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ABSTRACT 

Carbohydrates, one of the most abundant class of biomolecules in nature, serve as energy 

source as well as structural material in plants. They play a significant role in cell-cell 

communication and recognition, cellular differentiation and in immune response, both in 

healthy and disease states of living organisms.  

Glycoconjugates, in which carbohydrates are covalently linked to other biomolecules such as 

proteins, lipids or peptides, have manifold functions in cell-cell interaction. The investigations of 

their biological functions are of high interest and thus synthetic methods to form 

glycocconjugates are required. The conjugation through a C-glycosidic linkage promises to be an 

attractive approach, as it was recognized that this C-glycosides could serve as functional 

analogues of the corresponding more common O-as well as N-glycosides, whereas the  

C-glycosidic linkage show an increased stability towards enzymatic or chemical hydrolysis 

compared to the O- and N-glycosidic bonds.  

In this thesis, the Amadori rearrangement - a reaction between aldoses and amines which leads 

to C-glycosyl type 1-amino-1-deoxy ketoses without the requirement of protecting group 

manipulations - was investigated as a new conjugation method for the synthesis of  

C-glycosyl type neoglycoconjugates. The scope and limitation of this rearrangement reaction in 

terms of the amino components as well as the sugar moiety have been a part of the 

investigation. In order to optimize the reaction conditions, the commercially available  

D-glycero-D-gulo aldoheptose was employed as model substrate, which gave access to D-gluco 

configured Amadori products.  

Furthermore, the Amadori rearrangement was applied to synthesize D-manno configured  

C-glycosyl types glycoconjugates, which have been investigated in terms of their biological 

interaction with various D-mannose specific lectins. 
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KURZFASSUNG 

Eine der häufigsten Klassen von Biomolekülen in der Natur sind Kohlenhydrate, die sowohl als 

Energiequelle als auch als Strukturmaterial für Pflanzen fungieren. Sie spielen eine wichtige Rolle 

in Prozessen, wie der Kommunikation und Erkennung von Zellen, der Zelldifferenzierung und der 

Immunreaktion, im gesunden als auch im kranken Stadium von lebenden Organismen 

In Glycokonjugaten sind Kohlenhydrate kovalent an andere Biomoleküle wie Proteinen, Lipiden 

oder Peptiden gebunden und weisen eine vielfältige Funktion in der Zell-Zell Interaktion auf. Aus 

diesem Grund ist die Untersuchung und die Aufklärung der biologischen Funktion von 

Glycokonjugaten von großem Interesse und dies wiederum erfordert die Entwicklung von 

entsprechenden Methoden für deren Synthese. Eine vielversprechende Möglichkeit liefert die 

Konjugation über eine C-glykosidische Verknüpfung. Diese C-Glykoside können als synthetische 

Analoga zu den natürlichen N- als auch O-Glykosiden fungieren, jedoch besteht deren Vorteil 

darin, dass diese C-glykosidische Bindung eine erhöhte Stabilität gegenüber enzymatischer und 

chemischer Hydrolyse aufweist. 

Im Rahme dieser Arbeit wurde die Amadori Umlagerung ς eine Reaktion zwischen Aldosen und 

Aminen die zu 1-Amino-1-deoxyketose führt, wobei keine Schutzgruppenstrategie notwendig ist 

ς als neue Methode für die Synthese von C-glycosyl Neoglycokonjugaten untersucht. Durch die 

Verwendung von unterschiedlichen Aminokomponenten und Zuckersubstraten wurde die 

Amadori Umlagerung im Hinblick auf ihren Anwendungsbereich eruiert und die Limitierungen 

dieser Umlagerungsreaktion untersucht. Für die Synthese von D-gluco konfigurierten 

Umlagerungsprodukten als auch für die Optimierung der Reaktionsbedingungen wurde als 

Modelsubstrat die kommerziell erhältliche D-glycero-D-gulo aldoheptose herangezogen. 

Des Weiteren, wurde die Amadori Umlagerung für die Synthese von D-manno konfigurierten 

Glycokonjugaten herangezogen, die im Hinblick auf deren biologischen Wechselwirkung mit 

unterschiedlichen D-mannosespezifischen Lectinen untersucht wurden.  
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1. INTRODUCTION 

1.1. Carbohydrates 

Carbohydrates represent one of the most abundant class of biomolecules besides proteins, 

peptides and nucleosides on earth. Nearly all organisms synthesize and metabolize 

carbohydrates.[1] They serve as energy source and as structural material in plants. Even more 

important is their role in intra- and intermolecular communication processes.[2] Carbohydrates 

are present at both the surface and inside the cell, mediating versatile biological processes which 

are essential for the cell functioning but also for diseased stages of living organisms.[3]  

The term carbohydrate was first implemented in 1844 by Carl Schmidt, who included all 

substances with the empirical formula Cn(H2O)m ŀǎ άƘȅŘǊŀǘŜs ƻŦ ŎŀǊōƻƴέΦ Historically, 

carbohydrates consist of carbon, hydrogen and oxygen in a ratio of 1:2:1, however, this 

definition is not strictly applicable since many naturally occurring carbohydrates differ in this 

atom ratio. In fact, there are many compounds showing the same chemical formula, such as 

lactic acids (C3H6O3) and acrylic acid (C3H4O2) that vary significantly in their properties compared 

to those of carbohydrates. Furthermore, many sugars are known to contain heteroatoms for 

example nitrogen or sulphur.[4]  

Actually, carbohydrates are defined as polyhydroxyaldehydes, polyhydroxyketones or 

compounds which provide these products after hydrolysis. Carbohydrates exist in a large 

elemental as well as sterochemical diversity and are built up from monosaccharides, compounds 

which cannot be converted through hydrolysis into smaller units. These monosaccharides are 

linked together via a glycosidic linkage forming a large variety of linear or branched 

oligosaccharides as well as polysaccharides.[5]  

Monosaccharides can be classified according to the number of carbon atoms, including triose (3 

C), tetrose (4 C), pentose (5 C), hexose (6 C), heptose (7 C). Depending on the nature of the 

carbonyl group, monosaccharides are called aldose when containing an aldehyde function and 

those monosaccharides that contain a keto function are called ketose. 

Polysaccharides are constituted of typically more than 10 monosaccharide units. Among the 

most important polysaccharides are starch (1) and glycogen (2), with D-glucose as 

monosaccharidic units conjugated via a h -1,4-glycosidic linkage, which possess the function of 

energy storage for plants and mammals. In plants, the major constituent of supporting tissues 

is cellulose (3)Σ ŀ ʲ-1,4-glycosidically linked polysaccharide built up from D-glucose as 
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monosaccharidic unit (Figure 1). Furthermore, carbohydrates are also essential as structural 

components. Chitin (4), for instance, is found as a major component of the exoskeleton of 

arthropods (Figure 1). 

 

Figure 1: Structure of s tarch (1), glycogen (2), cel lulose (3) and chi tin (4). 

Since carbohydrates possess at least one carbonyl function, several hydroxy groups and often 

other kinds of functional groups, such as amines, phosphates or sulfates, the structural 

appearance of this compound class is highly diverse (Figure 2). Carbohydrates are not only found 

as most common 5- and 6-membered heterocyclic rings but also as open chain alditols, 

carboxylic acids and deoxy derivatives. By the replacement of the endocyclic oxygen by a carbon 

or nitrogen, so-called carba- or iminosugars are obtained.[5] Additionally, carbohydrates are 

found to be linked covalently to other biomolecules, such as lipids, peptides or proteins, 

generating various glycoconjugates which are subdivided into glycolipids, glycopeptides or 

glycoproteins. 
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Figure 2: Examples of di fferent s tructural  appearance of carbohydrates.[5] 

Historically, carbohydrates were thought to be important mainly as energy source for 

metabolism and were only seen as structural components of natural products. The biological 

roles of carbohydrates especially that of oligosaccharides have been underestimated for a long 

time compared with the roles of proteins and nucleic acids. The structural complexities of 

carbohydtrates, such as the appearance of isomers, and the synthetic challenges facing glycans 

have complicated efforts to investigate their multifaceted role and the utilization in drug 

development. Due to the increased knowledge of biological processes and the emerging field of 

glycobiology, which integrates traditional carbohydrate chemistry and biochemistry with a 

modern understanding of the cell and molecular biology of glycans and their conjugates with 

proteins and lipids, the role of carbohydrates in biological processes became accepted and 

elucidated and consequently their synthesis became of enormous interest.[6] 

Due to the structural complexity of carbohydrates, synthesis of carbohydrate and their analytical 

characterization is a highly demanding field for organic chemists. The biggest challenge in 

carbohydrate chemistry is the region- and stereoselective formation of the glycosidic linkage. 

Moreover, the conceptual design of straightforward strategies for protecting group 

manipulations on saccharidic building blocks followed by time consuming purification and 

characterization steps is often a big challenge.[7]  

javascript:popupOBO('CHEBI:33243','C0JM01605E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=33243')
javascript:popupOBO('CHEBI:23008','C0JM01605E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=23008')
javascript:popupOBO('CL:0000000','C0JM01605E')
javascript:popupOBO('CHEBI:36080','C0JM01605E','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=36080')
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Nevertheless, after the effect of carbohydrates in biological processes became known, such as 

in cancer biology, cell-cell adhesion in metastasis, diabetes as well as inflammation, 

investigations in the field of carbohydrate chemistry in terms of their synthesis, analytics and 

their biochemical functions became relevant. 

 

1.2. Glycoconjugates 

In nature, oligosaccharides (glycans) are typically found as glycoconjugates, where the glycan 

core is covalently linked to other biomolecules, such as lipids, proteins or peptides (Figure 3).[8]  

 

 

Figure 3: Structure of glycoconjugates. 

Glycoconjugates are very important biomolecules in cell biology (Figure 4) and are responsible 

in particular for cell-cell interaction, recognition and communication events[9] and processes like 

cellular differentiation,[10] cell signalling regulation[11] as well as immune response.[12] Complex 

oligosaccharides found in glycoconjugates can occur ƛƴ ǎƻƭǳōƭŜ ŦƻǊƳ ŀǎ ǿŜƭƭ ŀǎ ǇŀǊǘ ƻŦ ŀ άǎǘƛŎƪȅέΣ 

nano-dimesioned sugar layer on cell surfaces (glycocalyx).[5] 

 

Figure 4: Glycoconjugates in cel l  membrane.[13] 
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The oligosaccharide moieties of glycoconjugates consist of up to 20 monomers, and although 

there is a very high variety of possible monosaccharide stereoisomers, only a relatively small set 

of monosaccharide building blocks is utilized by nature in the biosynthesis of glycoconjugate 

oligosaccharides. Due to that, common oligosaccharides patterns, as well as linking 

stereochemistries, are found in glycoconjugates (Table 1).  

Table 1: The main monosaccharides used in biosynthesis  of glycoconjugate ol igosaccharides and their 

s tereochemistries.[5] 

Monosaccharide 
Glycosidic 

linkage 
Occurrence in glycoconjugates 

D-Glucose ʰ ƻǊ ʲ Mainly in collagen 

D-Galactose ʰ ƻǊ ̡  Ubiquitous 

D-Mannose ʰ ƻǊ ʲ Ubiquitous 

N-Acetyl-D-glucosamine ʰ ƻǊ ʲ Ubiquitous 

N-Acetyl-D-galactosamine ʰ ƻǊ ʲ Hardly in plants, blood group 
determination 

N-Acetyl-neuraminic acid  h Only in higher invertebrates and 
vertebrates 

L-Frucose  h Ubiquitous 

D-Xylose  ̡ In plants and proteoglycans 

3-Deoxy-D-manno-octulosonic 
acid 

 h In lipopolysaccharides 

The synthesis of oligosaccharides is based on their inherent chemical properties very complex, 

as carbohydrates exhibit several different hydroxyl groups which can be glycosylated. Thus, 

protecting group manipulation of the hydroxyl groups is essential for the synthesis of glycans. 

The selective exposure of one hydroxyl group allows the regioselective addition of another 

monosaccharide unit, which leads to the formation of common O-and N-linked glycans. Another 

synthetic challenge in glycan synthesis is to generate stereospecific glycosidic linkages, which 

depends on the steric and electronic nature of the glycosylating agent (glycosyl donor (5) and 

the nucleophilic hydroxyl group on the glycosyl acceptor (6) (Scheme 1).[14]  
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Scheme 1: Stereospecific formation of glycosidic bonds as ei ther an  hor  ̡l inkage. (LG: Leaving group)[14-15] 

In nature, enzymes control the region- and stereospecific coupling of monosaccharide units to 

form glycans. In contrast to the chemical synthesis, which allows the preparation of various 

natural and non-natural structures with the need of sophisticated protecting group 

manipulation, the enzymatic synthesis does not require protecting groups and generate the 

desired glycosidic linkage with perfect stereo- and regiospecific control.[14] 

Typically, three linkages are found in glycoconjugates (Figure 5):  

¶ O-glycosidic linkage (9): The resulting conjugates are called O-glycans, where the glycans 

are attached to a hydroxyl oxygen of e.g. serine, threonine or an oxygen on lipids 

¶ N-glycosidic linkage (10): Glycans are attached via the nitrogen of asparagine or arginine 

side chains 

¶ C-glycosidic linkage (11): Glycans are attached to the carbon on a tryptophan side chain. 

This kind of glycosidic linkage is rather rare in nature.[16] 

 

 

Figure 5: Three glycosidic l inkages in glycoconjugates.[5, 17] 

-̡l inkage 

-hl inkage 
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1.2.1. Glycolipids 

Lipids which are attached covalently to a carbohydrate moiety via a glycosidic linkage, are called 

glycolipids. These glycolipids are membrane components and are omnipresent in all organisms, 

such as bacteria, plants and mammals. They represent amphiphilic molecules comprising a 

hydrophilic and a lipophilic part (Figure 6). The apolar hydrophobic hydrocarbon (acyl) chain 

consists of acylglycerol or ceramide, whereas the hydrophilic headgroup of the lipid is provided 

either by a phosphate group forming glycerophospholipids as well as shingophospholipids, or by 

a monosaccharide obtaining glycoglycerolipids and glycoshingolipids.[18] The hydrophobic 

moiety, like ceramide, anchors the molecule in the outer half of the plasma membrane, so that 

the carbohydrate part is exposed to the cell.[5] Due to the polar hydroxyl groups of 

carbohydrates, glycolipids are able to be soluble in the aqueous environment surrounding the 

cell.[19] Besides the function of membrane stabilization and cell surface rigidization, glycolipids 

play a significant role in diverse biological processes, including cell-cell communication, 

photosynthetic electron transport in plants, receptor modulation or single transduction.[18] 

 

Figure 6: Examples of a glycolipid: galactosyl cerebroside (12) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(13). 

Because of the structural variety of both the lipophilic chain as well as the carbohydrate moiety, 

there exist a vast number of different glycolipids. 

 

1.2.2. Glycopeptides 

Carbohydrate moieties which are covalently bound to the side chain of a specific amino acid in 

the peptide amino acid sequence are called glycopeptides. Although, glycopeptides are rather 

small in size and complexity, they exhibit relevant properties, such as antigenicity.[20] For 

example, vancomycin (14) (Figure 7), teicoplanin and telavancin belong to the family of 

glycopeptide antibiotics, which are essential for the control of infectious diseases caused by 

Gram-positive pathogenic bacteria.  
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14 

Figure 7: Glycopeptide antibiotic vancomycin (14).[21] 

The structures of such glycopeptide antibiotics are remarkable, the core heptapeptides are 

highly crosslinked and variously modified. These heptapeptides are synthesized by large 

άŀǎǎŜƳōƭȅ ƭƛƴŜέ-like multienzyme complexes, the nonribosomal peptide synthetases (NRPS), 

which assemble amino acids through diverse modules. The NRPS modules are the repetitive 

building blocks of these megasynthetases. One module corresponds to one amino acid and 

consequently the primary structure of the peptide product is dictated by the order of the 

modules in the NRPS. These modules can encode various catalytic domains including 

condensation (C), adenylation (A), thiolation (T, also known as peptidyl carrier protein (PCP)), 

epimerization (E) and thioesterase (Te) domains.[22] Three domains are necessary for each 

module, the A, C and PCP domain (Figure 8), which catalyzed the elongation of peptidic 

intermediates. Domain A is responsible for substrate recognition and activation. The PCP domain 

covalently binds all substrates and intermediates of the NRPS assembly line and the C domain is 

responsible for the peptide bond formation between two PCP-bound units.[23] 
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Figure 8: Elongation of nonribosomal peptide.[24] 

 

1.2.3. Glycoproteins 

Glycoproteins are enzymes which contain covalently conjugated carbohydrate moieties and are 

found in all living organism in both soluble and insoluble forms. They are fundamentally involved 

in many important biological processes including immune defense, viral replication, fertilization, 

parasitic infection, cell growth, cell-cell adhesion, degradation of blood clots and 

inflammation.[25] 

Proteins are macromolecules which are built up with four different levels of structures- primary, 

secondary, tertiary and quaternary. The primary structure of a protein is made up by a linear 

sequence of amino acids in a polypeptide chain. The secondary structure describes the highly 

regular local sub-domain on the actual polypeptide backbone chain. The two main types of 

secondary structures are the h-helix and the ̡-sheet. The tertiary structure describes the overall 

three-dimensional shape of an entire protein molecule, where the secondary structures are 
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folded into a compact globular structure to achieve maximum stability or lowest energy state. 

And the quaternary structure refers to the three-dimensional structure of a multi-subunit 

protein and describes how these subunits interact with each other and arrange themselves to 

form a larger aggregate protein complex.[26] 

In glycoproteins, where carbohydrates are attached to proteins, different carbohydrate side 

chains are present and they are classified according to the linkage between the carbohydrate 

moiety and amino acid residue (Figure 9), depending on whether the binding occurs via an 

oxygen atom of the amino acid (O-glycosidic linkage 15), via the nitrogen atom (N-glycosidic 

linkage 16) or via an ethanolamine phosphate (GPI-anchor 17). These glycans differ not only in 

their structure but also accomplish different functions. 

 

 

Figure 9: Bacterial glycans: O-linked glycan (15, N. meningitides),[27] N-linked glycan (16, C. jejuni)[27], GPI anchor[28] 

wi th ethanolamine phosphate l inkage (17). 

¶ N-glycans: In N-glycans, the carbohydrate moieties are covalently attached to an 

asparagine residue in the protein chain by an N-glycosidic linkage. The linkage between 

asparagine and N-acetylglucosamine (GlcNAc̡1-Asn) is the most common linkage.  

N-Glycosylation is a modification performed during the translation of mRNA to proteins and is 

available to all proteins with the Asn-X-{ŜǊκ¢ƘǊ άǎŜǉǳƻƴǎέΣ ǿƘŜǊŜōȅ · Ŏŀƴ ōŜ ŀƴȅ ŀƳƛƴƻ ŀŎƛŘ 

except proline.[29] The asparagine residue of this sequence binds covalently to the so callŜŘ άŎƻǊŜ 

ǊŜƎƛƻƴέΣ ŀ ǇŜǇǘƛŘŜ-linked pentasaccharide fragment which all N-glycoproteins consist of. This 

pentasaccharidic region includes a branched structure of Man-όʰмΣсύώaŀƴ-όʰмΣоύϐaŀƴ-όʲмΣпύ-

15    16    17 
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GlcNAc-όʲмΣпύDƭŎb!ŎΣ ǿƘŜǊŜōȅ ǘƘŜ ǘŜǊƳƛƴŀƭ N-acetylglucosamine (GlcNAc) ƛǎ ŀǘǘŀŎƘŜŘ ƛƴ ǘƘŜ ʲ-

form via a N-glycosidic linkage to the asparagine residue of the peptide chain (Figure 10).[11] 

 

 

Figure 10: N-glycan wi th the core molecule Man-όʰмΣсύώaŀƴ-όʰмΣоύϐaŀƴ-όʲмΣпύ-GlcNAc-όʲмΣпύDƭŎb!ŎΦ 

Although N-glycans possess the same core region, they show an extraordinary diversity in the 

structure due to the variety of monosaccharides leading to branched or unbranched molecules, 

so that N-glycans of the same protein exist of many different isoforms. Therefore, N-glycans are 

classified into three groups with respect to the άƘƛƎƘŜǊ ǎǘǊǳŎǘǳǊŜέ of the carbohydrate moiety, 

ƴŀƳŜƭȅ ǘƘŜ άƘƛƎƘ-ƳŀƴƴƻǎŜέ ǘȅǇŜΣ ǘƘŜ άŎƻƳǇƭŜȄέ ǘȅǇŜ ŀƴŘ ǘƘŜ άhybridέ ǘȅǇŜΦ Furthermore, N-

glycan chains can differ in the number of side chains, forming branched structures, which are 

ŎŀƭƭŜŘ άantennaeέΦ In high-mannose type oligosaccharides, the simplest N-glycans, only D-

mannose (Man) residues are attached to the core, while in complex oligosaccharides two or 

more antennae are attached to the core. They contain diverse numbers of both sialylated N-

acetyllactosamine units and L-fucose residues linked to GlcNAc and a bisecting GlcNAc residue 

ŀǘǘŀŎƘŜŘ ǘƻ ǘƘŜ ʲ-linked Man of the core. Also there are hybrid-type oligosaccharides, which 

have the characteristic feature of both other classes. They have one or two complex-type 

antennae bound on the aŀƴʰ-1,3-residue of the core and furthermore, a high mannose 

ŀƴǘŜƴƴŀŜ ƭƛƴƪŜŘ ǘƻ ǘƘŜ aŀƴʰ-1,6 of the core (Figure 11).[30]  

Man-( 1h,6)[Man-( 1h,3)]Man-( 1̡,4)-GlcNAc-( 1̡,4)GlcNAc 
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Figure 11: The three types of N-glycans: N-glycans added to protein at Asn-X-Ser/Thr sequons are of three general  

types in a mature glycoprotein: high-mannose, complex, and hybrid. Each N-glycan contains the common core Man-

όʰмΣсύώaŀƴ-όʰмΣоύϐaŀƴ-όʲмΣпύ-GlcNAc-όʲмΣпύDƭŎb!ŎΦ[29b, 30] 

Biologically, the synthesis of all eukaryotic N-glycans starts on the cytoplasmic face of the 

endoplasmatic reticulum membrane. GlcNAc-P is first transferred from UDP-GlcNAc to the lipid-

like precursor dolichol phosphate (Dol-P), where dolichol pyrophosphate  

N-acetylglucosamine is formed. Gradually, fourteen sugar residues are added to Dol-P. The 

entire glycan structure en bloc is then transferred to the nitrogen of asparagine in a nascent 

peptide chain by oligosaccharyltransferase (OST), which is a glycosyltransferase. This protein-

bound N-glycan is trimmed and processed by several membrane-bound glycosidases and 

glycosyltransferases.[29, 31] 

¶ O-glycans: These glycoconjugates consist of sugar moieties which are covalently linked 

via the oxygen of a serine, threonine or tyrosine residue on a peptide backbone which occurs in 

lower and higher organisms. In contrast to N-glycosylation, the biosynthesis of an O-glycan 

occurs post-translationally in the Golgi apparatus with the addition of a single monosaccharide. 

This precursor is then transferred from UDP-GalNAc onto the peptide chain to a hydroxyl group 

of a serine or threonine residue.[32] The enzymes, which are responsible for the initiation of 

mucin-type O-linked glycosylation, are Golgi resident polypepǘƛŘŜ ʰ-GalNAc transferases.[31a, 33] 

Due to their high structural diversity, O-glycosidic glycoproteins exhibit no common core 

ǎǘǊǳŎǘǳǊŜΦ ¢ƘŜȅ Ŏŀƴ ōŜ ŎƭŀǎǎƛŦƛŜŘ ƛƴǘƻ ŜƛƎƘǘ άŎƻǊŜέ groups (Figure 12), which can be further 

elongated or modified. The most common form of O-linked glycosylation in eukaryotes is the 

άƳǳŎƛƴŜέ type (core 1), where N-acetyl- -hD-galactosamine (GalNAc) is attached covalently ƛƴ ʰ-

position to the hydroxyl group of serine or threonine.[8] 

High-mannose              Complex             Hybrid 

http://www.ncbi.nlm.nih.gov/books/n/glyco2/glossary/def-item/glossary.gl1-d71/
http://www.ncbi.nlm.nih.gov/books/n/glyco2/glossary/def-item/glossary.gl1-d132/
http://www.ncbi.nlm.nih.gov/books/n/glyco2/glossary/def-item/glossary.gl1-d34/
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Figure 12: Core structures of O-l inked glycans.[8] 

Mucines are glycoconjugates which are heavily glycosylated and of high molecular mass. They 

are found as a protective biofilm on the surface of various types of epithelial cells. Typically, they 

occur in clusters and are found in mucin domains on membrane-bound and secreted proteins. 

¢ƘŜ άǾŀǊƛŀōƭŜ ƴǳƳōŜǊ ƻŦ ǘŀƴŘŜƳ ǊŜǇŜŀǘέ ό±b¢wύ - repeated peptide stretches - is the hallmark 

of mucins which are rich in serine or threonine O-glycan acceptor sites. They show an abundance 

of clustered mucin O-glycans comprising 80% of the molecular weight. Because of the rich 

proline residues in this region, which its role is ǘƻ ŜȄǇƻǎŜ ǎŜǊƛƴŜ ŀƴŘ ǘƘǊŜƻƴƛƴŜ ǊŜǎƛŘǳŜǎ ƛƴ ŀ ʲ-

turn conformation leading to a more efficient O-glycosylation, the O-GalNAc glycosylation can 

be facilitated, up to hundreds of O-GAlNac glycans. These glycans are attached to serine or 

threonine residues in the VNTR regions adopting an extendŜŘ άōoǘǘƭŜ ōǊǳǎƘέ ŎƻƴŦƻǊƳŀǘƛƻƴ 

(Figure 13).[29a, 34] 

 

Figure 13: ! ǎƛƳǇƭŜ ƳƻŘŜƭ ƻŦ ŀ ƭŀǊƎŜ ǎŜŎǊŜǘŜŘ ƳǳŎƛƴΥ ¢ƘŜ άōƻǘǘƭŜ ōǊǳǎƘέ ŎƻƴŦƻǊƳŀǘƛƻƴ ƛƴ ǘƘŜ ±b¢w ǊŜƎƛƻƴǎΣ ǿƘƛŎƘ ƛǎ 

rich in serine, threonine and prol ine res idues, and therefore highly O-glycosylated.[29a, 34] 

Besides h -O-glycosidically linked GalNAc residues, other carbohydrates can also be attached to 

amino acids, such as GlcNAc in a GlcNAc- -̡Ser/Thr linkage, which is found in nuclear and 

cytoskeletal proteins. In contrast to most other peptide linked monosaccharides, the GlcNAc-̡ -

Core 1: R3 Ґ ʲόмΣоύ-Gal 

Core 2: R3 Ґ ʲόмΣоύ-Gal; R6 Ґ ʲόмΣсύDƭŎb!Ŏ 

Core 3: R3 Ґ ʲόмΣоύ-GlcNAc 

Core 4: R3 Ґ ʲόмΣоύ-GlcNAc; R6 Ґ ʲόмΣсύDƭŎb!Ŏ 

Core 5:  R3 Ґ ʰόмΣоύ-GlcNAc 

Core 6: R6 Ґ ʲόмΣсύ-GlcNAc 

Core 7: R6 Ґ ʰόмΣсύ-GalNAc 

Core 8: R3 Ґ ʰόмΣоύ-Gal 
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Ser/Thr unit does not become further substituted by other sugars. Likewise, glycosylation can 

also occur with galactose, glucose, xylose, arabinose or mannose.[35]  

Besides the O-glycosidic linkage to serine or threonine residues, also the linkage to tyrosine 

residues is known. For example, in glycogenin, the priming enzyme of glycogen synthesis, 

ƎƭǳŎƻǎŜ ƛǎ ʰ-linked to the hydroxyl group of a tyrosine residue.[36] aƻǊŜƻǾŜǊΣ ʲ-arabinofuranose 

is attached to hydroxyproline[37] and found in plant glycoproteins. 

¶ GPI-Anchors: Proteins attached to glycosylphosphatidylinsitol molecules (GPI) via their  

carboxyl termini are found in the outer leaflet of the cell membrane and face the extracellular 

environment. They are functionally diverse and are involved in numerous biological and 

physiological processes, such as in signal transduction, prion disease pathogenesis, immune 

response, and in the pathobiology of trypanosomal parasites.[38] All reported GPI-anchors show 

the same basic core structure, including a phosphoethanolamine linker, a glycan core and a 

phospholipid tail (Figure 14). The glycan part - a linear tetrasaccharide attached to the position  

O-6 of inositol - with phosphoinositol, glucoseamine and mannose residues can be modified with 

species-specific carbohydrates, like phosphoethanolamine groups and by variation in the lipid 

moiety. Proteins or glycoproteins are linked to the non-reducing mannose residue by their C-

termini or via an ethanolamine phosphate bridge between the C-6 hydroxyl group of mannose 

and the h -carboxyl group of the carboxy-terminal amino acid.[8, 29a, 39] 

 

 

Figure 14: Structure of the GPI anchor from human erythrocyte acetylchol inesterase.[28] 
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¶ C-glycans: compounds in which the exo-cylic oxygen (anomeric oxygen) of the sugar 

moiety is replaced by a carbon atom and are attached to another biomolecule via a  

C-glycosidic linkage, are of high interest, as it was recognized that these C-glycosides could serve 

as functional analogues of the corresponding O-glycosides.[40] The difference between  

C- and O-glycosides is found within the chemical reactivities. Besides the absence of anomeric 

effects, C-glycosides are not sensitive towards hydrolytic or enzymatic cleavage in cellular 

environment and therefore, they exhibit a chemical stability comparable to that of cyclic 

acetals.[40-41] The sugar moiety of C-glycoside can be furanose and pyranose and the aglycon can 

be an aliphatic or an aromatic residue.[42] Due to the chemically stable nature of C-glycosides, 

this compound class became important for pharmaceutical and biotechnology industries as 

stable pharmacophores. 

For example, in phlorizin (18), which is an inhibitor for the sodium-glucose cotransporter 2 

(SGLT2) in kidneys, the O-glycosidic linkages renders phlorizin susceptible to rapid clearance in 

vivo. In contrast, the C-glycosidic analogue dapagliflozin (19) was designed as new inhibitor class 

exhibiting the advantages of the enhanced chemical stability of the glycosidic bond and its drug-

like properties.[43] 

 

Figure 15: O-glycoside phlorizin (18) and the C-glycosidic analogue dapagl i flozin (19).[40] 

C-Mannosylation is a unique glycosylation in proteins. Herein, an h -mannosyl residue is directly 

attached at its C-1 position via a C-glycosidic linkage to the C-2 atom of a tryptophan residue 

(Figure 16). This C-glycosidic linkage was first recognized in ribonuclease 2 (RNas 2) in human 

urine,[44] whereas this modification can also take place in the cell, as RNas from erythrocytes also 

contain this C-mannoylated tryptophan.[45] 

 

 

Figure 16: Structure of C-Man-Trp (20).[17] 
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C-Mannosylation usually takes place at the first tryptophan in the amino acid sequence  

Trp-X-X-Trp motif, where X could be any amino acid and the second Trp can be replaced with 

another aromatic amino acid such as Phe.[46] The transfer of the mannoside moiety to the target 

protein is catalyzed by the enzyme C-mannosyltransferase.[44] The acceptor sequence Trp-X-X-

Trp is encountered on multiple proteins, such as in the thrombospondin type 1 repeat (TSR) and 

type I cytokine receptor superfamilies.[17]  

To date, the function of C-mannosylation is not fully elucidated. However, it has been revealed 

that C-mannosylation is required for protein folding as well as for molecular recognition in the 

cell and plays an important role in the functional regulation of target proteins.[17] 

Additionally, there are different natural C-glycosides known to be present in diverse plant genes, 

namely Scoparin (21), Aloin (22) (Figure 17), Saponarin and Cucumerins.[42]  

Moreover, many efforts have been devoted to investigate appropriate synthesic routes for the 

preparation of complex C-glycosides which show potent antibiotic activity, such as the synthesis 

of Showdomycin,[47] Vineomycin B2,[48] Aurodox,[49] Herbicidin[50] and the hyperfunctionalized 

molecules Spofongistatin[51] and Palytoxin.[52] 

 

Figure 17: Natural  C-glycosides: Scoparin (21) and Aloin (22). 

 

1.3. Bioconjugation methods 

Bioconjugation involves the coupling of two or more biomolecules via a covalent linkage to form 

bioconjugates, which exhibit the properties of each individual component. Bioconjugation is an 

important and growing field of interest which covers a wide range of science between chemistry 

and molecular biology. The goal of bioconjugation chemistry is to develop an efficient and 

straightforward chemical strategy for the linkage of molecules to biomolecules. In addition to 

the fusion of two biomolecules forming different types of bioconjugates such as protein-protein 

or protein-carbohydrate conjugates, bioconjugation also involves the linkage of synthetic labels 
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(such as isotope labels, fluorescent dyes as well as affinity tags) to biological moieties (such as 

carbohydates, peptides, proteins, glycans etc.).[53] 

Due to the enormous number of reactions and components used to form bioconjugates, the 

strategies to develop bioconjugates for particular applications can be very manifold. Therefore, 

the choice of the appropriate compounds, methods, as well as the proper crosslinking reagents 

should be carefully considered.[54] Furthermore, the condition under which the bioconjugates 

will be used should be taken under account. Typically, biological systems furnish best in aqueous 

solution. Thus, reagents which are required for bioconjugation should be stable in water as well 

as the ligation method/reaction need to proceed in water. In addition, due to the low 

concentration in which biomolecules and their reactive groups are present, the reaction rate 

should be fast enough to obtain significant modifications within an adequate time span.[55] 

Generally, two types of covalent bioconjugation strategies exist: the random (modification at 

multiple sites) and the site-specific (modification at a single site) bioconjugation. Traditional 

bioconjugation methods preclude control over the regiochemistry of reaction which leads to 

heterogeneous reaction products and this often results in the loss of the biological function of 

the target biomolecule. A promising approach to overcome these limitations was the 

development of site-specific, bioorthogonal conjugation strategies, which need to be selective 

for their target and should not give cross-reactivity with any of the naturally occurring functional 

groups. With bioorthogonal reactions controlled introduction of labels is possible and not only 

in single proteins, but also on cell-surfaces, in living cells as well as in live animals which enable 

new opportunities for studying biological processes.[55] 

The most well-known reactions that have been employed in bioconjugation methodology 

ƛƴŎƭǳŘŜ {ǘŀǳŘƛƴƎŜǊ ƭƛƎŀǘƛƻƴΣ άŎƭƛŎƪέ-chemistry, Diels-Alder ligation, Native chemical ligation and 

Tetrazine ligation, which will be described in the following sections.  

 

1.3.1. Staudinger ligation 

The bioorthogonal Staudinger ligation was the first example of bioorthogonal ligation reactions 

and derived from the Staudinger reduction[56] (Scheme 2) in which an azide (23) reacts with a 

phosphine (24) generating a phosphazide (25) which decompose with the loss of N2 to form an 

iminophosphorane (26). This iminophosphorane carries a very nucleophilic nitrogen atom which 

can react with a range of electrophilic reagents. In terms of aqueous work-up, the 
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iminophosphorane is hydrolyzed quickly to form the primary amine (27) and phosphane oxide 

(28).[57] 

 

Scheme 2: Staudinger reaction.[57] 

In 2006 the biorthogonal Staudinger ligation was first introduced by Bertozzi and co-workers. 

The aza-ylide (31) undergoes spontaneous hydrolysis which leads to the formation of a primary 

amine and the corresponding phosphine oxide as side product. Bertozzi and co-workers 

modified the phosphine reagent by introduction of an intramolecular electrophilic trap, such as 

an ester moiety, which captures the nucleophilic aza-ylide intermediate by an intramolecular 

cyclization generating a stable amide bond (33) after hydrolysis in water (Scheme 3).[58]  

 

Scheme 3: Non-traceless Staudinger l igation of an ortho-phosphine terephthal ic acid derivative.[59] 

This nontraceless Staudinger ligation works well in biological environment, however, the so-

called traceless Staudinger ligation[60], in which an amide bond is formed between the two 

coupling partners, and subsequent removal of the phosphine oxide from the final amide-linked 

product in the hydrolysis step was getting even more attractive, as this reaction leaves no 

residual atoms in the product (Scheme 4).[57] 
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Scheme 4: Traceless Staudinger l igation.[61] 

This ligation method is used for the conjugation of two peptide fragments[60b] and enables the 

selective labeling of biomolecules in living cells.[62] Furthermore, the traceless Staudinger ligation 

is an attractive conjugation method for the synthesis of glycoamino acids. David and  

co-workers[63] developed the three-component Staudinger ligation which allows the formation 

of biologically relevant N-linked glycopeptides (Scheme 5).  

 

Scheme 5: Three-component Staudinger l igation.[63] 

Lindhorst and co-workers[64] investigated this ligation method for the synthesis of amide-linked 

glycomimetics, such as N-glycosyloctanamide (34), N-mannosyloxyethyl amino acids (35) as well 

as to generate trivalent glycocluster amides (36) (Figure 18). 
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Figure 18: N-glycosyloctanamide (34), N-mannosyloxyethyl  amino acids (35) and trivalent glycocluster amide 
(36).[64] 

 

1.3.2. ά/ƭƛŎƪέ ŎƘŜƳƛǎǘǊȅ 

One of the most widely used bioorthogonal reactions ƛǎ ǘƘŜ άŎƭƛŎƪέ reaction ς a cycloaddition 

reaction between azides and alkynes ς which was first reported in 1890s by Michael.[65] 

However, the Huisgen 1,3-dipolar cycloaddition is undoubtedly the first example of a άŎƭƛŎƪέ 

reaction.[66] Due to the slow kinetics and the extreme reaction conditions, the conventional 

cycloaddition is not suitable as a bioconjugation method.[58b] Meldal[67] and Sharpless[68] 

demonstrated that the reaction could be dramatically accelerated in aqueous solution when 

Cu(I) is applied as catalyst (Scheme 6) and that under these reaction conditions several 

functional groups are completely stable. With this biorthogonal reaction, various biomolecules 

including DNA, proteins, peptides, oligosaccharides and glycoconjugates can be labeled which 

are applied as tools for studying biological systems.[69]  

 

Scheme 6: Copper-catalyzed alkyne-azide cycloaddi tion. 

¢ƘŜ άŎƭƛŎƪέ ǊŜŀŎǘƛƻƴ ƛǎ ŀƴ ŀǘǘǊŀŎǘƛǾŜ ŀǇǇǊƻŀŎƘ ŦƻǊ immobilization of carbohydrates and proteins, 

as this ligation method do not generate unwanted side products.[69] Using clickable self-

assembled monolayers (SAM), the coupling with azido sugars including mono-, di-, or 
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trisaccharides can be realized using standard Cu(I)-catalyzed conditions (Scheme 7). These glyco-

SAMs are powerful tools for example of high-throughput characterization of carbohydrate-lectin 

interactions.[70] 

 

Scheme 7: Surface modi fication of a mixed SAM on gold by coupl ing of azides.[70] 

However, due to the toxicity of the Cu(I) catalyst this ligation method is incompatible with living 

cells. Since both alkyne as well as azide groups can be introduced in biomolecules without 

changing their function or metabolic processing,[71] several ligands have been investigated which 

can increase the reactivity of Cu(I) and as a consequence reduce the amount of the catalyst 

decreasing its toxicity.[58b, 72] 

To overcome the use of a Cu(I) catalyst, alkyne substrate activation was investigated to 

accelerate the rate of azide-alkyne cycloaddition, which is known as copper-ŦǊŜŜ άŎƭƛŎƪέ 

chemistry. Bertozzi and co-workers[73] introduced strained cyclooctynes instead of linear 

alkynes. This activated reaction partner is highly reactive and accelerates the reaction with azide 

under physiological environments. To improve the kinetics of the activated reaction partner, 

several chemical modifications on cyclooctyne have been investigated, such as introduction of 

fluoride substituents or fusion of two benzene rings to cylcooctyne.[72] This copper-free άclickέ 

ligation is widely used for bioconjugation in living cells.[74] 

 

javascript:popupOBO('CHEBI:22680','B801595C','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=22680')
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Scheme 8: Bioorthogonal labeling via s tra in-promoted azideςalkyne cycloaddi tion, employing a fluorescently 

label led biarylazacyclooctynone as cyctooctyne component.[72] 

 

1.3.3. Diels-Alder ligation 

The reaction between an electronically matched pair of a double bond (dienophile) and a 

conjugated diene generating a six-membered unsaturated ring is called after their discoverer, 

Diels-Alder reaction.[75] Due to its high velocity and selectivity, this reaction can be performed in 

water and is compatible with many biomolecules which makes this reaction very valuable as a 

bioconjugation or immobilization method of oligonucleotides and other biomolecules.[76] 

Pozsgay et al.[77] demonstrated that the Diels-Alder cycloaddition reaction is a suitable method 

to conjugate saccharides and proteins under biocompatible reaction conditions (Scheme 9).  

 

Scheme 9: 5ƛŜƭǎҍ!ƭŘŜǊ-type cycloaddition of saccharide-linked conjugated dienes and a dienophi le-equipped 

protein yields in the formation of neoglycoproteins.[77] 

To characterize carbohydrate-protein interactions, Houseman and Mrksich[78] employed the 

Diels-Alder-ligation method for the immobilization of carbohydrate-cyclopentadienes 

conjugates to self-assembled monolayers on a gold surface containing benzoquinone groups 

(Scheme 10). Such carbohydrate arrays are widely used today for the investigation of 

carbohydrate interactions. 
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Scheme 10: Carbohydrate arrays by employing the Diels-Alder-mediated immobi l ization.[78] 

 

1.3.4. Native chemical ligation 

The native chemical ligation (NCL) is a chemoselective ligation method which allows the coupling 

of two peptide units; one peptide carries a thioester and the second peptide presents a N-

terminal cysteine unit, which leads via a transesterification reaction followed by an 

intramolecular amidation to the ligation of the two peptide moieties.(Scheme 11).[79]  

 

Scheme 11: Native chemical  l igation.[80] 








































































































































































































































































































































