mass spectrometry dates back more than one hundred years and has its roots 

in physical and chemical studies regarding the nature of matter. The study of gas discharges in the 

middle 19
th

 century led to the discovery of anode and cathode rays, which turned out to be positive 

ions and electron. Improved capabilities in the separation of these positive ions enabled the 

discovery of stabel isotopes of the elements. The first such discovery was with the atom neon, 

which was shown by MS to have at least two stable isotopes: neon-20 with 10 protons and 10 

neutrons and neon-22 with 10 protons and 12 neutrons. In 1950s was mass spectrometry used as 

the detector in gas chromatograhy. Chemical ionization was developed in 1960s, field desorption 

ionization in 1969s. Fourier transform ion cyclotron resonance mass spectrometry was developed 

by Alan G. Marshall and Melvin B. Comisarow at the University of British Columbia in 1974. The 

inspiration was earlier developments in conventional ICR and Fourier Transform Nuclear 

Magnetic Resonance (FT-NMR) spectroscopy, following electrospray ionization and MALDI 

ionization. To data the most powerful mass spectrometers are able to determine the mass of large 

proteins (>100 kDa) with resolution of less than 1 Da.  

Each mass spectrometer is composed from three parts: ion source, mass analyzer and 

detector. In protein science the most common ion sources are matrix-assisted laser desorption 

ionization (MALDI), when the sample is co-crystallized on the target plate with matrix, and 

electrospray ionization (ESI), when the sample is ionized and transferred into the gas phase using 

electric field. The most useful analyzers are time-of-flight (TOF), quadrupole, quadrupole ion-trap 

and Fourier transform ion cyclotron resonance.  

 

Detergents and mass spectrometry 

 Detergents represent indispensible tools in protein research. They are widely used for 

isolation and solubilization of membrane proteins, isolation of lipid rafts, or as antiaggregating 

agents in protein in vitro folding and crystallization. Even though they can prove extremely useful, 

their presence may also have tremendous impact on the protein sample or its subsequent analysis 

by mass spectrometry (MS). Depending on the concentration, detergents may cause signal 

suppression, adduct formation, and shape distortion of protein signals. Polyoxyethylene based 

detergents (POE) negatively affect the analysis even at very low concentrations. Alkyl-glycosides 

are less harmful and reasonable spectra can be acquired in their presence, although they may cause 

charge state shifts in the protein spectra.  

Removal of detergents is mainly based on two principles, chromatography or extraction. 

Chromatographic methods separate the proteins/peptides from detergent based on their different 
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hydrophobicity or charge. Ion exchange chromatography works well for ionic detergents but can 

be also used for selective trapping of proteins/peptides from mixtures with nonionic detergents. 

Specific arrangements include mixed bed resin (e.g., NID trap from MichromBioresources). 

Separation based on hydrophobicity utilizes HILIC columns from which the NID elutes first and 

the proteins/peptides are eluted by decreasing percentage of organic solvent. Despite several 

advantages, HILIC columns do not offer separation efficiency comparable to reversed phase (RP) 

chromatography. Yeung et al. have used ethyl acetate for quantitative removal of alkyl-glycosides 

and for partial removal of POE-based detergents like Triton X-100 and NP-40. Another work, also 

based on ethyl acetate extraction, described removal of ionic sodium desoxycholate. Extraction 

protocols similar to those mentioned above for intact proteins can be applied to peptide mixtures 

as well. One advantage is that due to the digestion large hydrophobic polypeptides are very often 

split into shorter and less hydrophobic peptides. Nevertheless, all techniques for detergent removal 

are suffering from some drawbacks. As stated above, dialysis and adsorption techniques are more 

suitable for detergent exchange or for lowering their concentration. Precipitation can be 

problematic with small sample amounts and some proteins may be difficult to redissolve. The use 

of polyacrylamide gels may result in lower recovery or loss of larger and hydrophobic peptides. 

Specific precipitations may cause losses of hydrophobic protein/peptides, as these can 

coprecipitate with the detergent. Chromatographic techniques can, especially in the ion exchange 

mode, also suffer from losses of specific peptides. This behavior depends on the conditions of 

chromatographic separation and represents a problem mainly for complicated peptide mixtures 

covering a broad range of isoelectric points. In the HILIC mode, phase separation may occur at 

higher salt concentrations. Extraction with organic solvents is not very efficient and several 

extraction steps must be performed to remove the detergent quantitatively. In addition, 

hydrophobic peptides can easily be lost as they may partition into the organic phase and, with 

lower volumes, it might be difficult to aspirate the solvent from the organic phase due to low 

viscosity and convex meniscus. But the major disadvantage of extraction techniques remains in 

their ―offline‖ arrangement (Rey et. al. 2010). 

 

2.4.4 Electron microscopy 

 An electron microscope is a type of microscope that uses a particle beams of electrons to 

illuminate the sample and produce a magnified image. Electron microscopes (EM) have a greater 

than a optical microscope, because electrons have wavelengths about 100,000 times shorter than 
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photons, and can achieve better than 50 pm resolution and of up to about 10,000,000 x. The 

electron microscope uses electrostatic and electromagnetic "lenses" to control the electron beam 

and focus it to form an image. These lenses are analogous to, but different from the glass lenses of 

an optical microscope that form a magnified image by focusing light on or through the sample. In 

transmission, the electron beam is first diffracted by the sample, and then, the electron microscope 

―lenses" re-focus the beam into a Fouriere-transformed image of the diffraction pattern for the 

selected area of investigation. The real image thus formed is magnified by a factor ranging from a 

few hundred to many hundred thousand times, and can be viewed on a detecting screen or 

recorded using photographic film or plates or with a digital camera. Electron microscopes are used 

to observe a wide range of biological and inorganic samples including microorganism, cells, large 

molecules, metals and crystals. The history of electron microscopy began in 1931s by German 

physicists Ernst Ruska and Max Knoll, who constructed first prototype of electron microscopy. 

Five years later (1936) developed Helmut Ruska applications for the microscope, especially for 

biologic samples. Manfred von Ardenne constructed the first practical electron microscope in 

1938, at the University of Toronto. Two years later company Siemens produced the first 

commercial transmission electron microscope (TEM).  

 We can divide electron microscopy to four groups: transmission electron microscope 

(TEM), using transmitted electrons, scanning electron microscopy (SEM), using secondary 

electrons. Unlike the TEM, where electrons of the high voltage beam carry the image of the 

sample, the electron beam of the scanning electron microscopy does not at any time carry a 

complete image of the sample. The SEM produces images by probing the specimen with a focused 

electron beam that is scanned across a rectangular area of the sample (raster scanning). The third 

group is reflection electron microscopy (REM), where same as in TEM and electron beam is 

incident on the surface of the sample, but instead of using transmission or secondary electrons, the 

reflected beam of elastically scattered electrons is detected. The last group is scanning 

transmission electron microscopy (STEM). The STEM rasters a focused incident probe across a 

sample has been thinned to facilitate detection of electrons scattered through the sample. The high 

resolution of the TEM is thus possible in STEM.  
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Aims of the thesis 
 

 To determine amino acid sequence of native of α-NAGA isolated from filamentous fungi 

Aspergillus niger. 

  To develop expression system suitable for recombinant expression of α-NAGA in 

enzymatic active form. 

 To develop the optimal conditions providing sufficient amount of α-NAGA. 

 To develop purification protocol providing sufficient amount of α-NAGA for functional and 

structural studies. 

 To investigate biochemical and enzymatical properties of α-NAGA. 

 To determine N-glycosylation sites of α-NAGA. 
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3. Methods 

3.1 Molecular biology methods 

 DNA cloning is a process of obtaining multiple copies of desired DNA (usually a gene of 

interest) in vitro. It could be include processes such as RNA isolation, reverse transcription, PCR 

amplification or DNA manipulations such as restriction, ligation into vectors. In this thesis DNA 

cloning usually followed this workflow: RNA isolation using RNeasy Plant Mini Kit (QIAGEN), 

reverse transcription (SuperScript III, Invitrogen), PCR using DeepVent DNA polymerase, 

restriction digestions and ligation into pBlueScript SK+ (Strategene) was used for routine cloning 

in XL-1 MRF' Blue (Stratagene) or NovaBlue competent cells (Merck). Vector pET30a+ was used 

as expression vector for E. coli expression, while pPICZα and pYES2CT were used for 

electroporation of yeast expression system Pichia pastoris and Saccharomyces cerevisiae. 

 

Isolation of poly(A) RNA and construction of a cDNA library 

 A submerged culture of Aspergillus niger was cultivated for 48 hours. Fresh mycelium (4 g, 

wet weight) was frozen with liquid nitrogen and homogenized. Total RNA was prepared using an 

RNeasy Plant Mini Kit (QIAGEN). First-strand cDNA was synthesized directly from the total 

RNA by Moloney Murine Leukemia Virus reverse transcriptase (Invitrogen), and the second strain 

was synthesized by DeepVent DNA polymerase (Invitrogen). These cDNAs were purified using a 

DNA purification kit (Genomed).  

 

Cloning the cDNA encoding α-NAGA from Aspergillus niger  

 I have to divide the preparing of cDNA encoding α-NAGA to three parts according to 

which expression system was used.  

 Firstly, the prokaryotic expression system E. coli was used. One set of primers was 

designed to amplify the α-NAGA gene. A sense primer (5´-TTCCATATGGGCTTCAA-

CAATTGGGCCCGC-3´) containing the NdeI restriction site (underlined) and antisense primer 

(5´-CCAAGCTTATCAGAGCCGGAAGACTGCTGTCGC-3´) containing HindIII site 

(underlined). The fragments were amplified using Pfu DNA Polymerase (Invitrogen) and a 

Thermal Cycler GeneE (Techne). The PCR product (fragment 1462 bp) was amplified and ligated 

into the Bluescript II SK- vector (Invitrogen) and transformed into E. coli BL21-DE3 (Strategene). 

The resultant plasmid, Bluescript II SK/α-NAGA was confirmed by restriction digestion and 
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sequencing. The Bluescript II SK/α-NAGA plasmid was digested by NdeI and HindIII and the 

gene product was ligated into pET30a+ (Invitrogen).  

 Pichia pastoris as second expression system was used. These primers were designed for 

this expression system: a sense primer (5´-CCGGAATTCATGGGTTTCAACAATTGGGCCCGC-

3´) containig EcoRI restriction site (underlined) and antisense primer (5´-

ATTTCTAGATTAGCCATCCCTCTCATAAAGACACGACTT-3´) containing restriction site 

XbaI (underlined).  

 Saccharomyces cerevisiae was used as last expression system. Primers for this expression 

system are: A sense primer (5´-TATTCTAGAATGGGTTTCAACAATTGGGCCCGC-3´) 

containing the EcoRI site (underlined) and antisense primer (5´-

ATTGAATTCTTAGCCATCCCTCTCATAAAGACACGACTT-3´) containing the XbaI restriction 

site (underlined) were designed on the basis of the known amino acid sequence.  

 The fragments were amplified using the same DNA polymerase and the same conditions as 

in E.coli expression system described above. The PCR product was amplified and ligated into the 

Bluescript II SK- vector (Invitrogen) and transformed into E. coli BL21-DE3 (Strategene). The 

resultant plasmid, Bluescript II SK/α-NAGA, was confirmed by restriction digestion and 

sequencing. The Bluescript II SK/α-NAGA plasmid was digested by EcoRI and XbaI and the gene 

product was ligated into pPICZα (Invitrogen) in the case of P. pastoris expression system and into 

pYES2CT (Invitrogen) in the case of S. cerevisiae expression system.  

 The expression plasmids containing gene of interest were sequenced and a stocks of 

solution of purified DNA were prepared using JETSTAR 2.0 Maxi kit (Genomed). 

 The expression plasmid pET30a+ was transformated into prokaryotic expression system 

E.coli BL-21 (DE3) Gold by methods of heat shock.  

 Pichia pastoris GS115 was transformed by pPICZα expression plasmid by electroporation 

(25 μF, 30 ns, 2.0 kV, MicroPulserTM Electroporator, Bio-Rad) and the transformed cells were 

selected on the Zeocin selective plates.   

 Expression vectors pYES2CT was transformed into S. cerevisiae W303-1A (Invitrogen) by 

electroporation (25 μF, 22 ns, 1.2 kV, MicroPulserTM Electroporator, Bio-Rad) and the 

transformants were selected on an SC plate supplemented with tryptofan, leucine, adenine and 

histidine, without uracil. 
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3.2 Protein expression and purification 

3.2.1 Recombinant expression in E. coli 

       In this thesis proteins were produced in E. coli BL-21 (DE3) Gold or in ArcticExpress 

E. coli system with cold-active chaperones (Strategene). ArcticExpress competent cells have been 

engineered for improved protein processing at low temperatures. These cells co-express the cold-

adapted chaperonins Cpn10 and Cpn60 from the psychrophilic bacterium, Oleispira antarctica. 

The Cpn10 and Cpn60 chaperonins from O. antarctica have 74% and 54% amino acid identity to 

the E. coli GroEL and GroES chaperonins, respectively, and show high protein refolding activities 

at temperatures of 4-12°C. When expressed in ArcticExpress cells, these chaperonins confer 

improved protein processing at lower temperatures, potentially increasing the yield of active, 

soluble recombinant protein.   

 

E. coli BL-21 (DE3) Gold 

 Transformed competent cells were cultivated in LB medium containing tetracycline and 

kanamycine as a selection marker in Erlenmeyer flasks at 37°C until the optical density of 0.6-0.8 

(measured as absorbance at 550 nm), then the production was induced by adding 0.1 mM IPTG. 

After 4-8 h of production the bacteria were harvested by centrifugation 5000 x g/15 min.  

 

ArcticExpress BL-21 (DE3) E. coli system  

         Transformants were cultivated in LB medium containing streptomycine and kanamycine as 

a selection marker in Erlenmeyer flask at 37°C until optical density of 0.6-0.8 (measured as 

absorbance at 550 nm). The bacterial culture was cold to 12°C and induced by adding 0.1mM 

IPTG. After 4-12 h of production the bacteria were harvested. The small amount of bacterial 

suspense was disrupted and analyzed for enzymatic activity. Unfortunately, enzymatic activity was 

not measured. The protein was produced in form of inclusion bodies. Inclusion bodies were found 

in E. coli BL-21 (DE3) Gold expression system, too.  

 The inclusion bodies were isolated by several freeze - thaw by 5 sonication cycles in 25% 

sucrose buffer. Bacterial suspense was centrifugated 5000 x g and the pelet was resuspended in 

0.1% Triton X-100 and centrifuged. The last step of isolation of inclusion bodies was washing in 

50 mM Tris, 150 mM NaCl, pH 7.4.        
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    3.2.1.1 Protein refolding in vitro 

 α-NAGA produced in E. coli, was produced in form of inclusion bodies. For these reasons 

was carried out renaturation in vitro. The enzyme was renaturated using two methods, rapid 

dilution and dialysis.  

 

Rapid dilution 

 Isolated inclusion bodies were dissolved in denaturating buffer (6 M guanidinium 

hydrochloride pH 8.0 or 8 M urea both with addition of 100 mM DTT). The refolding was done 

by adding dissolved inclusion bodies to appropriate pre-chilled refolding buffer. The refolding 

buffer consisted arginine as a low molecular chaperon, cysteamine/cystamine or ox/red glutathione 

as a redox pairs and ihibitors of proteases as PMFS, leupeptin, pepstatin. The concentration of 

arginine and redox pairs was changed in developing of renaturating protocol.  

 

Dialysis 

 Isolated inclusion bodies were solubilized in the same denaturating buffers as in rapid 

dilution methods.  The solution was cleared from insoluble material by centrifugation at 30,000 x 

g for 30 min. The mix was dialyzed twice at 4°C against 1 L of renaturating buffer.  

 For finding of optimal conditions of renaturating of α-NAGA the i-Fold refolding kit 

(Merck) was used, too.    

 

3.2.2 Recombinant expression in yeast expression system 

 For expression of α-NAGA two expression systems Pichia pastoris and Saccharomyces 

cerevisiae was used.   

 

Pichia pastoris 

 Using a single colony 25 ml of BMGY in a 250 ml baffled flask was inoculated. Cell 

suspense was cultivated at 28°C in a shaking incubator (300 rpm) until culture reaches an OD600  

4-6 (~16-18 hours). The cells will be in log-phase growth. Cells were harvested by centrifuging at 

3000 x g for 5 minutes at room temperature. Supernatant was decanted and pellet was resuspended 

to an OD600 of 1.0 in BMMY medium to induce expression. Culture was placed in 1 liter baffled 

flask. 100% methanol to a final concentration of 0.5%  was added every 24 hours to maintain 

induction (Pichia expression kit, Manual, Version M, Invitrogen). 
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 The concentration of methanol as an inductor, time of cultivation, volume of cultivation 

media and the shape of cultivation flasks were changed for getting the recombinant enzyme. 

 

Saccharomyces cerevisiae  

 Precultures were prepared by inoculating 15 ml of SC selective medium containing 2% 

glucose, tryptophan, leucine, adenine and histidine, without uracil with a single colony of S. 

cerevisiae W303-1A containing the pYES-2CT/ α-NAGA construct. After overnight growth at 

30˚C and 220 rpm, the pellets were collected by centrifugation, resuspended in 200 ml of SC 

selective medium as above but with the 2% glucose replaced by 2% galactose, and the culture was 

incubated at 30˚C and 220 rpm. The cell suspenze was harvested by centrifugation. After 

centrifugation, the yeast pellet was resuspended in lysis buffer composed of 50 mM citrate 

phosphate (pH 3.5), 5% glycerol, 1 mM PMSF and 1mM dodecyl maltoside. An equal volume of 

acid-washed glass beads (r = 0.25-0.5 mm, Pierce, DE) was added. The cells were disrupted by 

vortexing for 30 s, followed by 30 s on ice (repeated four times for complete cell lysis). The 

mixture was centrifuged and the supernatant transferred into a fresh microcentrifuge tube for the 

enzyme activity assay. 

 

 

3.2.2.1 Enzyme activity assay 

 α-NAGA and α-GA activities were assayed using o-nitrophenyl N-acetyl-α-D-

galactosaminide (o-NP-α-GalNAc) and p-nitrophenyl α-D-galactosidase (p-NP-α-Gal) as a 

substrate, respectively. One unit of enzymatic activity was defined as the amount of the enzyme 

releasing 1 μmol of o-nitrophenol per minute at 50 mM citrate-phosphate buffer at pH 3.0 and 

35°C. After incubation of the reaction mixture at 35°C for 10 min, liberated o-nitrophenol was 

determined spectrophotometrically at 420 nm under alkaline conditions (50 μl of the reaction 

mixture was added to 1 ml of 0.1 M Na2CO3); 0-2 mM o-nitrophenol was used for calibration. 

-GA activity was assayed as described above, p-nitrophenyl-α-D-galactopyranoside was used as 

a substrate (p-NP-α-Gal, Sigma, Czech Republic).  

  Kinetic values were determined as described above using o-NP-α-GalNAc within the 

concentration 0.5-5.0 mM. All data were measured in triplicates. The effect of pH on α-NAGA 

activity was measured at 35°C as described in the enzyme assay, 50 mM HCl–glycine buffer was 

used for pH 1-3 and 50 mM citrate-phosphate buffer for pH 3-7. Every assay of the enzyme at 

different pH values was paralleled with appropriate blank void of enzyme. No differences of the 
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solubility of the o-NP-α-GalNAc (final concentration 2 mM) with respect to pH values were 

observed. All data were measured in triplicates. 

 Protein concentration was determined according to Bradford using a Bio-Rad Protein Assay 

kit, with bovine serum albumine as the standard. 

 

3.2.3 Purification of the recombinant enzyme 

  A BioSys HPLC System with a UV and conductivity detector (Beckman-Coulter) was used 

for all chromatography steps. The purification of the enzyme stared by HIC chromatography on 

the column Phenyl-Sepharose HR column (2.6 × 10.6 cm, Merck), followed by cations exchange 

chromatography S-Sepharose FF column (1.6 × 12.5 cm, Merck) and as the last chromatography 

Superdex 200 10/300 GL gel filtration column (1.0 × 30 cm, Amersham Bioscience) was used.  

 The best yield of the active enzymes was determined by the combinations of purification 

steps. Firstly, the chromatofocusing column (Mono P 5/200 GL Amersham Bioscience) instead of 

Superdex 200 10/300 GL gel filtration column was used. It was observed that the change of this 

step provide the same yield of recombinant enzyme and the buffer for gel filtration column is 

cheaper then the buffer for chromatofocusing.  

 

3.3 Sedimentation velocity and sedimentation equilibrium 

measurements 

  Sedimentation analysis was performed using a ProteomeLabXL-I analytical ultracentrifuge 

equipped with an An50Ti rotor (BeckmanCoulter). The protein (0.4 mg/ml) was dialyzed against 

50 mM sodium-citrate buffer (pH 3.5, used also as a reference and sample dilution buffer). The 

sedimentation velocity experiment was carried out at 40,000 rpm and 20°C, absorbance scans 

were recorded at 280 nm in 5 min intervals with 30 µm spatial resolution. Buffer density and 

α-NAGA partial specific volume were estimated in SEDNTERP 1.09 (www.jphilo.mailway.com). 

Data were analyzed with SEDFIT 12.1 (Schutz, 2000). The sedimentation equilibrium experiment 

was performed with α-NAGA concentration of 0.13 mg/ml at 10-12-14-16-18-20-22,000 rpm at 

4°C. Absorbance data were collected at 280 nm by averaging 20 scans with 10 µm spatial 

resolution after 30 h (first scan) or 18 h (consecutive scans) of achieving equilibrium and were 

globally analyzed with SEDPHAT 8.2 using a non-interacting discrete species model (Schutz, 

2003).  
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3.4 Electron microscopy 

 Negatively stained samples of wild-type and cloned enzyme complexes were prepared in 

parallel as follows: drops of enzyme solution in 50 mM citrate-phosphate buffer (pH 3.5), diluted 

to approx. 50 μg/ml were applied onto glow discharge-activated carbon coated grids. After 

adsorption for 30 s, the grids were negatively stained with unbuffered 2% (wt/vol) uranyl acetate 

or unbuffered 0.5% (wt/vol) uranyl formate in water, respectively. The samples were analyzed in a 

Philips CM100 electron microscope (FEI, formerly Philips PEO) at 80 kV. Digital images were 

recorded using a MegaView II slow-scan camera (Olympus, formerly SiS GmbH) at a primary 

magnification of 64,000, giving a pixel size of about 1 nm. All image processing was done using 

AnalySis 3.2 software. 

  

3.5 Mass spectrometry 

Sample preparation for amino acids sequencing 

  For protein identification mass spectrometry and N-terminal sequencing were used. 

MALDI TOF MS was used for sequence mapping of tryptic digests. The Coomassie Blue-stained 

protein band was excised from SDS-PAGE gel and washed with 0.1 M 4-ethylmorpholine acetate 

pH 8.3 buffer containing 50% acetonitrile several times. After complete desalting, the protein was 

reduced by tris[(2-carboxyethyl)phosphine hydrochloride] at 75˚C for 30 min. After reduction the 

alkylation with iodacetamide at 25˚C for 60 min in dark was carried out. The gel pieces were 

further washed with acetonitrile and rehydrated with water. This step was repeated five times. The 

gel pieces were dried in vacuum, rehydrated in 50 mM 4-ethylmorpholine acetate cleavage buffer 

containing 10% acetonitrile and 1 μl of trypsin (5 ng/ml) was added. Positive ion mass spectra 

were measured on a Bruker ULTRAFLEX III TOF mass spectrometer. The spectra of the peptides 

were measured in reflecton mode by using α-cyano-4-hydroxy-cinnamic acid in aqueous 40% 

acetonitrile containing 0.2% FA (10 mg/ml) as a MALDI matrix.  

  For N-terminal sequencing, α-NAGA was transferred from 10% SDS-PAGE gel onto 

PVDF membrane and analysed by automated cycles of Edman degradation in a Procise 491 

Protein Sequencer (Applied Biosystems). 

 

Analysis of the N-glycosylation sites 

  α-NAGA was resolved on 12% SDS polyacrylamide gel electrophoresis under reducing 
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conditions. The Coomassie blue-stained protein band was cut and treated as described above. The 

gel pieces were dried in vacuum and rehydrated in the kit deglycosylating buffer; for 

deglycosylation of α-NAGA PNG-ase F PO704S Kit and Endo Hf Kit (both New England 

BioLabs) were used for 12 h at 37˚C. After deglycosylation the gel pieces were prepared for 

digesting by trypsine, chymotrypsine, GluC and AspN, proteinases (sequencing grade, Roche). 

The procedures of enzymatic digestion were described previously (Ma et. al. 2003). Positive ion 

mass spectra were measured on a Bruker ULTRAFLEX III TOF mass spectrometer. 

 N-glycosylation sites were determined by LC/ESI/FTMS. Peptides were separated by 

reverse phased μHPLC system (Agilent Technologies) equipped with a MAGIC C18 column (0.2 

× 150 mm, 5 μm) (Michrom Bioresources). Peptides were eluted at flow rate of 4 μl/min under 

gradient conditions. The column was directly connected to the mass spectrometer. Mass spectra 

were acquired on APEX-Qe FTMS instrument equipped with a 9.4 T superconducting magnet 

(Bruker Daltonic). 
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4. Results 

4.1 The α-galactosidase type A gene aglA from Apergillus niger encodes 

a fully functional α-NAGA 

Among the glycosidases necessary for the synthesis of valuable mimetics for NK cell 

receptors are also α-GA  and, in particular α-NAGA. This may appear at the first site surprising 

since the primary specificity of NK cell receptors is towards the β-linked HexNAc. However, both 

our recent work (Veprek et. al. 2006) and the complete analysis of the binding specificity using 

oligosaccharide arrays (not published) indicate that these receptors bind also α-linked HexNAc 

with nearly equal affinity. Therefore, in collaboration with the Laboratory of Biotransformations at 

the Institute of Microbiology v.v.i. we have initiated search for fungal α-GA and α-NAGA.  

 As a starting point we have used the genome data available from the recently sequenced 

genome of Aspergillus niger. α-NAGA are quite rare in nature, but they are known to be 

evolutionarily related to α-galactosidases that have been much more widely studied. A BLAST 

search for α-GA primary sequences within the A. niger genome revealed five distinct protein-

coding genes. Apart from genes AglA and AglB that are well characterized, three additional 

sequences with sequence identity higher than 33% could be found. These three sequences have not 

been characterized well but have hypothetical open reading frames similar to aglB with length 

varying from 391 to 431 amino acids. From the point of view of evolutionary relation with other 

enzymes it was interesting to note that while aglB has more than 70% identity with many α-GA 

from GH 27 family, aglA had nearly similar identity (about 64%) to fungal α-GA as it had to α-

NAGA from Acremonium sp. 413. This relationship opened up a possibility that this gene in fact 

encodes α-NAGA (these enzymes are often able to cleave α-GA as well because of the smaller 

size of Gal then GalNAc). 

 This issue has been addressed experimentally by screening a large library of filamentous 

fungi (42 strains) and a series of inducers and cultivation conditions for the presence of α-NAGA 

activity. Only a single enzyme from A. niger CCIM K2 demonstrated this activity together with 

the one of α-GA. The ability of this strain to hydrolyze α-linked GalNAc was ten times higher 

than its ability to hydrolyze α-linked Gal. Additional biochemical investigations revealed the large 

native molecular size of this enzyme (440 kDa) and its pI (4.8). The Km for o-NP-α-GalNAc was 

found to be 0.73 mM, and the optimum activity was achieved at pH 1.8 and 55°C. The enzyme 

belongs to retaining glycosidases as proven by NMR investigations (Weignerova et. al. 2008). The 

enzyme was isolated to very high purity using chromatofocusing with narrow range polybuffers, 
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but the highly purified enzyme still had the dual activity. As the final separation technique applied 

at small scale, two dimensional electrophoresis using narrow pH strips was applied that resolved 

the preparation into two spots. Both spots were analyzed by N-terminal sequencing and were 

shown to differ only in three N-terminal amino acids including one glutamate that was able to 

shift this isoform to more acid pI (Figure12A). 

 

 

Figure 12. Summary of sequencing data for enzyme acting as α-NAGA. (A) Separation of prepared 

enzymes differing in their indicated N-terminal sequences by 2D electrophoresis,  indicating minor 

heterogeneity in enzyme preparation confirmed by N-terminal sequencing. (B) Upper lane indicates amino 

acid sequence of aglA gene from Aspergillus niger with signal peptide sequence bold. Lower lane shows 

summary of sequence data obtained by N-terminal Edman degradation of entire enzyme or isolated peptides 

after CNBr cleavage (italics) or by mass spectrometric analysis of peptide fragments. 
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Figure 13. Structure of the α-NAGA from Aspergillus niger. (A) Overall fold shows a TIM-barrel with the 

active site at the N-terminus, a small domain of eight antiparallel β-strands packed in β-sandwich in the 

middle, and a ricin-like domain on the right. The generated model (magenta) is overlaid with the crystal 

structure of the homologs α-NAGA from chicken (yellow), with GalNAc and the ricin-like domain from 

the xylanase from Streptomyces olivaceoviridis E-86 (green). (B) and (C) Molecular surface of the active 

site of aglA enzyme (magenta) and aglB enzyme (yellow) with o-NP-α-GalNAc. The active site of aglA 

enzyme has extra space for accommodating the N-acetyl-group of the substrate, while in aglB enzyme this 

space is occupied by Trp205. 

  

 Alignment of the found AglA sequence against structurally solved α-NAGA revealed high 

sequence identity allowing to construct a molecular model of the enzyme (Figure 13). Comparison 

of experimentally solved three dimensional structures with our molecular model revealed a 

remarkable similarity spaning over evolutionary unrelated species. This finding points to the fact 

that all α-NAGA are very similar independenty of their source with regard to both domain 

arrangement as well as to the position of individual catalytical amino acid residues. This fact 

allows to use the model not only to view the general domain architecture, but even to consider the 
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mechanistic detail sof the catalytical process. The molecular architecture of α-NAGA is composed 

of catalytic (mellibiase) domain containing TIM barrel, followed by a beta sandwith, and the 

C-terminal ricin domain. Related anzymes such as AglB contain similar catalytic domain buy lack 

the C-terminal ricin-like domain. Considering the high evolutionary conservation of these family 

of enzymes we could also construct the molecular model of AglB. Because both these models 

were of a very high duality as discussed above, we could perform substrate docking into their 

active sites (Figure 13B and C).  

 Docking of o-NP-GalNAc occurred rapidly a remained stable in 2 ns, although the entire 

simulation was run for 10 ns. On the other hand, an attempt to dock the same substrate into the 

active site of AglB led to rapid repulsion, although stable docking in 2 ns was possible for 

o-NP-Gal. This confirms that AglB is a pure α-GA not able to cleave α-GalNAc.  

    

 

Figure 14. (A) Active site amino acids identified for aglA enzyme with bound 2-NP-α-GalNAc after 10 ns 

of MD with so-called N-acetyl recognition loop (green), which extends the binding pocket of aglA enzyme 

so that it can accept the amino group at the C2-atom. (B) Scheme of hydrogen bonds, created by o-NP-α- 

GalNAc with aglA enzyme. (C) Scheme of catalytic mechanism proposed for aglA enzyme, where Asp203 

acts as acid/base and Asp131 is responsible for nucleophilic attack at C1. 
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The above substrate docking experiments could repeal further mechanistic details about the 

catalytic process including amino acids involved in substrate binding and hydrolysis. The overall 

size of the substrate binding pocket is usually significantly larger in α-NAGA in order to allow to 

accomodate much larger N-acetyl group. Accordingly, small side chain amino acids would be 

expected to occur around the acetyle binding site. Indeed, in the case of AglA these amino acid 

were Ser170 and Ala173. In addition, there are some amino acids establishing positive interactions 

with GalNAc but not with Gal allowing to undertand the much higher afinity for the formel 

substrate. In this case such an interaction occured with Lys129 that forms a hydrogen bond with 

carbonyle oxygen in GalNAc, and additional Tyr174. Other amino acids are responsible for the 

specificity of the enzyme for galacto configuration: Asp53 forms a hydrogen bridge to C4 

hydroxyle defining this configuration, and Tyr95 bind the sugar unit. Finally, two aspartates 

represent the catalytic residues directly involved in hydrolysis of the glycosidic bonds in the way 

that is typical for retaining mechanism: acid/base Asp203 and nucleophile Asp131. Multiple 

sequence alignment confirmed the general validity of these findings.  
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4.2 Facile production of Aspergillus niger α-NAGA in yeast 

  The development of an appropriate system for expression of recombinant α-NAGA appeared 

critical for the preparation of sufficient amount of material necessary for the detailed biochemical and 

structural studies of the enzyme, and was essential in order to initiate structure-activity investigations 

using molecular mutagenesis as well as studies of the role(s) of enzyme glycosylation. These tasks 

proceeded in several stages: (a) cloning and sequencing of α-NAGA from the producing strain of A. 

niger, (b) attempts to express active enzyme in bacteria (E .coli), (c) attempts to express active 

enzyme in the yeast Pichia pastoris, (d) attempts to express active enzyme in the yeast 

Saccharomyces cerevisiae. 

  The gene fragment coding for α-NAGA was obtained from total RNA that was isolated from 

cultures of A. niger, in which the production of an enzyme was induced by soya flour (Weignerova et. 

al. 2008). Degenerate oligonucleotide primers were designed based on the sequenced native α-NAGA 

(see the previous chapter) using sequences specific for AglA, and contained restriction sites for NdeI 

and HindIII, respectively, used for all subsequent manipulations. RT-PCR yielded a single DNA 

fragment having approximately 1500 bp containing the entire open reading frame of the enzyme. 

This fragment was cloned into Bluescript II SK+ vector, sequenced, and the DNA sequence was 

identical to the one corresponding to AglA gene.  

  The cloned fragment was transferred to bacterial expression vector pET-30a
+
 assuring the 

presence of the initiation methionine created at the NdeI site. The double stop codon was placed at 

the HindIII site to assure efficient termination of translation. The production was tested in several 

bacterial strains using different conditions. Conditions optimal for the production of the target protein 

were established (0.1 mM IPTG, 37°C, 4 h). However, all produced protein precipitated into 

inclusion bodies. Iclusion bodies were isolated, dissolved in denaturating reagens, and numerous 

experiments were performed in order to find optima conditions for in vitro refolding. However, all 

attempts resulted in precipitation of the enzyme protein, and no soluble protein was obtained. Further 

attempts to use commercial iFOLD kits did not provide successfull results, either. 

  Next we attempted to produce the active enzyme in a more complex, eukaryotic system 

based on a methanotrophic yeast Pichia pastoris. DNA fragment was cloned into the comercial 

pPICZfrom Invitrogen. The DNA construct was verified by sequencing, transferred into the 

production strain by electroporation, and the mixture was plated onto the selection plate with Zeocin. 

100 colonies were selected, produced on liquid medium, induced, and enzymatic activity was 

measured both in the supernatant and inside the broken cells. However, no measurable activity could 

be obtained in any of the tested sample indicating the lack of active enzyme. Many additonal 
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optimization tests were performed with regard to methanol concentration used for induction, volume 

of culture, the shape of culture flaks, temperature of production etc. However, none of these 

optimization provided any condition for the production of active enzyme.  

  Since the literature search data indicated examples of successfull production of 

enzymatically active glycosidases in Saccharomyces cerevisiae (strain W303-1A) (Ashida et. al. 

2000) we finally attempted to produce α-NAGA using this expression system. DNA fragment coding 

the enzyme was transferred to pYES-2CT expression vector, and the construct was again verified by 

DNA sequencing. This strain was transformed by electroporation, and the mixture was plated onto 

SC plates based on uracil complementation. Positive colonies were selected, and rapid screening was 

performed in 5 ml of medium withdrawing aliquots after 24 h. Aliquots were spun, and activity was 

assayed in supernatant and in broken cells. No activity could be detected in the medium, but we could 

observe a significant activity in the broken cells. Extensive optimization of production conditions 

(volume of medium, volume and shape of culture flask, concentrations of inducers (Gal), production 

times and cultivation temperatures. The highest production of intracellular α-NAGA (approximately 

0.4 U/mg protein) was achieved in 2 L cultivation flasks containing 200 ml of medium at 30°C with 

2% galactose and 72 h of cultivation.   

 

  

 

 

 

 

 

 

 

Figure 15. Time profile of the recombinant intracellular α-NAGA production by S. cerevisiae W303: (A) 

SDS-PAGE electrophoresis (B) enzyme activity. Time optimization was carried out at 30˚C. Aliquots of the 

cell culture were harvested 12, 24, 48, 72, 96 and 120 hours after transfer to the SC medium with Gal as an 

inducer. The recombinant α-NAGA was identified as a band with an apparent molecular mass of approx. 76 

kDa. 

 

Interestingly, the addition of the detergent into the lysis buffer caused two fold increase in 

activity.  
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Figure 16: α-NAGA and α-GA activity measured in cell lysates with and without dodecyl maltoside 

(detergent) in lysis buffer.  

 

The enzyme purification was achieved with good recovery (Table 2). The enzyme 

purification was carried out by four-step chromatography. The majority of the contaminating 

proteins were removed by hydrophobic chromatography (Phenyl-Sepharose HR). The subsequent 

purification steps were used to remove the other proteins with similar biochemical properties. The 

enzyme was purified with a final yield of 12.1%. The specific activity of the recombinant enzyme 

against oNP-α-GalNAc was determined to be 42.3 U/mg.  

 

 

Table 2. Purification of the recombinant α-NAGA from Saccharomyces cerevisiae W303-1A. Purity is 

related to the starting material. 

 

Step Protein 

  (mg) 

   Activity 

  (U) 

Spec.activity 

(U mg
-1

) 

Purity 

(fold) 

Yield 

(%) 

Cell lysate 378.0 150.0 0.4 1.0 100 

Phenyl-sepharose HR 31.4 102.3 3.3 8.3 68.2 

S-Sepharose FF 12.8 81.0 6.3 15.8 54.0 

Superdex 200  1.5 41.9 27.9 69.9 27.9 

Mono P 5/200 0.4 18.1 42.3 105.9 12.1 
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SDS-PAGE of the purified α-NAGA revealed one single protein band with an estimated 

molecular mass of 76 kDa. This value is higher than the molecular mass calculated from the amino 

acids sequence (53961.2 Da) because of extensive protein glycosylation. The enzymatic properties 

of α-NAGA were assayed with o-NP-α-GalNAc as the substrate. The recombinant α-NAGA 

exhibited a KM value of 0.56 mmol/l and pI 4.4 in 50 mM citrate-phosphate buffer (pH 3.5) at 37˚C. 

The purified enzyme has a pH optimum at 2.0-2.4 (at 37˚C) and temperature optimum of 50-55˚C 

(at pH 3.0). The recombinant enzyme was stable in 50 mM citrate-phosphate buffer within the pH 

range 2-4 and at 4˚C for several weeks without any significant loss of activity. A loss of activity 

(35%) was observed after 2 days of incubation at 37˚C. Its enzymatic properties are consistent with 

the wild extracellular α-NAGA isolated from A. niger CCIM K2 (Weignerova et. al. 2008).  

The pH profil of recombinant α-NAGA was changed, the recombinant enzyme more active 

in neutral pH compare to wild-type α-NAGA. This fact predetermines this enzyme for the red blood 

cell group A transformation in to the group of H(0), beeing a universal donor.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Effect of pH on the activity of wild α-NAGA (- -●- -) and recombinant  

α-NAGA (─●─). 
 

The molecular weight of the native and recombinant α-NAGA was investigated using gel 

filtration and analytical ultracentrifuge. The gel filtration of the recombinant α-NAGA showed two 

active forms with estimated molecular mass of approximately 70 kDa nad 130 kDa. The wild α-

NAGA occured only as 70 kDa monomers. The analytical centrifugation confirmed the molecular 

mass of both enzymes. All experiments were performed at four various proteins concetrations, at 

4°C, and the data was analyzed using the software SEDFIT. The sedimentation coefficients were 
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determined of 7.65 and 5.07 in causes of the recombinant α-NAGA. These values corresponded 

well with the mass of the dimer and the monomeric form, respectively. Moreover, both monomeric 

and the dimeric enzyme forms displayed both  α-NAGA and α-GA activity in same ratio. 

 Finally, the occurrence of the monomer and the dimer species and their ratio remained 

constant under various protein concentrations. Both sedimentation velocity and equilibrium 

experiments were performed with the protein at 2/3, 1/3 and 1/6 of the initial concentration. There is 

no evidence for equilibrium between the two protein forms (Figure 18). 

 

Figure 18: Sedimentation velocity experiments. The recombinant α-NAGA (A), and native α-NAGA (B), 

were analyzed in an analytical ultracentrifuge using sedimentation velocity. Fitted data (upper panel) with 

residual plots (middle panel) showing the accuracy of the fit are shown together with the calculated 

continuous size distribution c(s) of the sedimenting species (lower panel) at various α-NAGA loading 

concentrations. (C) The sedimentation velocity experiments showed that there is no apparent equilibrium 

between the two α-NAGA forms, since the decrease in both forms corresponds solely to the decrease in 

enzyme loading concentration. (D) Equilibrium sedimentation distribution of recombinant α-NAGA. Upper 

panel shows absorbance data with fitted curves (non-interacting discrete species model, lines), lower panel 

shows residuals derived from fitted data. 
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Electron microscopy technique was used for visualization of the wild-type and recombinant 

α-NAGA. Uranyl acetate and uranyl formate was used for staining. The wild-type α-NAGA sample 

showed a distribution of small particles with a mean diameter of 6-7 nm and the shapes ranging 

from almost isomeric to elongated. The recombinant α-NAGA showed particles with broader size 

distribution, with a mean diameter of 7-10 nm. This data are in good agreement with the 

sedimentation velocity and gel filtration experiments and confirmed that recombinant α-NAGA is 

present in two active forms.  

α-NAGA was found to be a glycoprotein. There are eight of potential N-glycosylation sites 

located at Asn 14, 52, 58, 88, 168, 320, 401 and 456.  

The recombinant α-NAGA was treated with Endo Hf and PNGase F. After Endo Hf 

treatment we identified peaks corresponding to the peptides containing N-glycosylation sites based 

on increased m/z of peptides containing GlcNAc residues (203.079 Da). When α-NAGA was treated 

with PNGase F and digested with AspN, new peaks appeared. These peaks corresponded to the 

peptides that arose from the conversion of asparagine to asparatic acid as shown in Figure 5b. Six 

asparagines of the eight potential N-glycosylation sites in the α-NAGA located at residues 14, 52, 

58, 88, 320 and 456 were found to be glycosylated. For example of determination of the N-

glycosylation sites (Figure 19). 

 

Figure 19. Determination of N-glycosylation sites. (A) α-NAGA was digested with Asp-N and treated with 

PNGase F. MALDI-TOF mass spectrometry analysis showed that the high mass peaks had disappeared, 

while a new peptide signal at m/z 1128.337 appeared. This peak corresponded to the peptide residue 310-319 

(calculated m/z for [M+H]
+
 1127.337) with a 1 Da mass increase from the conversion of asparagines to 

aspartic acid by PNGase F. (B) α-NAGA was digested with Asp-N and deglycosylated with Endo Hf, which 

cleaves the bond between two GlcNAc units attached to asparagines. The final peptide has a mass increase of 

203, 079 Da. The peptide signal at m/z 2004.157 corresponded to peptide residue 310-325 (calculated m/z for 

[M+H]
+
 1801.076) with a 203.079 Da mass increase for GlcNAc. 
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In conclusion, we prepared stable, active recombinant α-NAGA in large quantities in a 

simple eukaryotic system of S. cerevisiae. The notable advantage of our expression system is in 

shorter production times, and, up to four fold increase of the enzyme yields compared to the native 

production system. Unique properties of this enzyme can find a use for the enzymatic synthesis of 

various carbohydrate structures and for transformation of the red blood cell group A to the group of 

H (0), the universal donor.  
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4.3 Patent application 

Czech patent application was preparated on the basic of results with expression of α-NAGA 

in yeast expression system Saccharomyces cerevisiae.  

The name of patent application is: Expression of active form of α-NAGA from filamentous 

fungi Aspergillus niger and its expression in yeast expression system Saccharomyces cerevisiae.   

This application refers to α-NAGA enzyme with α-GA activity and preparation of active 

form of this enzyme in yeast expression system Saccharomyces cerevisiae.  

The patent claims were divided into four points: the first point refers recombinantly prepared 

active form of α-NAGA with dual α-GA activity in yeast expression system Saccharomyces 

cerevisiae. The second point of the patent claim refers of isolated molecule of nucleic acid coding 

amino acids sequence of active form of α-NAGA. The third one was claimed method of preparation 

of the nucleic acids and primers (isolation of RNA, transcription of RNA to cDNA, and PCR 

amplification with prepared cDNA and designed primers). Production, isolation and purification of 

α-NAGA were forming the last claim of this patent application.  

The expression and charactezation of α-NAGA has been described above. α-NAGA has 

approximately 20% of enzymatic activity in neutral pH. This fact can be used for the red blood type 

A transformation in to type H(0), being a universal donor. The next usage can be in preparing of 

blood derivates and synthesis of oligo/poly carbohydrate strucutre. All of these applications can be 

used in pharmacetutic industry. Due to dual activity of α-NAGA we can use this enzyme as a model 

protein for preparing of α-GA with enzymatic activity in lower pH. 
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4.4 Cooperation between Subunits Is Essential for High-Affinity 

Binding of N-Acetyl-D-hexosamines to Dimeric Soluble and Dimeric 

Cellular Forms of Human CD69 

CD69 was originally described in 1986 as EA 1 on the surface of human T cells after 12-o-

tetradecanoyl phorbol-13-acetate treatment (Hara et. al. 1986) and later as AIM (activation inducer 

molecule) (Cebrian et. al. 1988). CD69 is an important member of C-type animal lectin family 

closely related to molecules NKR-P1 and Ly49. CD69 was observed on other immune system cells 

(Testi et. al. 1994) and after cloning (Hamann et. al. 1993) it was recognized as C-type lectin. The 

CD69 gene is located  within the NK gene complex on human chromosome 12. It codes a type II 

calcium-dependent membrane lectin. The identification of the natural ligand for CD69 is a key 

critical step for further advancement of our knowledge on the biology of this receptor. The initial 

findings that CD69 binds to calcium and certain HexNAc could not be later reproduced using a 

somewhat different expression construct. Since then, these discrepancies have been at least partially 

explained by careful structural evaluations of the recombinant proteins used for binding studies, as 

well as by establishing a direct link between the binding of calcium and carbohydrates. Themost 

recent development of efficient structural mimetics of the high-affinity ligand for CD69 opened the 

way for manipulating with numerous activities of CD69 at the molecular and cellular level and 

provided efficient compounds for further in vivo testing of their immunomodulating properties.  

We reported that the binding of HexNAc to soluble CD69 is highly cooperative at molecular 

level, and this cooperativity is not seen for Q93A and R134A mutants with disturbed formation of 

noncovalent dimers. Similarly at the cellular level, efficient signaling after CD69 crosslinking by 

antibody or bivalent ligand is diminished for the above mutants with a damaged subunit cross-talk 

more dramatically than for CD69 bearing C68A mutation, and thus lacking the disulfide bridge 

forming the covalent dimer identified previously as the critical signaling element. 

Several constructs were generated for preparation of highly stable soluble recombinant 

CD69 proteins, which is suitable for ligands identification experiments. Preliminary ligand binding 

experiments were performed to evaulate the ability of these constructs to bind calcium and 

monosaccharide units. In the case of the ability to bind calcium there has not been difference 

between the covalent dimeric protein and noncovalent dimeric protein when compared to the 

monomeric form. Each of these proteins bound 1 mol of calcium/mol of CD69 subunit with Kd of 

approximately 58 μM. On the other hand, significant differences between these protein constructs 

were observed with regard to the binding of HexNAc. While the IC50 values for the soluble 

monomeric CD69 with regard to binding of the two active HexNAc, D-GlcNAc and D-GalNAc, 
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were each approximately 10
-5

 M, these values were about 10 times lower for the covalent dimeric 

protein and about 100 times lower for the other two highly stable noncovalent dimeric proteins. The 

homogeneity and monodispersity were routinely evaluated for each batch of the produced soluble 

dimeric CD69 using SDS electrophoresis under both reducing and nonreducing conditions and gel 

filtration. Moreover, the identity, quality, and proper refolding of each batch of the produced protein 

were also verified using high-resolution ion cyclotron resonance mass spectrometry, one-

dimensional proton NMR, thermal stability experiments, and tests of the biochemical stability 

(Table 3).  

 

Protein Characteristics Td
a 

Td
b 

Td
c 

CD6CD69WT noncovalent dimers 65 67 65 

CD69Q93A dimer/monomer equilibrium 63 62 64 

CD69R134A dimer/monomer equilibrium 62 60 60 

CD69RDM monomeric 60 62 61 

 

Table 3. Summary of Stability Properties of Wild-Type Dimeric CD69 and CD69 Dimerization Mutants. (a) 

Determined from thermal UV denaturation measurements. (b) Determined from differential scanning 

calorimetry. (c) Determined from FTIR spectroscopy. 

 

The D-GlcNAc as the high affinity carbohydrate ligand, together with D-ManNAc were 

performed for using of detailed  binding studies with soluble dimeric CD69. D-Gal was used as 

negative controls in some experiments. The initial evidence for the interaction of the soluble 

dimeric CD69 with GlcNAc was obtained by NMR titration. The results of this experiment 

confirmed the specific binding of GlcNAc to the dimeric receptor and provided affinity estimation 

in the low micromolar range (Kd  = 4.0 x 10
-7

). On the other hand, no interaction could be seen with 

ManNAc under the same experimental conditions. The results from NMR titration were confirmed 

by direct binding experiments. When the bound and unbound ligands had been separated by dialysis 

under equilibrium. These experiments revealed two binding sites per receptor dimer. The direct 

binding experiments enable the degree of saturation at each particular ligand concentration to be 

calculated. The resulting saturation curve clearly revealed a striking cooperativity in the highly 

specific (Kd = 4.0 x 10
-7 

M) binding of GlcNAc to the receptor (Figure 20C). These results were 

also confirmed by the flourescent titration (Figure 20D).  
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Figure 20. Measurements of direct interaction of soluble noncovalent dimer CD69 with ManNAc and 

GlcNAc. (A, B) NMR titration of soluble CD69 with ManNAc and GlcNAc, respectively. (C, D) 

Concentration dependence of receptor saturation measured by equilibrium dialysis and tryptophan 

fluorescence quenching, respectively, using GlcNAc, ManNAc, and Gal as indicated. 

 

 The structure changes of soluble CD69 upon ligand binding were investigated by variations 

in the hydrodynamic properties of the receptors.  These variations were studied by gel filtration 

(Superdex 200HR) and analytical ultracentrifugation and compared with the size and structure of 

the receptors preincubated with ManNAc as a control. This analysis did not revealed any changes in 

hydrodynamic properties after binding of carbohydrate unit into receptor.  

 In the next step, the interactions of GlcNAc with monomeric subunit of CD69 were studied. 

The crystale structure of CD69 dimer was used for construction of CD69 monomeric form. Firstly, 

were analyzed the dimer interface for critical residues participating in the dimerization. Two such 

residues Q93 and R134, both interacting with residues of the other subunit, could be found. These 

residues were mutated to alanine, singly or in combination. The stability of this protein was 

comparable to that of the wild type protein. This indicated that the mutations did not results in any 

decrease of protein stability. This protein was used for investigation of binding affinity with 

GlcNAc too.  The results showed that binding to the monomeric subunit of CD69 was much weaker 

and noncooperative (Figure 21). 
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Figure 21. Binding of GlcNAc to the monomeric subunit of CD69. (A, B) Binding of GlcNAc to monomeric 

CD69 analyzed using equilibrium dialysis and fluorescence titration, respectively. 

 

 

The construct for non-covalently dimer receptor contained an extended dimer interface 

involved in contacts between the ligand binding domains, as well as the neck regions.However, it 

did not contain the C68 residue that participates in the covalent dimerization of the natural form of 

CD69 found at the surface of leukocytes. In order to trigger the CD69 is required an efficient 

ligand. Interaction of receptors with this ligands leads to receptor cross-linking. Alternatively, we 

can used specific antibodies for aggregation. Both forms of activation were used in this 

experiments. It was used two specific antibodies against CD69 as well as the HexNAc disaccharide 

dimer, which has been previously described as the most efficient carbohydrate ligand. CD69 gene 

of interest was cloned into vector suitable eukaryotic expression vector. Jurkat T-lymphocyte 

leukemic cell line was transfected with this vector. These clones displaying identical surface 

expression of mutated and wild-type forms of receptors. The cellular CD69 with single mutation in 

amino acids responsible for the covalent (C68) or noncovalent (Q93, R134) dimerization remained 

in dimeric form. The same situation was observed in the double mutants (C68A/Q93A, 

C68A/R134A). The triple mutant (C68A/Q93A/R134A) was found as monomeric. This monomeric 

form is able to be dimerization by the HexNAc dimer. This dimerization causes extensively cross-

linking and formation of high molecular weight aggregates.    

 In the last experiment was observed the influence of mutations affecting the dimerization of 

cellular CD69 on the ability of this receptor to activate the Jurkat cell line. This activation was 

analyze by the increasing of the concentration of the intracellular calcium.  

The single mutations in amino acids at the noncovalent dimer (Q93A or R134A) increased 

the efficiency of these receptors in cellular signaling. On the other hand, when using ligand cross-



83 

 

linking with the N-acetylhexosamine disaccharide dimer, a very low efficiency of cellular signaling 

was observed compared to the wild-type.  
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4.5 Synthetic GlcNAc Based Fully Branched Tetrasaccharide, a 

Mimetic of the Endogenous Ligands fo CD69, Activates CD69, Killer 

Lymphocytes upon Dimerization via a Hydrophilic Flexible Linker 

The complex saccharide structures are involved in many biologically important signal 

transduction processes. They play key role in molecular recognition events contributing to cell-cell, 

cell-bacteria, and cell-virus interactions. The lectin receptors are able to recognize carbohydrate 

structures present on the surface of the tumor cell. This interaction can initiate lysis of the tumor 

transformated cells by the cell of the immune system. In this work we investigated two NK cells 

lectin activation receptors, rat NKR-P1 and human CD69. These receptors are unique for their 

ability to distinguish between closely related carbohydrate structures and to recognize the HexNAc 

in both gluco and galacto configurations. Carbohydrates interact with these lectins over an extensive 

surface area, but the structure and position of the oligosaccharide binding sites are unique for each 

of the two receptors. Rat NKR-P1 has a binding groove that accommodates the linear 

oligosaccharides, whereas sugar-binding sites in human CD69 are at three separate locations, and 

thus branched carbohydrates seem to be preferred. Three series of carbohydrate ligands for NK cells 

receptors NKR-P1 and CD69 were prepared (Figure 22).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

 

 

 

Figure 22: Structures of the Synthesized HexNAc Based Oligosaccharides. 
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 These individual compounds were tested as inhibitors of binding of the soluble radiolabeled 

receptor. In the case of NKR-P1, the results indicate that synthesized compounds were average or 

poor ligands complared to the GlcNAc control and the β1-4 linkage is preffered to other linkages. 

Branching of the oligosaccharide resulted in significant decrease in the inhibitory potencies 

independently of the series used. On the other hand more interesting results were obtained in the 

case of CD69 receptor. Only minor differences have been found in the linear GlcNAc/GalNAc 

series compared to the GlcNAc monosaccharide control. However, hierarchical increase in 

inhibitory potencies has been found in the branched GlcNAc/GalNAc series. On the basic of these 

results the detailed structure-activity studies were performed with branched GlcNAc.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 23. Biological testing of the synthesized HexNAc based oligosaccharides using inhibition assay. 

Indicated compounds were tested as the inhibitors of binding of the radiolabeled rNKR-P1A (left) or hCD69 

(right) to the high affinity GlcNAc23BSA ligand. From the complete inhibition curves, IC% values were 

calculated.  

 

 

 The tetrasaccharide 52 achieved 10 000 times better inhibitory activity than the GlcNAc 

control, therefor  has been selected for further experiments as an efficient mimetic.  
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3
H-labeled tetrasaccharide 52 was used for the details of binding parameters of CD69 

receptors. In the receptor was one high affinity binding site per receptor subunit with Kd = 3.2 x10
-9

 

M.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Direct binding of compound 52 to human CD69 receptor: (A) NMR titration of 10 μM soluble 

CD69 with the compound 49; (B) binding of 3H-labeled 52 to CD69 followed by equilibrium dialysis; (C, 

D) binding of 52 to the dimeric and monomeric form of CD69 followed by tryptophan fluorescence 

quenching.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 25. The structure of compounds number 49 and 52. 
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 The compound 52 has been shown as a suitable mimetic of the complex physiological ligand 

for the receptor, however the ligand mimetic must be present in a multivalent (at least bivalent) 

form. The tetrasaccharide 52 was efficiently dimerizated using standard chemistry for peptide or 

protein cross-linking (Figure 26).  

 

 
 

 
  

Figure 26. Reagents and conditions: (a) sat. aq NH4HCO3, 30˚C, 7 days; (b) CSCl2, NaHCO3, acetone 

H2O; (c) 2.4 equiv of 63 per 1 equiv of diamine, CH2Cl2, room temp, 2 days. 

 

 

 While the monomeric tetrasaccharide 52 was not active in the test, the dimeric compounds 

64-67 proven positive results in precipitation of soluble form of CD69 receptor. The best activity 

was achieved with compounds 65. The activity of compounds 68 was comparable with the 

monoclonal antibody positive control.   

 The ability of the dimerized tetrasaccharides enhance the anti tumor potential of the immune 

system, was tested short-term cytotoxicity assay. The compound 65 and 68 increased the killing of 

human erythroleukemic cells line K562 and the target cell line known to be sensitive for natural 

killing. Moreover compound 68 was also active in the case of NK resistant tumor cell line RAJI in 

the situation when the other compoun had not effect.  

 In our last experiments we investigated the influence of tetrasaccharide 68 on suppress of 

the growth of experimental tumors and activating of the tumor infiltrated lymphocytes. For this 

attempt was preformed using experimental model of mouse B16 melanoma a low metastasis 

variant. Compound 68 had the most efficient decreasing the size of tumor at day 26 to day 30. The 

same effect had the compounds number 65 and 70 at day 30 after injection of tumor cells. For 

screening of killer cells operating inside tumor cytotoxic activity assay was performed. In this assya 

were used tumor infiltrating lymphocytes isolated from animals treated the individual compounds 

and assayed after isolation of these cells ex vivo. The compounds 65 and 68 were tested. The 

compounds 68 was effectived in both B16 melanoma and NK cell resistence P815 mastocytoma 

(Figure 28A, B). The compound 65 had statistically significant effect only in case of  P815 

mastocytoma tumor line.  
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Figure 27. Natural killing assays in the presence 

of the tested compounds using sensitive human 

cell line K562 (A) and resistant human cell line 

RAJI (B). 

.  

 

 

 

Figure 28. Natural killing of tumor infiltrating 

lymphocytes isolated from mice treated with the 

indicated compounds. Killing of B16 melanoma 

(A) and NK resistant mastocytoma P815 (B) 

targets is shown. 

 

   

 On the base of these experiments were found two active compounds number 52 and 68. 

Compound 52 is very most efficient ligands for CD69 receptor, which is able to develop effective 

activation of NK cells. The compound 68 increases the natural killer activity of the NK cells and 

decreases the growth of tumor cells in vivo.    
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5. Discussion 
The main focus of this thesis was to develop expression system for recombinant production 

of fungal α-NAGA. α-NAGA belongs to family of glycosidase. 

  Glycosides are classified as enzymes catalyzing the hydrolysis of O- or S-glycosides giving 

smaller sugar moieties. The next classification of glycoside can also be as exo or endo acting, 

dependent upon whether they act at the (usually non-reducing) end or in the middle, respectively, of 

an oligo/polysaccharide chain. Glycoside was found in essentially all domains of life. In 

prokaryotes they are found both as intracellular and extracellular enzymes that are largely involved 

in nutrient acquisition. For example, Bifidobacteria posses neuroaminidases, α-glycosidases, α-GA. 

These enzymes allow the organisms to utilize different types of carbohydrates to adapt and compete 

in an environment with changing nutritional conditions.  

  In higher organisms glycosides are found in the endoplasmatic reticulum and Golgi 

apparatus where they are involved in processing of N-linked glycoproteins, and in the lysozyme as 

enzymes involved in the degradation of carbohydrate structures. Deficiency in specific lysozomal 

glycoside hydrolases can lead to a range of lysosomal storage disorders that result in developmental 

problems or death. Glycosides are found in the interstinal tracts and saliva where they degrade 

complex carbohydrates such as lactose, starch and sucrose. The enzyme lactase is required for 

degradation of the milk sugar lactose and is present at high levels in infants, but in most populations 

will decrease after weaning or during infancy, potentially leading to lactose intolerance in 

adulthood. The enzyme O-GlcNAc-ase is involved in removal of GlcNAc groups from serine and 

threonine residues in the cytoplasm and nucleus of the cell.  

  Some glycosidases are very extended, for example the glycosidases of higher organism 

occurring in ER or Golgi apparatus. However, exist glycosidases which occur very rarely and they 

have very often interesting properties. For example, the glycosidases from filamentous fungi have 

very low optimum, dual enzyme activity, enzyme activity at high temperature etc. These types of 

glycosidase are very often extracellular and inducible. This fact can bring the problem with finding 

of new type of glycosidase, because we do not know which organism produce the specific 

glycosidase and we do not know the inductor. On the other hand these glycosidases can be used in 

many industrial or pharmaceutical applications. Therefore is very important to search the new type 

of these enzymes, which can be useful for development of new compounds, drugs or applications. 

By detailed studies of these enzymes we can find new relationship between function and structure 

or between organisms. 

  For a typical screen for any given enzyme or other gene product, a functional assay is 
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applied: for example, proteases are screened in an assay specific for proteases, amylases are 

screened in an assay specific for amylases etc. The existing methods for traditional functional 

screening for extra-cellular enzymes are substantially limited to the applied screening assays. This 

means that the screening provides only those enzymes for which a functional assay exists. This 

method for screening for enzymes or other proteins has the disadvantage of being both time-

consuming and expensive. 

  A screening for enzymes in fungi can be based on an expression-cloning method, which 

combines the ability of S. cerevisiae to express heterologous (fungal) genes with the utilization of 

enzyme assays. The fungus of interest is cultivated under conditions that give high-level enzyme 

activity; mRNA is prepared from the resulting biomass and a cDNA library is constructed in E. coli 

. Plasmid DNA is isolated from subpools of this library and transformed into S. cerevisiae . 

Subsequently, the yeast transformants are screened for enzyme activity.  

  For example (Weignerova et. al. 2008), they reported the screening of collection of 

filamentous fungal strains for extracellular α-NAGA activity. In this work were tested 42 strains of 

filamentous fungi and 6 inductors under various cultivation conditions. The existing methods for 

traditional functional screening for extra-cellular enzymes are substantially limited to the applied 

screening assays. This method for screening for enzymes or proteins has the disadvantage of being 

both time-consuming and expensive.  

 The second approach of discovering of new proteins or enzymes can be genome mining. The 

principle reason for gene mining is to identify and isolate genes that are characterised and have 

special properities. The widespread use and availability of molecular biological techniques have 

allowed for the rapid development and identification of nucleic acid sequences. With the availability 

of integration of laboratory equipment with advanced computer software, researchers are able to 

conduct advanced quantitative analyses, database comparisons and computational algorithms to 

seek and identify gene sequences. Genetic databases for organisms such as E. coli, or S. cerevisiae 

are available for public. These biological databases store information that is searchable and from 

which biological information can be retrieved. The main database is GenBank at the National 

Centre for Biotechnology Information (http://www.ncbi.nlm.nih.gov).    

 Using DNA databases and computer softwares we can compare several DNA sequences of 

related proteins/enzymes from different sources. By this comparison we can find evolutionary 

conserved sequences of these proteins. On the basic of this conserved sequences we can designed 

specific primers and isolated gene of interest. The gene of interest can be cloned into expression 

vector and expressed in suitable expression system.  

http://www.ncbi.nlm.nih.gov/
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 α-NAGA from filamentous fungi Aspergillus niger is one of glycosidase having unique 

properties such as low pH optimum or dual α-GA activity According to enzyme nomenclature of 

IUB-MB (International Union of Biochemistry and Molecular Biology) this enzyme belongs to 

Hydrolase-Glycosidase-Glycosidase hydrolyzing O- and S- glycosidic linkage. According to CAZY 

system prokaryotic α-NAGA belong to enzyme family 36 (Clan GH-D) and eukaryotic α-NAGA to 

enzyme family 27 the same clan like prokaryotic enzyme. The CAZy database described the 

families of structurally related catalytic and carbohydrate binding modules or functional domains of 

enzymes that degrade, modify or create glycosidic bound. In the CAZy are enzymes divided to four 

classes Glycosidase-Hydrolase (GHs), Glycosyl-Transferase (GTs), Polysaccharide-Lyases (PLs) 

and Carbohydrate-Esterase (CEs). These classes are divided to individual families according the 

specific enzyme activities, evolutionary similarity and mechanism of enzymatic reaction.  

 The phylogenetic mapping showed that the evolution of genes for α-NAGA from vertebrates 

is distinct from evolution of genes for α-NAGA from fungi. α-NAGA were evolved from fungal α-

GA occurring in fungi growing on solid substrates, as a way for using compounds containig 

terminal α-linkage GalNAc. α-NAGA can occur in organisms in various isoforms, which can be 

different in their catalytic activities. The catalytic activity is depend on the place where α-NAGA 

occur.  

 α-NAGA isolated from Aspergillus niger displayed unique properties. The production of α-

NAGA carried out in cultivation medium 6 days at 26˚C as the inductor was used soy flour.  

 The enzyme was optimally active at 55˚C and at of pH 1.8. The enzyme deglycosylation 

shifted the pH optimum to 1.5. Both enzymes forms were stable at of pH 1.5 – 4 and 4˚C. The 

enzyme was maintained without loss activity several months. The purified enzyme exhibited a KM 

value of 0.73 mmol/l for o-NP-α-GalNAc in 50 mM citrate-phosphate buffer (pH 3.5) at 35°C. The 

dual α-GA activity was also found in the native form of α-NAGA. The dual activity of α-NAGA 

was explained by evolutionary mapping of this enzyme class and computer model. On the basic of 

this mapping was observed that the α-NAGA is evolved from α-GA described above. The large 

differ in active site between α-GA and α-NAGA is so-called binding pocket for N-acetylamine. This 

binding pocket was revealed by substrate docking experiments.  

 On the basic of these properties were decided to prepare the recombinat form of this 

enzyme. Since the deglycosylated α-NAGA was active several months without significantly loss of 

enzyme activity, prokaryotic expression system Escherichia coli was chose. The gene of interest 

was gained from total RNA isolated from Aspergillus niger and reverse transcripted into DNA 

sequence. The gene of interest was cloned into prokaryotic expression vector. Two prokaryotic 
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expression strains was used. Firstly, E. coli BL-21 (DE3) Gold. In the case of this strain we 

observed that the α-NAGA is produced in form of inclusion bodies without enzymatic activity. We 

have a lot of experiences with renaturation of recombinant proteins in our laboratory. For these 

reasons was tried many renaturation protocols and techniques. Unfortunately, not one was 

successful. The E. coli ArticExpressCells were used as a second possibility of expression in 

prokaryotic expression system. The advantage of this system is low temperature of production 

around 12˚C. The low temperature should help to correct protein folding and preclude the 

aggregation of proteins to inclusion bodies. Unfortunately, in this case was no observed the 

expression of α-NAGA.  

 This failure can be explained a large glycosylation of the α-NAGA, this posttranslation 

modification is probably very important in refolding process.  

 Of these reasons we decided for using of yeast expression system Pichia pastoris. 

Unfortunately, the expression was not success.  

  As a last expression system was used Saccharomyces cerevisiae. The production of α-

NAGA in this expression system was successful. The recombinant enzyme was purified and 

biochemically and enzymatically characterised. Biochemical and enzymatic properties of 

recombinant protein was identical except the subunit structure and activity in neutral pH. 

 The recombinant enzyme occurs in two active forms monomeric and dimeric. The 

explanation of these two forms can be in overexpression and the placement of this enzyme inside 

the cell. Part of enzyme can occur in the membrane organels, where are other conditions for 

refolding of the proteins. The second part of enzyme can be in cytoplasm, where is reduction 

enviroment. This hypothesis confirmed the experiments with addition of detergent to lysate mixture. 

The enzymatic activity increases two times after addition of detergent. The second differ between 

wild-type and recombinant α-NAGA is activity in neutral pH. The recombinant enzyme displays 

around 15% activity in this pH unlike the wild-type which has no activity.  

 The enzyme activity in neutral pH can be used for modification of blood cell type A to H(0) 

universal donor, because α-GalNAc is present in A and AB human blood groups. The selective 

deglycosylation of α-GalNAc residues from the blood agglutinogen A results in its change to the 

agglutinogen H(0). The problems which can occur are several. Firstly, the enzymatic cleavage have 

to be very specific. Specificity of enzyme cleavage can be investigated for themselves blood 

epitopes. For analysis of epitopes the mass spectrometry, think layer chromatography or HPLC-

PAD can be used. In the case of successful with specific cleavage of themselves epitopes can be 

designed the next experiments with blood cells. In these experiments will be necessary to find 



93 

 

optimal conditions and time for treatment of blood cells, because no cell can stay with epitop A on 

the surface. The enzyme can be in soluble form or as immobilized on the surface of some suitable 

particulars, which can be placed in column or in plate. The efficiency of the treatment can be 

investigated by agglutination test or by flow cytometry.   

 In case of overcoming of all of these problems, the recombinant α-NAGA would be used as 

a very strong tool for preparing of blood derivates or blood cell type H(0) as a universal donor.   

  In vivo glycosidase catalyse the hydrolysis of glycosidic linkages. In vitro they can catalyse 

the formation of a new glycosidic bond either by transglycosylation or by reverse hydrolysis 

(condensation). The kinetically controlled transglycosylation requires a glycoside activated by a 

good leaving group, whereas the thermodynamically controlled reverse hydrolysis uses high 

concentrations of free sugars. Transglycosylation is used more frequently, since with this method it 

is more straightforward to influence the regioselectivity of the enzyme and the yield of the reaction 

by modifying the reaction conditions. A good choice of enzyme source, suitably modified glycosyl 

donors and acceptors, addition of co-solvents or cyclodextrins are good tools for the synthesis of 

glycosidic structures, which are hardly achievable otherwise. In comparison with 

glycosyltransferases, β-N-acetylhexosaminidases have the advantage of broad substrate specificity, 

robustness, accessibility and, not least, much cheaper substrates. Until now, β-N-

acetylhexosaminidases from glycoside hydrolase family 20 have been used for synthetic purposes, 

but no one α-NAGA. 

 The synthesis of a novel immunoactive disaccharide β-D-GalNAcα-(1→4)-D-GlcNAc is the 

variation of a reaction with substrate modified at C-6. This carbohydrate exhibits a high affinity to 

the rat NK cell activation receptor NKR-P1 and human NK cell activation receptor CD69. It was 

prepared via a transglycosylation reaction and subsequent chemical oxidation. 2-acetamido-2-

deoxy-β-D-galactohexodialdo-1,5-pyranosyl was transfered onto GlcNAc with catalysis by β-N-

acetylhexosaminidase from Talaromyces flavus.  

 The second example of enzymatic synthesis can be ManNAc and oligosaccharides 

containing ManNAc at the reducing end were identified as strong ligands of the rat natural killer 

cell activation protein NKR-P1 (Krist et. al. 2001). However, both enzymatic and chemical 

syntheses of these compounds failed. The mixture of β-D-GlcNAc-(1→4)-D-GlcNAc and the 

desired β-D-GlcNAc-(1→4)-D-ManNAc is easily obtainable by Lobry de Bruyn-Alberda van 

Ekenstein epimerization of β-D-GlcNAc-(1→4)-D-GlcNAc (N, N´-diacetylchitobiose), but the 

problem is separating the epimers. β-N-acetylhexosaminidase from Aspergillus oryzae displayed a 

surprising ability to selectively discriminate the disaccharide substrates according to their reducing 
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saccharide unit. Thus, N,N´-diacetylchitobiose was selectively hydrolysed by β-N-

acetylhexosaminidase, whereas its C-2 epimer (β-D-GlcNAc-(1→4)-D-ManNAc) was completely 

resistant to the enzyme hydrolysis.  

Using the recombinant α-NAGA in enzymatic synthesis of glycomimetic should bring new 

possibility in preparing of mimetic and new structures, which can be used as a ligands of many 

proteins. Rationale for these attempts are provided by our detailed knowledge of the binding 

specificity of NK cell receptors. In particular, in 2005 a paper from our laboratory reported a 

surprising finding indicating that rat NKR-P protein bound to comb-like dendrimers bearing α-

linked terminal GalNAc residues (Veprek et. al. 2006). This finding appeared initially very unusual, 

since an absolute majority of carbohydrate binding proteins (lectins, enzymes, antibodies etc.) 

absolutely distinguishes between α- and β-anomeric conformation. However, the recent data 

obtained with mouse NKR-P1C protein using oligosaccharide arrays at CoreH facility of 

Consortium for Functional Glycomics appear to confirm this unusual assignment (Figure 30). 

Among the oligosaccharides displaying the highest binding of this protein there was, for instance, 

glycan 174 having the sequence GlcNAc1-3Gal1-4GlcNAc-Sp8 (6328 ± 925 f.u.), glycan 339 

with a sequence GlcNAcα1-4Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ1-3Galβ1-4GlcNAcβ-Sp0 

(4568 ± 187 f.u.), glycan 87 bearing a sequence GalNAcα1-3(Fuca1-2)Galβ1-4GlcNAcβ-Sp8 

(3155 ± 479 f.u.), and glycan 94 with a sequence GalNAcα1-4(Fuca1-2)Galβ1-4GlcNAcβ-Sp8 

(2887 ± 260 f.u.). -NAGA does not cleave -linked GlcNAc (unpublished observations), and most 

it will most probably not transfer this carbohydrate residue, either. However, a way is now open for 

possible synthesis of GalNAc α-terminated glycomimetics using this enzyme. These syntheses will 

be the subject of our future studies.  
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Figure 30. Binding of dimeric mouse NKR-P1C(B6) obtained using eukaryotic expression in HEK cells. 

This array was recorded with protein labeled using Alexa Fluor 488 at 20 μg/ml. Identification of individual 

binding results is provided by Core H facility.  

 

 Production of recombinant forms of soluble NK cell receptors is a long-term program in our 

laboratory. Ideally, it would be suitable to express the entire extracellular parts of these receptors 

including the cysteine residues involved in the dimerization of natural forms of these receptors that 

are usually present in the membrane proximal segment of at the very C-terminal end. However, for 

practical reasons this is usually not possible, and defining the proper extracellular segment for 

expression is a matter of trial and error. The problem is the presence of mutliple cysteine residues 

that are very abundant in these proteins which makes their expression very difficult. Usually, either 

the short CRD stabilized by two intrachain disulfide bridges or the long CRD having three of these 

bridges is expressed together with the flanking segments of the polypeptide. Protocols describing 

the production of full-length human CD69 containing the entire extracellular portion including the 

membrane proximal dimerization cysteine have been published, but we could not reproduce this 

protocol in our laboratory. For these reasons, we prefer to omit the extra cysteine residues (except 
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the 6 involved in intrachain disulfide bridging) from expression constructs for bacterial expression. 

After in vitro refolding, such protein tend to arrange either as noncovalent dimers (such as CD69, 

chapter 4) or as monomers (many other proteins including mouse NKR-P1C). The outcome of this 

refolding is most probably the inherent characteristic of the individual protein, and our possibility to 

influence the monomeric or dimeric forms are very limited. For instance, our recent attempts to 

produce covalent or even noncovalent mouse NKR-P1 dimers using bacterial expression system had 

limited success (David Adamek, personal communication), and such dimers were only obtained 

using eukaryotic expression (Figure 30). It would appear that dimeric arrangement of the receptor is 

important for ligand identification studies: we could not detect binding of carbohydrates to 

monomeric mouse NKR-P1C (Daniel Rozbesky, unpublished), but the identical dimeric protein 

provided very nice binding data (Figure 30). Apparently, the presence of multivalent interactions of 

the oligosaccharide ligands with the dimeric receptor having multiple carbohydrate binding sites is 

needed. This effect should not occur for the monomeric carbohydrate ligands.  However, our study 

presented in chapter 4 provided evidence for high affinity cooperative binding under this situation 

(after dissociation of the subunits using molecular mutagenesis this was effect was lost). We 

currently investigate if this interesting effect holds true only for CD69 or if its a general feature of 

the entire family of C-type lectin NK cell receptors.  

 The potential advantage of using enzymes (such as α-NAGA) for the synthesis of 

carbohydrate-based mimetics is evident when one considers the complexity of total chemical 

synthesis of such compounds. In particular, to prepare highly branched oligosaccharides using total 

chemical synthesis is very difficult (chapter 5), and requires specific and efficient synthesis 

procedures in order to overcome steric hindering. From this point of view, the availability of 

enzymes including α-NAGA would be good way how to overcome this problem, and prepare highly 

branched mimetics with terminal GalNAc α1- sequences. 

In conclusion, I prepared stable, active recombinant α-NAGA in large quantities in a simple 

eukaryotic system of Saccharomyces cerevisiae. The notable advantage of our expression system is 

in shorter production times, and, up to fourfold increase of the enzyme yields compared to the 

native production system. Unique properties of this enzyme can find a use for the enzymatic 

synthesis of various carbohydrate structures and for transformation of the red blood cell group A to 

the group of H (0), the universal donor.  
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