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STRUCTURAL INSIGHTS INTO GLYCAN INTERACTIONS OF 

HUMAN PATHOGENS 

ABSTRACT 
 

Glycans are major components of every cell surface. In addition to their importance in 

many physiological processes, glycans play a key role during infection of many 

pathogens. The identification and characterisation of glycan-pathogen interactions at a 

molecular and atomic level is therefore a crucial step towards the design of novel 

antimicrobial drugs and vaccines. Protein functions related to glycan interactions 

include glycan biosynthesis (glycosyltransferases), glycan recognition (lectins) and 

glycan degradation (glycosylhydrolases). This thesis investigates structure-function 

relationships of four glycan binding proteins that are important for the infectivity of 

three major human pathogens: the polysialyltransferase (polyST) of Neisseria 

meningitidis serogroup B (NmB), the viral protein 8* (VP8*) of rotavirus, and the 

hemagglutinin (HA) and the neuraminidase (NA) of influenza A virus (IAV).  

The bacterial polysaccharide capsule of NmB contains polysialic acid (polySia), a 

homopolymer of α2,8-linked N-acetylneuraminic acid (Neu5Ac) that constitutes an 

essential virulence factor for the bacterium. PolyST is the key enzyme in the 

biosynthesis of polySia. Chapter 2 of this thesis describes a multidisciplinary approach, 

including secondary structure prediction, site-directed mutagenesis and Saturation 

Transfer Difference (STD) NMR spectroscopy, to study the binding of the 

cytidine-5´-monophospho-N-acetylneuraminic acid (CMP-Neu5Ac) donor and polySia 

acceptor to NmB polyST. Results from this study lead to the first substrate-binding 

model of NmB polyST and identifies amino acids essential for enzyme catalysis. The 
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polyST has a GT-B protein fold consisting of two flexibly linked Rossmann domains. 

The CMP-Neu5Ac donor binding site is part of the 2
nd

 Rossmann domain, while the 

extended polySia acceptor site is located within the 1
st
 Rossmann domain.  

In Chapter 3 the role of glycan receptors (GM1a gangliosides and histo-blood group 

antigens), for rotavirus infection is explored by NMR spectroscopy and cell-based 

rotavirus infection assays. A published GM1a binding study of human Wa VP8* protein 

cast doubt on the historical classification of human rotaviruses into NA-insensitive, and 

consequently sialic acid (Sia) independent, strains. The major finding of the GM1a 

receptor study in this thesis is that GM1a plays a universal role as a receptor for human 

rotaviruses RV-3, RV-5 and S12/85, representatives of the most common rotavirus 

serogroups, in addition to the reported Wa strain. STD NMR studies of human RV-3 

VP8* protein provide evidence that the internal Sia is part of an extended GM1a 

glycoepitope in addition to the proximal galactose and N-acetylgalactosamine residues. 

In contrast, STD NMR experiments show that GM1a interactions with animal RRV 

VP8* are weaker and solely based on Sia with no additional glycan-protein interactions 

observed. Consistent with the STD NMR results is the ability of GM1a to block RV-3 

infection. However, RRV infection is not affected in the presence of GM1a. 

 The major finding of the HBGA rotavirus receptor study is that these antigens do not 

appear to play a major role in the infection of clinically-relevant human rotavirus 

strains. Extensive NMR binding experiments including STD NMR and 
1
H-

15
N-HSQC 

NMR identifies binding of A antigens to K8 VP8* in an identical binding mode to 

HAL1166 VP8*, in both proteins A antigens bind without the involvement of the 

blood-group defining fucose residue. On the contrary, common human rotavirus strains 

Wa and RV-3 do not recognise A antigens, which is in agreement with presented 

cell-based binding and infectivity assay observations. Other related fucosylated 
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antigens, H type-1 and Lewis
b
, are also not recognised by Wa VP8* in disagreement 

with previous binding studies. The results suggest that HBGAs may only play a minor 

role in rotavirus host cell invasion. 

In Chapter 4 it is investigated whether the sialic acid type of IAV receptors plays a role 

for infection. Therefore IAV HA binding of and NA substrate specificity towards 

sialyllactose (SL) with either terminal Neu5Ac or N-glycolylneuraminic acid (Neu5Gc) 

are analysed by NMR spectroscopy. The first STD NMR protocol for the use of whole 

influenza A virus particles to investigate glycan receptor binding to hemagglutinin is 

presented. Both human isolates, pH1N1 (A/California/04/2009) and H3N2 

(A/Perth/16/2009), show clear binding to 6´SL
Ac

 (Neu5Acα2,6Galβ1,4Glc), while 

6´SL
Gc

 (Neu5Gcα2,6Galβ1,4Glc) shows only very weak interactions. Differences 

between the two viruses are observed for neuraminidase specificity towards 6´SL
Ac

, 

6´SL
Gc

, 3´SL
Ac

 (Neu5Acα2,3Galβ1,4Glc) and 3´SL
Gc

 (Neu5Gcα2,3Galβ1,4Glc) 

investigated by 
1
H NMR spectroscopy. A distinct preference of IAV for the sialic acid 

type, apart from the sialic acid linkage, might therefore be another important 

determinant for IAV infection. The results are supported by genetic and glycan analysis 

in ferrets which are the dominant animal model for IAV infection. Ferrets, like humans, 

do not express Neu5Gc due to a CMAH gene deletion that encodes for the 

CMP-Neu5Ac hydroxylase; the exclusive expression of Neu5Ac in ferrets may 

therefore contribute to their remarkable susceptibility to human adapted strains of IAV.  

Thesis Chapter 5 describes the biological evaluation of novel IAV NA inhibitors related 

to the natural Sia substrate. Firstly, compounds that contain hydrophobic substitutions 

on a uronic-acid based template are investigated for their ability to interact within 

subsite 2 of the NA active site, which normally binds the guanidino group of potent 

inhibitor zanamivir. Inhibition assays show that the glucuronide-based 
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oseltamivir-mimic 3-pentyl 2-acetamido-2-deoxy-∆
4
-β-D-glucuronide is the most potent 

glucuronide-based NA inhibitor available so far. The IC50 value is 30 times lower than 

Neu5Ac2en, a well-known NA-inhibitor. Secondly, 3-N-substituted-Neu5Ac2en 

derivatives were provided to evaluate the potential of various 3-N-substitutents to bind 

within the recently discovered 150-cavity adjacent to the active site in IAV NAs. 

Biological evaluation demonstrates only slightly better low micromolar inhibition of 

group-1 NAs compared to the group-2 NA for both of the most potent inhibitors of the 

3-amido-Neu5Ac2en and 3-triazole-Neu5Ac2en series. The extension of the standard 

NA inhibition assay by an additional preincubation step between inhibitor and NA 

shows stronger inhibition with longer preincubation time for the novel 

3-N-substituted-Neu5Ac2en derivatives in contrast to the fast binding kinetics of the 

C-3 unsubstituted parent Neu5Ac2en. The inhibition data shows that 

3-N-substituted-Neu5Ac2en derivatives are a class of inhibitors that is able to bind 

within the 150-cavity and lock open the 150-loop in all NAs, irrespective of NA group.  

In conclusion, this thesis underscores the relevance of glycans in microbial infections 

and the obtained structural details of glycan-protein and inhibitor-enzyme interactions 

should facilitate the development of novel antimicrobial agents. 
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CHAPTER 1: INTRODUCTION  

ROLE OF GLYCANS IN MICROBIAL INFECTIONS 

 

1.1 Preface 

Glycans are major components of the cell surface and extracellular matrix. In addition 

to their important role in many physiological processes, glycans are crucial at different 

stages of the infection process for a variety of viral and bacterial pathogens. The 

proteins involved in glycan synthesis, binding and degradation are therefore key 

molecules for pathogens to infect host cells. Understanding the role and complex 

binding mode of these glycan-pathogen interactions will facilitate the development of 

novel antimicrobial therapeutics. A general overview of glycan diversity and common 

glycan structures (glycoepitopes) that are utilized in microbial pathogenesis is 

presented. Finally, three major human pathogens that depend on the presence of these 

glycoepitopes will be reviewed: Neisseria meningitidis serogroup B (NmB), rotavirus 

and influenza A virus (IAV). 
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1.2 Glycan diversity 

The cell surfaces of all classes of living organisms from archaea and bacteria to 

Eukaryota are covered by complex polysaccharides or glycans (Figure 1). The structural 

diversity of these glycans is enormous compared to the complexity of other 

macromolecules such as proteins or nucleic acids. The reason for that lies in the 

chemical nature of the different glycan building blocks. Glycans are composed of a 

non-encoded sequence of monosaccharides that form different structural levels: (i) the 

large number of different distinct monosaccharides; (ii) the numerous modifications of 

saccharide-associated hydroxyl-, amino-, and carboxyl groups; (iii) different glycosidic 

linkages; (iv) the ability of glycans to form linear or branched structures as part of 

diverse glycoconjugates
1
. Glycan expression is highly dynamic and only parts of the 

entire glycan repertoire are found in a specific organism (glycome) or cell type. The 

enzymes responsible for the high glycan turnover through synthesis and cleavage of 

glycosidic bonds are glycosyltransferases and glycosyl hydrolases, respectively. 

Glycosyltransferases transfer monosaccharides from an activated nucleotide sugar 

donor, e.g. cytidine 5´-monophospho-N-acetylneuraminic acid (CMP-Neu5Ac), to an 

acceptor substrate for example another glycan
2
. The three major classes of 

glycoconjugates found on the cell surface or in the extracellular matrix of animal cells 

are glycoproteins, proteoglycans and glycolipids. In glycoproteins glycans are linked 

through an oxygen or nitrogen to the protein
3
. Linkage through nitrogen or N-

glycosylation is the covalent attachment of glycans to the side chain of an asparagine 

amino acid within the consensus-sequence Asn-X-Ser/Thr and occurs in all domains of 

life. However, N-glycans of archaea and bacteria show a higher heterogenicity 

compared to the glycan building blocks used by Eukaryota
4
.  
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Figure 1. Glycobiology of a eukaryotic cell.  

The major classes of animal cell glycoconjugates are (1) proteoglycans, (2) glycolipids, 

including glycosylphosphatidylinositol-anchored glycoproteins and glycophospholipids and (3) 

glycoproteins with glycans attached by N- or O-glycosylation. Cell surface glycoconjugates 

mediate cell-cell interactions and cell-pathogen interactions through glycan binding proteins 

such as lectins and glycosaminoglycan binding proteins. Lysosomal endoglycosidases and 

exoglycosidases cleave glycans and together with anabolic synthesis supply monosaccharides 

for glycan biosynthesis. Monosaccharides are activated for transfer by binding to nucleoside 5´-

diphosphate or in the case of sialic acid to a nucleoside 5´-monophosphate. Glycan synthesis 

occurs in the endoplasmic reticulum and golgi apparatus, where glycosyltransferases transfer the 

activated monosaccharides onto different acceptor substrates. Glycans are modified at different 

stages of their assembly by glycan-processing enzymes adding to the enormous diversity of 

glycan structures. 

 

In the same way linkage through oxygen or O-glycosylation occurs in both prokaryotic 

and eukaryotic cells, where glycans are linked through the hydroxyl group of serine or 

threonine residues
5
. Proteoglycans differ from glycoproteins as the glycan component 

consists of at least one glycosaminoglycan chain, which is attached via xylose to a 

serine residue of the core protein
6
. Glycosaminoglycans are linear and negatively 
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charged and are composed of repetitive disaccharide units
7
. Glycans attached to lipids 

are divided into two main classes: glycosphingolipids and glycosylphosphatidylinositol 

(GPI)-anchored proteins. The unique physical and chemical properties of glycans, 

provided by their structural diversity, also contribute to their functional diversity. Being 

exposed on the cell surface and in the extracellular matrix, glycans can influence cell-

pathogen, cell-cell and cell-matrix interactions such as cell adhesion, growth, migration 

and differentiation as well as blood coagulation and inflammation
8–11

. Many of these 

biological roles are mediated by specific binding to proteins that belong to two major 

classes: lectins and glycosaminoglycan binding proteins. Glycosaminoglycan binding 

proteins have no conserved binding sites, but they contain surface regions of positively 

charged amino acids that can specifically interact with the different anionic 

glycosaminoglycans
12

. Lectins possess one or more structurally conserved carbohydrate 

binding domains with a high specificity for N-glycans, O-glycans or 

glycosphingolipids
13,14

. The affinity of lectins for glycans is generally low, in the 

millimolar range, while the avidity of lectin binding can dramatically depend on the 

epitope density and the valency of the glycans
15,16

. The next sections describe in more 

detail four common and relevant glycan structures that play a crucial role in host-

pathogen interactions: ABO and Lewis blood group antigens (1.2.1), sialic acids (1.2.2), 

gangliosides (1.2.3) and polysialic acid (1.2.4). 

1.2.1 ABO and Lewis blood group antigens 

The ABO blood group antigens are glycan structures that are presented on type-1 

(Galβ1,3GlcNAc) or type-2 (Galβ1,4GlcNAc) N-acetyllactosamines, on O-glycans 

(type-3) or on glycolipids (type-4)
17

. The glycosyltransferases responsible for 

synthesising the blood group antigens are encoded by the ABO, H and Secretor [Se] 

gene loci (Figure 2).  
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Figure 2. Biosynthesis of type-1 and type-2 histo-blood group antigens.  

 

In red blood cells α1,2-fucosyltransferases (FUT1,2), encoded by the H gene locus, 

transfer fucose (Fuc) to type-2 precursors to produce the H type-2 antigens. A secreted 

form of the H antigen is made by α1,2-fucosyltransferases (FUT1,2), encoded by the Se 

gene locus, in epithelial cells of the gastrointestinal, respiratory, urinary, and 

reproductive tracts. Fuc is added onto type-2 precursors forming secreted H type-2 

antigens. Further modifications of the H antigens determine the ABO blood groups 

synthesised by glycosyltransferases of the ABO gene locus
18

. The A antigens are formed 

by addition of a N-acetylgalactosamine (GalNAc) residue to the H antigens by 

α1,3-GalNActransferase (A enzyme). Addition of a galactose (Gal) residue onto the 

terminal Gal unit of the H antigens utilising α1,3-galactosyltransferase (B enzyme) 

results in the corresponding B antigens. Only a few amino acid differences between the 
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A and the B enzyme change their substrate specificites
18

. Blood group O is a 

consequence of functionally inactive A and B glycosyltransferases that leave the H 

antigens unmodified. Lewis blood group antigens are synthesized by α1,3- or α1,4-

fucosyltransferases that are encoded by the Lewis gene locus. In the case of type-1 

precursors Lewis (Le)-positive individuals are able to transfer Fuc residues in 

α1,3-linkage to N-acetylglucosamine (GlcNac) moieties to form the Lewis
a
 antigen. 

Additionally, if the individual is secretor-positive, Fuc is added in α1,3-linkage by the 

same fucosyltransferase (FUT3) onto the H type-1 antigen to form Lewis
b
. In rare cases 

of individuals being Lewis-negative and non-secretors type-1 precursors will not be 

fucosylated. Lewis
a
 and Lewis

b
 antigens are mainly found in epithelial cells that express 

the Se FUT1,2. Red blood cells only contain Lewis
a
 and Lewis

b
 antigens through 

adsorption of secreted glycolipids carrying those Lewis antigens
17,19

. The equivalent 

type-2 Lewis antigens, monofucosylated Lewis
x
 and difucosylated Lewis

y
 are 

synthesised by different α1,4-fucosyltransferases (FUT4, 5, 6, and 9). Fucosylated 

histo-blood group antigens of the human gastric epithelium are associated with infection 

of Helicobacter pylori
20

 and norovirus
21

, whereas its role in rotavirus infection will be 

discussed in Chapter 3. 

1.2.2 Sialic acids 

Sialic acids (Sia) are a diverse glycan family of nine-carbon backbone sugars that are 

often found at the termini of glycoconjugates. They play key roles in cell interactions as 

well as in many pathophysiological events
22–27

. The term sialic acid has its origin in the 

discovery of N-acetylneuraminic acid (Neu5Ac) in brain gangliosides and salivary 

mucins in the early 1940s
28

. The two most abundant sialic acids on the surface of 

mammalian cells are Neu5Ac and N-glycolylneuraminic acid (Neu5Gc) (Figure 3)
29

. In 

most vertebrates the sialic acid donor substrate CMP-Neu5Ac is converted to 
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CMP-Neu5Gc by the enzyme CMP-Neu5Ac hydroxylase (CMAH)
30–32

. Interestingly, 

humans lack Neu5Gc due to a deficient CMAH enzyme that is encoded by the CMAH 

gene
33

. It has been postulated that during human evolution the loss of Neu5Gc 

expression might have been a selection mechanism against a pathogen, e.g. Plasmodium 

falciparum, that binds Neu5Gc
34–36

. Neu5Gc is still detected in human glycoconjugates 

through the dietary uptake of red meat and milk products
37,38

. There is some evidence 

that the presence of Neu5Gc antibodies in humans is linked to several inflammation-

related diseases and certain cancers
39,40

. Different to all other monosaccharides that are 

activated for transfer by the addition of nucleotide diphosphate, Neu5Ac is activated for 

glycosyl transfer through a nucleotide monophosphate, CMP. The activation reaction 

catalysed by CMP-synthetase is coupled to the energy producing hydrolysis of cytidine 

5´-triphosphate (CTP) within the nucleus of eukaryotic cells and in the cytoplasm of 

prokaryotic cells. In eukaryotes CMP-Neu5Ac is transported from the nucleus into the 

lumen of the Golgi-apparatus, where membrane bound sialyltransferases add Neu5Ac 

from the activated CMP-Neu5Ac donor to acceptor glycan structures in α-linkage. The 

most common linkages are formed between carbon C-2 of Sia and C-3 of Gal or C-6 of 

Gal or GalNAc. In oligosialic acids and polysialic acids (polySia) Sia units can be 

linked to each other primarily through C-8. Linkages between C-2 of Sia and C-4 and 

C-9 of the underlying sugar moiety are less common
41

 (Figure 3). Another level of Sia 

complexity arises from the numerous Sia modifications that are either added onto the 

activated CMP-Neu5Ac or afterwards onto the sialoglycoconjugate. Over 50 different 

sialic acids have been discovered that in most cases derive from one of the two major 

core structures 2-keto-3-deoxynononic-acid (Kdn) or Neuraminic acid (Neu) (Figure 

3)
42

. Some of these modifications include one or a combination of different 

O-functionalisation (acetylation, methylation, sulfation, lactosylation, and 
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phosphorylation) of the hydroxyl groups at C-4, C-7, C-8, and C-9. In addition lactones 

can be formed between C-2 and C-7, C-4, or C-8 and a lactam between C-2 and C-5
29,42

. 

 
Sialic acid core structures 

 

R = NH2    Neuraminic acid (Neu)  

 

R = OH   2-Keto-3-deoxynononic acid (Kdn) 

 

Naturally-abundant sialic acids  
 

R = NHAc      N-Acetylneuraminic acid         

                       (Neu5Ac) 

R = NHGc     N-Glycolylneuraminic acid     

                       (Neu5Gc) 

 

Sialic acid modifications 

 
 

 

R   = H; amino; -N-acetyl; -N-glycolyl  

R1 = H; lactone, lactam with NH2 

R2 = H, α-linkage to other glycans  

R4 = H; -acetyl 

R7 = H; -acetyl 

R8 = H; -acetyl; -methyl; -sulfate 

R9 = H; -acetyl; -methyl; -sulfate; 

         - lactyl; -phosphate 

 

Sialic acid linkage 
 

 
Siaα2,3Gal 

 

 

other Sia C-2 α-linkages: 

 

α2,4-Gal; -GlcNAc; -Fuc 

α2,6-Gal; -GalNAc; -GlcNAc 

α2,8-Sia, -Glc 

α2,9-Sia 

 

           

Degree of polymerisation (DP) 

 

 

 

 

n = 0 di-Sia 

n = 1-5 oligoSia 

n ≥ 6 polySia 

Figure 3. Sialic acid diversity.  

Most sialic acids are synthesised out of the two core structures neuraminic acid (Neu) or 

2-Keto-3-deoxynononic acid (Kdn). The most naturally-abundant sialic acid types in animal 

cells are N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). Sialic 

acid diversity arises on different levels through various glycan modifications, different 

glycosidic linkages with the underlying carbohydrate and the degree of polymerisation. 
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1.2.3 Gangliosides 

Gangliosides are acidic glycosphingolipids containing at least one Sia residue as part of 

the oligoglycan. Sia diversity as described in the previous section also applies to 

gangliosides. In vertebrates alone around 200 gangliosides have been identified that 

differ in their oligoglycan sequences
43

. The most common nomenclature for 

gangliosides starts with a G for ganglioside, followed by the prefixes M (mono), D (di), 

T (tri) and Q (tetra) refering to the number of Sia residues. Then a number describes the 

order of ganglioside migration using thin-layer chromatography and subsequent letters 

can be added to indicate variations
44

. Some of the biologically most relevant 

gangliosides are GM3, GM1a and GD1a (Figure 4).  

 

Figure 4. Chemical structures of biological important ganglioside glycans: GM3, GM1a and 

GD1a. 

The ceramide moiety is linked to the non-reducing end of the oligoglycan that contains different 

hexoses and at least one sialic acid residue.  
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Gangliosides are organised within lipid rafts of the cell membrane of all animal tissues. 

While ganglioside compositions vary significantly between cell types, the highest 

content concentration is observed in the brain
45

. In most cases the glycan component 

plays the dominant role in mediating biological ganglioside functions such as cell-cell 

adhesion, cell growth and differentiation
46,47

. Gangliosides are also implicated in a 

number of diseases including cancer and microbial infections
48,49

. The role of 

ganglioside receptors for rotavirus infection will be reviewed in detail (1.5.3.1).  

1.2.4 Polysialic acid 

Another very unique sialic acid glycoepitope are polysialic acids (polySia). They were 

first recovered and identified from the capsule polysaccharide of the gram-negative 

bacterium E. coli K235 and later found in many vertebrates
50,51

. PolySia are strongly 

negatively charged unbranched homopolymers of α2,8- or, less frequently, α2,9-linked 

Neu5Ac. The degree of polymerisation (DP) of polySia varies significantly, from 50 to 

400 residues of polySia chains in vertebrates and up to 200 residues of polySia chains in 

bacterial capsules
52,53

. Depending on the DP and linkage type polySia can adopt 

different conformations: α2,8-linked polySia with at least eight Neu5Ac residues has a 

helical conformation with six residues per turn, while α2,9-linked polySia is predicted 

to form a linear structure
54–57

. Conformations of internal Neu5Ac residues vary between 

di-, oligo-, and polysialic acid, which explains the different reactivities of antibodies 

specific for these different DP species
58

. While polySia is an important biological 

glycoepitope for many vertebrates, it is not present in archaea or protozoa, plants and 

fungi of eukaryota. In humans polySia is attached to the membrane through N- or O-

glycosylation of integral proteins, glycosphingolipids or phospholipids. Those polySia 

glycoconjugates can be found on neural and neural stem cell progenitor cells, dendritic 

and cancer cells as well as leukocytes
59

. The neural cell adhesion molecule (NCAM) is 
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the main carrier of polySia in mammalian cells
60,61

. The biosynthesis of polySia is 

carried out within the Golgi apparatus by two polysialyltransferases, namely STX and 

PST
62–64

. Polysialylated NCAM plays a crucial role in the regulation of neural cell 

migration and differentiation during brain development. PolySia enables those functions 

through its large anionic structure, which prevents adhesion between cells and cell 

matrix elements
61,65

. Reintroduction of polySia expression in the nervous system 

supports neural tissue repair in mice and may hold potential for therapeutic intervention 

in humans
61,66

. Various cell types could be successfully polysialylated using 

recombinant bacterial polysialyltransferases synthesising polySia that is structurally and 

immunologically identical to polySia as expressed in normal human tissues
67

. Apart 

from these beneficial polySia functions, polySia is also implicated in cancer. Several 

cancer cells have the ability to reexpress polySia mostly as a modification of NCAM on 

the cell surface, which directly relates to the malignancy of the tumor (Wilms tumor
68

, 

Neuroblastoma
69

, non-small cell lung carcinoma
70

, breast cancer
71

 and others
72

). 

Interestingly, polySia on tumor cells is mainly synthesised by STX that is normally not 

expressed in healthy adult tissues
73

. Similar to its physiological role it is believed that 

the anti-adhesive function of polySia causes detachment of cancer cells and therefore 

significantly contributes to their metastatic potential
26

. Therefore specific inhibition of 

STX and PST offers a promising therapeutic intervention against cancer
72

. 

1.3 Neisseria meningitidis serogroup B and polysialic acid encapsulated 

bacteria 

Neisseria meningitidis (Nm) is a neuroinvasive gram-negative bacterium and a leading 

cause of meningitis and septicaemia. Infection is fatal in approximately 10 % of infected 

individuals. Some of the after effects of bacterial infection include limb loss, 

developmental delays and deafness
74

. Nm can be divided into 13 serogroups, depending 
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on the antigenic structure of the polysaccharide capsule. Serogroup B is the main cause 

of disease in Europe and America
74

. The capsule of Nm  contains α2,8-polySia, which 

is an important virulence factor allowing the bacterium to cross the blood brain barrier 

and invade the central nervous system (CNS)
75,76

. Here, the immune system does not 

recognise NmB due to its antigen mimicry of polySia structures that are found in the 

human host
77

. Vaccines based on the capsular polysaccharides have therefore only been 

successful against the other major Nm serogroups A, C, Y, and W-135, while a vaccine 

against NmB is inefficient because of the poor immune response against α2,8-polySia. 

In addition, due to its large anionic structure, polySia serves as a physical barrier against 

macrophage detection and is able to mask bacterial lipopolysaccharide (LPS) and 

lipooligosaccharide (LOS) antigens
78

. PolySia capsules are also important virulence 

determinants of the neuroinvasive bacteria NmC, E. coli K1 and K92 as well as the 

other disease causing bacteria Mannheimia haemolytica A2 and Moraxella 

nonliquefaciens. E. coli K1
79

, Moraxella nonliquefaciens
80

 and Mannheimia 

haemolytica A2
81

 possess the same α2,8-linked polySia as NmB
82

, NmC has an 

α2,9-linked polySia capsule
82

 and the polySia capsule of E. coli K92 is connected by 

alternating α2,8/α2,9-linked Neu5Ac
83

 (Table 1).  

Table 1. Polysialic acid encapsulated bacteria. 

Bacteria Repeating unit of polySia 

Escherichia coli K1 -Neu5Acα(2,8)Neu5Ac- 

Escherichia coli K92 -Neu5Acα(2,8)Neu5Acα(2,9)Neu5Ac- 

Neisseria meningitidis B -Neu5Acα(2,8)Neu5Ac- 

Neisseria meningitidis C -Neu5Acα(2,9)Neu5Ac- 

Moraxella nonliquefaciens -Neu5Acα(2,8)Neu5Ac- 

Mannheimia haemolytica A2 -Neu5Acα(2,8)Neu5Ac- 
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1.3.1 Polysialyltransferases and polysialic acid capsule formation 

PolySia expression is carried out by a multienzyme complex at the inner membrane that 

consists of proteins for polySia synthesis, transport and translocation. These are 

encoded by genes organised within the kps gene cluster. The kps gene cluster of 

E. coli K1 is well studied and serves as a model for polysaccharide capsule formation. It 

consists of three regions
84–86

. Region 1 and 3 contain genes implicated in capsule 

transport and translocation (kpsEDCS, kpsMT), while region 2 assembles genes for 

polySia synthesis (neuBACS). NmB shares a similar overall organisation of kps genes as 

E. coli K1
87–90

. Proteins encoded by the kps genes of E. coli K1 and NmB share around 

30-40 % sequence identity and have identical functional roles. In line with the 

importance of the capsule as a virulence factor, genes of region 2 are only found in 

pathogenic members of bacterial species and have been acquired through horizontal 

gene transfer
91,92

. One of the key enzymes in polySia capsule formation is the 

polysialyltransferase (polyST). PolySTs are part of the biosynthesis complex and are 

associated at the cytosolic side with the inner membrane
93

. They catalyse the transfer of 

N-acetylneuraminic acid (Neu5Ac) of the activated nucleotide sugar CMP-Neu5Ac onto 

the non-reducing end of a growing polySia chain. The reaction product varies in length 

with around 160 to 230 sialic acid units found for E. coli K1, whereby chain length 

seems to have an effect on virulence
90,94

. The genes encoding for polysialyltransferases 

(neuS in E. coli K1, siaD in NmB, siaE in NmC) are serotype specific in line with the 

presence of different polySia structures, α2,8-polySia in Nm  and α2,9-polySia in 

NmC
95

 (Figure 5). PolySTs of NmB and NmC share 75 % amino acid sequence 

homology and have an extended C-terminus that is not present in polySTs of E. coli K1 

and K92. Sequence homology between polySTs of Neisseria and E. coli is about 40 %, 

while bacterial polySTs are not homologous to any mammalian polySTs. Therefore all 
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bacterial polyST are grouped into a separate CAZy (Carbohydrate-active enzymes) 

glycosyltransferase family (GT), GT-38
96

.  

                            149          275        aa identity  
         |             |         to NmB in % 
GT-38 N. meningitidis B      HLIDEGTGT    IKLHPKEM 
      N. meningitidis C      HLVEEGTAT    IKLHPKEM     65.0 
      M. haemolytica A2      NLVEEGTGT    IKLHPKER     34.4 
      E. coli K1             SLIEEGTGT    IKPHPKEP     30.8 
      E. coli K92            SLIEEGTGT    IKPHPKET     30.1 
GT-52 P. multocida           NTFDDGTIN    ..PHPR..     10.4 
      N. meningitidis A      KTFDDGTIN    ..PHPR..      7.8 
 
                         D/E-D/EG motif   HP motif 

Figure 5. Conserved motifs and sequence homology between bacterial sialyltransferases 

(GT-52) and polysialyltransferases (GT-38). 

 

The availability of recombinant soluble and active polyST from different bacteria led to 

an improved biochemical characterisation of this key enzyme in polySia synthesis
97–100

. 

In line with polyST membrane association, purified enzymes form predominantly active 

aggregates
97,98,100

. However, enzyme activity differs between polySTs. Recombinant 

E. coli K1 polyST activity is significantly lower and polySia chain lengths are 

considerably shorter compared to the reaction catalysed by the NmB enzyme
98

. The 

minimal gene requirements for E. coli K1 polySia de novo synthesis are NeuES and 

KpsC. However a large increase in capsule production is detected when NeuES and 

KpsC are combined with KpsS
101

. This suggests that E. coli K1 polyST in particular 

may depend on additional proteins to be completely functional. The NmB and NmC 

polyST elongate polySia in a non-processive manner in vitro
97

, while the reaction 

in vivo is thought to be processive, as suggested for E. coli K1 polyST
102

. While the 

endogenous acceptor for polyST is unknown, exogenous acceptors like gangliosides and 

synthetic acceptors carrying at least one di-sialic acid unit can be elongated by 

polySTs
98,102–105

. If oligosialic acids are used as an acceptor substrate a minimum degree 

of polymerisation (DP) of three sialic acid units is necessary to prime the elongation 
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reaction. PolyST enzyme activity increases from tri- to penta-sialic acid
97

. Interestingly, 

NmC polyST which possess a α2,9-polySia capsule favours α2,8- over α2,9-linked Sia 

acceptors
100

. Initial chimera studies between E. coli K1 and K92 polyST indicated that 

polySia linkage specificity is dependent on amino acids 53 to 85 of the N-terminus
102

 

and within the first N-terminal 107 aa for the NmB and NmC enzymes
100

. Subsequent 

studies on linkage specificity have demonstrated that a single amino acid mutation 

H52N is able to completely switch E. coli K92 polyST from bifunctional α2,8/α2,9- to 

monofunctional α2,8-polySia synthesis. Meanwhile the reverse mutation N52H in 

E. coli K1 polyST resulted in synthesis of alternating a2,8/a2,9-linked polySia
106

. These 

results strongly implicate that the bifunctionality in polyST is obtained through a single 

active site compared to the alternative model of two independent active sites with 

specificity for α2,8- and α2,9-linked sialic acid. Sequence alignments of the NmB 

polyST enzyme revealed two functional sialyltransferase motifs namely the DEG- and 

HP-motif conserved among bacterial sialyltransferases of CAZy families GT-38, 

GT-52, and GT-80 (Figure 5)
97

. Mutations within the DEG-motif of the NmB polyST 

result in complete loss of enzymatic activity, whereas kinetic studies of HP-motif 

mutants that maintain residual activity suggest the involvement of the HP-motif in 

acceptor binding but not in donor binding
97

. A comparison with the available crystal 

structure of Pasteurella multocida sialyltransferase 1 (PmST1) of the GT-80 family 

supports the importance of these amino acid residues for the catalytic mechanism
107

. 

Due to the functional similarities between the two enzymes it has been predicted that 

polySTs share the same GT-B fold as sialyltransferases of the GT-80 family. First 

structural insights into acceptor and substrate binding of the NmB polyST were derived 

from Saturation Transfer Difference (STD) NMR spectroscopy studies
108

. The tri-sialic 

acid acceptor is completely accommodated within the active site, while the 
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CMP-Neu5Ac donor substrate makes close interactions to the protein mainly with the 

nucleotide moiety. The sialic acid residue appears to be more solvent exposed probably 

facilitating a fast and efficient transfer onto the polySia chain
108

. Subsequent studies 

within this thesis use extensive site-directed mutagenesis of the NmB polyST enzyme in 

combination with STD NMR spectroscopy to provide structural evidence for protein 

topology and the mode of substrate binding (Chapter 2).  

1.4 Sialic acid binding in viral infections 

While Sia in the form of polySia acid is important for certain bacterial infections, Sia 

plays a crucial role for the infectivity of many viruses
109

. Viral infections are initiated 

by the attachment of a virus particle to receptors presented on the host cell surface. Sia 

often constitutes a primary target due to its excellent positioning at the outermost end of 

glycoconjugates and their negative charge. Sia-recognising viruses are structurally 

diverse and are found in different virus families including many human pathogens 

(Table 2). The unique structure of Sia enables multiple ways of engagement through the 

carboxylate moiety, hydroxyl groups, N-acetylamino group and glycerol sidechain
110

. In 

agreement with the specificity of Sia interactions, binding sites are highly conserved 

within the same virus species. This is best exemplified by the different serotypes of 

influenza A virus (IAV) hemagglutinin. Binding constants are generally in the 

millimolar range and therefore specificity must be achieved through the concentration 

of viral receptors enabling multivalent binding and/or secondary receptors. The 

dependence of viruses on Sia binding for infection can be potentially exploited through 

sialylmimetics and derivatives for antiviral therapy
111

. Such cell entry inhibitors could 

block the infection at this early critical step. Rotavirus and IAV are two viruses for 

which sialic acid involvement in cell entry is well documented. Within the scope of this 

thesis receptor glycan binding to the viral proteins rotavirus VP8* (Chapter 3) and 
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influenza hemagglutinin (Chapter 4) will be investigated to provide novel structural 

insights for critical glycan-virus interactions. Novel sialomimetic inhibitors will be 

evaluated for their ability to inhibit influenza A virus neuraminidase, which possess a 

sialic acid receptor destroying function (Chapter 5). 
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Table 2. Sialic acid receptors in viral infections. 

 Virus family Virus genus Virus species Main hosts Localisation of infection, disease Sialic acid receptors Lit 

en
v

el
o

p
ed

 v
ir

u
se

s 

(-
) 

ss
R

N
A

 

Orthomyxoviridae 

 

Influenzavirus A IAV birds 

human 

pig, others 

RT, GI 

URT, (LRT) 

RT 

α2,3 Sia 

α2,6 Sia 

α2,3 Sia, α2,6 Sia 

112–114* 

Influenzavirus B IBV human, seals URT α2,3 Sia, α2,6 Sia 115–117* 

Influenzavirus C ICV human, pig URT Neu5,9Ac2 
118* 

Paramyxoviridae Avulavirus NDV birds, human GI, RT, conjuntivitis, tumor cells α2,3 Sia, α2,6 Sia, gangliosides 119–123* 

Respirovirus hPIV1 human croup α2,3 Sia, SLex 124–126 

hPIV3 human bronchiolitis α2,3/6 Sia, α2,3 Neu5Gc,SLex 125,127* 

Sendai virus mouse RT α2,3 Sia, GD1a, GT1b, GQ1b 128,129 

(+
) 

ss
R

N
A

 

Coronaviridae 

 

Torovirus BToV 

PToV 

bos 

pig 

GI 

asymptomatic 

Neu5,7,9Ac3 

Neu5,9Ac2 

130* 

group 1 coronavirus TGEV pig GI Neu5Gc, Neu5Ac 131–134 

group 2 coronavirus BCoV bos GI Neu5,9Ac2 
135,136 

HEV pig CNS Neu5,9Ac2 
137,138 

group 3 coronavirus IBV avian RT, reproductive-, renal tract α2,3 Sia 139–141 

n
o

n
-e

n
v

el
o

p
ed

 v
ir

u
se

s 

Caliciviridae Vesivirus FCV cat URT α2,6 Sia 142 

Picornaviridae Aphthovirus ERAV horse RT α2,3 Sia 143,144* 

Cardiovirus TMEV mouse CNS, GI α2,3 Sia 145–147 

Enterovirus EV70 human eye AHC α2,3 Sia 148,149 

EV71 human Hand-foot-and-mouth disease Sia 150 

CA24V human eye AHC α2,3 Sia 151,152 

Rhinovirus 87 human RT Sia 153 

d
sR

N
A

 

Reoviridae Rotavirus Rotavirus A humans, bos, pig GI Gangliosides, Neu5Ac, Neu5Gc  154–158* 

Reovirus Reovirus type 1 mouse GI GM2 159,160* 

Reovirus type 3 mouse CNS Sia 161,162 

Polyomaviridae Orthopolyomavirus mPyv mouse Oncovirus α2,3 Sia, GD1a, GT1b 163–168* 

SV40 monkey Oncovirus GM1a 166,169* 

JCV human Leukoenzephalopathy α2,3 Sia, α2,6 Sia, GT1b 170–173* 

BKV human RT, nephropathy α2,3 Sia, GD1b, GT1b 172,174 

d
sD

N
A

 Adenoviridae Mastadenovirus Ad37 human conjunctivitis, keratoconjunctivitis α2,3 Sia, α2,6 Sia 175–177* 

Parvoviridae Dependovirus AAV4 human asymptomatic, gene therapy α2,3 Sia of O-glycans 178,179 

AAV5 human asymptomatic, gene therapy α2,3 Sia and α2,6 Sia of N-glycans 178,179 

Parvovirus bovine porvovirus bos GI, mild RT α2,3 Sia of O-glycans 180 

URT = upper respiratory tract, LRT = lower RT, GI = gastrointestinal tract, CNS = central nervous system, IAV = influenza A virus, IBV = influenza B virus, ICV = influenza C virus, TGEV 

= transmissible gastroenteritis virus, BCoV = bovine coronavirus, AIBV = avian infectious bronchitis virus, HEV = hemagglutinating encephalomyelitis virus, NDV = Newcastle disease 

virus, FCV = feline calicivirus, ERAV = equine rhinitis A virus, EV70 = enterovirus 70, AHC = acute hemorrhagic conjunctivitis, CA24V = Coxsackievirus 24 variant, mPyv = mouse 

polyoma virus, BToV = bovine torovirus, PToV = porcine torovirus, SV40 = simian virus 40, JCV = JC virus, BKV = BK virus, AAV4/5 = adeno associated virus type 4/5,* = X-ray structure 
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1.5 Viral pathogenesis of rotavirus 

Glycan receptors, specifically Sia, play a major role in rotavirus infection. Rotaviruses 

are a genus of the reoviridae family and cause significant gastrointestinal disease in both 

humans and animals. Rotavirus is the most common pathogen causing severe diarrheal 

disease and dehydration among young children with up to 500,000 deaths each year
181

. 

The infection rate is similar around the world; by the age of five nearly every child will 

have been infected at least once
182

. Fatalities occur nearly exclusively in developing 

countries, where access to clean water is often unavailable. The introduction of two 

vaccines RotaTeq
®
 and Rotarix

®
 licensed in 2006 and 2008, respectively, has been 

successful in reducing the severity of disease and mortality in the developed world, but 

has been less effective in the non-developed world
183–187

. Furthermore, two very recent 

trial studies reported an increase in intussusception after the administration of the two 

available rotavirus vaccines
188,189

. No specific drug treatment is available and long term 

efficacy of RotaTeq
®
 and Rotarix

®
 is not guaranteed due to the nature of RNA viruses 

being genetically highly diverse with dominant strains changing over time. Rotaviruses 

have a negative-sense, segmented and double-stranded RNA genome packaged into a 

multilayered icosahedral capsid. Segment swapping or antigenic shift between different 

viruses add to the antigenic variation of circulating rotavirus strains. Eleven dsRNA 

segments encode for a total of 12 viral proteins. The two outer surface proteins VP4 and 

VP7 are the target of neutralising antibodies that block rotavirus infection. The 

classification of rotavirus serotyping is based on the reactivity of these neutralising 

antibodies towards antigenic differences of the P-Antigen (VP4) and the G-antigen 

(VP7)
190

. More common is the classification of VP4 and VP7 into different genotypes 

based on sequence identities of the respective gene segments. Epidemiological studies 

have shown that G1P[8] and G2P[4] genotypes are predominantly associated with 
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severe disease in most countries
191,192

. Following the introduction of the two rotavirus 

vaccines surveillance studies will be required to evaluate if vaccination has any effect 

on virus distribution and prevalence around the world. 

1.5.1 Structure of rotavirus  

Rotaviruses are non-enveloped viruses with an average diameter of approximately 

100 nm. The RNA genome consists of eleven ds RNA segments encoding for six 

structural proteins (VP1, VP2, VP3, VP4 (VP5*,VP8*), VP6, VP7) and six non-

structural proteins (NSP1-6) that are surrounded by a triple-layered icosahedral 

capsid
193–195

. 120 copies of asymmetric VP2 dimers form the inner capsid or the core 

shell
196

. It is suggested that the N-terminal residues of VP2 are positioned towards the 

inside of the virus core, where the N-terminus is able to make contact with the viral 

RNA-polymerase complex
196–198

. The intermediate layer is made out of 260 trimers of 

the VP6 protein and the interactions made with the underlying VP2 stabilise the inner 

core. Every VP6 protein engages with one VP7 trimer, which forms the outer capsid
199

. 

In addition, around 60 copies of the trimeric VP4 spike protein protrude through the 

VP7 capsid and insert into the VP6-capsid, completing the outer capsid protein 

structure
195

. Only the complete triple-layered particle (TLP) is infectious, while the 

double-layered particle (DLP) is capable of entering the cytosol and is transcriptionally 

active. The VP4 spike protein of the outer capsid goes through major conformational 

changes. These changes mediate viral attachment to the host cell and are crucial for 

virus entry. 
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1.5.2 Infectious cycle of rotavirus 

Rotavirus infection occurs primarily in the small intestine villi and viral replication 

takes place in the cytoplasm of enterocytes
200

. In the intestinal lumen trypsin-like 

proteases cleave the viral spike protein VP4 into VP5* and VP8* a requirement for 

efficient infection
201,202

. Both proteins remain associated with the virion and VP8* 

mediates attachment by binding to host-cell receptors
203

. Among others Saturation 

Transfer Difference (STD) NMR studies using whole rotavirus particles have shown 

that trypsin cleavage of the virus has no effect on receptor recognition and is 

presumably more important for virus entry
203–206

. The internalisation of the virus into 

the host cell has been linked to structural rearrangements of the VP5* protein upon 

dissociation of the receptor-binding subunit VP8*. Calcium levels in the early 

endosomes are low and as a consequence calcium-dependent trimeric conformation of 

VP7 is destabilised. While the virus uncoats through the loss of VP7, VP5*, primed 

through the proteolytic cleavage of VP4, refolds and enables membrane penetration 

through a so far unknown mechanism
207

. Rhesus rotavirus (RRV) entry follows a 

non-clathrin-, non-caveolin-mediated pathway dependent on functioning dynamin and 

cholesterol present on the cell surface. Interestingly, entry of human Wa, porcine 

TFR-41, and bovine UK rotavirus strains seem to be clathrin-mediated, while still 

dependent on the presence of heat shock protein 70 (hsc70), dynamin and cholesterol
208

. 

The release of the DLP particle into the cytosol is a trigger moment for the polymerase 

complex to start transcription and initiate replication. The start of virus assembly takes 

place within so called viroplasms that are formed by the interaction of NSP2 and 

NSP5
209

. In the viroplasm DLPs are formed by VP6 assembling around the VP2 protein. 

For the assembly of TLP it is proposed that NSP4 recruits DLP and VP4 to the 

endoplasmic reticulum (ER). Within the ER NSP4 is removed and the ER membrane is 
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replaced by VP7. The final TLP is released from the cell and the cycle of infection 

continues following activation of the TLP through proteolytic cleavage of the VP4 

protein. 

1.5.3 VP8* binding of glycan receptors 

Rotaviruses bind to a variety of different cell lines. Only a few of those, e.g. cells of. 

renal and intestinal origins, are permissive for rotavirus infection suggesting a 

cooperative mechanism of action between different receptors for efficient rotavirus 

infection
210

. Gangliosides containing terminal and/or internal Sia appear to be primary 

receptors of rotavirus attachment to the host cell mediated by VP8*. Gangliosides can 

be found in high concentrations in lipid raft domains that enable bypassing of low 

affinity binding through multivalent binding. Initial attachment is probably followed by 

more specific post-attachment interactions with integrins and heat shock protein 70 

(hsc70), facilitating virus entry
204,210–217

. Integrins are host cell surface receptors and 

bind to either VP5* or VP7, while hsc70 interacts with VP5*. However, it is unknown 

how initial Sia recognition correlates with specific integrin binding. As part of this 

thesis the use of Sia and integrin receptors by different rotavirus strains were 

investigated (Chapter 3). Recently histo-blood group antigens (HBGAs) have been 

suggested to play a role in rotavirus recognition for some human strains
218–220

 despite 

some controversial epidemiological studies
221–224

. However, HBGA-rotavirus 

interactions with rotavirus VP8* were investigated in greater detail to define its role for 

rotavirus infection (Chapter 3). The following two paragraphs review the current 

knowledge of rotavirus binding to the two different cell surface glycan receptors: 

gangliosides (1.5.3.1) and HBGAs (1.5.3.2). 
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1.5.3.1 Role of gangliosides in rotavirus infection 

To form an infectious virus particle the rotavirus spike protein VP4 cleavage by host 

proteases is required
201,202

. Before cleavage VP4 proteins are highly flexible, afterwards 

both cleavage products VP5* and VP8* remain associated in a distinct rigid 

conformation, visible by cryomicroscopy of rotavirus particles
225,226

. At the base VP5* 

maintains its trimeric conformation, while towards the top only two of the three 

subunits remain associated and the third subunit overlays the outer capsid
195,227,228

. The 

VP8* subunits are found at the top of the VP5* subunits that extend away from the viral 

surface, while the VP8* of the VP5* that lies flat onto the viral surface is not observed 

by cryo-electron microscopy of the virus and is presumably dissociated after proteolytic 

cleavage of VP4. Exposed at the tip of the spike the VP8* protein is in a suitable 

position to mediate host cell attachment
203

. Several animal rotavirus strains have the 

ability to agglutinate human type-O erythrocytes
229–231

, whereas human rotaviruses are 

unable to hemagglutinate
232–234

. Although proteolytic cleavage of VP4 is not required 

for efficient agglutination, the virus must exist as a triple-layered particle (TLP). The 

hemagglutination is mediated by the interaction with sialoglycoconjugates of 

erythrocytes and can be blocked by neuraminidase (NA) treatment of the cells or by 

preincubation of rotavirus with sialic acid containing compounds
235

. However, some 

animal strains as well as all human strains still bind and infect permissive cells 

independent of NA treatment
236,237

. Based on these differences rotavirus strains have 

been classified into NA-sensitive and NA-insensitive strains. The binding of Sia to NA-

sensitive animal strains is mediated by VP8* which is structurally well characterised by 

X-ray crystallography
155,157,238–243

. All known human and animal VP8* X-ray crystal 

structures share the typical sandwich β-fold of galectins. The sialic acid binding site 

does not overlap with the galactose binding site in galectins and is located in the cleft 
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between the two twisted β-sheets (Figure 6). One side of the cleft is formed by Y188 

and S190 side chains, while the opposite side is occupied by the aromatic ring of Y155. 

Further sialic acid contacts are made with amino acids occupying the bottom of the cleft 

R101, V144, K187 and Y189. Amino acids that are involved in sialic acid binding are 

conserved in NA-sensitive strains with some variation seen for Y155 and Y188 and 

significantly more variability compared to NA-insensitive strains. Site-directed 

mutagenesis studies of rhesus RRV VP8* shows the importance of R101 and S190 for 

sialic acid binding, as binding was greatly diminished in R101A and S190A mutants
244

. 

NMR binding studies using RRV VP8* demonstrated specific binding of Neu5Acα2Me 

with a Kd of 1.2 mM without participation of additional glycan moieties and a tenfold 

higher affinity than the equivalent N-glycolyl-containing form, Neu5Gcα2Me. In 

addition, the binding is independent of the sialic acid linkage type as binding constants 

are identical between 3´-sialyllactose (GM3, Neu5Acα2,3Galβ1,4Glc) and 6´-

sialyllactose (Neu5Acα2,6Galβ1,4Glc)
245

. Interestingly, NMR studies using both whole 

RRV particles and the VP8* protein in the presence of GM3 demonstrated that the Sia 

and penultimate Gal residue makes some interaction with the protein surface
206

. Unlike 

RRV, porcine virus OSU binds to gangliosides containing Neu5Gc like GM3-Gc 

(Neu5Gcα2,3Galβ1,4Glc) three times stronger compared to the equivalent Neu5Ac GM3 

ganglioside
246,247

. Moreover both NA-sensitive strains simian SA11 and bovine NCDV 

bind specifically to GM3-Gc, but not to GM3
154

. The X-ray crystal structure of porcine 

CRW-8 VP8* in complex with GM3-Gc glycan in comparison with GM3 showed that 

only Sia interacts with the protein. This is similar to what is seen for RRV and CRW-8 

rotavirus strains where infection is more efficiently inhibited by GM3-Gc
243

. 
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Figure 6. Rotavirus VP8* and sialic acid binding. 

(A) X-ray crystal structure of rhesus rotavirus (RRV) VP8* with bound Neu5Acα2Me (pdb 

1KQR) and (B) human apo Wa VP8* (pdb 2DWR). The sialic acid binding site of RRV VP8* 

is enlarged showing crucial protein-ligand interactions. 
 

Sequence and X-ray structure comparison of RRV and CRW-8 VP8* reveal that a 

lysine residue at position 187 in RRV VP8* could sterically hinder the binding of 

Neu5Gcα2Me compared to a glycine present in all GM3-Gc binding strains (SA11, 

NCDV, OSU, CRW-8). In addition a P157S mutation in CRW-8 decreased the binding 

affinity to Neu5Gcα2Me by a factor of five without having an effect on the relative 

binding preference between Neu5Acα2Me and Neu5Gcα2Me
248

. Gangliosides are also 

crucial for rotavirus infection for human NA-insensitive strains Wa, MUN and 

KO
158,249

. Exogenously added GM1a ganglioside blocks MUN and KO rotavirus 

infection in MA104 cells as does pretreatment of MA104 cells with the Cholera toxin 

B-subunit (CTB) that specifically binds to GM1a
249

. Using a thin-layer chromatogram 
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binding assay the animal NA-insensitive UK strain also shows binding to GM1a, GM2 

and GD1a
154

. Within the same study the NA-sensitive strains SA11 and NCDV only 

bound to GM2 and GD1a, but not to GM1a. A STD NMR binding study comparing GM1a 

and GD1a binding to the human NA-insensitive Wa VP8* and the porcine NA-sensitive 

CRW-8 VP8* reveals specific binding of GM1a to Wa, while GD1a specifically binds to 

CRW-8
158

. Moreover, the internal Sia moiety of GM1a takes part in Wa VP8* 

interactions, while both terminal and internal Sia of GD1a acid bind directly to CRW-8 

VP8*. The observation that GM1a does not bind to CRW-8 suggests that both Sia 

residues of the GD1a glycan are needed for binding to CRW-8 VP8*. The biological 

significance of GM1a receptors and the direct involvement of Sia for human Wa 

infection have been confirmed by cell-based infectivity assays. NA treatment of MA104 

cells that results in the conversion of GD1a gangliosides into GM1a receptors through the 

cleavage of the terminal Sia leads to enhanced Wa infection. In addition, Wa infection 

of NA pre-treated cells is blocked in the presence of both Neu5Acα2Me and CT  that 

tightly binds to the GM1a glycan, clearly demonstrating the importance of Sia for human 

Wa infection. The results of this work provide strong evidence that human strains, 

despite being classified as NA-insensitive strains, depend on the presence of internal Sia 

for productive infection. Chapter 3 will discuss the importance of Sia dependence in 

human rotavirus infection. 

1.5.3.2 Role of histo-blood group antigens in rotavirus infection 

The first evidence of human blood group antigen (HBGA) recognition by human 

rotavirus VP8* protein has been recently described
218

. The genotype specific interaction 

of HBGAs Lewis
b
 and H type-1 to VP8* of the P[4], P[6] and P[8] genotypes is 

demonstrated using saliva, synthetic oligosaccharides and human milk binding 

assays
218

. However, these studies do not include any structural information or cell-based 
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binding assays that would support the role of Lewis
b
 and H type-1 blood group antigens 

in rotavirus infections. The first combined structural and biological study shows the 

atomic details of A antigen binding to HAL1166 VP8* P[14] by X-ray crystallography 

and the biological relevance of A antigen binding in rotavirus infectivity studies
220

. The 

structure of HAL1166 P[14] VP8* reveals the typical galectin-like fold with the twisted 

β-sheets separated by a shallow cleft as observed in all available VP8* structures of 

NA-insensitive human strains Wa
157

 and DS-1
239

 and of NA-sensitive animal strains 

RRV
155

 and CRW-8
157

 (Figure 7).  

 

 

Figure 7. Rotavirus VP8* and A antigen binding. 

X-ray crystal structure of human HAL1166 P[14] VP8* with bound A Antigen trisaccharide 

(pdb 4DRV). 

 

One significant difference between the VP8* HAL1166 and the human Wa and DS-1 

VP8* structures lies in the width of the cleft that separates the two twisted β-barrel 

sheets. The cleft in VP8* HAL1166 appears narrower compared to human Wa and 

DS-1 VP8* and as such more closely resembles the narrow cleft observed in the animal 

RRV and CRW-8 VP8* proteins. Interestingly, X-ray structures of HAL1166* VP8* 

with A antigen trisaccharide (A-tri) and tetrasaccharide (A-tetra) show that the VP8* 

binding site overlaps with the Sia binding site in animal strains
220

. However, amino acid 

differences within the glycan-binding site and in particular a different orientation of the 
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Y188 side chain would make Sia binding to HAL1166 VP8* highly unlikely (Table 3). 

Only the terminal GalNAc and Gal residues interact directly with VP8*, while Fuc and 

GlcNAc moieties are pointing away from the protein surface into the solvent (Figure 7). 

The main interactions between GalNAc and protein are hydrogen bonds with the side 

chains of R101 and T191 and hydrophobic interactions with L190 and T191. The Gal 

residue forms hydrogen bonds with the carbonyl groups of Y189 and S187 and 

hydrophobic interactions with Y189 and Y188. Cell-based infectivity assays support the 

role of A antigens as rotavirus receptors for HAL1166
220

. The infection of HAL1166 is 

significantly decreased in HT-29 cells by anti-A-type antibodies. In addition a 

significant increase in HAL1166 infection was observed in CHO cells expressing type 

A HBGA in comparison with cells deficient in HBGA. Within the scope of this thesis 

the binding of HBGAs to human rotavirus VP8* will be studied by NMR spectroscopy 

and cell-based rotavirus infectivity assays to further elucidate the role of HBGAs in 

human rotavirus infections (Chapter 3). 

Table 3. Rotavirus strain diversity of VP8*. 
Overview of rotavirus VP8* belonging to different P types and differing in NA-sensitivity 

(NS), amino acid composition of the glycan binding site, the width of the binding cleft and 

glycan binding (*including structural studies).  

Strain P type Origin NS VP8* binding site Binding 

cleft 

Binding 

 

 

RRV 

 

 

P[3] 

 

 

simian 

 

 

+ 

101    185 
|      | 
R......TTKYYSTTN 

 

 

narrow 

 

 

Sia* 

CRW-8 P[7] porcine + R......TTGYYSTTN narrow Sia* 

H-2 P[12] equine - R......TTTGYVTSN unknown unknown 

UK P[5] bovine - R......TTKGYFITN unknown Gangliosides 

Hal1166 P[14] human - R......SESYYLTIN narrow A Antigen* 

K8 P[9] human - R......SESYYLTIN unknown A Antigen 

Dhaka-6 P[25] human - R......SDNYYLTIN unknown A Antigen 

Wa P[8] human - F......TTDSSSTAN wide H type-1, 

Lewis
b
, GM1a* 

DS-1 P[4] human 

- 

F......TTDSSNTAD wide H type-1, 

Lewis
b
 

RV-3 P[6] human - I......TTDYSSTSN unknown H type-1 

N155 P[11] human - F......DLRVGTYFN unknown Galβ1,4GlcNAc 

 



  Introduction 

29 

 

1.6 Viral pathogenesis of influenza A virus 

Influenza viruses belong to the virus family orthomyxoviridae. The three influenza 

viruses, A, B and C (IAV, IBV, ICV), are RNA viruses with a negative-sense, single-

stranded and segmented RNA genome
250

. The classification into A, B and C is based on 

the immunologically distinct nucleoprotein and matrix protein antigens. Both IAV and 

IBV contribute to annual influenza virus epidemics through antigenic variation caused 

by mutations (antigenic drift). Approximately 20 % of children and 5 % of adults 

worldwide develop symptomatic influenza with about 250,000 deaths each year
251

. ICV 

causes only very mild infections. The host range of IBV is limited to humans and seals 

and in the case of ICV to humans and pigs. IAV, however, infects many different 

animals beside humans, including ducks, chickens, dogs, pigs, horses, whales and seals 

among others
252,253

. The classification of IAV is based on antigenic differences of the 

two membrane glycoproteins, hemagglutinin (HA, H1-16) and neuraminidase (NA, N1-

9)
254

. All known influenza A subtypes are adapted to birds. Co-infection of viruses from 

different origins in one host is therefore possible. As a consequence viruses can acquire 

gene segments through reassortment (antigenic shift) and new influenza subtypes can 

evolve that have the potential to infect humans who have little or no immunity against 

these novel viruses
255

. If the virus also possesses the fitness to replicate efficiently and 

transmit easily between humans these new emerging viruses are capable of causing 

pandemics and introducing new virus subtypes into the human population. So far three 

influenza strains H1N1 twice in 1918 and 2009, H2N2 in 1957 and H3N2 in 1968 have 

caused widespread infections in humans. It is estimated that the 1918 pandemic alone 

killed 20 – 40 million people
256

. Direct infections of humans by avian influenza viruses 

are rare and only a result of humans who live in close contact with poultry or other 

domesticated birds. However, several outbreaks have occurred in the recent past, where 
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highly pathogenic avian viruses H7N7, H5N1 and H7N9 have caused severe disease 

and fatalities among humans. Human infections with H5N1 virus have been associated 

with a particularly high fatality rate of approximately 60 % since its emergence in 

1997
257,258

. Human-to-human infections of H5N1 viruses are an exception and efficient 

transmission has not been sustained
259–263

. However, the continuous change of the 

H5N1 virus with a reported H5 sub-lineage with enhanced binding affinity to human-

type receptors demonstrates its potential to cause a human pandemic in the future
264,265

. 

Strategies to minimise IAV infections include vaccines and potent antivirals. Vaccines 

need to be updated on a yearly basis due to the high mutation rate of the virus that is 

then able to escape existing immunity (antigenic drift). A number of licensed antivirals 

specific for IAV are available that inhibit either the M2 ion channel (amantadine, 

rimantadine) or NA activity (zanamivir, oseltamivir, peramivir and laninamivir)
266,267

. 

Drug resistance occurs rapidly for M2 inhibitors
268

. However, drug pressure by 

oseltamivir has also caused widespread resistance to oseltamivir through mutations in 

the NA protein of the former seasonal H1N1 strain
269,270

. Therefore some of the key 

research efforts to prepare against IAV epidemics and pandemics are receptor binding 

studies and the development of better vaccines and new antiviral drugs. 

1.6.1 Structure of influenza A virus 

Influenza A viruses (IAV) are enveloped RNA viruses with a genome of eight 

single-stranded negative-sensed RNA segments. In total 12 proteins are encoded 

including eight structural proteins (HA, NA, M1, M2, PB1, PB2, PA, NP) and four non-

structural proteins (NS1, NS2, PB1-F2, N40). IAV exhibit spherical or filamentous 

morphology with a diameter of about 100 nm
271

. The matrix protein M1 is positioned as 

a highly organised helical structure underneath the lipid envelope and gives the 

envelope strength and rigidity
271,272

. The three viral surface glycoproteins include the 
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M2 proton ion channel and the viral spike proteins NA and HA that stand out from the 

envelope and constitute the main pathogenicity factors. Sequence identity between the 

16 HA subtypes and 9 NA subtypes ranges from 30 to 60 %. Recently, H17N10 and 

H18N11 virus subtypes were isolated from bats. However, despite having structural 

similarities with HA and NA proteins, these new discovered subtypes are unable to bind 

or to cleave the natural IAV Sia receptor suggesting a different mode of IAV attachment 

and entry
274–276

. 

1.6.2 Infectious cycle of influenza A virus 

The infectious cycle starts with virus attachment to the host cell that is mediated by HA 

through recognition of terminal Sia expressed on host cell surface receptors. The 

importance of the functional balance between HA Sia binding and NA Sia cleavage in 

order to transmit efficiently has been pointed out in several studies
277–281

. Upon entry of 

the virus into the host cell through receptor-mediated endocytosis, HA mediates 

membrane fusion of the viral envelope with the endosomal membrane. The HA 

precursor is a trimer that can be cleaved by cellular or extracellular proteases into two 

polypeptides (HA1, HA2) for each of the identical three subunits
273

. The cleavage is 

essential for membrane fusion and infectivity as it exposes the HA fusion peptide
282,283

. 

The low endosomal pH induces a conformational rearrangement of HA directing the 

short hydrophobic fusion peptide located at the N-terminus of the HA2 subunit towards 

the endosomal membrane and membrane fusion occurs by an as yet unidentified 

mechanism. The acidification of the virus by proton uptake through the M2 proton ion 

channel causes the uncoating of the ribonucleoprotein (RNP) from the M1 protein. 

RNPs are released into the cytoplasm and translocated into the nucleus, where 

replication and transcription takes place. The viral proteins are translated by the host 

protein machinery in the cytoplasm. The three viral surface proteins HA, NA and M2 
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undergo post-translational modifications via the trans-Golgi secretory pathway and are 

assembled to new virions at the plasma membrane
284

. The proposed model of influenza 

budding includes the clustering of HA and NA in lipid raft domains that is thought to 

initiate the budding process
285–287

. The M2 ion channel is expressed late during the 

infection and is recruited by the M1 protein to the host membrane where new virions are 

assembled. M2 enables the release of the budding virus through membrane alteration by 

inserting an amphipathic helix at the lipid phase boundary
288–293

. Finally, NA activity 

removes Sia from HA and host cell surface glycoproteins allowing the release of newly 

assembled virions from infected cells to ensure further cycles of virus infection
294

. 

1.6.3 Hemagglutinin binding of sialic acid receptors 

HA initiates viral attachment to the host cell by binding to sialoglycoconjugates of cell 

surface glycoproteins and glycolipids and mediates membrane fusion after virus 

entry
295

. The 16 HA subtypes belong to two phylogenetically distinct groups, group-1 

HAs (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16) and group-2 HAs (H3, H4, H7, 

H10, H14, H15)
254,296

. HA is a type-I integral trimeric transmembrane glycoprotein with 

a molecular weight of 220 kDa. It consists of a N-terminal hydrophobic sequence that is 

cleaved off after the protein is inserted into the viral membrane, a short cytoplasmic tail 

and a transmembrane insertion domain close to the C-terminus
297

 (Figure 8). Each of the 

identical monomers binds to Sia at the membrane-distal tip of the globular head domain. 

The receptor-binding site consists of highly conserved amino acids and three conserved 

secondary structures, the 130- and 220-loops and the 190-α-helix
298–302

. Hydrophobic 

interactions together with hydrogen bonds with loop residues and conserved residues 

found at the base of the receptor-binding site are responsible for Sia binding, similar for 

all HAs
112,299

. 
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Figure 8. Structure of the 1918 influenza A virus hemagglutinin. 

Each of the three HA monomers consists of subunits HA1 (dark colors) and HA2 (light colors). 

The receptor binding site (colored circles) is part of the HA1 subunit and sits at the top end of 

the protein (pdb 1RUZ). 

 

Non-conserved amino acids of the glycan binding site between different influenza 

subtypes are involved in the interactions with the glycosidic linkage between Sia and 

Gal, which can be either α2,6 or α2,3 configured. The linkage type dictates its 

conformation when bound within the HA binding site. In complex with human HA the 

α2,6-linkage adopts a cis-conformation, while the α2,3-linkage is in a 

trans-conformation when bound to avian HA
300

 (Figure 9). According to NMR affinity 

measurements the Kd of human H3 and α2,3-sialyllactose is 3.2 mM, while it is 1.9 mM 

for α2,6-sialyllactose
295

. This low affinity is compensated by a high density of HA 

molecules per virion and the presence of many receptor glycans conferring a high 

avidity through the accumulation of multiple single binding events
303

.  
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A B 

Human H2 + human receptor analogue 

 

 

Avian H2 + avian receptor analogue 

 

 

Figure 9. Influenza A virus hemagglutinin H2 and sialic acid binding. 
The receptor-binding site is formed by three secondary structural elements the 130-, 190-, and 

220-loop. Human receptor analogue LSTc (Sialylneolacto-N-tetraose, 

Neu5Acα2,6Galβ1,4GlcNAcβ1,3Galβ1,4Glc) binds in trans-conformation to human H2 

(A/Singapore/1/57) (B), while avian receptor analogue LSTa (Sialyllacto-N-tetraose, 

Neu5Acα2,3Galβ1,3GlcNAcβ1,3Galβ1,4Glc) binds in cis-configuration to avian H2 

(A/duck/Ontario/77). Adapted from Liu et al.
300

 

 

1.6.4 Hemagglutinin receptor specificity in host range and tissue tropism 

Receptor specificity is traditionally studied through the ability of viruses to agglutinate 

red blood cells that possess different compositions of Sia receptors
304,305

. For example 

red blood cells from chicken possess predominantly α2,6-linked Sia, while α2,3-linked 

Sia is the main influenza virus receptor found on the red blood cells of turkeys and 

guinea pigs. Using the more recently developed glycan array technology chemically 

defined glycans can be analysed for their ability to bind recombinant HA and whole 

viruses
113,306,307

. The major finding of all agglutination and glycan array experiments is 

that avian influenza viruses preferably bind α2,3-linked Sia, while human adapted 

viruses favour α2,6-linked Sia to the penultimate Gal residue
308–313

. These differences in 

190-helix 

220-loop 220-loop 

130-loop 
130-loop 

190-helix 
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Sia specificity correlate well with the localisation of receptors in the infected tissues of 

different animal species. Maackia amurensis lectin that specifically binds α2,3-linked 

Sia and Sambucus nigra lectin that specifically binds α2,6-linked were used to study 

receptor distribution. α2,6-linked Sia is predominantly found on bronchial epithelial 

cells of the human upper respiratory tract, while α2,3-linked Sia is the main Sia linkage 

type in the human lower respiratory tract and on epithelial cells of avian intestines in 

line with the localization of IAV infection in humans and avians
314–317

.  oth α2,3- and 

α2,6-linked Sia receptors are found in the trachea of pigs
312

. Pigs are therefore believed 

to act as mixing vessels, in which coinfection of avian and human viruses could 

potentially result in a reassortant virus with pandemic potential
318

. Less expression of 

α2,3-linked Sia receptors in the human upper respiratory tract is thought to be one 

barrier for efficient infection of avian influenza viruses in humans. A switch from 

α2,3- to α2,6-linked Sia receptor specificity appears to be the most important step for 

any avian virus to adapt to human infection supported by the fact that both α2,6 specific 

pandemic viruses from 1957 (H2N2) and 1968 (H3N2) originated from avian-human 

reassortant viruses309,319. Table 4 summarizes Sia receptor distribution among 

various animal hosts of IAV including the presence of Neu5Gc. Most receptor binding 

studies focus on hemagglutinin Sia linkage specificity. Chapter 4 of this thesis 

investigates the role of Neu5Gc as a potential determinant for host range and tissue 

tropism in IAV. 
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Table 4. Sialic acid distribution in different animal species.  

Species       Distribution of sialic acid receptors 

Humans  α2,6 Sia predominantly in upper respiratory tract of non-ciliated cells
314,315

 

 α2,3 Sia predominantly in lower respiratory tract of ciliated 

cells
314,316,320,321

 

 no biosynthesis of Neu5Gc due to gene inactivation of the CMAH gene 

encoding for the CMP-Neu5Ac hydroxylase
322,323

 

 

Pigs  α2,6 Sia predominantly in respiratory epithelium
324–326

 

 Neu5Gc on epithelial cells of the trachea
327

 

 

Apes   less α2,6 Sia than humans
328

 

Ferrets  comparable Sia receptor distribution as humans
329,330

 

 dominant animal model for IAV and vaccine efficacy studies
331–335

 

 

Mice  both α2,3 and α2,6 Sia receptors on trachea and lung tissue
336

 

 also contain Neu5Gc 

 

Horses  α2,3 and α2,6 Sia
337

 

 α2,3 Neu5Gc most abundant in trachea
337

 

 

Dogs  predominantly α2,3 Sia receptors
338

 

 

Cats  unknown Sia receptor distribution 

 H5N1 infection occurs mainly in the lower respiratory tract as in 

humans
339

 

 

Chickens  both α2,3 and α2,6 Sia receptors in lung and intestine tissue
340–342

 

 

Quail  both α2,3 and α2,6 Sia receptors in intestine and trachea epithelium
340,341,343

 

 

Ducks  predominantly α2,3 Sia receptors in trachea
342,344

 

 α2,3 Sia and a2,3 Neu5Gc receptors in intestine
345

 

 

1.6.5 Molecular details of the receptor specificity switch in hemagglutinin 

Changes in receptor specificity occur through antigenic variation which introduces 

mutations in the HA protein that affect Sia interactions directly or indirectly by 

introducing new glycosylation sites that interfere with receptor binding
346,347

. In the 

cases of both human H2 and H3 the mutations L226Q together with S228G switches 

human type to avian type receptor specificity
306,319

. Some of the early H2N2 and H3N2 

pandemic isolates still contained amino acids associated with avian type receptor 

recognition and shows the early alterations within the binding properties after pandemic 
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viruses were introduced to humans
319

. Table 5 summarizes HA amino acids of the four 

pandemics strains that are associated with avian and human receptor binding specificity.  

Table 5. Hemagglutinin receptor binding specificity. 

Amino acids that confer receptor binding specificity to human and avian receptors for the four 

pandemic virus strains 

Pandemic 

virus 

Sia-linkage 

specificity 

human receptor  avian receptor 

1918 H1N1 α2,6 D190, D225 E190 + G225 

1957 H2N2 α2,6 L226, S228 Q226 + G228 

1968 H3N2 α2,6 L226. S228 Q226 + G228 

2009 H1N1 α2,6 (α2,3) D190, D225 E190 or K133, K145, K222 + G225 

 

H1 of the pandemic H1N1 virus from 1918 contains aspartic residues at positions 190 

and 225. The double mutation of E190 and G225 is able to change the specificity from 

α2,6- to 2,3-linked Sia
298,331

. A D225G substitution alone results in dual receptor 

binding. Identical D190E and D225G mutations within the H5 of avian H5N1 viruses 

decreases the binding of α2,3-linked Sia receptors, but does not decrease binding to 

α2,6-linked Sia
348

. Instead N186 and Q196 as well as a mutation of T160 that results in 

the loss of glycosylation were related to altered receptor specificity in H5N1 

viruses
347,349

. Two independent research teams have been successful in adapting H5 

containing viruses to efficiently transmit in ferrets by respiratory droplets
350,351

. The 

mutations necessary for this adaptation are not restricted to HA and must also occur in 

other viral proteins. Some of the mutations are already present in circulating H5N1 

viruses reinforcing the threat of H5N1 adaptation to humans
352

. Receptor studies of 

those ferret-transmissible H5 proteins showed a small increase in binding to human 

receptors while binding to avian receptors is strongly decreased, possibly due to the 

Q226L mutation
353–355

. A comparison of X-ray structures between avian H5 and an 

airborne ferret transmissible avian H5 mutant shows that both human and avian receptor 

analogues are bound in trans-conformation to the avian H5. Both receptors have cis-
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configuration when bound to the H5 mutant
355

. The switch between trans- and 

cis-configuration is caused by the L226Q mutation. The H7 of the very recent outbreak 

of H7N9 virus in China has a slightly higher affinity to human receptor compared to the 

H7 of an avian H7N3 virus
356,357

. Even so the H7 of the human isolate contains the 

Q226L mutation associated with other HAs of previous pandemics that have human 

receptor specificity (1957 H2, 1968 H3), a strong preference to avian receptors is 

retained
356,358,359

. X-ray structures of pandemic 2009 H1 reveal interactions with human 

receptors beyond Sia mediated by D190 and D225. On the contrary, avian receptors do 

not show any further interactions explaining the α2,6 Sia receptor preference of the 

2009 pandemic strain
360

. However, both H1N1 viruses from 1918 and 2009 prefer 

longer α2,6 Sia receptors over shorter glycans
114

. Longer α2,6-linked Sia glycans have a 

flexible umbrella-like topology, while shorter avian type α2,3-linked Sia glycans have a 

narrow cone-like topology
114

. Therefore in addition to Sia linkage, glycan length and 

topology play a role in the receptor binding preference of HA. 

1.6.6 Neuraminidase cleavage of sialic acid receptors 

NA cleave α-ketosidically linked terminal Sia from glycoproteins and glycolipids of the 

cell surface as well as from the viral glycoproteins hemagglutinin (HA) and NA, thereby 

facilitating the release of new virions from infected cells
294

. Rather, an exception is the 

D151G NA mutant seen in some H3N2 viruses. In these viruses NA activity is 

significantly reduced, while the binding to both human and avian type receptors is 

greater for NA than for HA suggesting that the role of NA in receptor binding may be 

underestimated
361

. Given the important roles of NA during virus infection, antibodies 

directed against the NA activity limit infection
362–364

. Antigenic variation is seen for NA 

to a similar extent as for HA. The nine NA subtypes are divided into two 

phylogenetically distinct groups: group-1 NA contains N1, N4, N5 and N8, and group-2 
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NA contains N2, N3, N6, N7, and N9
365

. All of those 9 subtypes are found in avian 

species, while only subtypes N1 and N2 have been part of human pandemic strains 

(1918 N1, 1957 N2, 1968 N2, and 2009 N1). Both 1918 N1 and 1957 N2 are most 

likely of avian origin, while the 1968 N2 was derived from the human 1967 H2N2 virus 

and the 2009 N1 has its origin in swine
366–369

. Despite antigenic differences between the 

NA serotypes all known NA X-ray structures are very similar. NA is a tetrameric 

glycoprotein consisting of identical subunits with a transmembrane domain, a stalk 

region variable in length and a head domain. Each of the four head domains have a six-

bladed propeller-like structure, in which the blades are formed by four antiparallel β-

sheets (Figure 10)
370

. 

Neuraminidase N6 tetramer N2 active site and sialic acid 

 

 

 
 

Figure 10. Influenza A virus neuraminidase and sialic acid binding. 

Top view of the X-ray crystal structure of neuraminidase subtype N6 (1V0Z). Each of the four 

identical subunits has a six bladed propeller β-sheet organization. Right. Zoom into the active 

site of N2 with bound sialic acid (2BAT). Crucial glycan-protein interactions are shown, 

hydrogen bonds in black and salt bridges in red. 

 

The active site is found in the center of the head domains and includes a high number of 

conserved charged amino acids
371

. The key amino acids for Sia binding are three 

conserved arginine residues, R118, R292, and R371 that form salt bridges with the 
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carboxylate group of the Sia substrate. Another arginine residue R152 interacts with the 

N-acetamido group and E276 forms hydrogen bonds with the 8- and 9-hydroxyl groups 

(Figure 10).  

1.6.7 Neuraminidase inhibitors 

The study of the NA reaction mechanism of Sia cleavage led to the discovery of 

Neu5Ac2en as a micromolar inhibitor mimicking the apparent transition-state of the 

cleavage reaction
373

 (Figure 11). With the availability of X-ray structures of N2 and N9 

NA structure-based drug design facilitated the design of zanamivir, which has a 

guanidino group replacing the hydroxyl group at C-4 of Neu5Ac2en
374

. Zanamivir 

shows much improved binding affinity by making favourable interactions through the 

guanidino group with conserved amino acids (Glu119, Asp151, Glu227, and Trp178). 

Proving to be efficient as an inhaled drug in influenza infected mice and ferrets, 

zanamivir was finally approved for humans in 1999 and is sold under the trade name 

Relenza
®374

. Oseltamivir carboxylate (OC) or Tamiflu
®
 was approved shortly after 

zanamivir and can be used orally due to its increased lipophilicity, achieved by 

replacing the glycerol side chain with a lipophilic 1-ethylpropoxy group and an amino 

group replacing the hydrophilic guanidino group in zanamivir
375

. Efficacy studies of OC 

during the 2009 pandemic showed that patients who were given OC within 48 hours 

after onset of symptoms had a reduced chance of 49 to 65 % of severe illness and 

death
376

. All NA inhibitors share a common mode of binding to the conserved active 

site of NA
365

 (Figure 11). Differences are observed for the interaction with Glu276, 

zanamivir forms hydrogen bonds via the glycerol side chain, while OC forces a 

rearrangement of Glu276. After the rearrangement OC interacts with Arg224 producing 

a hydrophobic pocket which then accommodates the 1-ethylpropoxy side chain of OC. 
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Neu5Ac2en Zanamivir Oseltamivir carboxylate 

   

   
   

   

Figure 11. Influenza A virus neuraminidase and inhibitor binding. 

Neuraminidase N8 in complex with neuraminidase inhibitors Neu5Ac2en (pdb 2HTR), 

zanamivir (pdb 2HTQ) and oseltamivir carboxylate (pdb 2HT8). 

 

1.6.8 Resistance to neuraminidase inhibitors 

Early studies indicated that viruses containing resistance mutations against antivirals 

had a reduced viral fitness and were therefore less likely to transmit
377,378

. Therefore it 

was surprising that the replacement of the seasonal H1N1 strain in 2007 by a H1N1 

strain that carried an OC resistant mutation H274Y occurred within two years. 

Permissive mutations in NA especially in combination with adaptations in the HA 

protein promoted virus replication in the presence of the H274Y mutation that had been 

previously shown to confer low viral growth
378–381

. Meanwhile numerous antiviral 

resistance mutations, most of them directed against OC, emerged that cause 

significantly lower susceptibility to NA inhibitors. (Table 6). 
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Table 6. Neuraminidase resistance mutations. 

Listed are only mutations that confer significant less sensitivity to zanamivir or oseltamivir 

carboxylate compared to IAV wild type. 

IAV subtype Oseltamivir carboxylate Zanamivir 

H1N1 H274Y Q136K, Y155H 

H1N1 pdm09 H274Y - 

H3N2 E119D/V, R292K, N294S E119D/G 

H5N1 I222V/M, H274Y, N294S - 

 

Some of the resistance mutations are subtype and inhibitor specific, for example the 

H274Y mutation is specific for OC resistance in N1 including the former seasonal 

H1N1, 2009 pandemic H1N1 as well as H5N1 viruses
382

 (Figure 12). 

N1 H274 and OC N1 Y274 and OC resistance 

 

  

Figure 12. Structural basis of oseltamivir resistance in group-1 NAs. 

Left - Binding of oseltamivir carboxylate (OC) to drug sensitive N1 (pdb 2HU4). Right - Upon 

mutation to 274Y the more bulky tyrosine residue prevents the rearrangement of the side chain 

of Glu276 and its interaction (pdb 3CL0). In group-2 NAs residue 252 is a threonine instead of 

another tyrosine in group-1 NAs. Only the threonine in case of N2 but not the tyrosine in group-

1 NAs allows a conformational rearrangement of the Y274 that allows the Glu276 to reposition 

upon OC binding ensuring optimal interactions. 

 

1.6.9 Structural differences between group-1 and group-2 neuraminidases 

While the overall position of active site residues between group-1 NA (N1, N4, N5, N8) 

and group-2 NA (N2, N3, N6, N7, N9) is very similar, there are significant differences 
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in adjacent regions particularly in the 150-loop (aa147-152)
365

 (Figure 13). This loop is 

in a closed conformation for group-2 NAs and the development of NA inhibitors like 

zanamivir and OC is based on group-2 NA structures (N2 and N9). In contrast 

structures of group-1 NAs show a rearrangement of the 150-loop in a more open 

conformation resulting in an extended active site compared to group-2 NAs. Molecular 

dynamic studies are an excellent tool to study protein flexibility and demonstrate that 

the 150-loop in group-2 NAs is much more rigid than in group-1 NAs due to additional 

salt bridges in the 150- and 430-loop in group-2 NAs
383

. An exception is the 150-loop 

of the 2009 pandemic N1 that has been crystallised in its closed conformation, but has 

been shown to be able to adopt the open conformation in the I223R mutant
384,385

. 

However, all known structures of group-1 NAs in complex with Neu5Ac2en, zanamivir 

and OC demonstrate the flexibility of the 150-loop that closes upon inhibitor 

binding
382,386

. 

group-2 NA group-1 NA group-1 NA 
Neu5Ac2en 

group-1 NA 
3-(p-tolyl)allyl-

Neu5Ac2en 

    

Figure 13. Structural differences of the 150-loop between group-1 and group-2 NAs. 

Group-1 NAs contain the extra 150 cavity adjacent to the active site due to the flexible 150 loop 

(pdb 2HT5), which is more rigid in group-2 NAs and is closed in the apo structure (pdb 2BAT). 

Upon Neu5Ac2en inhibitor binding, group-1 NAs display the 150 loop in a closed conformation 

(pdb 2HTR). 3-(p-tolyl)allyl-Neu5Ac2en exploits the 150 cavity and is able to block the NA 

active site while the 150 loop is locked open (pdb 3O9K). 

 

A new generation of NA inhibitors like 3-(p-tolyl)allyl-Neu5Ac2en exploit this 

additional 150-cavity of group-1 NAs and forces the 150-loop to remain in its open 
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conformation
387,388

. Inhibition assays showed a high selectivity of this inhibitor for 

group-1 NAs including the 2009 pandemic N1 over group-2 NAs
389

. Within this thesis 

novel neuraminidase inhibitors will be evaluated that, similar to 3-(p-tolyl)allyl-

Neu5Ac2en, exploit the 150-cavity (Chapter 5).  

1.7 Scope of this thesis 

Glycans play a major role in the virulence of many pathogens. Proteins that are involved 

in the synthesis, binding and degradation of those important glycans are potential drug 

targets to inhibit viral entry and replication. Identification and characterisation of 

glycan-protein interactions at an atomic level therefore form the basic understanding for 

the development of novel therapeutic approaches.  

The research within this thesis is focused on three major human pathogens: Neisseria 

meningitidis serogroup B (NmB), rotavirus and influenza A virus (IAV). The 

polysaccharide capsule of NmB is an important virulence factor for the bacterium and 

therefore the inhibition of enzymes involved in capsule biosynthesis constitutes a novel 

antibacterial strategy. In addition, viruses like rotavirus and IAV use glycans presented 

on the surface of the host cell for initial virus cell attachment and entry. Structural 

information about cell surface glycan-binding to viral lectins may facilitate the 

development of cell-entry inhibitors for antiviral intervention. The IAV neuraminidase 

(NA) has already been successfully exploited as an anti-influenza drug target by 

blocking its Sia cleavage activity. However, the emergence of resistance against the 

available inhibitors makes the development of new NA inhibitors essential. 
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The specific objectives of this thesis are the following: 

Chapter 2: Determining the general topology, substrate engagement and reaction 

mechanism of NmB polysialyltransferase utilising secondary structure prediction, site 

directed-mutagenesis and NMR binding studies. 

Chapter 3: Investigating the role of GM1a ganglioside and histo-blood group antigen 

binding for rotavirus host cell invasion by NMR binding studies of VP8*. 

Chapter 4: Employing NMR spectroscopy to study the relevance of the sialic acid type 

for influenza A virus host cell tropism.  

Chapter 5: Exploring unsaturated glucuronides and 3-N-substituted Neu5Ac2en 

derivatives as novel sialic acid based IAV neuraminidase inhibitors. 



 

46 

 



  Chapter 2  

47 

 

CHAPTER 2 

POLYSIALIC SYNTHESIS IN NEISSERIA MENINGITIDIS 

SEROGROUP B 

2.1 Preface 

Polysialylation is a remarkable glycosylation feature of some bacteria and many 

vertebrates. Polysialic acid (polySia) is a homopolymer of α2,8-, α2,9- or alternating 

α2,8-/α2,9-linked N-acetylneuraminic acid (Neu5Ac) and a major component of the 

capsule of several pathogenic bacteria
79–83

. One example is Neisseria meningitidis 

serogroup B (NmB), the leading cause of meningitis in the developed world
74

. The 

bacterial polysaccharide capsule of Nm  consists of α2,8-polySia and contributes to the 

high virulence of NmB. The high degree of polymerisation (DP) of polySia, with 

approximately 200 sialic acid units, causes a high concentration of negative charge and 

a large hydration volume
53,390

. The unique chemical and physical properties of polySia 

enable masking of antigenic lipopolysaccharides and protection for the bacterium 

against phagocytosis
78

. In addition, polysialylation is a prerequisite for the bacterium to 

cross the blood brain barrier and infect the central nervous system. Interestingly, the 

human host possesses chemically and immunologically identical α2,8-polySia structures 

as posttranslational modifications of some neural proteins
391

. As a consequence, the 

bacterium is able to avoid the immune system through antigen mimicry
77

. This mimicry 

is also the reason why vaccines based on the polysaccharide capsule are not effective 

against NmB. As an alternative to vaccines enzymes involved in the biosynthesis of 

polySia represent attractive drug targets for novel therapeutic approaches. 

Polysialyltransferases (polySTs) for example are key enzymes for polySia elongation 

and are part of the bacterial capsule biosynthesis complex. PolySTs are located at the 

cytosolic side of the bacterial inner-membrane, where they transfer Neu5Ac from a 
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cytidine-5´-monophospho-N-acetylneuraminic acid (CMP-Neu5Ac) donor substrate to 

the non-reducing end of a growing polySia acceptor. Bacterial polySTs are not 

homologue to their mammalian counterparts and therefore form a separate 

glycosyltransferase (GT) family, namely GT-38
96

. Conserved functionally important 

peptide motifs (D/E-D/E-G, HP, SS) have been identified among all bacterial polyST 

and also in sialyltransferases of the GT-80 family
97

. X-ray crystal structures of 

sialyltransferases have been resolved and reveal a GT-B fold of two Rossmann 

domains, that is typical for many sialyltransferases
107

. It has been predicted that all 

bacterial polySTs have the same protein fold, however attempts to crystallize these 

important enzymes have been unsuccessful. Within the scope of this thesis 

CMP-Neu5Ac sialic acid donor and polySia acceptor binding to NmB polyST were 

investigated at an atomic level using secondary structure prediction, site-directed 

mutagenesis and Saturation Transfer Difference (STD) NMR spectroscopy. The detailed 

structural information obtained was used to propose a binding model that provides 

crucial information on how polySTs work and might eventually assist in the design of 

novel therapeutic approaches using substrate mimetics as enzyme inhibitors. The 

secondary structure prediction of NmB polyST is consistent with the known GT-B fold 

structure of sialyltransferases of the GT-80 family. Using site-directed mutagenesis and 

STD NMR spectroscopy the HP-motif was identified to be essential in the coordination 

of the donor substrate, in particular of the sialic acid and ribose moiety, but interestingly 

not the cytosine moiety. Mutations within the DEG-motif did not affect substrate 

binding, supporting the proposed role of the aspartic acid residue as a general base that 

activates the acceptor for efficient transfer. Further STD NMR experiments suggest the 

existence of an extended sialic acid acceptor binding site that can accommodate at least 

six sialic acid residues simultaneously. STD NMR experiments with C- and N-terminal 
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truncation mutants propose a binding model in which the polySia acceptor binding site 

is located within the N-terminal 1
st
 Rossmann domain and the CMP-Neu5Ac acceptor 

binding site is part of the C-terminal 2
nd

 Rossmann domain. Overall, our 

multidisciplinary study provides the first substrate binding model of a 

polysialyltransferase and suggests a conserved reaction mechanism of sialic acid 

transfer between bacterial polysialyltransferases (GT-38) and sialyltransferases of the 

GT-80 family. 
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Defining a Substrate-Binding Model of
a Polysialyltransferase
Friedrich Freiberger,[a] Raphael Bçhm,[b] David Schwarzer,[a] Rita Gerardy-Schahn,[a]

Thomas Haselhorst,*[b] and Mark von Itzstein*[b]

The linear polymer of a2,8-linked sialic acid (polysialic acid;
polySia) occurs in a range of organisms, from bacteria to
man.[1] Neuroinvasive bacteria, for example Neisseria meningiti-
dis serogroup B (NmB), uses polySia as a capsular component
for molecular mimicry, to protect the bacterium against the
host immune system.[2] The enzymes that synthesise polySia,
the polysialyltransferases (polySTs), are in the Golgi of verte-
brates and are part of the membrane-associated capsule bio-
synthesis complex in bacteria.[3] Despite the importance of
polySia in (onco)development[4] and bacterial invasion,[5] there
is a paucity of detailed atomic-level structural information to
exploit these enzymes in therapeutic approaches. We have
previously cloned the polyST from NmB and expressed func-
tional enzyme as a fusion with maltose binding protein.[6] The
first published atomic-level information on acceptor and donor
substrate binding demonstrated that the nucleoside moiety of
cytidine monophosphate (CMP)-Sia makes closer contacts to
the protein than the sialic acid moiety. Moreover, DP3 (degree
of polymerization 3, a trimer of a2,8-linked Sia) was shown to
be entirely accommodated in the acceptor binding site.[7]

Herein we have used a multidisciplinary approach (bioinfor-
matics, NMR spectroscopy and site-directed mutagenesis) to
determine polysialyltransferase structure–function relation-
ships. Our approach has enabled us to construct a binding
model that significantly advances the understanding of the
general topology of NmB polyST and its mode of substrate en-
gagement.

NmB polyST synthesises polySia with an a2,8-glycosidic link-
age; other bacterial polySTs produce the same polySia, or var-
iations thereof with different glycosidic linkages. These en-
zymes form a distinct family (GT38) in the Carbohydrate-Active
Enzymes (CAZY) database.[8] All enzymes in the GT38 family
are predicted to have a GT-B fold consisting of two similar
Rossmann domains.[9] As crystal structures of bacterial GT-B sia-
lyltransferases exist,[10] we set out to construct a structural
model for NmB polyST based on these structures. The program

phyre[11] was used to predict secondary structure elements in
NmB polyST. The linear sequence of secondary structure ele-
ments was then manually aligned to the respective elements
identified in GT-B enzymes for which crystal structures exist
(see Figure S1 in the Supporting Information). In this second
step, the highly conserved bacterial sialyl motifs D/E-D/E-G,
HP[6] and SS[12] were manually overlaid, and gaps were intro-
duced to allow optimal fitting of secondary structure elements.
After refinement of the linear organisation in ClustalO,[13] the
information was used to build the model shown in Figure 1.

NmB polyST overlays well with the GT-B fold consisting of
two Rossmann domains (RDs).[14] The first RD (aa 36–207) con-
tains seven b-sheets, and the second (aa 240–382) contains six
b-sheets, both domains representing a 321456(7) order. Loops
connecting the b-strands (Figure 1 loops 1 to 12) form the sur-
face of the interdomain cleft, known to have important func-
tions for catalytic activity.[15] In accordance with their proven
function in catalysis,[6, 12] the bacterial sialyl motifs are part of
these loops, and this suggests that the first RD is involved in
acceptor binding, and the second RD is responsible for donor,
CMP-Sia, recognition (Figure 1). A stretch of 35 amino acids at
the N terminus precedes the first RD, and 112 C-terminal
amino acids follow the second RD.

To interrogate the proposed model by saturation transfer
difference (STD) NMR spectroscopy, we made use of a panel of

[a] Dr. F. Freiberger,+ Dr. D. Schwarzer, Prof. Dr. R. Gerardy-Schahn
Institute for Cellular Chemistry, Hannover Medical School
Carl-Neuberg Strasse 1, 30625 Hannover (Germany)
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[+] These authors contributed equally to this work.

Supporting information for this article is available on the WWW under
http://dx.doi.org/10.1002/cbic.201300367.

Figure 1. Structural model of NmB polyST. Secondary structural elements of
both Rossmann folds are marked as cylinders (a-helix) and arrows (b-sheet).
Loops facing the interdomain space are marked in orange and numbered
according to their position in the sequence. The highly conserved sialyl
motifs DEG, HP and SS are highlighted.
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mutants containing either N- (N-D23, N-D33, N-D64) or C-ter-
minal truncations (C-D98, C-D147), or point mutations in the
functionally essential sialyl motifs (E153A, G154A, H278A,
P279A, H278A/P279A, S328A, S329A). The mutants were ex-
pressed as fusion proteins with maltose-binding protein (MBP).
Strikingly, whatever their catalytic activity, all mutant proteins
showed binding activity to CMP-Sia in a mode comparable to
that of the wild-type enzyme (Figure 2; complete spectra in
Figure S2).[7] In line with the identified function in CMP-Sia
binding, decreases in the absolute STD signals were observed
for the HP-motif mutants H278A, P279A and H278A/P279A
(Figures 2 and S2). STD NMR signal intensities for H6Cyt, H5Cyt,
H1’, H3’/H2’Rib, H3eq

Sia and NHAcSia protons were substantially
reduced compared to the wild-type enzyme. From these obser-
vations we conclude that the binding affinity of CMP-Sia to the
HP-motif mutants is significantly reduced. For the serine muta-

tions S328A and S329A no significant change in absolute STD
NMR signal intensities for CMP-Sia were detectable, thus lead-
ing to the assumption that these serine mutations are not suf-
ficient to alter the binding epitope of CMP-Sia. Interestingly,
these amino acids are essential for enzymatic polyST activity,[6]

and sialyltransferase X-ray structures have shown that the SS
motif is involved in binding to the phosphate residue of
CMP.[10]

In the sequence alignment (Figure S1), E153 matches aspart-
ic acid residues D141,[15] D148[10b] and D232[10c] in homologous
enzymes, and acts as a general base for deprotonation of the
acceptor sugar. Additionally, our STD NMR spectra show no
significant alteration compared to wild-type for CMP-Sia bind-
ing in the inactive mutant E153A (Figure 2). This supports the
function of E153 in NmB polyST as a general base.

Epitope maps of CMP-Sia binding were determined for all
mutants. The relative STD NMR signal intensities were calculat-
ed by setting the H1 proton of the ribose moiety to 100% (Fig-
ure S3A). Additionally, STD NMR spectra data of the wild-type
enzyme were subtracted from the corresponding STD NMR
values of mutants (Figure S3B; for illustration, values showing
a change in saturation of !15 and "#15 are highlighted in
red). From these data it is immediately obvious that the bind-
ing of CMP-Sia is different for HP mutants compared to wild-
type. Although the binding epitope of the cytosine moiety is
identical between mutants and wild-type polyST, the Sia and
ribose signals are increased. This observation reflects CMP-Sia
reorientation, with the position of the cytosine moiety un-
changed. Sia reorientation hinders fast and efficient Sia trans-
fer, consistent with the observed 90% decrease in activity for
the H278A and P279A mutants.[6] Our results suggest that
loop 8, which contains the HP motif (Figure 1), is therefore es-
sential in the coordination of both the ribose and Sia moieties,
but interestingly not of the cytosine moiety. Similar changes in
ribose binding were seen for C-terminal the truncation mutant
C-D147. This and C-D98 showed, in addition, marked reduction
in the saturation transfer to the N-acetamido-group protons.
This finding is in excellent agreement with earlier data, thus
emphasizing the importance of the C terminus, not only for ac-
tivity[6] but also for CMP-Sia binding.[10] The lack of a stabilisa-
tion through the N-acetamido group presumably disrupts the
overall architecture of the donor-substrate-binding site; this
hinders the correct orientation of CMP-Sia, thereby resulting in
a significant loss of activity for C-terminal mutants.

Earlier studies have suggested that the N-terminal RD in GT-
B enzymes contains the acceptor binding site.[9] We have
undertaken an extensive STD NMR study to determine the
involvement of the RD for acceptor recognition. Starting with
the minimal acceptor DP2 (a dimer of a2,8-linked Sia), the
binding of acceptors with increasing size (up to DP6) was ana-
lysed by STD NMR spectroscopy. Double STD NMR spectra
(STDD) were obtained by subtracting the control STD NMR
spectrum of the MBP complex from the STD NMR spectrum of
NmB polyST–MPB fusion protein complex, to remove any
unwanted binding to the tag. The spectra clearly demonstrate
that the H3eq protons in DP2–DP6 as well as the N-acetamido
groups’ methyl protons receive strong saturation through the

Figure 2. Top: absolute STD NMR signals of wild-type NmB polyST and mu-
tants in complex with CMP-Sia. Bottom: representative mutants of each
sialyl motif, N- and C-terminal truncation are compared to wild-type. (For
complete spectra see Figure S2.)
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protein (Figures 3B and S4). Interestingly, the relative ratios of
the H3eq nonred, H3eq int and H3eq red STD NMR signals for the DP2–
DP6 acceptor molecules correspond to similar ratios obtained
for the signals in the 1H NMR spectrum. This analysis demon-
strates that all Sia residues make contact with the protein, thus
supporting the existence of an extended acceptor binding site
that can accommodate at least six Sia residues (Figure 4). The
existence of an extended binding site is further supported by
the fact that shorter substrates (e.g. DP3 or DP4) are less effi-
ciently used as substrates, compared with DP5.[16] Weak STD
NMR signals were observed upon binding of free sialic acid
(DP1; Figures 3 and S4). This could be explained by the fact
that the acceptor needs at least one a2,8-glycosidic linkage for
efficient binding. In addition, free Sia in solution exists as an
a and b mixture (ratio 5:95). However, glycosidic linkages in
polySia are exclusively a-configured, and only the reducing
end Sia can display either the a or b configuration. To further
investigate this, we used a synthetic sialic acid derivative in
which the anomeric centre was configurationally locked by
methylation, to afford either a-configured (Siaa2Me) or b-con-
figured form (Siab2Me). An equimolar mixture of these com-
pounds was used in complex with NmB polyST, and the results
were analysed by STD NMR spectroscopy. Most striking was
the predominant STD NMR signal for the N-acetamido group
of Siaa2Me (Figure 3C), compared to the weaker signal for
Siab2Me. Also, in the case of the complex of the Sia dimer

Figure 3. Signals of the N-acetamido protons are shown for A) STDD NMR
experiments of DP3 and DP6 with wt polyST and truncation mutants,
B) STDD NMR experiments of DP1–DP6 with wt polyST and N-D64 truncation
mutant. STD NMR spectra of MBP were subtracted from polyST and mutant
STD NMR spectra. C) 1H and STD NMR spectra of Siaa2Me and Siab2Me
(equimolar) in complex with wt polyST.

Figure 4. Putative binding model of NmB polyST. The acceptor-binding site on the first Rossmann domain accommodates at least six Sia acceptor residues;
the A2 binding pocket is essential for coordination of the first internal a-configured Sia. The A1 site binds the nonreducing end of the polySia thereby expos-
ing the 8-hydroxyl group for reaction. The second Rossmann domain harbours the CMP-Sia binding site. The conserved bacterial sialyl motifs D/E-D/E-G, HP
and SS are highlighted in red. The cytidine moiety makes strong interaction with the donor binding site. Protein flexibility occurs around the ribose moiety
upon acceptor binding to ensure optimal presentation of the Sia residue for nucleophilic attack through an SN2-like reaction, thereby resulting in an inverted
anomeric configuration.
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(DP2) with NmB polyST, high STD NMR intensities for both Sia
residues (Figure S4h and h’) were observed, despite the fact
that the dimer is only a very weak acceptor for NmB polyST.[6]

This observation supports the notion that DP2 binds randomly
between the A2 and A6 sites (Figure 4) and results in the non-
reducing end sugar predominantly distal to the active site. Our
proposed model for the acceptor binding site (Figure 4) sug-
gests the likely existence of at least six Sia recognition sites,
which preferentially recognize a-configured Sia. Furthermore,
for efficient acceptor recognition and Sia transfer at the A1
site, DP3 is the minimum required length (Figure 4).

Based on our wild-type enzyme acceptor substrate-binding
model, we used truncation mutants to investigate acceptor
recognition (Figure 3A) in more detail. Interestingly, all mutant
protein–DP3 and –DP6 complexes showed STDD NMR signal
intensities that were comparable to that for the wild-type pro-
tein (Figure 3A), with the exception of the complex with the
N-terminal truncation mutant N-D64. The significant decreases
in STD NMR acceptor signals for mutant N-D64 were found to
be independent of the size of the acceptor (DP2–DP6). This
effect was less pronounced for the complex with free Sia (Fig-
ure 3B).

Truncation of the first 33 amino acids (mutant N-D33) did
not have an impact on the first RD (Figure 1), and activity was
maintained.[6] In contrast, removal of a further 31 amino acids
(N-D64) introduced a cut in the second b-strand and eliminat-
ed elements that are essential for the establishment of the
Rossmann fold. The architecture of this fold must therefore be
disturbed, thereby leading to loss of overall activity (due to
loss of the acceptor binding site). Most interestingly, the C-ter-
minal truncation mutants fully retained the acceptor binding
properties. This suggests that the second RD is not involved in
binding of acceptor molecules, but is predominantly involved
in CMP-Sia recognition.

To gain a more in-depth knowledge about structural
changes upon donor substrate and acceptor glycan binding,
an epitope map of CMP-Sia bound to inactive mutants of NmB
polyST (E153A, G154A, H278A/P279A, S328A, S329A, N-D64, C-
D98, and C-D147) was calculated. This was subtracted from
the epitope map of an equimolar mixture of CMP-Sia and DP3
in complex with the same mutants (Figure S3C).

Interestingly, no major change in the relative STD NMR
values of the cytosine and Sia moieties of CMP-Sia was ob-
served. In contrast, the ribose moiety received significantly less
saturation from the protein (Figure S3C) when in complex with
the acceptor DP3, for all NmB polyST mutants. We have shown
recently by STD NMR experiments that the Sia donor substrate,
CMP-Sia, binds in a deep cleft of the enzyme, with the cytosine
and ribose moieties in close proximity to the protein,[7] similar-
ly to the X-ray crystal structure of the related PmST1.[15] Based
on our NMR analysis we propose that induced structural rear-
rangement upon acceptor binding of the NmB polyST causes
less-tight binding of the ribose moiety of CMP-Sia. This struc-
tural change facilitates 1) optimal presentation of the Sia resi-
due for a nucleophilic attack through an SN2-like reaction,
thereby resulting in an inverted anomeric configuration, and
2) efficient release of CMP.

Taken all data together, our NMR structural analysis of NmB
polyST led to a binding model for CMP-Sia and acceptor sub-
strate recognition. Figure 4 shows a model of the NmB polyST’s
active and binding sites stretching over a large area of the pro-
tein surface, thereby enabling accommodation of at least
a hexamer of a2,8-linked Sia (DP6). The nonreducing end of
this DP6 acceptor substrate must reach into the active site,
where an additional Sia moiety will be added. We propose that
the N-acetamido group plays a pivotal role in binding of the
acceptor to NmB polyST, as the corresponding protons dis-
played the most prominent signals in all (DP2–DP6) acceptors
(Figure S4). Loops 1 to 5 (Figure 4) constitute a part of the ac-
ceptor-binding site and are involved in acceptor binding. The
A2 binding pocket (high affinity for a2,8-linked Sia) is involved
in accommodating the second Sia residue of the polySia chain.
This readily explains why an Sia dimer (DP2) cannot serve as
an efficient acceptor,[6] as it lacks an a-configured glycosidic
linkage Sia at the reducing end. Therefore, DP2 orients itself
predominantly in the a2,8-linked specific binding region in the
area between A2 and A6 of the acceptor binding site, most
likely without the nonreducing end reaching into the active
site. Willis et al.[17] reported that GD3-FCHASE (Neu5Aca2,8-
Neu5Aca2,3Galb1,4GlcbFCHASE) is a suitable acceptor. This is
in excellent agreement with our proposed binding model : that
the internal Sia in a-configuration is coordinated in the A2
pocket ; the other Sia extends into the A1 Sia binding pocket.

Loop 5 is close to the active site and contains the D/E-D/E-
G-motif. We have recently shown that this motif is critical for
enzymatic activity. We propose that E153 could function as the
general base that deprotonates the 8-hydroxyl group of the
nonreducing Sia residue. Nucleophilic attack at the anomeric
carbon of CMP-Sia by the deprotonated C8 oxygen is then en-
abled. Subsequent release of CMP is facilitated by proton don-
ation from H278 of the HP-motif. This nucleophilic substitution
reaction is proposed to proceed by an inverting mechanism,
and is consistent with previous predictions.[9, 18] Residues H278
and P279, which together form the conserved HP motif, are
crucial for CMP-Sia donor orientation. In addition, the SS-motif
is involved in stabilizing the leaving group CMP. Upon acceptor
binding, a reorientation of the NmB polyST in the donor-bind-
ing pocket close to the ribose moiety might take place, there-
by leading to efficient binding of the Sia donor substrate.

In summary, by using a multidisciplinary approach that in-
cluded extensive site-directed mutagenesis, STD NMR spectros-
copy and homology modelling, we propose the first binding
model and reaction mechanism for the polyST of N. meningiti-
dis serogroup B. The essential amino acids for enzyme catalysis
were identified, and the proposed N-terminal RD was shown
to be involved in polySia acceptor binding, whereas the C-ter-
minal RD is involved in CMP-Sia recognition. Our data also pro-
vide evidence that the general conserved reaction mechanism
of GT80 family sialyltransferases could also apply to the GT38
family of prokaryotic polySTs.
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Experimental Section

General: CMP-Sia and D2O (99.9%) were purchased from Sigma–
Aldrich, and the a2,8-linked oligomeric sialic acids (DP2–DP6) were
purchased from Nacalai Tesque (Kyoto, Japan). All NMR experi-
ments were performed on an Avance 600 MHz NMR spectrometer
(Bruker) equipped with a 5 mm cryoprobe and Shigemi tubes. The
measurements were performed in deuterated TRIS buffer ([D]TRIS;
20 mm, pH 8.0) containing MgCl2 (4 or 6 mm).

Cloning of NmB polyST wt and mutants: Cloning was performed
as previously described.[6] Single point mutants S328A and S329A
and the C-terminal truncation MBP-NmB-D147 (C-D147) were ob-
tained by QuickChange site-directed mutagenesis (Stratagene) by
following the manufacturer’s instructions with plasmid pET23a-
NmB-polyST[6] as template. Mutated polySTs were subcloned at
BamHI and NotI sites of pET23a, and at NheI and NotI sites of
a pMBP-strep plasmid.[6] Mutagenic primers were: KS336 (5’-gga att
ata ggc ctg gcc gtc agt tct tta att tat aca cc-3’), KS337 (5’-ggt gta
taa att aaa gaa cta gcg gcc agg cct ata att cc-3’), KS338 (5’-gga att
ata ggc ctg gcc tct gct tct tta att tat aca cca tta c-3’) and KS339
(5’-gta atg gtg tat aaa tta aag aag cag agg cca ggc cta taa ttc c-3’).
KS333 (5’-gca tgg atc cct aaa gaa aat aaa aaa agc tct t-3’) and
KS334 (5’-gca ggc ggc cgc aaa tgt ttc ttc tgt ttt aaa ga-3’) were
used for amplification of 147aa comprising the C-terminal trunca-
tion of NmB polyST.

Expression of the soluble NmB polyST–MBP fusion protein: The
expression of MBP–polyST wt and mutants was done as previously
described[6] with minor modifications. In brief, expression was ach-
ieved by transforming BL21 (DE3) Gold cells (Stratagene) in Power-
BrothTM medium (AthenaES, Baltimore, MD) containing carbenicil-
lin (125 mgL!1) at 37 8C and 225 rpm. Cells were grown to OD600=
0.9 before being cooled to 15 8C. At OD600=1.8, induction by iso-
propyl b-d-thiogalactopyranoside (0.1 mm) was applied. Cells were
harvested after 24 h induction. Recombinant proteins were purified
as previously described, by using TRIS buffer (100 mm, pH 7.5) con-
taining DTT (1 mm). Bio-Spin 30 Tris Chromatography Columns
(Bio-Rad, Hercules, CA) were used to exchange the storage buffer
with the NMR buffer [D]TRIS (20 mm) containing MgCl2 (4 mm,
pH 8.0), suitable for NMR experiments. After initial centrifugation
(170g, 1 min, 4 8C) the column was washed (4!500 mL ) with the
NMR buffer and centrifuged again. Protein samples were loaded
and then eluted by the same centrifugation protocol. The final pro-
tein concentration was determined by using a standard Bradford
assay.

Saturation transfer difference (STD) NMR experiments: STD NMR
experiments were performed at 283 K and pH 8.0 with a protein
concentration of 8 mm and ligand concentration of 0.8 mm. Protein
was saturated on-resonance at !1.0 ppm and off-resonance at
33 ppm, with a cascade of 40 selective Gaussian shaped pulses
(50 ms duration, 100 ms delay between each pulse; total saturation
time 2 s). CMP-Sia and acceptors (Sia, DP2–DP6) were added (pro-
tein/ligand molar ratio 1:100) to a final concentration of 0.8 mm,
and 1024 scans per STD NMR experiment were acquired; a WATER-
GATE sequence was used to suppress the residual HDO signal. A
weak spin-lock filter with strength of 5 kHz and 10 ms duration
was applied to suppress protein background.

Saturation transfer double difference (STDD) NMR experiments:
STDD NMR experiments were obtained by subtracting the STD

NMR spectrum of the ligand in complex with MBP from the STD
NMR spectrum of the ligand in complex with the NmB polyST–
MBP fusion protein. This double difference approach completely
eliminates potential unspecific signals that arise from the fusion
tag.
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Supplementary Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S1. Sequence alignment of CAZy family GT38 polysialyltransferases and crystallized sialyltransferases of GT80 family.  
Sequences of polysialyltransferases of Neisseria meningitidis serogroup B (NmB_polyST) serogroup C (NmC_polyST) Escherichia coli K1 (E. c. 
K1_polyST) and Escherichia coli K92 (E.c.K92_polyST) are aligned with the sequences of sialyltransferases from Pasteurella multocida 
PmST1) Photobacterium phosphoreum (JT-ISH-467) and Vibrionaceae photobacterium sp. (JT-ISH-224). A manual alignment based on 
secondary structure prediction was done before using HHpred[S1] for a final refinement. Predicted !-helices are represented as grey boxes, "-
sheets as black arrows. Highly conserved motives (D/E-D/E-G, HP and SS motif) are boxed in red.  
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Figure S2. 1H-NMR and STD NMR experiments of 0.8 mM CMP-Sia in complex with maltose binding protein (MBP) and MBP-NmB polyST 
fusion proteins (wild type (WT), E153A, G154A, H278A, H279A, HP278/279AA, S328A, S329A, N-D23, N-D33, N-D64, C-D98, C-D147). The 
on-resonance frequency was set to -1.00 ppm and the off-resonance to 33.3 ppm. The total saturation was 2 sec. The residual water signal was 
removed using a WATERGATE sequence. All experiments were performed at 600 MHz and a temperature of 283 K in 20 mM deuterated TRIS 
containing 4 mM MgCl2, pH 8.0. 
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A:  

 Cytosine Ribose Sia 

H-5 H-6 H-1 H-2 H-3 H-4/5/5’ H-3eq H-5 H-6 H-7 H-8 H-9 NHAc 

C-!147 91 50 100 68 62 33 26 34 38 27 28 31 27 
C-!98 98 44 100 51 51 27 23 28 26 24 25 20 28 
N-!64 89 50 100 63 57 33 33 35 34 27 24 25 42 
N-!33 90 44 100 35 28 23 35 37 36 34 39 n.d 67 
N-!23 86 47 100 59 41 31 34 43 42 31 34 27 50 
S329A 94 47 100 55 50 30 33 42 43 33 35 25 63 
S328A 92 46 100 52 45 30 42 32 44 38 28 22 51 
H278A/P279A 88 45 100 62 48 34 52 46 40 36 31 21 67 
P279A 92 51 100 67 62 37 52 50 57 49 32 32 42 
H278A 92 48 100 62 59 31 54 46 52 43 30 22 56 
G154A 90 47 100 54 50 32 34 27 40 29 26 11 47 
E152A 96 57 100 58 57 33 36 37 47 34 27 16 58 
WT 89 44 100 41 40 27 27 37 36 33 35 25 56 
 

B:  

 Cytosine Ribose Sia 

H-5 H-6 H-1 H-2 H-3 H-4/5/5’ H-3eq H-5 H-6 H-7 H-8 H-9 NHAc 

C-!147 2 6 0 27 22 6 -1 -3 2 -6 -7 6 -29 
C-!98 9 0 0 10 11 0 -4 -9 -10 -9 -10 -5 -28 
N-!64 0 6 0 22 17 6 6 -2 -2 -6 -11 0 -14 
N-!33 1 0 0 -6 -12 -4 8 0 0 1 4 n.d 11 
N-!23 -3 3 0 18 1 4 7 6 6 -2 -1 2 -6 
S329A 5 3 0 14 10 3 6 5 7 0 0 0 7 
S328A 3 2 0 11 5 3 15 -5 8 5 -7 -3 -5 
H278A/P279A -1 1 0 21 8 7 25 9 4 3 -4 -4 11 
P279A 3 7 0 26 22 10 25 13 21 16 -3 7 -14 
H278A 3 4 0 21 19 4 27 9 16 10 -5 -3 0 
G154A 1 3 0 13 10 5 7 -10 4 -4 -9 -14 -9 
E152A 7 13 0 17 17 6 9 0 11 1 -8 -9 2 
WT 0 0 0 0 0 0 0 0 0 0 0 0 0 

 
 
C: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S3. A). Epitope map of CMP-Sia when bound to MBP-NmB-polyST wild-type (WT) and mutants as well as truncations (E153A, G154A, 
H278A, P279A, HP278/279AA, S328A, S329A, N-!23, N-!33, N-!64, C-!98, C-!147). Signal of H-1 proton of the ribose moiety was set to 100 
other signals are calculated accordingly to give relative STD-NMR values. 
B). Difference chart of mutants to wild type. Wild type values are subtracted from corresponding mutant values of A. 
C). Difference chart of Epitope maps of CMP-Sia alone and CPM-Sia together with DP3 when bound to MBP-NmB-polyST wild type and 
mutants. STD NMR values of CMP-Sia were subtracted from STD NMR values of a CMP-Sia:DP3 mixture. For better illustration all values >15 
or smaller < -15 are highlighted in red. n. d. = not determined. 

 
 
 
 

 Cytosine Ribose Sia 

H-5 H-6 H-2 H-3 H-4/5/5’ H-3eq H-7 NHAc 

C-!147 -5 6 -32 -28 -8 8 4 9 
C-!98 -1 0 -16 -1 -2 2 2 0 
N-!64 0 0 -29 -29 -10 -1 1 -8 
S329A -2 0 -15 -20 -8 9 0 -4 
S328A 2 5 -19 -12 -9 -11 -7 4 
H278A/P279A 7 8 -27 -13 -12 -8 -1 2 
G154A 1 4 -21 -24 -11 7 9 14 
E152A -3 5 -17 -20 -8 3 11 6 
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Figure S4. 1H-NMR (a, e, i, m, q, u) and STD NMR experiments of 0.8 mM DP1 to DP6 in complex with maltose binding protein (b, f, j, n, r, 
v), with MBP-NmB-polyST fusion protein (c, g, k, o, s, w) and STDD NMR spectrum (d, h, l, p, t, x) generated by subtracting STD NMR spectra 
of maltose binding protein from MBP-NmB-polyST fusion protein spectra. A magnification of NHAc signals is shown at the bottom. The on-
resonance frequency was set to -1.00 ppm and the off-resonance to 33.3 ppm. The total saturation was 2 sec. The residual water signal was 
removed using a WATERGATE sequence. All experiments were performed at 600 MHz and 283 K in 20 mM deuterated TRIS containing 4 mM 
MgCl2, pH 8.0. Numbering of Sia residues was defined as starting with the reducing end (Sia1). 
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CHAPTER 3 

DEFINING THE ROLE OF GLYCAN RECEPTORS IN 

ROTAVIRUS INFECTION 

 

3.1 Preface 

Rotavirus is a non-enveloped double-stranded RNA virus of the reoviridae virus family. 

It is the most prevalent cause of child death by diarrhoea and dehydration and is of 

particular importance in developing countries
181,182

. In addition, rotavirus infects many 

different animals, where it causes similar gastrointestinal disease leading to significant 

losses of live stock. The viral spike proteins VP4 (P-antigen) and VP7 (G-antigen) 

mediate initial interactions with host cell receptors. VP4 has to be cleaved by host 

proteases into VP8* and VP5* to allow efficient infection
202

. The VP8* protein has a 

galectin-like fold and contains a carbohydrate-binding domain that, in the case of 

neuraminidase (NA)-sensitive rotaviruses, binds to sialic acid (Sia) of certain 

gangliosides
155

. The rotavirus classification into NA-sensitive and NA-insensitive 

strains depends on the ability of NA pretreatment of permissive cells to block rotavirus 

infection. Historically, all human rotavirus strains have been classified as NA-

insensitive. However, a recent Saturation Transfer Difference (STD) NMR study 

investigating GM1a ganglioside glycan binding to the human Wa strain provided strong 

evidence that the internal Sia residue of GM1a is crucial for VP8* interaction
158

. In 

addition, pretreatment of cells with NA prior to rotavirus infection resulted in increased 

Wa infectivity most likely due to a conversion of GD1a into GM1a receptors. Ultimately, 

the human Wa strain depends on Sia for efficient infection despite being classified as 

NA-insensitive. 
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As part of this thesis the previous Wa study was extended to rotavirus strains of the 

most common human serogroups (RV-3, RV-5, S12/85) and several animal strains 

(RRV, CRW-8, NCDV, TFR-41, UK) to test whether GM1a is a widely utilised 

rotavirus receptor. Rotavirus binding and infectivity experiments were performed by 

collaborators, while the structural characterisation of GM1a binding to VP8* by STD 

NMR spectroscopy was conducted as part of this thesis. The infection of rotavirus 

strains Wa, RV-5, RV-3 and S12/85 as representatives of all common human 

serogroups and the infection of the animal UK virus was increased after NA treatment 

of the cells. Conversely, animal strains RRV, CRW-8, NCDV and TFR-41 showed 

significantly reduced infectivity after NA treatment as expected for NA-sensitive 

strains. The GM1a ligand cholera toxin B-subunit reduced the infectivity of all viruses 

that have shown increased infection in NA treated cells in addition to TFR-41. 

Therefore, TFR-41 seems to depend on both GM1a and terminal Sia for infection, while 

the other viruses (Wa, RV-5, RV-3, S12/85) utilise only GM1a receptors. The structural 

analysis of GM1a recognition by human rotavirus strains was demonstrated by STD 

NMR spectroscopy using VP8* of the RV-3 strain. The glycoepitope of GM1a that was 

recognised by RV-3 VP8* included the internal Sia residue and the underlying Gal and 

GalNAc residues. RV-3 infection was significantly blocked by GM1a consistent with the 

NMR data. In contrast, the NA-sensitive RRV VP8* only showed weak GM1a 

interactions in STD NMR experiments that solely derive from the Sia residue. In 

agreement with the NMR data, infection of RRV was not inhibited by either GM1a or 

the GM1a ligand cholera toxin B. The results suggest that RRV uses exclusively 

ganglioside receptor that contain terminal Sia. 

Recently, Lewis
b and H type-1 antigens were found to bind to human rotavirus VP8* 

proteins of the P[4], P[6] and P[8] genotypes
218

. Another recent crystallographic study 
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together with infectivity assays showed the relevance of A antigen binding to HAL1166 

VP8* of the P[14] genotype for efficient infection
220

. The second part of Chapter 3 

presents structural details of histo-blood group antigen (HBGA) binding to human 

rotavirus VP8* obtained through NMR experiments. Collaborators conducted cell-based 

rotavirus infectivity and binding assays to complement the NMR study. Surprisingly, 

both STD NMR and 
15

N-HSQC NMR experiments did not confirm binding of Lewis
b 

and H type-1 antigens to human Wa VP8* as a representative of the clinically-relevant 

P[8] genotype. However, in agreement with NMR results rotavirus Wa infection was 

not affected in the presence of Lewis
b and H type-1 antigens suggesting that these 

antigens are no relevant receptors for Wa infection. Further extensive NMR studies 

provide the first structural evidence that K8 VP8* of the P[9] genotype binds to A 

antigens, while clinically-relevant strains (Wa P[4], RV-3 P[6]) did not interact. STD, 

trNOE and 
1
H-

15
N-HSQC NMR experiments suggest that the binding mode of A 

antigen in complex with HAL1166 or K8 VP8* is identical in solution. The blood group 

defining sugar moiety fucose did not contribute to any interactions with VP8* and all 

protein-glycan contacts were derived from the GalNAc and Gal residues of the A 

antigen. Furthermore, both α- and β- pyranoside forms of A antigen trisaccharide were 

identified by STD NMR and trNOE experiments to bind to K8 and HAL1166 VP8* in 

solution, while the previously published crystallographic analysis of HAL1166 VP8* in 

complex with A antigen trisaccharide only detected the biologically irrelevant α-

pyranoside form in the binding site. Dissociation constants were measured by 
1
H-

15
N-

HSQC titration experiments and demonstrated weak millimolar interactions between A 

antigen trisaccharide and VP8* HAL1166 and K8. The lower affinity of A antigen for 

K8 VP8* provides an explanation as to why K8 VP8* cell binding in contrast to 

HAL1166 VP8* cell binding was not inhibited in the presence of A antigen. However, a 
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weak dose-dependent decrease in K8 infection was observed suggesting that K8 

rotavirus infection is even less dependent on A antigens than HAL1166 infection. Taken 

together the biological and structural studies do not support the role of HBGAs as a 

major receptor for human rotavirus infection. 
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Papers 
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Abstract 

Histo-blood group antigens (HBGAs) have been proposed as essential cellular 

receptors for rotavirus through recognition by the virus spike protein VP8*. 

H type-1 and Lewis
b
 antigens have been shown to bind to the VP8* of major 

human rotavirus serotypes P[4], P[6] and P[8], while a recent X-ray crystal 

structure of VP8* from a rarer genotype P[14] rotavirus HAL1166 suggests 

recognition of A type HBGAs. However, the exact role and significance of HBGA-

receptors in rotavirus pathogenesis remains uncertain and limited epidemiological 

evidence associates rotavirus infection with ABO or Lewis histo-blood group 

determinants. Herein we report that not only HAL1166 but also the related P[9] 

human rotavirus K8 bind to A type HBGAs, although both viruses interact 

through their respective VP8* without engaging the blood group specific 1,2-

linked fucose moiety. In stark contrast, we found that representative clinically-

relevant human rotaviruses Wa P[4] and RV-3 P[6] do not recognize HBGAs. Our 

in-depth structural study, supported by rotavirus infectivity and VP8*-cell binding 

assays, clearly demonstrates that A type, Lewis
b
 and H type-1 antigens do not 

appear to play a major role in host cell invasion by common human rotaviruses.  
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Introduction 

Rotaviruses members of the Reoviridae family are the most important cause of severe 

diarrheal disease and dehydration in young children with around 500,000 deaths each 

year
1
. The introduction of two vaccines licensed in 2006 and 2008 has been successful 

in reducing disease severity and death rates
2
. However, several recent studies have 

revealed a significant increase in intussusception after the administration of the first or 

second rotavirus vaccine dose
3,4

, and vaccine-associated hospitalizations for severe 

rotavirus gastroenteritis have been reported
5
. These risks must be weighed up against 

the benefits of preventing rotavirus-associated illness. Epidemiological studies have 

shown that rotaviruses with P[8], P[4] and P[6] genotypes of the spike protein VP4 are 

predominantly associated with severe disease
6
. Virus infectivity is activated by trypsin 

cleavage of VP4 to produce the VP5* and VP8* subunits. While both subunits remain 

associated on the virion surface, initial cell attachment to host cell membrane 

glycoconjugates is mediated by the VP8* head of the spike protein
7,8

. Gangliosides are 

glycosphingolipids with one or more sialic acid residues that are key receptor molecules 

for rotavirus infection
9-14

. Rotaviruses have been classified as sialidase-sensitive or 

sialidase-insensitive, based on the effect on their infectivity of host cell pre-treatment 

with sialidase.  However, sialidase removes only terminal sialic acids from 

sialylglycoconjugates. Sialic acid recognition by sialidase-sensitive animal rotaviruses 

by VP8* is structurally well characterized through a series of crystallographic 

studies
13,15-21

. Our recent studies using NMR spectroscopy and cell-based assays 

identified GM1 as a ganglioside receptor for the human rotavirus strains Wa (P[8] ) and 

RV-3 P[6], and revealed that the internal N-acetylneuraminic acid (sialic acid) residue of 

GM1 plays a key role in VP8* recognition
12,22

. We concluded that human sialidase-
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insensitive strains such as Wa and RV-3, and very likely other human strains, require the 

presence of sialic acid-containing receptors for efficient infection
12,22

. 

 

The role of Histo-Blood Group Antigens (HGBAs) in rotavirus-cell binding  

 

A new paradigm of human P[14] rotavirus binding to A type HBGA has been 

recently suggested, related to decreased infectivity of HAL1166 in HT-29 cells 

following anti-A type antibody treatment and increased infectivity in CHO cells 

expressing A type HBGA
23

. The X-ray crystal structure of HAL1166 VP8* revealed a 

typical galectin-like fold with the twisted β-sheets separated by a shallow cleft as 

observed in all available VP8* structures, including those of the sialidase-insensitive 

human rotaviruses Wa and DS-1 and the sialidase-sensitive animal strains RRV and 

CRW-8 VP8*
16,23

. Notably, the width of the binding site in HAL1166 VP8* appears 

narrower than in Wa and DS-1, resembling the binding site of RRV and CRW-8. 

Interestingly, sialic acids bind the VP8* of such animal rotaviruses at the same location 

within the narrow cleft as HGBA A type trisaccharide (A-tri) and tetrasaccharide (A-

tetra) binds to HAL1166 VP8*, although the key amino acids that interact with sialic 

acids and HBGA are different. Based on VP8* sequence alignments and rotavirus 

infectivity assays it was predicted that the human P[9] rotavirus K8 could also bind to A 

type HBGA, although no structural evidence has been reported. The VP8* of P[9], 

P[14] and P[25] genotype rotaviruses within P genogroup [III] bind A type HBGAs in 

hemagglutination inhibition and synthetic oligosaccharide-based assays
24

. In addition, 

binding assays showed interaction of H type-1 antigen and Lewis
b
 with the VP8* of 

P[4] and P[8] human rotaviruses, while P[6] rotavirus VP8* bound only to H type-1 

antigen
25

. In the current study, we sought to determine the importance of HBGA 

receptors for several major human rotavirus genotypes. 
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Results 

 

 

 

Binding of HGBA to VP8* 
 

The evidence supporting the notion that HBGAs are common cell receptors for human 

rotaviruses remains incomplete and unclear. To address this issue, we report here a 

NMR solution study of the interactions between A-tri and A-tetra (Fig. 1a) and the 

VP8* carbohydrate-recognizing domain from human rotaviruses HAL1166 (P[14, III]), 

K8 (P[9, III]), Wa (P[8, II]), and RV-3 (P[6, II]). The 
1
H NMR spectrum of A-tri under 

our experimental conditions (Fig. 1b) revealed existence of - and -pyranose (six-

membered ring) and -furanose (five-membered ring) forms in aqueous solution that are 

populated as follows (Fig. 1c): 52% GalNAcα1,3[Fucα1,2]Galpα (A-tri
pα

), 24% 

GalNAcα1,3[Fucα1,2]Galpβ (A-tri
pβ

), 18% GalNAcα1,3[Fucα1,2]Galfα(A-tri
fα

) and 6% 

GalNAcα1,3[Fucα1,2]Galfβ (A-tri
fβ

) consistent with previous reports
26

. 

We have used Saturation Transfer Difference (STD) NMR spectroscopy to study 

the interaction of rotavirus VP8* protein and A type HBGAs.  This NMR method is 

based on the transfer of saturation from the protein to bound ligands that are in fast 

exchange with a binding site and therefore allows the discrimination of binding and 

non-binding ligands. The degree of saturation a ligand proton receives from the target 

protein can be directly translated into a ligand binding epitope. Ligand protons that are 

in close contact to the protein surface receive larger saturation and will therefore 

produce larger STD NMR effects as protons that are more solvent exposed
27,28

.  

We obtained the 
1
H NMR spectrum of A-tri (Fig. 2a) and the control STD NMR 

of A-tri with glutathione-S-transferase (GST) (Fig. 2b) and A-tri in complex with 

recombinantly expressed GST-tagged VP8* from human rotavirus strains RV-3, Wa, K8 
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and HAL1166 (Fig. 2c-f). The STD NMR spectra of GST-K8 VP8* (Fig. 2e) and GST-

HAL1166 VP8* (Fig. 2f) in complex with A-tri unequivocally shows that both proteins 

bind to A-tri. The control STD NMR spectrum of the GST fusion tag alone with A-tri 

shows no significant signal intensities, confirming that A-tri does not interact with GST. 

Significantly, this important control STD NMR spectrum demonstrates that all observed 

signals in the spectra of HAL1166 and K8 VP8* originate from binding of A-tri to 

VP8*. The strongest interaction of A-tri was observed for the methyl protons of the 

GalNAc N-acetamido group (NHAc, δ = 1.73 ppm) for both Hal1166 and K8 VP8* 

proteins. No STD NMR signal was observed for the H-disaccharide (Fucα1,2Galβ), 

emphasising the significance of the GalNAc moiety for A-tri binding to HAL1166 

(Supplementary Fig. 1). It is most striking that STD NMR signals were also observed 

for the GalNAc H2 proton of two A-tri species: A-tri
pα

 and A-tri
pβ

. In addition, the H4 

proton of the galactose moiety also received saturation for A-tri
pα

 and A-tri
pβ

. However, 

the X-ray crystal structure of A-tri with HAL1166 VP8* revealed that only the pyranose 

-anomer, a biologically irrelevant configuration, binds to the protein
23

. In HBGA 

precursors the glycosidic linkage between Gal and GlcNAc is always a β-configuration. 

Our solution binding study demonstrates that A-tri
pα

 and A-tri
pβ 

are able to bind to K8 

and HAL1166 VP8* and that the binding epitope of A-tri for both proteins is identical, 

suggesting the same binding mode of A-tri irrespective of the reducing end 

configuration (Supplementary Fig. 2a,b). A homology model of K8 VP8* was 

generated using the HAL1166 VP8* X-ray crystal structure (pdb code: 4DRV
23

) with a 

sequence identity of 83.9% and sequence similarity of 90.7%. The binding site residues  

show minor variations supporting the identical binding epitope of A-tri determined by 

STD NMR experiments (Supplementary Fig. 3). Quantitative analysis of the STD 

NMR spectra further revealed that the fucose residue of A-tri does not receive any 



  Chapter 3 

127 

 

saturation via the protein. This solution-based observation is in excellent agreement 

with the reported X-ray crystal structure
23

, where the fucose moiety does not make 

intimate contact with the protein. However, this finding raises the question of how 

important HBGAs are as receptors for rotavirus infection in general, as the fucose 

residue is the determining sugar moiety that defines the ABH and Lewis antigens
29

. An 

interesting and relevant comparison is to another clinically-significant human 

gastrointestinal virus, norovirus. All major genogroups of human norovirus have a clear 

dependence on HBGAs for infectivity and exhibit a relatively broad binding specificity 

for A, B, H or Lewis antigens
30,31

. Interestingly, crystallography studies revealed that 

norovirus predominantly interacts with the fucose moiety of the blood group antigens
32-

35
. In fact, the α1,3- and α1,4-fucose residues of Lewis HGBAs are claimed to be 

essential for binding to GII.4 noroviruses
34,35

. STD NMR studies on GII.4 virus-like 

particles derived from norovirus Ast6139 underlined the broad HBGA binding profile of 

GII.4 noroviruses. A, B, H and Lewis epitopes, with and without a sialic acid, are 

recognised by norovirus-like particles led to the conclusion that the minimal recognition 

unit for norovirus was -L-fucose
36

. In contrast, our study herein strikingly shows that 

the fucose moiety is completely irrelevant for blood group antigen binding to the P[III] 

rotavirus spike protein. Clearly, if P[III] rotavirus infection were dependent on the ABH 

and Lewis blood groups, an engagement of the key sugar residue fucose with the viral 

protein would be anticipated. While our study clearly indicates that fucose plays no 

direct role in the recognition event, it does not rule out that it may still play an indirect 

role in stabilising the blood group antigen through non-conventional hydrogen bonds as 

has recently been described for Lewis
x37

. Our findings are in excellent agreement with a 

recent retrospective analysis of 288 pediatric cases of rotavirus disease between 2007 

and 2012, which demonstrated no relationship between rotavirus gastroenteritis and the 
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major blood groups
38

. In line with this epidemiological study, VP8* from clinically-

relevant human rotaviruses RV-3 (P[6, II] (Fig. 2c) and Wa P[8, II] (Fig. 2d) showed no 

STD NMR signals in the presence of A-tri, indicating no recognition of this glycan by 

these VP8* proteins. Moreover, using STD NMR spectroscopy no recognition of 

H type-1 and Lewis
b
 antigens by the P[8] Wa VP8* was observed (Supplementary Fig. 

4).  This is in direct contrast to conclusions drawn from a study that was based on 

human saliva and synthetic oligosaccharide binding assays
25

. Notably, the Wa strain 

represents the most common human rotavirus serotype worldwide but shows only 43% 

VP8* sequence identity with HAL1166, and most of the amino acids in the glycan-

binding site are significantly different (Supplementary Fig. 5). Taken together, 

although our results are in contrast to this earlier study
25

, they are in excellent 

agreement with an epidemiological study that showed no correlation between Lewis 

blood group phenotypes and susceptibility to rotavirus infection
39

. 

 

Blood group antigen-A tetrasaccharide (A-tetra) and A-tri have an identical 

binding epitope for K8 and HAL1166 VP8* 

 

We have also used STD NMR spectroscopy to investigate the VP8* interaction 

of the biologically relevant A type-2 HBGA tetrasaccharide (A-tetra), which has an 

additional GlcNAc residue. The initial 
1
H NMR spectrum of A-tetra shows no mixture 

of conformers as in the case of A-tri (Fig. 3a).  A control STD NMR experiment of the 

GST fusion tag in the presence of A-tetra shows no significant STD NMR signals (Fig. 

3b), confirming that all STD NMR signals for A-tetra in complex with GST-K8 VP8* 

(Fig. 3c) and GST-HAL1166 VP8* (Fig. 3d) are genuine and derived from the binding 

of A-tetra to VP8* and not GST. Similar to A-tri recognition, the N-acetamido group’s 
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methyl protons of the crucial A-tetra GalNAc moiety (NHAc, δ = 1.72 ppm) received 

the highest saturation, implying a very close contact with the protein surface. However, 

our STD NMR studies clearly demonstrated that the additional GlcNAc residue N-

acetamido group methyl protons do not engage with either K8 (Fig. 3f) or HAL1166 

VP8* (Fig. 3g). Furthermore, the GalNAc and Gal H2 and H3 protons also show strong 

STD NMR signals, whereas the ring protons of the GlcNAc residue do not produce 

significant STD NMR signals. The fucose residue is entirely solvent exposed and does 

not interact with the protein. Therefore, we conclude that the binding epitope of A-tetra 

is identical to that of A-tri when complexed with HAL1166 VP8*. Interestingly, in the 

current study we have discovered that the binding epitopes of A-tri and A-tetra are also 

identical when bound to K8 VP8* with only very small differences in STD NMR signal 

intensities (Supplementary Figure 2). 

 

A-tri adopts a different conformation when bound to VP8*  

 

The conformation of glycans when bound to proteins (bioactive conformation) 

can significantly vary in solution compared to a single conformation obtained with X-

ray crystallography. To determine the bioactive conformation of A-tri when bound to 

VP8* in solution, we acquired Nuclear Overhauser Enhancement Spectroscopy (NOE) 

NMR spectra of free A-tri in solution and transferred NOE (trNOE) NMR experiments 

of A-tri in complex with K8 VP8* following a similar approach to that previously 

reported
11

. The NOE NMR spectrum shows that A-tri has positive NOEs (diagonal and 

cross-signals of opposite sign) at a temperature of 305 K (Fig. 4a). On the contrary, the 

trNOE experiment of a VP8* K8:A-tri-complex (Fig. 4b) at a 1:10 (protein:ligand) 

molar ratio clearly indicate that the NOEs are negative, leading to the assumption that 

A-tri has adopted the rotational correlation time (τc) of the VP8* due to association with 
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the protein. Conversely, the trNOE experiment of A-tri in complex with Wa VP8* does 

not result in a change of the sign of NOE signals indicating that A-tri has no binding 

affinity for Wa VP8* (Fig. 4c). The observed reduced intensity of the NOE signal (Fig. 

4c) can be explained by a substantially lower ligand concentration in the trNOE 

compared to the NOE experiment of the free ligand in solution.  A more detailed 

analysis of the NOE and trNOE data indicates significant differences in the NOE 

pattern. Most striking is the disappearance of the interglycosidic NOE between the 

fucose methyl group, the CH3 (Fuc) residue and the H1 (Gal) proton of bound A-tri. 

This particular NOE shows a strong signal in the uncomplexed NOE spectrum (Fig. 4a) 

indicating that the bioactive conformation of A-tri must be different to the predominant 

solution conformation adopted in the absence of the protein. The disappearance of a 

crucial NOE can be explained by a conformational rearrangement of the ligand upon 

binding to the protein, most likely around the 1,2-glycosidic linkage between the 

fucose and galactose residue. This is in excellent agreement with the binding epitope 

obtained from STD NMR experiments, revealing that the fucose is not engaged with the 

protein and remains solvent exposed resulting in a higher degree of flexibility.  

 

Molecular Dynamics (MD) reveals flexibility of the fucose residue 

 

To further confirm the flexibility of the fucose residue a 600 ps MD simulation 

of A-tri
pα

 in complex with HAL1166 (Supplementary Fig. 6) was conducted based on 

the X-ray crystal structure (pdb 4DRV)
23

. Our MD simulation clearly reveals that the 

1,2-glycosidic linkage between the fucose and galactose residue is highly flexible. 

Furthermore, our simulation indicates that this linkage can easily adopt a conformation 

where the intermolecular distance between the H1 (Gal) and CH3 (Fuc) is greater than 

5.0 Å.  This distance is in excellent agreement with the trNOE experimental outcomes 
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that show a complete disappearance of this important NOE. Clearly, the VP8* 

engagement of A-tri
pα

 is mainly through the GalNAc moiety and the non-binding fucose 

residue appears to have a high degree of rotational freedom. Another important 

observation is that negative NOEs, clear evidence of binding, could not be detected for 

A-tri with the galactose adopting a furanose form (A-tri
fα

), hence it has no binding 

affinity. This result is not surprising as hexofuranosyl residues are absent in mammalian 

glycoconjugates and only found in oligo- and polysaccharides of bacteria, protozoa, 

fungi, plants and archaebacteria
40

. This finding is further supported by STD NMR 

experimental analysis that shows VP8* can only accommodate A-tri when the internal 

galactose residue adopts a biologically relevant pyranose conformation. Interestingly, 

the observed severe line broadening for the H1 (GalNAc) signals for both pyranose - 

and -anomers (A-tri
pα

 and A-tri
pβ

) suggests close protein interaction and is in excellent 

agreement with the determined A-tri glycointeractome by STD NMR spectroscopy (see 

Fig. 2). 

Specificity and affinity of A type HBGA binding to VP8* 

 

To quantify the affinity of A-tri and A-tetra when bound to rotavirus VP8* 

protein we have determined KD-values using 
1
H-

15
N heteronuclear single quantum 

correlation (HSQC) chemical shift perturbation NMR experiments
41,42

. Upon addition 

of the ligand to uniformly 
15

N-labelled VP8* protein, changes in 
1
H and 

15
N chemical 

shifts can only be detected for those backbone amides that are in close contact with the 

ligand. A KD-value of 1.2 mM has been previously reported using the same approach for 

the sialidase-sensitive rhesus rotavirus (RRV) VP8* protein and 3´-sialyllactose as 

ligand
14

. In the current study, we have determined the KD-values for A-tri and A-tetra 

following the glycan induced chemical shift perturbations of the backbone amides of K8 

and HAL1166 VP8* for ten residues that show the strongest changes (Fig. 5). A 
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complete 
1
H-

15
N HSQC spectral analysis of these perturbations was undertaken 

(Supplementary Fig. 7-9). We found that the affinity of A-tri is significantly stronger 

for HAL1166 VP8* (KD 1.5 mM) compared to K8 VP8* (KD 3.4 mM). Interestingly, the 

blood group-A tetrasaccharide (A-tetra) showed lower KD values when bound to HAL 

and K8 VP8*, of 0.8 mM and 1.7 mM, respectively (Fig. 5). This can be explained by 

the fact that A-tetra does not adopt ,-anomeric mixtures of both the pyranose and 

furanose forms in solution as does A-tri where only the - and -pyranose forms of Gal 

showed binding affinity to VP8* and not the - and -furanose forms. Nevertheless, A-

tetra also shows a higher affinity for HAL1166 VP8* over K8 VP8*. No change in the 

total number of chemical shift perturbations were identified for protein complexes with 

A-tetra compared to A-tri and confirm the STD NMR outcomes that the additional 

GlcNAc residue does not interact with the protein and that the binding epitopes of A-tri 

and A-tetra are identical (Supplementary Fig. 8, 9). No significant chemical shift 

perturbations were observed for human rotavirus Wa VP8* in the presence of A-tri (58 

mM), providing further evidence that A type HBGAs do not bind to Wa VP8* 

(Supplementary Fig. 10). Interestingly, addition of Lewis
b
 even at a very high 

concentration (19.7 mM), to 
15

N-labelled Wa VP8* also did not result in any chemical 

shift perturbations. These results are in agreement with our STD NMR results and 

clearly indicate that Lewis
b
 does not bind to VP8*. 

 

A-Tri shows dose-dependent blockade of cell binding by VP8* of HAL1166 but not 

Wa. 

 

To corroborate our NMR and molecular modeling results, we have investigated if A-tri 

blocks VP8* binding to highly rotavirus-permissive MA104 cells (Fig. 6a, 

Supplementary Fig. 11). Using flow cytometry, we have demonstrated significant 

levels of cell binding by VP8* of HAL1166 (p=0.0005), K8 (p=0.0060) and Wa 
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(p<0.0001) over the background (control) binding. Treatment with 2 mM and 10 mM A-

tri reduced the specific cell binding of HAL1166 VP8* by 53 % (p=0.0074) and 69 % 

(p=0.021), respectively, but had no effect on specific cell binding by K8 VP8* (p>0.22) 

or Wa VP8* (p>0.05). The increased level of HAL1166 VP8* cell binding compared 

with K8 VP8*, and the dose-dependent A-tri blockade of HAL1166 but not K8 VP8* 

binding, can be explained by the higher KD-value of A-tri for K8 VP8* than HAL1166 

VP8* (Fig. 5). Infectivity assays were more sensitive for the detection of A-tri use, as a 

small dose-dependent decrease in K8 infectivity in MA104 cells following exposure to 

A-tri was observed. A 27 % reduction at the highest tested concentration of 2 mM A-tri 

(p=0.0006; Fig. 6b) was found. In contrast, the presence of A-tri did not alter Wa 

infectivity over the same concentration range (0.41≤p≥0.75; Fig. 6b). Hu et al. have 

previously shown that HAL1166 virus infectivity is enhanced 8-fold in Chinese hamster 

ovary (CHO) cells genetically modified to express A-tri
23

. Thus, we have observed that 

K8 rotavirus is less dependent on A type antigen for VP8*-cell binding and infectivity 

than HAL1166, and Wa rotavirus does not recognize this antigen. Additionally, we 

could not detect any blockade of Wa rotavirus infectivity by H type-1 and Lewis
b
 

antigen in a concentration range up to 10 mM (Supplementary Fig 12). This is 

supported by both STD NMR and 
1
H-

15
N heteronuclear single quantum correlation 

(HSQC) chemical shift perturbation NMR experiments, which revealed no H type-1 and 

Lewis
b
 antigen recognition by Wa rotavirus VP8* (Supplementary Fig 3, 10).  

In summary, from the presented data determined by our multidisciplinary 

binding studies, using recombinant VP8* and whole viruses, we propose that HBGAs 

play only a minor role in rotavirus infection of host cells. The A type HBGAs show 

some interaction with the P[III] HAL1166 strain but appear to be less important for 

P[III] K8 rotavirus. For both viruses, the histo-blood group-specific fucose moiety did 
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not interact with VP8*. We have also clearly demonstrated that A type HBGAs as well 

as other related fucosylated glycans like Lewis
b
 and H type-1 antigen neither bind to Wa 

VP8* nor facilitate cell binding or infection by Wa, which is a representative of 

clinically-relevant P[II] human rotavirus strains. It is therefore unlikely that these 

antigens are extensively used as receptors, even though they are abundant on the surface 

of mucosal epithelia of the gastrointestinal tract. This is consistent with the observed 

lack of influence of genetically controlled expression of different HBGAs on pediatric 

rotavirus gastroenteritis
38,39

. Two recent studies suggested that non-secretor individuals 

(null homozygote fucosyltransferase, FUT2) are not susceptible to infection with the 

most common rotaviruses
43,44

. However, this finding appears inconsistent with the well-

established fact that essentially all children seroconvert to rotavirus regardless of their 

secretor status within the first 2-3 years of life
45,46

. The interdependence of rotavirus 

infection and disease on secretor status remains questionable. It is important to note that 

FUT2 activity is not only restricted to H type-1 precursors (Gal1,3GlcNAc) as 

glycolipids in epithelial tissues of the gastrointestinal tract can also be fucosylated
47

. 

Clearly, FUT2 enzyme activity and secretor status of the individual are not correlated 

with blood group specificity, and more extensive structural and epidemiological studies 

are required to shed light on the exact role played by HGBAs in rotavirus infection and 

disease. 
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MAIN FIGURE LEGENDS: 

 

Figure 1. Structures of A type HBGAs trisaccharide (A-tri, GalNAc1,3[Fuc1,2]Gal) 

and blood group A type-2 tetrasaccharide (A-tetra, 

GalNAc1,3[Fuc1,2]Gal1,4GlcNAc). 
1
H NMR spectrum shows the anomeric 

protons of A-tri at 305 K (b). Structures of the different A-tri forms and their 

distribution in solution at 305 K (c). 

Figure 2.
1
H NMR (a) and STD NMR (b-f) of human VP8* with A type HBGA 

trisaccharide (A-tri, GalNAc1,3[Fuc1,2]Gal) in 70 mM phosphate buffer pH 7.1 and 

50 mM NaCl at 280K. In detail, STD NMR spectra of 24 µM GST and 2.4 mM A-tri 

(b), 24 µM GST-RV-3 VP8* and 2.4 mM A-tri (c), 18 µM GST-Wa VP8* and 1.8 mM 

A-tri (d), 36 µM GST-K8 VP8* and 2.4 mM A-tri (e), 24 µM GST-HAL1166 VP8* and 

2.4 mM A-tri (f). Expansion of the spectrum from 4.2 to 3.2 ppm is shown for the 
1
H 

NMR (g) and STD NMR spectra of 36 µM GST-K8 VP8* and 2.4 mM A-tri (h) and 24 

µM GST-HAL1166 VP8* and 2.4 mM A-tri (i). Epitope map of A-tri when bound to K8 

and HAL1166 VP8*: red - strong STD NMR effects, yellow - weak STD NMR effects 

(j) 

Figure 3. 
1
H NMR (a) and STD NMR (b-d) of human VP8* with A HBGA type-2 

tetrasaccharide (A-tetra, GalNAc1,3[Fuc1,2]Gal1,4GlcNAc) in 70 mM phosphate 

buffer pH 7.1 and 50 mM NaCl at 280K. In detail, STD NMR spectra of 24 µM GST 

and 2.4 mM A-tetra (b), 24 µM GST-K8 VP8* and 2.4 mM A-tetra (c), 24 µM GST-

HAL1166 VP8* and 2.4 mM A-tetra (d). Expansion of the spectrum from 4.1 to 3.3 

ppm is shown for the 
1
H NMR (e) and STD NMR of 24 µM GST-K8 VP8* and 2.4 mM 

A-tetra (f) and 24 µM GST-HAL1166 VP8* and 2.4 mM A-tetra (g). Epitope map of A-

tetra when bound to K8 and HAL1166 VP8*: red - strong STD NMR effects, yellow - 

weak STD NMR effects (h). 

 

Figure 4. NOE of A type HBGA trisaccharide (A-tri, GalNAc1,3[Fuc1,2]Gal) in 

aqueous solution at a mixing time τm of 800 ms (a). Transferred NOE (trNOE) of A-tri 

in a complex with rotavirus K8 VP8* (b) and Wa VP8* (c), respectively at a ratio of 

1:12 (protein:ligand) and a mixing time τm of 150 ms. NOE spectrum (b) indicates 
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binding due to strong negative NOE’s whereas spectrum (c) indicates no binding due to 

the occurrence of small positive NOEs. 

 

Figure 5. 
1
H-

15
N HSQC NMR titration of A type HBGA trisaccharide (A-tri) and A- 

type-2 HBGA tetrasaccharide (A-tetra) binding to 0.4 mM HAL1166 and 0.4 mM K8 

VP8*.  Overlayed spectra of all titration steps are shown for the three strongest amide 

shifts (I, II, III, a). Dissociation constants (Kd) were obtained by nonlinear-regression 

based on a single binding site model fitting the chemical shift index <I> as an average 

of the ten strongest amide shifts (b). 

 

Figure 6. Effects of A type HBGA trisaccharide (A-tri, GalNAc1,3[Fuc1,2]Gal) on 

MA104 cell binding by VP8* of HAL1166, K8 and Wa (a) and the infectivity of 

rotaviruses K8 and Wa (b).  
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Supplementary Figures 
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 Supplementary Figure 1. 
1
H NMR (a) and STD NMR (b) of 24 µM GST-HAL1166 

VP8* and 2.4 mM A type trisaccharide (A-tri, GalNAcα1,3[Fucα1,2]Gal) in 50 mM Tris-

d pH 7.4, 50 mM NaCl and 5 mM CaCl2 at 280 K. 
1
H NMR (c) and STD NMR (d) of 24 

µM GST-HAL1166 VP8* and 2.4 mM blood group H type disaccharide (Fucα1,2Gal) 

under the same conditions. 
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Supplementary Figure 2. Relative group epitope mapping for A type HBGA trisaccharide (A-

tri, GalNAcα1,3[Fucα1,2]Gal) and A type-2 HBGA tetrasaccharide (A-tetra, 

GalNAcα1,3[Fucα1,2]Galβ1,4GlcNAc) binding to HAL1166 and K8 VP8*. The relative STD 

NMR signal of the NHAc group was set to 100 % and all other signals were calculated 

accordingly. The analysed STD NMR signals are indicated in the 
1
H NMR spectra of A-tri (a,b) 

and A-tetra (c,d). 

d 

c 

b 

a 
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Supplementary Figure 3.  a) X-ray crystal structure of human rotavirus HAL1166 

VP8* protein in complex with A-tri superimposed with a homology model of human 

K8 VP8* protein. b) X-ray crystal structure of human rotavirus HAL1166 VP8* protein 

in complex with A-tri (GalNAcα1,3[Fucα1,2]Galpα, A-tri) superimposed with 

HAL1166 VP8* protein in complex with A-tetra 

(GalNAcα1,3[Fucα1,2]Galpα(1,4GalNAc). 
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Supplementary Figure 4. 
1
H NMR (a), STD NMR control of 24 µM GST (b) and 

STD NMR of 24 µM GST-K8 VP8* (c) in the presence of 2.4 mM A-tri (100x 

excess). 
1
H NMR (d), STD NMR control of 24 µM GST (e) and STD NMR of 24 µM 

GST-Wa VP8* (f) in the presence of 2.4 mM H type-1 antigen (100x excess). 
1
H 

NMR (g), STD NMR control of 24 µM GST (h) and STD NMR of 24 µM GST-K8 

VP8* (i) in the presence of 2.4 mM Lewis
b
 (100x excess). 
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           63       73        83        93       103       113 
           |        |         |         |         |         |        
HAL1166    TLDGPYQPTTFNLPIDYWMLIAPTQIGRVAEGTNTTDRWFACVLVEPNVQNTQREYVLDG 123 
K8         TLDGPYQPTSLNLPVDYWMLIAPTREGKVAEGTNTTDRWFACVLVEPNVQNTQRQYVLDG 123 
Wa         MLDGPYQPTTFTPPNDYWILINSNTNGVVYESTNNSDFWTAVVAIEPHVNPVDRQYTIFG 123 
RV-3       VLDGPYQSTSFKPPSDYWILLNPTNQQVVLEGTNKTDIWVALLLVEPNVTNQSRQYTLFG 123 
 
                   133       143       153       163       173        
                    |         |         |         |         |          
HAL1166    QTVQLQVSNNSSTLWKFILFIKLEKNGAYSQYSTLSTSNKLCAWMKREGRVYWYAGTTPN 183 
K8         QNVQLHVSNDSSTSWKFILFIKLTPDGTYTQYSTLSTPHKLCAWMKRDNRVYWYQGATPN 183 
Wa         ESKQFNVSNDSNK-WKFLEMFRSSSQNEFYNRRTLTSDTRLVGILKYGGRVWTFHGETPR 182 
RV-3       ETKQITVENNTNK-WKFFEMFRSSVSAEFQHKRTLTSDTKLAGFLKHYNSVWTFHGETPH 182 
 
                   193       203       213                Sequence identity 
                    |         |         |                  to HAL1166 VP8*        
HAL1166    ASESYYLTINNDNSNVSCDAEFYLIPRSQTELCTQYINNGL 224 
K8         ASESYYLTINNDNSNVSSDAEFYLIPQSQTAMCTQYINNGL 224         84 % 
Wa         ATTDSSSTANLNNISITIHSEFYIIPRSQESKCNEYINNGL 223         43 % 
RV-3       ATTDYSSTSNLSEVETTIHVEFYIIPRSQESKCVEYINTGL 223         44 % 

 

Supplementary Figure 5. Sequence alignment between human HAL1166 P[14, III], K8 P[9, 

III], Wa P[4, II], and RV-3 P[6, II] VP8*. Conserved residues among the four VP8* proteins are 

shaded in grey and key amino acids for the binding of A type HBGA binding are shaded in red. 

Only residue T191 of this four VP8* proteins is conserved amongst these key amino acids. 
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Supplementary Figure 6. Conformation of A type HBGA trisaccharide (A-tri, 

GalNAcα1,3[Fucα1,2]Galpα) as found in the X-ray crystal structure with HAL1166 VP8* (pdb 

4DRV
1
) (a). The H1-αGalp proton makes a strong NOE to the CH3 protons of the fucose 

moiety. This crucial NOE disappears when blood group A-tri binds to K8 VP8* in solution. 

Snapshot of a 600 ps MD simulation of A-tri in complex with HAL1166 VP8* (b). The MD 

simulation predicts that the α(1,2)-linkage between the fucose and galactose residue is highly 

flexible adopting a conformation supporting the trNOE-relevant distances between H1 α-D-

Galp and the CH3 Fuc of > 5.0 Å. 
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 A-tri A-tetra 

 c d 

K8 VP8* 

  
 a b 

HAL1166 

VP8* 

  
Supplementary Figure 7. 

1
H-

15
N-HSQC NMR chemical shift pertubation of 7.4 mM A type 

HBGA trisaccharide (A-tri, GalNAcα1,3[Fucα1,2]Gal) and 7.4 mM A type-2 HBGA 

tetrasaccharide (A-tetra, GalNAcα1,3[Fucα1,2]Galβ1,4GlcNAc) binding to 0.4 mM Hal1166 

VP8* (a,b) and 0.4 mM K8 VP8* (c,d). The chemical shift perturbation ∆δ(
1
H/

15
N) of 

15
N-

labelled VP8* is plotted against the amino acids. A dashed line at 0.04 ppm indicates the 

threshold for binding. The 10 strongest amide shifts are indicated by an asterisk and were 

selected for subsequent affinity analysis, while the three strongest shifts are indicated by red 

asterisks and shown in Figure 5. 
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Supplementary Figure 8. 
1
N-

15
N HSQC NMR of 0.4 mM HAL1166 VP8* in titration 

experiments with A type HBGA trisaccharide (A-tri, GalNAcα1,3[Fucα1,2]Gal) and A type-2 

HBGA tetrasaccharide (A-tetra, GalNAcα1,3[Fucα1,2]Galβ1,4GlcNAc). 
1
N-

15
N HSQC NMR 

spectrum of HAL1166 without ligand in black overlapped with the 
1
N-

15
N HSQC spectrum of 

HAL1166 in the presence of 7.4 mM A-tri in red (a) and in the presence of 7.4 mM A-tetra in 

red (b). Chemical shift perturbations ∆δ(
1
H/

15
N) were calculated and plotted according to 

absolute chemical shifts for 7.4 mM A-tri (c) and 7.4 mM A-tetra (d). A yellow background 

illustrates no to weak interaction of the corresponding amide shifts with shifts below the 

standard deviation (< δ), an orange background illustrates medium interaction of the 

corresponding amide shifts with shifts between δ and 2δ and a red background illustrates strong 

interaction of the corresponding amide shifts with shifts > δ. 
1
N-

15
N HSQC spectrum of 

HAL1166 VP8* in the presence of 7.4 mM A-tri in black overlapped with the 
1
N-

15
N HSQC 

spectrum of HAL1166 in the presence of 7.4 mM A-tetra in red (e). Chemical shift 

perturbations ∆δ(
1
H/

15
N) of 7.4 mM A-tri and 7.4 mM A-tetra in the presence of HAL1166 

VP8* were averaged and plotted against the amide shifts. Error bars indicate the difference 

between HAL1166 VP8* protein map between A-tri and A-tetra binding (f). Chemical shift 

indices were calculated for the titration of A-tri (g) and A-tetra (h) to HAL1166 VP8* for the 

ten strongest amide shifts and plotted against the glycan concentration.
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Supplementary Figure 9. 
1
N-

15
N HSQC of 0.4 mM K8 VP8* in titration experiments with A 

type HBGA trisaccharide (A-tri, GalNAcα1,3[Fucα1,2]Gal) and A type-2 HBGA 

tetrasaccharide (A-tetra, GalNAcα1,3[Fucα1,2]Galβ1,4GlcNAc). 
1
N-

15
N HSQC spectrum of K8 

VP8* without ligand in black overlapped with the 
1
N-

15
N HSQC spectrum of K8 VP8* in the 

presence of 7.4 mM A-tri in red (a) and in the presence of 7.4 mM A-tetra in red (b). Chemical 

shift perturbations ∆δ(
1
H/

15
N) were calculated and plotted according to absolute chemical shifts 

for 7.4 mM A-tri (c) and 7.4 mM A-tetra (d). A yellow background illustrates no to weak 

interaction of the corresponding amide shifts with shifts below the standard deviation (< δ), an 

orange background illustrates medium interaction of the corresponding amide shifts with shifts 

between δ and 2δ and a red background illustrates strong interaction of the corresponding amide 

shifts with shifts > δ. 
1
N-

15
N HSQC spectrum of K8 VP8* in the presence of 7.4 mM A-tri in 

black overlapped with the 
1
N-

15
N HSQC spectrum of K8 VP8* in the presence of 7.4 mM A-

tetra in red (e). Chemical shift perturbations ∆δ(
1
H/

15
N) of 7.4 mM A-tri and 7.4 mM A-tetra in 

the presence of K8 VP8* were averaged and plotted against the amide shifts. Error bars indicate 

the difference between K8 VP8* protein map between A-tri and A-tetra binding (f). Chemical 

shift indices were calculated for the titration of A-tri (g) and A-tetra (h) to K8 VP8* for the ten 

strongest amide shifts and plotted against the glycan concentration. 
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A-tri Lewis
b
 

  

 

Supplementary Figure 10. 
1
H-

15
N-HSQC NMR chemical shift pertubation of 58 mM A type 

HBGA trisaccharide (A-tri, GalNAcα1,3[Fucα1,2]Gal) and 19.7 mM Lewis
b
 

(Fucα1,2Galβ1,3[Fucα1,4]GlcNAc) in the presence of 0.4 mM Wa VP8*. The chemical shift 

perturbation ∆δ(
1
H/

15
N) of 

15
N-labelled Wa VP8* is plotted against the amino acids that have 

not been assigned. A dashed line at 0.04 ppm indicates the threshold for binding.  
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Supplementary Figure 11. Flow cytometric histograms illustrating the binding of GST-VP8* 

from HAL1166, K8 and Wa to MA104 cells in the absence (solid line) and presence of A type 

HBGA trisaccharide (A-tri) at 2 mM (dotted line) and 10 mm (dashed line). The control 

represents cells incubated with GST-VP8* then reacted with a matched dilution of normal 

rabbit serum rather than rabbit anti-GST antibodies. A representative histogram from 3 

replicates is shown. This experiment was repeated 3 times, with similar results on each 

occasion. 
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Supplementary Figure 12. Effect of treatment with H type-1 or Lewis
b
 antigen on Wa 

infectivity. Wa rotavirus incubated with Wa-neutralizing monoclonal antibody 1A10 at a 

1:1×10
4
 dilution was included as a positive control, as before

2
. 
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Supplementary Methods 

General (Viruses, cells, proteins, carbohydrates and reagents) – The origins, cultivation 

in the MA104 monkey kidney cell line using Dulbecco’s modification of Eagle’s 

medium containing 2mM L-glutamine (Sigma-Aldrich), 20 mM HEPES (Roche) and 

antibiotics (DMEM) supplemented with 10% (v/v) fetal bovine serum, and infectivity 

assays of human rotaviruses Wa and K8, have been described previously
3
. Rotavirus 

infectivity was activated with porcine pancreatic trypsin (Sigma) at 20 μg ml
-1

 for 20 

min at 37 °C. Plasmids expressing the gene encoding the VP8* core proteins of 

HAL1166 (VP8*64-224), K8 (VP8*64-224), Wa (VP8*64-223) and RV-3 (VP8*64-223) for 

NMR and rotavirus binding assays were synthesized (HAL1166) or cloned from virus 

(Wa, K8 and RV-3) as described previously for Wa
2
. In brief, cDNA produced from 

viral dsRNA was used as template for PCR to produce the VP8* gene fragment, which 

was cloned into the pGEX-4T-1 vector. DNA sequencing indicated that the predicted 

amino acid sequence of pGEX-Wa-VP8* was identical to the published Wa VP4 

sequence 
4
 except for leucine substituting a phenylalanine as position 163 (GenBank 

Accession No. L34161), pGEX-K8-VP8* was identical to the published sequence 

(GenBank Accession No. Q01641) except for a change from tyrosine to aspartic acid at 

amino acid position 149, and pGEX-RV-3-VP8* was identical to the most recent 

database entry for RV-3 VP4 (GenBank Accession No. FJ998273). Our sequence and 

FJ998273 both differ from the original published sequence (GenBank Accession No. 

U16299) in showing serine rather than proline at aa position 71
5,6

. The VP8* gene 

fragment of HAL1166 was synthesized (GenScript) with 5´-BamH1 and 3´-EcoR1 

restriction sites and ligated into the pUC57-Kan cloning vector through a single blunt-

end EcoRV restriction site. Following digestion with BamH1 and EcoR1 of the pUC57-

HAL1166-VP8* plasmid the VP8* gene was ligated into pGEX-4t-1, yielding pGEX-
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4t-1-HAL1166-VP8*. The final expression plasmid encoded for amino acids 64 to 224 

of the VP4 protein and was fused to a N-terminal glutathione-S-transferase (GST) 

protein. For STD NMR, trNOE and rotavirus binding assays the GST portion was not 

cleaved from the VP8* proteins. Expression was performed as described previously 
7
. 

Frozen cell pellets were thawed in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 

2 mM KH2PO4 pH 7.3) supplemented with 1 mM phenylmethylsulfonyl fluoride 

(PMSF, Roche Diagnostics). The cells were lysed with 1 mg ml
−1

 lysozyme 

supplemented with 1%(w/v) Triton X-100 and 20 µg ml
−1

 DNaseI. Cell debris was 

removed by centrifugation at 20,000g for 30 min and the supernatant was passed over a 

glutathione-Sepharose column (Amersham-Pharmacia Biotech). The column was 

washed with PBS binding buffer and bound GST-fusion protein was eluted with 50 mM 

Tris-HCl pH 7.4 supplemented with 10 mM glutathione.  

Expression of uniformly 
15

N-lablled VP8* protein – For the acquisition of  
15

N-
1
H 

HSQC NMR experiments HAL1166, K8 and Wa VP8* core proteins were expressed 

using 
15

N-minimal growth medium. Cells were grown to OD600nm = 0.6 at 37 °C in 

common LB medium. Cells were pelleted and washed with 1x M9 salts (22 mM 

KH2PO4, 45 mM Na2HPO4 x 7H2O, 8.6 mM NaCl, pH 7.2) and then resuspended four 

times concentrated in 
15

N-minimal growth medium (22 mM KH2PO4, 45 mM Na2HPO4 

x 7H2O, 8.6 mM NaCl, 18 mM 
15

NH4Cl, 22 mM Glucose, 2 mM MgSO4, 0.1 mM 

CaCl2, 1 x BME Vitamins pH 7.2) and incubated for 1 hour at 25 °C before expression 

was induced by the addition of 0.1 mM IPTG. Cells were harvested after 4 hours.  

Purification including removal of the GST fusion protein was accomplished as 

previously described
7
. 

The B subunit of the Vibrio cholerae toxin (CTB; Sigma) was diluted in DMEM as 

before
2
. Deuterium oxide was purchased from Sigma Aldrich (Australia) and all glycans 
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A antigen trisaccharide (A-tri), A antigen tetrasaccharide (A-tetra), Lewis b and H type-

1 antigens were purchased from Elicityl (France). 

Standard NMR experiments – Chemical shift assignment of A-Tri and A-Tetra in 20 

mM deuterated phosphate buffer and 70 mM NaCl, pH 7.1 was achieved by COSY, 

TOCSY, HSQC, 1D NOESY and 
1
H NMR experiments at 280 K and 305 K. Chemical 

shift assignments were in agreement with published values
8
. 

STD NMR experiments  – All STD NMR spectra were acquired in Shigemi Tubes 

(Shigemi, USA) with a Bruker 600 MHz Avance spectrometer at 280 K using a 

conventional 
1
H/

13
C/

15
N gradient cryoprobe system. NMR experiments of A-tri   in 

complex with VP8*-GST protein and GST as a control experiment were prepared using 

a protein concentration of 24 µM or 36 µM and a ligand concentration of 2.4 mM 

resulting in a total protein-ligand ration of 1:100 and 1:150, respectively. The final 

volume was 200 µL containing 20 mM deuterated phosphate buffer and 70 mM NaCl, 

pH 7.1. The protein was saturated with a cascade of 40 Gaussian shaped pulses with 

duration of 50 ms each at -0.1 ppm resulting in a total saturation time of 2 sec. The off-

resonance was set to 33 ppm and 1024 experiments were acquired. A WATERGATE 

sequence was used to suppress the residual HDO signal. A spinlock filter with a 

strength of 5 kHz and duration of 10 ms was applied to suppress the protein 

background. 

NOE and trNOE NMR experiments – NOE NMR experiments of free A-tri were 

acquired by diluting 1 mg of A-tri in 50 μl of 20 mM deuterated phosphate buffer and 

70 mM NaCl, pH 7.1 at 305 K on a Bruker 600 MHz Avance spectrometer. The mixing 

time (τm) was set to 800 msec and the relaxation delay to 2 sec. trNOE NMR 

experiments were carried out using 1 mg GST-Wa or µg GST-K8, with a total 
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molecular weight of 44 kDa and 145 μg of A-Tri that equals a protein:ligand ratio of 

1:12 in 20 mM deuterated phosphate and 70 mM NaCl, pH 7.1 at 305 K and 600 MHz. 

The mixing time (τm) for VP8*-GST protein was set to 150 msec to avoid false positive 

NOEs due to spin diffusion effects. A trNOE NMR experiment of GST-K8 protein 

using the identical experimental setup but without ligand was acquired to substract it of 

the trNOE with ligand in order to remove water background. 

1
H-

15
N-HSQC NMR experiments – In order to calculate dissociation constants of 

equilibrium mixtures of ligand and protein in solution we used 
1
H-

15
N-HSQC titration 

experiments as was employed previously for the binding of sialic acid to rotavirus RRV 

VP8*
9
. Using a standard 

1
H-

15
N-HSQC NMR protocol NMR spectra of 0.8 mM 

15
N-

labelled K8, HAL1166, and Wa VP8* were first acquired in the absence of ligand at 

300 K on a 600 MHz NMR spectrometer equipped with a cryoprobe. The NMR buffer 

consisted of 20 mM Na2HPO4/NaH2PO4 and 70 mM NaCl in 10 % D2O. A-tri or A-tetra 

was titrated to the 
15

N-labelled proteins in seven steps with 7.4 mM as the highest 

ligand concentration. 
1
H-

15
N-HSQC spectra were acquired after each titration step to 

follow the ligand induced changes in the chemical shift perturbations of the protein 

backbone amide nitrogen and hydrogen. In a first analysis step the amide shifts were 

calculated for the highest ligand concentration weighing proton shifts over nitrogen by a 

factor of five δ(
1
H, 

15
N) = δ(

1
H) + δ(

15
N)/5 (Supplementary Figure 7). A threshold 

value of ∆δ(
1
H, 

15
N) = 0.04 ppm is considered as binding of the corresponding amino 

acid. Alternatively this threshold is set to the standard deviation of all chemical shifts. 

However, the full analysis shows that both alternative threshold values are very similar 

for the binding of A-tri and A-tetra to the VP8* proteins of the RV strains K8 and 

HAL1166 (standard deviations for HAL1166A-tri = 0.036, HAL1166A-tetra = 0.042, K8A-tri 

= 0.037, K8A-tetra = 0.040) (Supplementary Figure 8,9). Notably, the standard 
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deviation for the binding of A-tetra is slightly higher compared to A-tri. Binding 

affinities were calculated on the basis of the 10 strongest backbone amide chemical 

shifts, which all showed a characteristic pattern of shift movements confirming the 

specificity of those changes (Supplementary Figure 8,9). The chemical shifts were 

quantified by the chemical shift index for those strongly affected backbone amides 

according to the following formula: <I> = Σ{[(N0 - N)/0.5]
2
 + [(H0 - H)/0.1]

2
}

1/2
, where 

N0 and N are the amide 
15

N chemical shifts in the absence and presence of ligand, 

respectively; H0 and H are the backbone amide hydrogen chemical shifts in the absence 

and presence of ligand, respectively
10

 . Calculations were performed using GraphPad 

Prism 6.0 using non-linear regression following a one-site total binding model 

according to <I> = Bmax*[ A-tri]/(Kd+[ A-tri]) + NS*[ A-tri] + Background with Bmax 

the maximum specificity binding and NS the slope of nonspecific binding. 

Homology modeling of K8 VP8* – A homology model of K8 VP8* protein was build 

using the X-ray crystal structure HAL1166 X (pdb code: 4DS0) as template using 

YASARA Structure molecular modeling package (Ver. 13.9.8)
11

 (Supplementary Fig. 

5).  The HAL1166 structure (pdb code: 4DRV
1
) was chosen as a suitable template, as it 

has a sequence identity of 83.9% and sequence similarity (BLOSUM62 score is > 0) of 

90.7%. The subsequent fully unrestrained simulated annealing minimization, run for the 

entire model, resulted in an overall quality Z-score of -0.081 and indicates a high 

quality homology model. Both proteins share the amino acid sequence (Ser187-Tyr188-

Leu189-Leu190-Thr191) that has been identified as containing key residues for HBGA 

binding in the case of HAL1166 VP8* 
1
. After the side-chains had been built, optimized 

and fine-tuned, all newly modelled parts were subjected to a combined steepest descent 

and simulated annealing minimization (i.e. the backbone atoms of aligned residues were 

kept fixed to avoid potential damage. The hm_build.mcr macro of the YASARA 



  Chapter 3 

167 
 

package with default parameters was used. 

Molecular dynamics simulations – To analyse the flexibility of the (1,2)-glycosidic 

linkage of A-tri the three-dimensional structure HAL1166 VP8* protein in complex (pdb 

4DRV) 
1
 a 600 ps molecular dynamics calculation was  performed using the YASARA 

Structure molecular modeling package (Ver. 13.9.8). The model was subjected to 

further refinement using the md_refine.mcr macro using the AMBER99 force field. 

Simulation parameters were kept at the values defined by the macro.  

Flow cytometric analysis of VP8*-cell binding — Binding by GST-VP8* from 

HAL1166 , K8 and Wa rotaviruses to MA104 cells was assayed in the same experiment 

at 4C as previously described
12

. The optimal (saturating) conc. of each GST-VP8* was 

initially determined from its dose-dependent cell-binding curve. For A-Tri blockade 

studies, A-Tri (2 mM or 10 mM final conc.) or DMEM was reacted for 1 h at 4C with 

the optimal level of GST-VP8* for HAL1166 (150 g ml
-1

), K8 (600 g ml
-1

) and Wa 

(300 g ml
-1

) then added to cells for 45 min. Stained single cells were analysed by flow 

cytometry as before
12

. The results provided are representative of those obtained in three 

independent experiments. 

Assays for inhibition of rotavirus infectivity  — A-tri   (0.25, 0.5, 1.0, 2.0 mM), H type I 

or Lewis
b
 antigen (1.25, 2.5, 5.0, 10 mM) or DMEM diluent were incubated with 

trypsin-activated rotavirus for 1 h at 37 °C. Confluent MA104 cell monolayers 

containing 4 × 10
4
 cells were washed before virus-ligand mixtures, antibody or DMEM 

were transferred onto cells and reacted for 1 h at 37 °C at the optimum multiplicity of 

infection (m.o.i.) of 0.02. Following inoculum removal and washing as above, infected 

cells were incubated for 15 h at 37 °C in 95 % (vol/vol) air with 5 % (vol/vol) CO2. 

Virus titres in acetone-fixed cell monolayers were determined by indirect 
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immunofluorescence as described previously
13

. For all assays, data represent the mean 

of triplicate samples from two independent experiments. 

Statistical analysis — Student’s t-test was used, with significance set at the 95% level. 

Error bars on graphs indicate the SD. 
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CHAPTER 4 

N-GLYCOLYLNEURAMINIC ACID IN INFLUENZA A VIRUS 

INFECTION 

 

4.1 Preview 

Hemagglutinin (HA) and neuraminidase (NA) are the two major surface proteins of 

influenza A virus (IAV)
392

. Initial attachment of the virus with the host cell is mediated 

by the binding of terminal sialic acids (Sia) of glycoconjugates to HA. At the final step 

of the infectious cycle NA cleaves Sia to ensure virus release from the cell surface. The 

two most abundant Sia types in mammals are N-acetylneuraminic acid (Neu5Ac) and 

N-glycolylneuraminic acid (Neu5Gc)
29

. Humans possess a deficient cytidine 

5´-monophosphate N-acetylneuraminic acid hydroxylase (CMAH) due to a deletion of 

the CMAH gene
33

. As a result CMP-Neu5Ac cannot be converted into CMP-Neu5Gc 

and sialosides containing Neu5Gc are missing from human cells. However, despite this 

difference in Neu5Ac and Neu5Gc distribution among animals, it is the Sia linkage type 

(α2,3; α2,6) that is widely proposed to be the key determinant for IAV host range and 

tissue tropism
313

. Ferrets have been used as the dominant model for human influenza 

viruses since the 1940s
350,393

. The α2,3- and α2,6-sialic acid receptor distribution in the 

respiratory tract of ferrets is comparable to humans, and thought to be the reason why 

ferrets reflect human influenza virus better than any other animal model
335

. As part of 

this thesis it was investigated if the Sia type is relevant for IAV host cell tropism. To 

address this hypothesis genetic analysis of the ferret genome has been conducted to 

determine if ferrets have a functional or non-functional CMAH gene. The presence of 

Neu5Gc in serum proteins, blood and tissues (brain, kidney, liver, spleen) of ferrets and 

mice, as a representative of an animal with an intact CMAH gene, was analysed by 



  Chapter 4 

172 

 

western blot and immunofluorescence experiments. The outcome of this work carried 

out by collaborators clearly shows that ferrets have a similar CMAH gene deletion as 

observed in the human genome. In addition, Neu5Gc could not be detected in both 

ferret and human sera and was also completely absent from all analysed ferret tissue 

sections. The results prove that ferrets have a deficient CMP-Neu5Ac hydroxylase like 

humans due to the CMAH gene deletion. Furthermore, the specificity of HA and NA 

towards the Sia type, Neu5Ac or Neu5Gc, in sialyllactose was studied using NMR 

spectroscopy. All experiments were performed using purified whole virus particles of 

two currently disease causing human isolates. A STD NMR protocol for the use of 

whole purified influenza A viruses, pandemic H1N1 (A/California/04/2009) and H3N2 

(A/Perth/16/2009), was established that enabled binding studies of Sia receptors, while 

the NA cleavage activity was blocked by a low concentration of oseltamivir carboxylate 

(OC), a very potent NA inhibitor
375

. Both pH1N1 and H3N2 showed clear binding to 

6´SL
Ac 

(Neu5Acα2,6Galβ1,4Glc), while very weak interactions were observed for 

6´SL
Gc

 (Neu5Gcα2,6Galβ1,4Glc). 
1
H NMR spectroscopy was employed to follow the 

cleavage of 6´SL
Ac

, 6´SL
Gc

, 3´SL
Ac 

(Neu5Acα2,3Galβ1,4Glc) and 3´SL
Gc 

(Neu5Gcα2,3Galβ1,4Glc) by NA presented on the surface of whole viruses particles. 

The virus preparations were identical to the ones used in the STD NMR binding study. 

The two 2009 H1N1 and H3N2 viruses showed distinct differences in their NA 

substrate specificities. While both viruses showed a preference for α2,3-sialosides 

compared to α2,6-sialosides, the H3N2 virus converted sialosides containing Neu5Ac 

significantly faster than Neu5Gc-sialosides of the same linkage. In case of the 2009 

H1N1 virus Neu5Gc got slightly faster released compared to Neu5Ac of sialosides with 

the same linkage. Taken together, the NMR analysis demonstrates distinct differences in 



  Chapter 4 

173 

 

HA binding and NA cleavage for the Sia type independent of the Sia linkage. The sialic 

acid type might therefore constitute another important determinant for IAV infection. 
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Sialic acids (SAs) are a family of nine carbon acidic sugars found on carbohydrate 

structures of cell surfaces in vertebrates that mediate key cellular recognition 

processes
1
 and also act as receptors for pathogens, including influenza A virus 

(IAV)
2
. The two most common SAs on mammalian cell surfaces are N-

acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc)
3
. In 

most vertebrates CMP-Neu5Ac is converted to CMP-Neu5Gc by the enzyme 

cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH)
4
. In 

humans the CMAH gene is inactive and only Neu5Ac is expressed on human 

carbohydrate structures
5
. SA is the essential component of IAV receptors, but the 

relative impact of Neu5Ac and Neu5Gc on host and tissue tropism have not been 

defined as extensively as the configuration of their linkage, SA2,6Gal or 

SA2,3Gal
6
. Ferrets are uniquely susceptible to human strains of IAV and have 

been the dominant animal model for serology and animal infection studies for 

since the original isolation of IAV from humans
7
. The factors dictating their 

susceptibility are not fully understood, but are believed to involve similar IAV 

receptor SA linkage and distribution
8
. Here we show that ferrets, like humans, do 

not express Neu5Gc on their carbohydrate structures. Histological and 

carbohydrate analysis show that Neu5Gc is not detectable on ferret tissues or 

serum proteins. Genomic analysis shows that a large deletion removes the first 9 

exons of the ferret CMAH gene. This deletion is also present in other members of 

the family Mustelidae. Interactions between two human strains of IAV with 

sialyllactose receptor, SAα2,6Gal, terminated with either Neu5Ac or Neu5Gc, 

confirm that the type of terminal SA contributes significantly to IAV receptor 

specificity. The exclusive expression of Neu5Ac in ferrets may contribute to their 

remarkable susceptibility to human adapted strains of influenza A virus.
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Influenza A virus (IAV) remains the most serious infectious disease threat to human 

health. Seasonal IAV kills 250,000-500,000 people each year worldwide, however it is 

the potential for the emergence of highly virulent pandemic strains, such as the 1918 

A/H1N1 strain that killed 20-40 million people
9
, that illustrates the grave risk posed by 

IAV. IAV is a member of the family Orthomyxoviridae and has a negative-sense, 

single-stranded and segmented RNA genome. Antigenic diversity among IAV is high 

with mutations accumulating during viral replication (antigenic drift) and by exchange 

of genomic material between IAVs co-infecting the same cell (antigenic shift). 

Therefore IAV are further subtyped based on antigenic differences of the two membrane 

glycoproteins, hemagglutinin (HA, H1-16) and neuraminidase (NA, N1-9)
10

. HA is 

responsible for the initial attachment of the virus to the host cell membrane by binding 

to sialic acid receptors, while NA ensures release of new viral progeny by its sialic acid 

cleavage activity
11

. Sequence variations in these proteins may alter IAV host range and 

virulence by changing their specificity for the spectrum of distinct HA receptor 

structures and NA substrates on the cells, tissues and organs of vertebrate hosts
12

. This 

continual and rapid IAV evolution results in, the emergence of new strains from animal 

reservoirs to infect humans, the lack of protective immunity from previous IAV 

infections; the requirement for regular reformulation of IAV vaccines; and the 

generation of IAV resistance to anti-viral drugs
13

. 

Detailed study of human IAV was not possible until 1933 when it was first isolated by 

infection of ferrets (Mustela putorius furo) with nasal washings from human IAV 

patients
7
. Over the past eighty years ferrets have remained the dominant model system

14
 

for study of IAV due to their unique susceptibility to human IAV strains
15

  The majority 

of studies of IAV host species adaptation has focused on the type of linkage between 

sialic acid and the underlying galactose residue, SA2,6Gal or SA2,3Gal, and the 
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distribution of these receptors in the host
16

. The susceptibility of ferrets for human IAV 

strains has been ascribed to its similar distribution of SAα2,6-linkage receptors in the 

respiratory tract
8
. The ferret continues to serve as the key model system for IAV, in 

particular for a series of recent, high profile transmission studies
17

 
18

. A complete 

understanding of ferret susceptibility to IAV is therefore essential for research on this 

key pathogen. 

  

We developed the hypothesis that a contributing factor to the unique susceptibility of 

ferrets for human strains of IAV may be the type of sialic acid they express. To test this 

hypothesis initial studies were conducted using serum samples from ferret and other 

species known to express either Neu5Gc or Neu5Ac
19

 .Western blots of samples from 

these species were first probed with a SNA-1, a lectin that does not discriminate 

between these two types of sialic acid (Fig 1B), and demonstrates that sialic acid 

residues are present on serum glycoproteins in all species. A Neu5Gc specific IgY 

antibody reveals reactivity in murine and bovine serum, but not human or ferret samples 

(Fig 1B). The same serum samples were analysed by HPLC to quantitate amount and 

type of sialic acid. Both ferret and human serum had Neu5Ac, but no detectable 

Neu5Gc. Mouse serum contained predominantly the Neu5Gc form of sialic acid 

(Fig1C). Further investigation was conducted using cryopreserved tissue sections from 

brain, lung, kidney, liver and spleen prepared from healthy ferret and mouse. These 

sections were probed with Neu5Gc specific IgY antibody, and also with SubB, a toxin 

subunit that selectively binds Neu5Gc carbohydrate structures
20

. These studies revealed 

abundant staining of Neu5Gc in all mouse tissues using both methods, but no staining 

was observed in the equivalent ferret tissue samples. Taken together these data suggest 

that, like humans, ferrets do not express Neu5Gc. 
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Figure 1 Analysis of sialic acid in ferret and other mammalian species (A) Western 

blot analysis showing the absence/presence of Neu5GC in serum samples (10 ug) when 

tested with anti-Neu5Gc antibody (B) Western blot analysis of serum samples when 

tested with sialic acid specific lectin, SNA-1 (C) Sugar analysis showing amount of 

Neu5AC and Neu5GC in serum samples (D) Immunofluorescence detection of 

Neu5Gc in mouse and ferret kidney tissues when stained with anti-Neu5GC antibody 

or SubB (F = ferret, H = human, B = bovine, M = mouse serum respectively. +/- 

represent samples with or without neuraminidase treatment.  
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To determine the reason for the lack of Neu5Gc expression in ferret serum and tissues 

we investigated the ferret CMAH gene. Synteny in the CMAH region is well conserved 

in mammalian genomes, with the same genes present in the CMAH flanking regions 

(Fig2A).  The coding sequence of CMAH is also well conserved. Primer sets to amplify 

exons from all mammalian CMAH genes were designed based on the most conserved 

exons (3, 5, 8, 11 and 12; Fig 2C). All of the exons amplify from the carnivore species 

cat and dog genomic DNA. All except exon 3 amplified from human genomic DNA. 

This region was part of the 92bp deletion event that inactivated the human CMAH gene 

resulting in the loss of Neu5Gc biosynthesis
5
. Only exon 11 and 12 amplify from ferret 

DNA suggesting that there may be a large deletion in ferret CMAH gene. A ferret 

bacterial artificial chromosome (BAC) clone library was screened using probes 

designed to conserved regions flanking the CMAH gene in related carnivore genomes 

(Fig2B), resulted in isolation of BAC clone 182P23. Sequence analysis of this clone 

facilitated design of a probe that, in turn, was used to isolate BAC 446P7. These two 

BAC clones were sequenced using SMRT technology resulting in two complete 

sequences that overlapped and covered the entire CMAH region. Sequence analysis 

identified the extent of a large deletion that results in loss of the first 9 exons of CMAH 

in the ferret genome, and multiple stop mutations were evident in exon 11. The deletion 

is consistent with the exon PCR amplification data (Fig2C). Primers were designed at 

the boundaries of the deleted region and used in PCR to confirm that the deletion exists 

in independent individual ferrets. This 7kbp product (Fig2C) was sequenced and was 

consistent with the BAC clone sequence data. Recent data released from the Broad 

ferret genome project are consistent with data presented here, but does not currently 

annotate the CMAH deletion. We conclude that lack of expression of Neu5Gc in ferrets 

is due to deletion of the majority of the CMAH gene in this species. Additional PCR 
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analysis of 11 other species of the family Mustelidae indicated that all lacked exon 3, 5 

and 8 and therefore, may also have the same deletion of CMAH (SFig 3). 

 

 

Figure 2 Genomic analysis of a deleted region in ferret CMAH gene responsible for 

the absence of Neu5GC in both ferrets and humans (A) Synteny in the CMAH region 

of Mouse, human and Cat genomes (B) Representation of the CMAH region of the ferret 

genome characterised in this study. Black bars represents region spanned by BAC clone 

466P7 and 182P23. Blue bar indicate location of probes used in screening BAC library. 

Arrows indicate position of primers used to amplify PCR product spanning the CMAH 

C 
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deletion region (C) Comparison of CMAH region cat and ferret genomes. 7 Kb PCR 

product containing CMAH deleted region was amplified using primers CMAH_FOR 

and CMAH_REV respectively (*) indicates the start of the CMAH gene (**) indicates 

individual exon(s) on CMAH gene (***) indicates the end of the CMAH gene. Images 

below show CMAH exon PCR products from exon 3, exon 5, exon 8, exon 11 and exon 

12, from cat (C), dog (D), human (H) and ferret (F) genomic DNA. 

 

To resolve the relative role of sialic acid linkage type and sialic acid species in 

interactions between human IAV and host receptors, herein we present the first 

Saturation Transfer Difference (STD) NMR spectroscopic study investigating receptor 

binding to whole IAV particles. STD NMR binding experiments were performed with 

two currently circulating human virus strains (A/Perth/16/2009 H3N2, 

A/California/04/2009 pH1N1) with a mixture of 6´-sialyllactose (6´SL) ligands 

terminating in Neu5Ac (6´SL
Ac

) and Neu5Gc (6´SL
Gc

) (see Figure 3A). The interaction 

between HA displayed on whole IAV particles and these sialyllactose ligands were 

performed in the presence of a low concentration of oseltamivir carboxylate (50 µM; 

OC). OC is a very potent NA-inhibitor and was added to completely block the NA 

active site to prevent sialic acid cleavage
21

. Figure 3B shows 
1
H NMR and STD NMR 

spectra of an equimolar mixture of 6´SL
Ac

 and 6´SL
Gc

 in complex with whole influenza 

A virus. Strong STD NMR signals for both viruses containing H3 and 09H1 are 

observed for 6´SL
Ac

 specific protons, especially protons of the N-acetamido group. 

6´SL
Gc

 shows only very weak to both viruses. Complete spectra and control 

experiments are shown in Sup Fig (4-7). These data confirm a profound preference for 

6´SL terminating in Neu5Ac for these two currently circulating strains, consistent with 
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adaptation to human Neu5Ac expressing receptors and the corresponding susceptibility 

of ferrets to human IAV strains.  

 

Figure 3 Chemical structures of sialyllactose IAV receptors (A).  

3´SL
Ac 

(Neu5Acα2,3Galβ1,4Glc), 3´SL
Gc 

(Neu5Gcα2,3Galβ1,4Glc),  

6´SL
Ac 

(Neu5Acα2,6Galβ1,4Glc) and 6´SL
Gc 

(Neu5Gcα2,6Galβ1,4Glc). 
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Haemagglutinin receptor specificity of human influenza A viruses pH1N1 and 

H3N2 (B). 
1
H NMR (bottom row) and STD NMR (above) spectra were obtained of an 

equimolar mixture of 2 mM 6´SL
Ac

 (Neu5Acα2,6Galβ1,4Glc) and 6´SL
Gc

 

(Neu5Gcα2,6Galβ1,4Glc) with pH1N1 virus (A/California/04/2009, left panel) and 

H3N2 virus (A/Perth/16/2009, right panel), respectively. All NMR samples also 

contained a low concentration of oseltamivir carboxylate (50 µM, OC), a very potent 

nano molar inhibitor of the viral neuraminidase to block substrate cleavage and binding 

to neuraminidase (Supplementary Figure 4). Shown are only the axial and equatorial H3 

protons (H3ax, H3eq) and the N-acetamido methyl (NHAc) and methylene (NHGc) 

protons of the sialic acid moiety that are clearly distinguishable between 6´SL
Ac

 and 

6´SL
Gc

. The entire spectra are shown in the supplementary material (Supplementary 

Figure 5). STD NMR control experiments of heat-treated virus and of OC in the 

absence of sialosides were performed to affirm that all observed STD NMR signals 

describe specific hemagglutinin binding (Supplementary Figure 6). For both virus 

strains strong STD NMR signals are observed for the protons of the N-acetamido group 

(NHAc, 6´SL
Ac

), while the STD NMR signal intensities of the methylene (NHGc, 

6´SL
Gc

) protons are generally very weak. Similarly, the STD NMR signal intensities of 

the H3eq and H3ax protons are stronger for 6´SL
Ac

 compared to 6´SL
Gc

 (magnified at 

the top). The results clearly demonstrate that pH1N1 and H3N2 influenza A viruses 

show a strong preference for Neu5Ac containing sialosides. To confirm that 6´SL
Gc 

has 

a very weak affinity to haemagglutinin we also conducted STD NMR experiments of 

6´SL
Gc 

in the absence of 6´SL
Ac 

under otherwise identical experimental conditions 

(Supplementary Figure 5). Neuraminidase substrate specificity of human influenza 

A viruses pH1N1 and H3N2 (C). Common 
1
H NMR spectrometry was employed to 

follow the cleavage of sialosides (6´SL
Ac

, Neu5Acα2,6Galβ1,4Glc; 6´SL
Gc

, 
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Neu5Gcα2,6Galβ1,4Glc; 3´SL
Ac

, Neu5Acα2,3Galβ1,4Glc; 3´SL
Gc

, 

Neu5Gcα2,3Galβ1,4Glc) upon addition of pH1N1 virus (A/California/04/2009, left 

panel) and H3N2 virus (A/Perth/16/2009, right panel), respectively. The conversion rate 

was calculated based on substrate depletion by a successive series of 
1
H NMR spectra 

over 20 minutes at 37 °C (Supplementary Figure 7). Both viruses cleave α2,3-sialosides 

more efficiently than α2,6-sialosides. In case of the pH1N1 virus the N-glycolyl 

substrates get slightly faster converted as the N-acetyl counterparts of the same linkage. 

On the contrary, N-acetyl substrates are significant better substrates for the 

neuraminidase of the H3N2 virus compared to the N-glycolyl substrates. Both linkage 

type and sialic acid species contribute significantly towards neuraminidase specificity. 

 

These observations are supported by data mining of glycan array results from the 

Consortium for Functional Glycomics (CFG) database by comparison the binding of 

whole virus or purified HA to glycan arrays displaying identical sialyllactose or 

sialyllactosamine structures terminating in Neu5Ac or Neu5Gc (Supp Fig 8,9). 
1
H NMR 

spectroscopy can be also employed to follow the cleavage of sialyllactose by influenza 

neuraminidase expressed on the viral surface over time. Figure 3C shows substrate 

conversion of 3´SL
Ac

, 3´SL
Gc

, 6´SL
Ac

, and 6´SL
Gc 

using the same virus preparations as 

in the STD NMR experiments. For the H3N2 strain sialyllactose substrates containing 

terminal Neu5Ac are preferred over the equivalent substrates with Neu5Gc regardless of 

the linkage. A similar NA activity preference was not observed for the 2009 pandemic 

H1N1 strain in the same assay (Fig 3C), which has more recently adapted to humans 

from pigs
22

. 

To a large extent IAV host range has been seen through the prism of IAV receptor type 

and distribution in the host. The location of these receptors in host organs and tissues 
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dictate the type of pathology. Previous data has indicated the potential for the type of 

terminal SA structure to impact these processes
19

 
23

 
24

 
25

 
26

 but our definitive 

quantitative molecular analysis demonstrates the profound impact of SA type on HA 

and NA activity independent of the sialic acid linkage type. We conclude that terminal 

SA type and linkage should be considered with equal importance when considering IAV 

biology. In this regard the use of ferrets as the dominant model system for all aspects of 

IAV biology is both validated and explained. Moreover, the exclusive expression of 

Neu5Ac indicates that ferrets are a natural model system for other human pathogens that 

utilize SA receptors, and for studies on the emerging role of the xeno-auto-antigen
27

, 

Neu5Gc, in inflammatory
28

, autoimmune
29

 and neoplastic human disease
30

. 
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 Methods (Methods summary) 

Analysis of sialic acid in mammalian serum and tissues 

Commercial animal serum was purchased from commercial sources (Sigma) and 

separate by SDS-PAGE. Western blotting was used to transfer serum proteins to 

membranes that there then probed with a SNA lectin to detect all sialic acids, anti-

Neu5Gc was used to detect Neu5Gc (GC-FREE Inc, now Sialix). The same reagents 

were used to examine cryo-preserved sections of ferret ad mosue tissues were labelled 

by immunofluorescence microscopy. Sugar analysis for Neu5Ac and Neu5Gc in animal 

serum samples was performed at the Australian Proteome Analysis Facility (APAF) 

using high-performance anion exchange chromatography with pulsed amperometric 

detection (HPAEC-PAD). 

 

BAC clones isolation and sequence analysis  

Customized synthetic digoxigenin (DIG)-labelled primers (Sigma) were designed by 

homology to mammalian CMAH flanking regions. DIG-labelled PCR product 

generated from ferret genomic DNA (Zyagen) was used as library probes to screen 

ferret BAC library (CH-237) purchased from CHORI. Screening protocol, clone 

identification and handling of BAC clones was performed according to manufacturer’s 

instructions.  DNA sequencing was performed using routine Sanger dideoxy 

sequencing. Both IonTorrent and PacBio SMRT sequencing was use to sequence BAC 

clones. 
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Virology 

IAV strains A/Perth/16/2009 H3N2, A/California/04/2009 pH1N1 were propagated in 

MDCK cell and purified using routine procedures. 

NMR spectroscopy 

The STD NMR protocol for sialyllactose binding to whole influenza A virus particles 

was set up similar to previous experiments with rotavirus previously described methods. 

Activity and inhibition of influenza A virus neurmainidase was quantitatively assessed 

using a fluorometric or 
1
H NMR-based assay. See online methods for details. 
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Supplementary Figures 

 

Supplementary Figure 1: Western Blot results showing the absence and presence of 

Neu5GC in several selected eukaryotic organisms. (*) represents region of interest in 

Figure 2 (a) Coomasie staining results (b) Western blot tested with lectin SNA-1 (c) 

Western blot tested with anti-Neu5GC antibody (GC-Free) (d) Western blot tested with 

Neu5GC control antibody (GC-Free). 

 



  Chapter 4 

195 
 

 



  Chapter 4 

196 
 

 



  Chapter 4 

197 
 

 



  Chapter 4 

198 
 

 



  Chapter 4 

199 
 

 



  Chapter 4 

200 
 

 



  Chapter 4 

201 
 

 



  Chapter 4 

202 
 

 



  Chapter 4 

203 
 

 

Supplementary Figure 2:  Immunofluorencence images showing SubAB and Neu5Gc 

binding sites respectively detected in mouse and ferret tissues as labelled (A) mouse 

blood (B) mouse brain (C) mouse lung (D) mouse kidney (E) mouse liver (F) mouse 

spleen (G) mouse organ summary (H) ferret tissue Neu5Gc (I) ferret tissue SubAB. 
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Supplementary Figure 3 

CMAH exon PCR reactions of exon 3 (80 bp), exon 5 (180 bp), exon 8 (110 bp), exon 

11 (92 bp) and exon 12 (82 bp) for cat (C), dog (D), human (H) and ferret (F) and a 

range of eukaryotes ranging from several different subfamilies in the Mustelidae family 

respectively listed in supplementary Table 1. 
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Supplementary Figure 4. 
1
H NMR based neuraminidase activity assay using pH1N1 

(A/California/04/2009) and H3N2 (A/Perth/16/2009) virus with an equimolar mixture 

of 1 mM substrates (3´SL
Ac

, 3´SL
Gc

, 6´SL
Ac

, 6´SL). An identical virus concentration 

was used as in the STD NMR experiments. The 
1
H NMR spectra depict the region of 

the equatorial H3 protons of β-Neu5Ac and β-Neu5Gc that are released by the 

neuraminidase cleavage reaction. Spectra were recorded without virus (0 min) and after 

addition of virus for one hour with consecutive acquisition of 
1
H-NMR spectra

 
every 

ten minutes. An increase in 
1
H-NMR signal intensities indicate that the neuraminidase 

is active and thereby affirming that the virus remained intact after purification and UV-

treatment. Under identical conditions in the presence of 50 µM oseltamivir carboxylate 

no product can be detected after over night incubation at 37 °C demonstrating that the 

active site of NA is completely blocked. 
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A  

B  

Supplementary Figure 5. 
1
H NMR (bottom) and STD NMR (above) spectra of 2 mM 

6´SL
Gc

 (Neu5Gcα2,6Galβ1,4Glc) with influenza A viruses pH1N1 
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(A/California/04/2009, A) and H3N2  (A/Perth/16/2009, B), respectively. The grey 

boxes highlight the axial and equatorial H3 protons (H3ax, H3eq) and the N-acetamido 

methyl (NHAc) and the methylene (NHGc) protons that are clearly distinguishable 

between 6´SL
Ac

 and 6´SL
Gc

. Very low STD NMR signals indicate weak affinity of 

pH1N1 and H3N2 influenza A viruses towards 6´SL
Gc

. To obtain an equimolar ligand 

mixture 2 mM 
 
6´SL

Ac 
(Neu5Acα2,6Galβ1,4Glc) were added to the sample and another 

STD NMR (top) and 
1
H NMR (below) spectra were acquired confirming strong 

interactions of 
 
6´SL

Ac
 with both pH1N1 and H3N2 viruses as seen in main figure 1. 
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d 

 

c 

 

b 

 

 

a 

 

 Supplementary Figure. 6 Supplementary Figure. 3 
1
H NMR (a) and STD 

NMR spectra (d) of an equimolar mixture of 2 mM 6´SL
Ac

 

(Neu5Acα2,6Galβ1,4Glc) and 6´SL
Gc

 (Neu5Gcα2,6Galβ1,4Glc) with pH1N1 

virus (A/California/04/2009) in the presence of 50 µM oseltamivir carboxylate 

(OC). Highlighted are the axial and equatorial H3 protons (H3ax, H3eq) and the 

N-acetamido methyl (NHAc) and methylene (NHGc) protons that are clearly 

distinguishable between 6´SL
Ac

 and 6´SL
Gc

. A control STD NMR spectrum of 50 

µM OC in complex with pH1N1 shows no prominent STD NMR signals (b). The 

low OC concentration, the lower copy number of neuraminidase compared to 

haemagglutinin on the viral surface and a very high affinity of OC to 

neuraminidase provide very poor STD NMR conditions and explain why no STD 

NMR signals can be detected. At the same time the active site of neuraminidase is 
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effectively blocked to avoid substrate cleavage. In a second control experiment 

the virus sample was heat-treated for 20 minutes at 70 °C and a STD NMR 

spectrum was obtained under otherwise identical experimental NMR conditions 

as in d (c). Very weak STD NMR signals indicate the specificity of glycan 

receptor binding to the haemagglutinin of the H1N1 virus. Remaining signals can 

be explained by incomplete heat inactivation.  
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Supplementary Figure 7. 
1
H NMR based neuraminidase activity assay to determine 

substrate conversion rates for four sialosides (6´SL
Ac

, Neu5Acα2,6Galβ1,4Glc; 6´SL
Gc

, 

Neu5Gcα2,6Galβ1,4Glc; 3´SL
Ac

, Neu5Acα2,3Galβ1,4Glc; 3´SL
Gc

, 

Neu5Gcα2,3Galβ1,4Glc ) by pH1N1 virus (A/California/04/2009, left panel) and H3N2 

virus (A/Perth/16/2009, right panel), respectively. The decline of the 
1
H NMR sialoside 

H3eq proton signals is directly proportional to substrate depletion and product 

formation. The conversion rate was therefore calculated based on the signal decline in a 

successive series of forty 
1
H NMR spectra over 20 minutes at 37 °C. The figure shows 

for each reaction the overlay of three 
1
H NMR spectra (after 0, 10 and 20 minutes). 
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Supplementary Figure 8 Graph 1 Average fluorescent intensities for binding  of whole 

Influenza A virus to sialyllactose structures. A) H3N1 A/Aichi/2/1968, B) H5N1 

A/Vietnam/1203/2004, C) H3N2 A/Swine/Minnesota/02719/09 and D) H3N8 H3N8 

(WT) Canine. Data plotted is extrapolated from data accessible from Consortium for 

Functional Glycomics website.  Data values are shown in Table 1. 
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Supplementary Figure 9 Graph 2 Average fluorescent intensities for binding to 

sialyllactose structures. A) Influenza A H1 hemagglutanin (A/New Caledonia/20/1999 

H1N1), B) Influenza A H3 hemagglutanin (A/Wisconsin/67/2005 H3N2), C) Influenza 

A H5 hemagglutanin (A/Viet Nam/1194/2005 H5N1), and D) Influenza A H7 

hemagglutanin (A/Netherlands/219/2003 H7N7). Data plotted is extrapolated from data 

accessible from Consortium for Functional Glycomics website.  Data values are shown 

in Table 2. 
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Supplementary Tables 

Supplementary Table 1: Members of the Mustelidae family used in this study 

Sample # Genus species Common name 

1 Gulo gulo Wolverine 

2 Martes Americana American marten 

3 Martes pennant Fisher 

4 Mephitis mephitis Striped skunk 

5 Mustela ermine Stoat 

6 Mustela frenata Long tailed weasel 

7 Mustela nivalis Least weasel 

8 Mustela putorius European polecat 

9 Mustela vison American mink 

10 Procyon lotor Raccoon 

11 Taxidea taxus American badger 

12 Urocyon cinereoargenteus Gray fox 

13 Vulpes vulpes Red fox 
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Supplementary Table 2: CMAH Exon Primers 

 

Exon # Primer name Primer (5’ ----- 3’) PCR Product size 
(bp) 

3 Exon3_FOR ATG CAC AAA GCA CAA CTG 
GA 

80 

Exon3_REV CCAGGCAGCTTCTGTCAAGA 

5 Exon5_FOR GCC TGC ATG GAC CTC AAG 180 

Exon5_REV TGC ACT CAG ACC ACC TGA 
G 

8 Exon8_FOR TGC ACC AGA CCC AAT GGG 110 

Exon8_REV TGA CTT TCA GTG  

GTG GAA AAT TTA C 

11 Exon11_FOR GGA TT CCTGGGA CTTTG 92 

Exon11_REV ATC CTG GAT AAA AGA 
GTA CTT 

12 Exon12_FOR G A A A C A G A T G A G G A 
C T T C A  

82 

Exon12_REV TTATC CTTT CCA AAA GAA 
AG  
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Online Methods 

Western blot analysis of sialic acid expression in serum 

Serum samples were purchased from commercial suppliers; ferret (Jomar Bioscience), 

human (H4522, Sigma), bovine (B8655, Sigma) and mouse (M5905, Sigma). Serum 

samples were diluted 1:10 in a 50ul volume of 1x neuraminidase buffer (N3786, 

Sigma), +/- 1 milliunit (mIU) neuraminidase (N3786, Sigma), and incubated at 37
o
C for 

3 hours before SDS-PAGE gel electrophoresis of 10ug of each sample (NuPage 4-12% 

Bis-Tris gel, Invitrogen). For detection of Neu5Gc, primary antibody and blocking 

solution was supplied by Sialix (formerly GC-FREE Inc.). Secondary antibody used 

was anti-chicken IgY (IgG) alkaline phosphatase conjugate produced in rabbit (A9171, 

Sigma). For detection of sialic acid (Neu5Ac and Neu5Gc) lectin SNA-1-alakaline 

phosphatase conjugate (LA-6802-1, EY Laboratories). Detection of bands with anti-

Neu5Gc specific sera or SNA-1 that were present in neuraminidase (-) sample and 

absent in the neuraminidase (+) are interpreted as binding to serum proteins with 

glycosylations terminated with sialic acid. 

Sugar analysis of animal serum for the detection of sialic acids Neu5Ac and 

Neu5Gc. 

A 20 L subsample of the stock samples was subjected to mild acidic conditions using 

0.1M TFA. At the end of the reaction, the sample volume was reduced to dryness under 

vacuum and the residue was reconstituted in MilliQ water (100 L). The analysis was 

carried out using a high-performance anion-exchange chromatograph with pulsed 

amperometric detection (HPAEC-PAD) fitted with a PA1 guard column (4 x 50 mm) 

connected to a CarboPac PA1 column (4 x 250 mm) held at 30°C
31

. The sample (10 L) 

was injected into the HPAEC-PAD and analysed using a basic solvent (NaOH), at a 
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flow rate of 1 mL/min. The analytes detected were quantified using external 

calibration
32

. Samples were analysed in triplicate and the data averaged.  

 

Immunoflourence detection of Neu5GC glycans in tissuse of Mouse and ferret. 

Cryo-preserved tissue sections and mouse blood smears 

To generate cryo-preserved tissue sections, organs including brain, lung, kidneys, liver 

and spleen were removed from a healthy mouse or ferret deeply anaesthetised by 

inhalation of Halothane (NRA Approval No, 40398/0198, Veterinary Companies of 

Australia PTY LTD).  The freshly removed organs were embedded in OCT Tissue-Tek 

(Sakura, USA), snap frozen in isopentane (APS Finechem, Australia) cooled by dry ice.  

Serial 7m sections were cut in an electronic cryotome (Thermo Electron Corporation, 

UK/USA).  Mouse blood smears were made from fresh mouse blood.  Both tissue 

sections and mouse blood smears were air dried, and stored in the airtight containers at 

–20C before staining.   

Immunofluorescence labelling and microscopy 

Cryo-preserved sections or blood smears were fixed in 4% paraformaldehyde (PFA, 

Sigma, P6148) and permeablized by 0.1% Triton X-100.  The sections and blood 

smears were then incubated with SubAB (or PBS as a control) followd by BA 

nonspecific blinding blocking agent (GC-free, Inc, San Diego CA 92121 USA), primary 

antibodies (chicken anti Neu5Gc or control serum, and rabbit anti SubA) and secondary 

antibodies (goat anti chicken-alexa 488 and goat anti rabbit-alexa 594).  All the 

incubations were carried out in a humidified atmosphere in the dark at room 

temperature. The tissue sections and blood smears were then examined with 
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fluorescence microscope (Olympus AX 70 or Olympus IX-70) and the digital images 

were taken with Precision Digital Imaging System (V++, Digital Optics Limited, 

Auckland, New Zealand) or Metamorph software program (version 6.3r7; Molecular 

Devices). 

Screening, isolation and analysis of BAC clones in the CMAH region of the ferret  

Comparison of regions shown in Figure 2A was performed using genome sequences for 

mouse (NC_000079.6), human (NC_000006.12) and cat (NC_018727.1) respectively. 

Outer probes indicated on Figure 1B (sequences noted in Genbank accession numbers; 

KJ027518, KJ027519) were designed in conserved regions flanking CMAH that were 

100% homologous to other vertebrate species. These regions were amplified (primers 

sets in table X) using ferret DNA (Zyagen GF-180) as template using Go-Taq 

polymerase (Promega, M8291). PCR product was purified (Qiagen PCR Purification 

Kit, 28106) and sequenced using BigDye v3.1 (AB Biosystems). To label the probes, 

digoxigenin (DIG) labeled versions of the respective forward primer (FOR) used in 

conjunction with non-labeled reverse (REV) primer for each probe were used amplify 

up DIG-labeled PCR product to be used as a probe for screening of ferret bacterial 

artificial chromosome (CHORI 237 BAC) library ordered from Children's Hospital 

Oakland Research Institute (CHORI). PCR product was pooled, purified and quantitated 

prior to being used as probe. The ferret BAC library was screened using 3ug of DNA 

probe. Prehybridization and hybridization steps were done according to Sambrook 

(Cold Spring Harbour, USA)
33

 as per instructions. Development of membrane was done 

using the Roche DIG Kit as per instructions (Cat no. 11 745 832 910). 

BAC DNA was extracted from positive clones using DNA PhasePrep BAC DNA Kit 

(Sigma, NA 0100). The BAC library was made in vector pBACGK1.1 and end 
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sequenced with T7 and SP6 universal primers and Sanger sequencing using BigDye 

v3.1 (Applied Biosystems, 4336917). Selected clones were also sequenced by 

IonTorrent.1ug BAC DNA was fragmented to ~200-300bp using a covaris S2.  

Fragment libraries suitable for sequencing on the IonTorrent PGM were generated using 

the IonXpress Fragment library kit as per the manufacturer’s instructions (Life 

Technologies, Beverley, USA), and a single 314 chip of sequencing data generated for 

each BAC.  Raw sequencing reads were trimmed for quality, reads mapping to either E. 

coli Dh10B or the BACX backbone were removed, and a de novo assembly was 

generated using CLC genomics workbench (CLC bio, Denmark).  De novo contigs were 

mapped and visualized against the Domestic Cat (Felis catus) genome using BLAT and 

the UCSC genome browser (http://genome.ucsc.edu/cgi-

bin/hgGateway?org=Cat&db=felCat4), and the contigs used to aid design further probes 

for rescreening of the BAC library to isolate clones encompassing CMAH and flanking 

regions (RE14, 182P23; sequences noted in Genbank accession; KJ027519). Final, 

contiguous, complete sequences of selected BAC clones covering the CMAH was 

achieved using single molecule real-time analysis (SMRT) sequencing. BAC clone 

DNA was sent to Yale Center for Genome Analysis (YCGA). SMRTbell libraries were 

prepared as previously described accord to the manufacturers instructions (PacBio, CA, 

USA). Sequencing was carried out on the PacBio RS II (PacBio, CA, USA) using 

standard protocols for long insert libraries and de novo assembled using Hierarchical 

Genome Assembly Process (HGAP) software (PacBio, CA, USA). 

PCR analysis of CMAH deletion region and CMAH exons in ferret, members of the 

family Mustelidae, and other mammalian species. 

PCR primers were designed to span the deleted region of ferret CMAH. Primers 

CMAH_FOR and CMAH_REV primers (see Genebank accession JX036482). These 

http://genome.ucsc.edu/cgi-bin/hgGateway?org=Cat&db=felCat4
http://genome.ucsc.edu/cgi-bin/hgGateway?org=Cat&db=felCat4
http://medicine.yale.edu/keck/ycga
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primers amplify a 6.5kb PCR product from ferret genomic DNA (Zyagen, CA). Primer 

walking and Sanger sequencing using BigDye v3.1 and BigDye v1.1 and deaza dGTP 

(Applied Biosystems) were used in combination to determine the sequence this repeat 

rich 6.5kb region of the ferret genome (deposited Genebank accession JX036482). The 

same process was used to sequence ferret DNA was extracted (DNeasy Blood and 

Tissue Kit, Qiagen) from kidney tissue from the ferret provided from IMVS, Adelaide, 

SA, Australia. Animal tissue for various members of the Mustelidae family (Refer to 

Supplementary Table 1) was obtained from the Burke Museum Of Natural History and 

Culture, University of Washington. Genomic DNA from the tissues was isolated 

(DNeasy Blood and Tissue Kit, Qiagen) as per manufacturers instructions. DNA 

obtained was quantitated using a nanodrop (NANODROP 2000, Thermo Scientific) and 

10 ng of DNA was used in PCR reactions. CMAH exon PCR products was amplified 

using Go-Taq polymerase, purified (Qiagen PCR Purification Kit, 28106) and 

sequenced for verification as before. DNA samples were run on a 3% agarose gel 

stained with 5% (v/v) ethidium bromide (Sigma).  

CMAH exon primers were designed to the most highly conserved exons in the CMAH 

gene. Such regions were determined through the alignment of the coding domain 

sequence (CDS) of the CMAH mRNA for several eukaryotes such as: cat (EF127684.1 

and NM_001244985.1), human (FJ794466.1), mouse (NM_007717.5, 

NM_001111110.2, NM_001284519.1, NM_001284520.1), rat (NM_001024273.1), 

maccaca monkey (NM_001032856.1), chimpanzee (NM_001009041.1) and wild pig 

(NM_001113015.1). mRNA sequences were aligned using the ClustalW alignment tool 

in MacVector (ver. 11.0.2, MacVector Inc.). Highly conserved regions were identified 

in Exon 3, Exon 5, Exon 8, Exon 11 and Exon 12 of the CMAH gene. Primers were 

designed to be at least 18 nucleotides long, with a minimum annealing temperature of 
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50
o
C and allowed to contain only a single nucleotide change per organism. All primers 

were ordered and made by Sigma. 

Substrate specificity of sialyllactose to influenza A virus studied by NMR 

spectroscopy 

Propagation and purification of Influenza A virus.  

Adherent Madin Darby canine kidney (MDCK) cells were obtained from the WHO 

Collaborating Centre for Reference and Research on Influenza (VIDRL, Melbourne). 

Cells were grown in Eagle´s minimum essential medium (EMEM) supplemented with 

1 % Penicillin/streptomycin, 1 % GlutaMAX, and 10 % FCS at 37 °C. Human influenza 

strains A/Perth/16/2009 (H3N2) and A/California/04/2009 (pH1N1) also obtained from 

the VIDRL were passed in MDCK cells in EMEM (1 % GlutaMAX) containing low 

levels of TPCK trypsin (1µg/mL) to facilitate infection of cells. The viral supernatant 

was harvested after 48 hours and concentrated by PEG precipation over night at 4 °C. 

Standard sucrose density centrifugation was implemented to purify the resuspended 

PEG-precipitated virus according to routine procedures
34

. The purified virus was 

inactivated by 20 minutes exposure to UV-light
35

 and afterwards buffer exchanged to 20 

mM deuterated phosphate buffer pH 7.1 and 70 mM NaCl. 

MUN neuraminidase inhibition assay.  

Inhibition of influenza A virus neuraminidase was quantitatively assessed using the 

fluorescent substrate 4-methylumbelliferyl N-acetyl-α-D-neuraminic acid (MUN, 

Sigma-Aldrich)
36, 37

. The 10 µL reaction mixture containing 0.1 mM MUN, 1 µM 

oseltamivir carboxylate (OC), and 1 µL of the purified UV-inactivated virus in reaction 

buffer (50 mM sodium acetate, 6 mM CaCl2, pH 5.5) was prepared in a black 96-well 

plate on ice. Different dilutions of virus in triplicate were analysed to identify the 
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highest virus concentration which is still completely inhibited by 1 µM OC. The 

reaction was incubated at 37 °C with 900 rpm shaking for 20 min and then stopped by 

adding 0.25 M glycine pH 10.  

1
H NMR-based neuraminidase activity assay.  

All enzyme reactions were performed at 310 K in 20 mM sodium acetate buffer 

containing 6 mM CaCl2, pH 5.5, the optimal pH for neuraminidase activity. In a 

standard 
1
H NMR experiment, a spectrum of each individual reaction mixture 

containing 1 mM of one of the four sialyllactose substrates (3´SL
Ac

, 3´SL
Gc

, 6´SL
Ac

, and 

6´SL
Gc

) was acquired at t = 0 min. After addition of purified UV-inactivated virus  

(A/California/04/2009 pH1N1, A/Perth/16/2009 H3N2) 
1
H NMR spectra were recorded 

every 30 seconds over a total time of 20 min with 8 numbers of scans. Substrate 

conversions could be calculated based on the decrease of the absolute peak intensities of 

the sialyllactose H3eq-signals.  

Similarly the neuraminidase activity of pH1N1 and H3N2 purified virus samples was 

measured with a substrate mixture of 1 mM 3´SL
Ac

, 3´SL
Gc

, 6´SL
Ac

, and 6´SL
Gc

 in the 

absence and presence of 50 µM OC at 310 K. The virus concentration was identical as 

in STD NMR experiments to ensure a complete blocking of the neuraminidase´s active 

site under STD NMR conditions.  

STD NMR experiments.  

All STD NMR spectra were acquired in Shigemi Tubes (Shigemi) with a Bruker 600 

MHz Avance spectrometer at 283 K using 
1
H/

13
C/

15
N gradient cryoprobe equipped with 

z-gradients and a STD NMR setup similar to previous experiments using whole 

rotavirus particles
38 , 39

. The virus was saturated on resonance at -1.0 ppm and off-

resonance at 300 ppm with a cascade of 60 selective Gaussian-shaped pulses of 50 ms 
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duration. A 100 µs delay between each pulse was applied, resulting in a total saturation 

time of 3 s. A relaxation delay of 4 s was used. A total of 1024 scans per STD NMR 

experiment were acquired and a WATERGATE sequence was used to suppress the 

residual HDO signal. Spin-lock filter with 5 kHz strength and duration of 10 ms was 

applied to suppress protein background. Substrate concentrations of 2 mM for 3´SL
Ac

, 

3´SL
Gc

, 6´SL
Ac

, and 6´SL
Gc

 were used in all STD NMR setups in the presence of 50 µM 

oseltamivir carboxylate (OC). OC was preincubated with the virus for 10 min at RT 

before adding the various substrates. Control STD NMR experiments were performed 

with an identical experimental setup of virus with 50 µM OC but in the absence of the 

sialyllactose ligands to exclude any potential STD NMR signals derived from OC 

binding to neuraminidase. For a second control experiment the virus sample was 

incubated at 70 °C for 20 minutes prior to the STD NMR experiment to identify any 

unspecific binding of the sialyllactose substrates to the virus particle. 

 

Data mining of publically available glycan array experiments using IAV.  

Immunofluorescence values were extracted from CFG array experiments in which 

common sialyl-lactose or sialyl-lactosamine structures, and common linkages were 

present that were terminated with either Neu5Ac or Neu5Gc. These structures include 

3`SL (Siaα2-3Galβ1-4Glcβ-Sp0), 3`SLN (Siaα2-3Galβ1-4GlcNAcβ-Sp0) and 6`SLN 

(Siaα2-6Galβ1-4GlcNAcβ-Sp0), where Sia can be either Neu5Ac or Neu5Gc. Data 

compared is from whole virus and hemagglutanin. No data was available for 

neuraminidase.  
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CHAPTER 5 

NOVEL INFLUENZA A VIRUS NEURAMINIDASE INHIBITORS 
 

5.1 Preface 

Influenza A virus (IAV) causes worldwide epidemics mainly during the winter season 

with approximately 250,000 deaths each year
251

. Of greatest concern are novel 

pandemic strains and the danger of adaptation of highly pathogenic avian influenza 

strains, like H5N1, to efficiently transmit and infect humans. If vaccination is not able 

to prevent influenza virus infection, antivirals that target the influenza neuraminidase 

(NA) are currently the first choice of therapy. Blocking the sialic acid (Sia) cleavage 

activity of NA stops the release of new virions from the infected host cell and leaves 

them clumped at the infected cell surface. Currently available drugs include zanamivir 

(Relenza
®
) and oseltamivir carboxylate (OC, Tamiflu

®
) which are both transition-state 

like analogues of the NA cleavage reaction
266

. Despite the similar binding mode 

between the natural NA Sia substrate and NA inhibitors some drug resistance mutations 

have evolved
269

. The emergence and adaptation of viruses with inhibitor resistant 

mutations makes developing alternative NA inhibitors a high priority.  

Within the framework of this thesis two novel groups of NA inhibitors were provided 

by von Itzstein group members for biological evaluation. The first group of NA 

inhibitors target subsite 2 of the IAV NA active site that is highly negatively charged 

and responsible for the binding interactions of the guanidino group of zanamivir. 

Traditionally, the main focus in inhibitor design has been to engage electrostatic 

interactions with these negatively-charged amino acids through the introduction of 

different polar functionalities. However, it was found that hydrophobic groups, for 
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example a vinyl group instead of the primary amine of OC, could also provide 

interaction in subsite 2 on non-carbohydrate templates. Inhibitors developed with this 

paradigm showed significantly high inhibition in addition to the potential advantage of 

improved pharmacokinetics. To examine this new finding on a carbohydrate template, 

the von Itzstein group introduced hydrophobic groups to bind subsite 2 on the 

2-acetamido-2-deoxy-∆
4
-β-D-glucuronide template. Biological evaluation using an in 

vitro fluorescent NA assay revealed 30 times stronger inhibition by the 3-pentyl 

∆
4
-β-D-glucuronide, which carried the OC 3-pentyl side chain, compared to 

Neu5Ac2en, making it the most potent glucuronide inhibitor to date. However, 

introduction of various hydrophobic substituents to bind subsite, did not further improve 

NA inhibition. 

The second group of NA inhibitors were evaluated to explore the 150-cavity adjacent to 

the IAV NA active site. The 150-cavity was discovered recently in crystallographic 

studies of group-1 NAs (subtypes N1, N4, N5, N8), while all previous NA structures 

were derived from group-2 NAs (N2, N9) that did not show a 150-cavity
365

. The 

150-cavity is formed by an open conformation of the 150-loop in group-1 NAs; the 

150-loop has been predicted computationally to be more rigid and more often closed in 

group-2 NAs
383

. However, when an NA inhibitor such as Neu5Ac2en, zanamivir or OC 

is bound, the 150-loop closes over the inhibitor for all NAs
365

. As part of this thesis, 

novel 3-N-substituted-Neu5Ac2en derivatives, which were designed to bind the 

150-cavity and so keep the 150-loop open, were evaluated as inhibitors of both group-1 

and group-2 NAs. The introduction of nitrogen as a heteroatom between the 

hydrophobic side chain and C-3 of Neu5Ac2en was intended to provide greater 

flexibility and potentially improve interactions within the 150-cavity compared to the 

more rigid structure of C-linked 3-(p-tolyl)allyl-Neu5Ac2en that was selective for 
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group-1 NAs in previous studies
387,388

. The most potent members of the 

3-amido-Neu5Ac2en and 3-triazole-Neu5Ac2en series both showed similar low 

micromolar IC50 values, for inhibition of the group-1 NAs, to those previously reported 

for 3-(p-tolyl)allyl-Neu5Ac2en. However, the novel compounds inhibited group-2 NA 

N2 only slightly weaker than the group-1 NAs. In order to characterise the kinetics of 

inhibitor binding, the standard NA inhibition assay was extended by an additional 

preincubation step. Inhibitor and NA were incubated together for 0, 5, 10, 20, 40, 60 

minutes prior to the addition of the NA substrate. Inhibition of Neu5Ac2en was 

independent of the preincubation time consistent with Neu5Ac2en being a fast binding 

inhibitor. In contrast, 3-cinnamido-Neu5Ac2en (3-amido series) and 

3-methoxyphenyltriazole (3-triazole series) showed significantly stronger inhibition of 

both group-1 and group-2 NAs when preincubated for a longer period of time revealing 

that the novel compounds are slow-binding inhibitors. Taken together, the biological 

inhibitor evaluation suggests that 3-N-substituted Neu5Ac2en derivatives have the 

potential to lock open the 150-loop in all NAs and provides evidence that the 150-cavity 

in group-2 NAs can be exploited for future drug design. 
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ABSTRACT: A series of C3 O-functionalized 2-acetamido-2-deoxy-"4-!-D-glucuronides were synthesized to explore noncharge
interactions in subsite 2 of the in"uenza virus sialidase active site. In complex with A/N8 sialidase, the parent compound (C3
OH) inverts its solution conformation to bind with all substituents well positioned in the active site. The parent compound
inhibits in"uenza virus sialidase at a sub-"M level; the introduction of small alkyl substituents or an acetyl group at C3 is also
tolerated.

! INTRODUCTION
The continual emergence of new strains of in"uenza virus
presents an ongoing threat to humankind.1 In addition to the
burden of seasonal epidemic human in"uenza, there are serious
concerns about the zoonotic potential of nonhuman, in
particular swine and avian, in"uenza viruses.2 A number of
in"uenza-speci#c antiviral therapeutics are currently available,
or are in development, which target di$erent stages of virus
replication.1 The drugs recommended by the World Health
Organization as a #rst option for treatment during the 2009
in"uenza A pandemic (A/H1N1/pdm09), and in human
infections with highly pathogenic avian in"uenza (eg “bird
"u” H5N1), are inhibitors of the viral enzyme sialidase
(neuraminidase, NA).3 This enzyme plays an important role
in the release of new virus particles as they bud from the surface
of an infected host cell; its inhibition leaves the virus particles
clumped at the cell surface, thereby reducing virus spread.4

The #rst sialidase inhibitor drugs were the potent (Ki sub-
nM) inhibitors zanamivir 1 and oseltamivir carboxylate 2 (OC,
the active form of oseltamivir) (Figure 1).4 A third inhibitor,
peramivir 3, was given temporary Emergency Use Author-
ization during the 2009 in"uenza pandemic.5 During that
pandemic, the sialidase inhibitors provided a means of
therapeutic intervention while an appropriate vaccine was
being developed and manufactured. Development of next-
generation in"uenza virus sialidase inhibitors is ongoing, based
in particular upon new insights into the sialidase structure.6,7

Both during and since the development of inhibitors 1!3,
emphasis has been on structures that incorporate functional
groups to engage in predominantly hydrogen bonding and
electrostatic interactions with conserved acidic amino acids in a
pocket of the active site (subsite 2), which is dominated by
negatively charged residues (Glu119, Glu277, Asp151).4

Subsite 2 accommodates the guanidino and amino groups of
inhibitors 1!3. The development of potent inhibitor A-315675
4 (e.g., Ki 0.2 nM against A/N2 NA),8 however, gave a new
dimension to probing this area of the sialidase active site by

showing that the amino acids of subsite 2 can also engage in
hydrophobic interactions with an appropriately positioned
nonpolar group (as in 4 and 5).6,8 This #nding was further
supported with the synthesis of OC analogue 6, in which the
basic primary amine of OC was replaced by a vinyl group. 6
showed signi#cant inhibition of in"uenza virus sialidase (Ki 45
nM),9 despite the smaller 2-propyl O-alkyl side chain compared
to 2. The introduction of a hydrophobic, rather than a charged,
substituent to bind subsite 2 could be advantageous in terms of
drug pharmacokinetics: the zwitterionic character of inhibitors
1!3 containing a guanidino or amino group limits the drugs’
oral bioavailability.4,5 Importantly, presumably by virtue of the
hydrophobic side-chain binding subsite 2, 4 retains potent
inhibition against in"uenza A viruses harboring the E119 V
mutation that confers resistance to OC 2.10

We are interested in the development of readily accessible
uronic acid-based sialidase inhibitors of type 7 (Figure 2),11,12

Received: August 6, 2012
Published: September 27, 2012

Figure 1. In"uenza virus sialidase inhibitors. Drugs 1!3 exploit H-
bonding and electrostatic interactions in subsite 2 of the active site,
whereas inhibitors 4!6 exploit hydrophobic interactions.
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2-acetamido-2-deoxy-!4-!-D-glucuronides which mimic the
naturally occurring sialidase inhibitor 5-acetamido-2,6-anhy-
dro-3,5-dideoxy-D-glycero-D-galacto-non-2-enonic acid (Neu5A-
c2en 8) but in which the glycerol side-chain of 8 is replaced by
an ether (the glycoside of the glucuronide). An advantage of
the uronic acid sca!old is its derivation from inexpensive 2-
acetamido-2-deoxy-glucose (GlcNAc) compared to N-acetyl-
neuraminic acid and quinic acid used for the syntheses of 1 and
2, respectively.13 A number of examples of 7 (R = alkyl), but
not the OC mimic 3-pentyl analogue 9, have been evaluated as
inhibitors of in"uenza virus sialidase, where they were found to
inhibit in the micromolar range.11 The objectives of the work
described here were two-fold: to evaluate the binding mode of
the !4-!-D-glucuronide 9, which contains the 3-pentyl side-
chain of 2 on a dihydropyran sca!old, in complex with
in"uenza virus sialidase, and to explore the hydrophobic
paradigm of subsite 2 binding, through C3 O-substituted
derivatives of 9.

! RESULTS AND DISCUSSION
Synthesis of the !4-!-D-Glucuronide Sca!old. The

route to the target 2-acetamido-!4-!-D-glucuronides began with
an e#cient synthesis of key 3-hydroxy intermediate, methyl (3-
pentyl 2-acetamido-2-deoxy-!4-!-D-glucopyranosid)uronate
17, from GlcNAc (10) as outlined in Scheme 1. This approach
was used as it allowed selective deprotection at the C3 position,

which would not have been possible using the previously
described12 3-O-pivaloylated analogue of 16. High-yielding
preparation of the GlcNAc 3-pentyl !-glycoside 12 was
achieved through TMSOTf-mediated14 activation of GlcNAc
penta-O-acetate 11 to give the oxazolinium ion intermediate
and subsequent one-pot reaction with 3-pentanol. This
glycosidation method was found to be signi$cantly higher
yielding than glycosidation on the preformed GlcNAc 1,2-
oxazoline.12,15 Conversion of trihydroxy derivative 13, obtained
by base-catalyzed de-O-acetylation of 12, to the corresponding
6-carboxy derivative took advantage of the now well-established
selective oxidation of primary over secondary hydroxyl groups
mediated by the 2,2,6,6-tetramethylpiperidine 1-oxide radical
(TEMPO).16 Accordingly, 13 was reacted with NaOCl in the
presence of catalytic TEMPO and KBr in aqueous sodium
bicarbonate solution; oxidation was most e#cient when the
reaction temperature was maintained between 0!4 °C. The
resulting carboxylic acid derivative was not isolated but was
instead converted17 directly to the corresponding acetylated
methyl ester 14. The dried crude product was treated17 with
methyl iodide in DMF for esteri$cation, followed by addition of
acetic anhydride and catalytic DMAP, a!ording acetate-
protected glucuronide methyl ester 14 in 61% yield over
three steps in a one-pot reaction. Also isolated as a byproduct
was the 3,6-lactone 15 (19% yield), characterized by the smaller
3J coupling constants associated with the 1C4 chair con-
formation of 15 (including a change in 3J1,2 from 8.1 Hz in 14
to a broad singlet18 in 15). Conversion of glucuronide 14 to the
4,5-unsaturated derivative, !4-!-D-glucuronide 16, was achieved
through DBU-mediated !-elimination.11,12 To obtain the 3-
hydroxy glucuronide 17 for further functionalization at C3,
chemoselective cleavage of the C3 O-acetate in the presence of
the methyl ester was undertaken using sodium methoxide in
methanol. The overall yield of key intermediate 17 in 8 steps
from GlcNAc 10 was 40%. Further saponi$cation of 17 in
aqueous methanolic NaOH (pH 13) gave the “parent” inhibitor
on the !4-!-D-glucuronide sca!old, 9.12

Structural Evaluation of the !4-!-D-Glucuronide
Sca!old in Complex with In"uenza Virus Sialidase. To
assess the binding mode of the 3-pentyl 2-acetamido-!4-!-D-
glucuronide sca!old with in"uenza virus sialidase, 9 was soaked
into crystals of in"uenza A virus N8 sialidase [A/duck/
Ukraine/1/63 (H3N8)], and the structure of the resultant
complex was determined by X-ray crystallography (Figure 3).
The N8 sialidase is representative of in"uenza A virus sialidases
as it is equally sensitive to inhibitors 1 and 2 when compared
with other in"uenza A virus sialidases.19 This study provides the
$rst structural information for a glucuronide-based inhibitor in
complex with an in"uenza virus sialidase. The apo-N8 sialidase
has an open conformation of the "exible “150-loop”.7 In the
N8:9 complex, this loop has closed over the bound inhibitor, as
seen in N8 complexes of 8 and 2, under similar soaking
conditions.7 Despite 9 having a solution half-chair conforma-
tion in which the substituents on the dihydropyran ring are in
pseudoaxial positions, as indicated by 1H NMR spectrosco-
py,12,15 the compound is clearly bound in the sialidase active
site in the alternative half chair conformation which positions
all substituents equatorially (Figure 3D). Superimposition of
corresponding ring carbons (1, 3, and 5 in glucuronide
numbering) of 9 and Neu5Ac2en 8 shows their half-chair
conformations to be virtually identical (Figure 3C). By virtue of
this conformation, the C1 carboxylate, C4 hydroxyl, and C5
acetamido groups of 9 are oriented, and interacting with key

Figure 2. Sialidase inhibitors based on a dihydropyran sca!old:
Neu5Ac2en 8 and uronic acid based 7, a “cross-mimic” of 8 and
oseltamivir carboxylate (OC) 2.

Scheme 1. Synthetic Route to 9 and 17a

aReagents and conditions: (a) Ac2O, py, DMAP, DCM, rt, 24 h
(96%); (b) (i) TMSOTf, DCE, 50 °C, 12 h, (ii) 4 Å mol. sieves, 3-
pentanol, rt, 48 h (95%); (c) NaOMe, MeOH, 0 °C!rt, 2 h (99%);
(d) (i) TEMPO, KBr, aq NaOCl, aq NaHCO3, 0!4 °C, 12 h, (ii) MeI,
DMF, rt, 24 h, (iii) Ac2O, DMAP, rt, 12 h (61% over 3 steps); (e)
DBU, DCM, rt, 24 h (isolated 52%; 74% based on recovered starting
material 14); (f) NaOMe, MeOH, rt, 12 h (97%); (g) NaOH,
MeOH/H2O (1:1), pH 13, 0 °C!rt, 16 h (95%).
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highly conserved residues in the active site, as seen7 for
Neu5Ac2en (Figure 3A). Speci!cally, the C1 carboxylate of 9
interacts with the three strictly conserved arginine residues
(Arg118, Arg292, and Arg371) in the active site; the C4
hydroxyl group extends toward the pocket (subsite 2) bordered
by Glu119 and Asp151 and the C5 acetamido group is directed
toward Trp178. Furthermore, in the N8:9 complex, the
conserved residue Glu276 is oriented to form a salt bridge
with Arg224, providing hydrophobic character to the active site
pocket that accommodates the 3-pentyl side-chain of 9 and of
OC 2 (Figure 3B). Comparing 9 and 2 (Figure 3B): while the
conformation of the central ring and orientation of the pendant
substituents are very similar (not shown), the position of 9 in
the active site is slightly shifted from that of 2, and the arms of
the 3-pentyl side chain occupy slightly di"erent regions of the
binding pocket.
The free C3 hydroxyl group of 9 is positioned appropriately

for substitution to explore hydrophobic interactions in subsite 2
of the active site. To evaluate the potential for a substituent at
C3 on 9 to reach the area of subsite 2 accessed by the
pyrrolidine-based inhibitors 4 and 5, the model compound 3-O-
ethyl substituted !4-!-D-glucuronide 18 was docked into the
active site of in#uenza A sialidase (PDB 2HU4) and
superimposed with pyrrolidine-based inhibitor 520 (from PDB
1XOE), the only example of this series available in the PDB.
The overlay of the structures of 5 and 18 (Figure 4) shows
similar extension of the methyl ester of 5 and the 3-O-ethyl
group of 18 into subsite 2. To examine if !4-!-D-glucuronides
with small hydrophobic substituents at C3 could enhance
binding a$nity, synthesis and biological evaluation of a small
series of compounds with a methyl, ethyl, or allyl ether, or an
acetate ester at the C3 position of 9 was undertaken.
Synthesis of 3-O-Substituted !4-!-D-Glucuronides. For

synthesis of the target 3-O-alkylated derivatives, the 3-hydroxy
methyl ester derivative 17 was reacted with NaH in DMF in the
presence of the alkyl halide (EtI, MeI, allyl bromide) (Scheme

2). Fully or partially trans-esteri!ed product was observed in
reactions with ethyl iodide and allyl bromide, respectively. Base-

catalyzed saponi!cation of the 3-O-alkylated compounds
yielded the corresponding free acids 18, 23, and 24. The !nal
target 3-O-acetylated derivative was obtained through reaction
of fully deprotected glucuronic acid 9 with acetic anhydride in
pyridine at room temperature, a"ording 3-O-acetyl derivative
25 in 38% yield (unoptimized).

Biological Evaluation. The 3-O-substituted 2-acetamido-
!4-!-D-glucuronides synthesized were evaluated for their ability
to inhibit the enzyme activity of in#uenza A virus sialidase,
using an in vitro #uorometric assay.21,22 The inhibitory
activities of 18 and 23!25, with comparison to 9, the general21

sialidase inhibitor Neu5Ac2en 8, and previously synthesized23

4-O-ethyl-Neu5Ac2en 26, are presented in Table 1.

The structure of 3-pentyl !4-!-D-glucuronide 9 in complex
with N8 sialidase (Figure 3) shows 9 positioned in the active
site with the central ring and the carboxylate, hydroxyl, and

Figure 3. X-ray crystal structure of 3-pentyl 2-acetamido-!4-!-D-
glucuronide 9 in complex with in#uenza A virus N8 sialidase. (A) N8:9
complex superimposed with N8:Neu5Ac2en 8 complex (8 magenta,
PDB 2HTR). (B) N8:9 complex superimposed with N8:OC 2
complex (2 cyan, PDB 2HT8). (C) Superimposition of ligands 9 and
8 (8 magenta, PDB 2HTR) (the glycerol side-chain of 8 has been
removed in this image) showing the very similar dihydropyran ring
conformations of 9 and 8. (D) Half-chair conformation of 9 showing
equatorial conformation of substituents.

Figure 4. 3-Pentyl 3-O-ethyl-2-acetamido-2-deoxy-!4-!-D-glucuronide
18 docked into the active site of in#uenza A virus sialidase (PDB
2HU4), superimposed with pyrrolidine-based inhibitor 5 (magenta;
from PDB 1XOE). The surface is colored by electrostatic potential
(blue, positive; red, negative).

Scheme 2. Synthetic Route to 18 and 23!25a

aReagents and conditions: (a) RX, NaH, TBAI, DMF, 0 °C!rt, 24!48
h (EtI, 19 56%; MeI, 20 66%; AllylBr, 21, 34%; 22, 42%); (b) NaOH,
MeOH/H2O (1:1), pH 13, 0 °C!rt, 16 h; (c) Ac2O, py, rt, 16 h
(38%).
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acetamido substituents in similar orientations within the active
site to those seen for Neu5Ac2en 8 and OC 2. In terms of
inhibitory activity against A/N2 sialidase, 9 exhibits !30-fold
greater inhibitory potency than Neu5Ac2en 8, making the 3-
pentyl derivative the most potent inhibitor on the glucuronic
acid sca!old, with O-substitution at C3, to date.11 The
inhibitory potency of the 3-pentyl !4-!-D-glucuronide (dihy-
dropyran-based) sca!old appears to lie midway between that of
the natural dihydropyran sca!old with the glycerol side chain
(8) and the cyclohexene-based sca!old with the 3-pentyl ether
side chain, hydroxy-OC analogue 2824 (inhibition of A/N2
NA:24 28 IC50 0.015 "M, compared to Neu5Ac2en 8 IC50 1.7
"M). It is interesting that on the 3-pentyl !4-!-D-glucuronide
sca!old, the C3-hydroxy derivative (9) appears to have a similar
inhibitory potency to the corresponding C3-amino analogue
2915 reported by Smith et al. (inhibition of A/N2 NA:15 29
IC50 0.770 "M; compared to zanamivir 1 IC50 0.005 "M),
although comparison across assays should be made with
caution. This is in contrast to the Neu5Ac2en sca!old where
change in C4 substituent from a hydroxyl (8) to an amino (27)
group gives signi"cant improvement in inhibitory activity21

(Table 1: see data for 8 and 27 in footnote).
With regard to the e!ect of functionality introduced to

explore hydrophobic interaction in subsite 2, the 3-O-alkylated
(18, 23, 24) or acetylated (25) glucuronide derivatives showed
weaker inhibition than the parent C3-hydroxy glucuronide 9,
with activity decreasing as the size of the alkyl chain increased
(Table 1). The weaker activity of the ethyl ether derivative 18
compared to 9 is mirrored in that of 4-O-ethyl-Neu5Ac2en 26
compared to Neu5Ac2en 8. Modeling had indicated adequate
space in subsite 2 for, in particular, the 3-O-ethyl and acetyl
substituents on the !4-!-D-glucuronide sca!old, placing them
potentially in a similar region to the methyl ester of the

pyrrolidine and furan based inhibitors 5 and 3020 (inhibition of
A/N2 NA:20 5 IC50 0.041 "M; 30 0.41 "M). The particular
hydrophobic substituents introduced onto 9, however,
apparently fail to engage in interactions in subsite 2 that
improve overall binding a#nity.
The 3-atom extension from the pyrrolidine ring into subsite

2 seen, for example, in 4, 5, and 30, equates to only a 2-atom
extension from the C3 hydroxyl group of 9. As such, the "ne-
tuning of the nature and “directionality” of this substituent
(e.g., 10-fold greater activity on introduction of the cis- versus
trans-propenyl substituent on sca!old 56), which was required
during optimization on the pyrrolidine template,6 is not as
readily accessible on the current !4-!-D-glucuronide template.
An exception to this is variation of the acetyl group of 25 that
enables further examination of the hydrophobic paradigm.
In conclusion, the 3-pentyl !4-!-D-glucuronide inhibitor

sca!old can be e#ciently synthesized from an inexpensive and
readily accessible starting material. The "rst structural study of
this sca!old in complex with in$uenza virus sialidase shows that
the parent compound 9 binds well into the sialidase active site:
this binding results in good inhibitory activity for the
“unfunctionalized” template. The single available hydroxyl
group can be e#ciently functionalized to explore possibilities
for binding interactions in subsite 2 such as those previously
identi"ed on the pyrrolidine and cyclohexene sca!olds.

! EXPERIMENTAL SECTION
General. A full description of materials and methods is provided in

the Supporting Information (SI). Final compounds were puri"ed by
reversed phase (RP) HPLC. Purities of synthetic intermediates after
chromatographic puri"cation were judged to be >90% by analysis of
the 1H and 13C NMR spectra (SI). Purity of tested compounds was
"95% (HPLC analysis). 1,25 8,26 26,23 and 2725 used in the sialidase
assay were synthesized according to literature procedures and puri"ed
by RP-HPLC ("95% purity). Methods for the N8:9 complex
formation and X-ray structure determination,27 computational
chemistry,27 and sialidase activity assay,22 were as previously described.

General Procedure for De-esteri!cation of 2-Acetamido-2-
deoxy-!4-!-D-glucuronides. To a solution of ester in MeOH:H2O
(1:1) at 0 °C, was added aq NaOH to achieve pH 13. The reaction
mixture was stirred at rt for 16 h and then neutralized with Amberlite
IR-120 (H+) resin. The crude product was puri"ed by chromatography
on silica (EtOAc/MeOH/H2O 8:1.5:0.5) followed by RP-HPLC.

General Procedure for Synthesis of 3-O-Alkylated 2-
Acetamido-2-deoxy-!4-!-D-glucuronides 18, 23, and 24. To a
solution of 17 in anhyd DMF (0.12 M) under Ar was added alkyl
halide (7 mol equiv) and nBu4NI (0.2 mol equiv). The reaction was
cooled to 0 °C, NaH (1.3 mol equiv) was added, and the reaction was
stirred at 0 °C for 30 min and at rt for 24#48 h. The reaction was
quenched at 0 °C by addition of a drop of AcOH, followed by addition
of water and extractive workup with EtOAc. The crude product was
puri"ed by chromatography on silica to give the 3-O-alkylated
derivative (19#22; see Scheme 2). 19#22 were de-esteri"ed and
the products (18, 23, and 24) puri"ed according to the general
procedure (yields and spectral characterization are given in the SI).

3-Pentyl 2-Acetamido-3-O-acetyl-2,4-dideoxy-"-L-threo-hex-
4-enopyranosiduronic Acid (25). To a solution of 912 (0.03 g, 0.10
mmol) in anhyd pyridine (1 mL) under N2 was added acetic anhydride
(0.5 mL). The reaction was stirred at rt for 16 h, concentrated, and the
crude product was puri"ed by chromatography on silica to give 25
(0.013 g, 38%) (spectral characterization is given in the SI).

! ASSOCIATED CONTENT
*S Supporting Information
Experimental procedures and spectral data for synthesized
compounds. Protocols for: molecular modeling; N8#9

Table 1. Inhibitory Activity (IC50) of 9, 18, and 23#26
against In!uenza A Virus (N2) Sialidase

R or R2 compd IC50 ("M)a,b compd C50 ("M)a,b

O#H 9 0.32 8 10.5

O#CH2CH3 18 28.0 (88) 26 479

O#CH3 23 1.45 (5)

O#CH2CH!CH3 24 212 (690)

O#C(O)CH3 25 5.39 (17)
aResults are given as means for three experimentally determined
values; IC50 95% con"dence intervals are within ±15% of the IC50
value. bNumber in square parentheses is the fold-di!erence of IC50
from the “parent” inhibitor (R or R2 = OH). In this assay, benchmark
inhibitors were: 4-amino-4-deoxy-Neu5Ac2en 27, IC50 0.68 "M; 4-
deoxy-4-guanidino-Neu5Ac2en 1; IC50 0.012 "M.
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structure determination (including crystallographic statistics);
sialidase activity assay. This material is available free of charge
via the Internet at http://pubs.acs.org.
Accession Codes
PDB ID: 4D8S.
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COMPOUND SYNTHESIS AND CHARACTERIZATION 

General Methods and Materials.  Reagents and dry solvents purchased from commercial sources 
were used without further purification.  Anhydrous reactions were carried out under an atmosphere of 
nitrogen or argon, using oven-dried glassware.  Reactions were monitored using thin layer 
chromatography (TLC) on aluminium plates precoated with Silica Gel 60 F254 (E. Merck).  
Developed plates were observed under UV light at 254 nm and then visualized after application of a 
solution of H2SO4 in EtOH (5% v/v) and heating.  Flash chromatographyS1 was performed on Silica 
Gel 60 (0.040-0.063mm) using distilled solvents. 1H and 13C NMR spectra were recorded at 300 and 
75.5 MHz respectively on a Bruker Avance 300 MHz spectrometer.  Chemical shifts (δ) are reported 
in parts per million, relative to the residual solvent peak as internal reference [CDCl3: 7.26 (s) for 1H, 
77.0 (t) for 13C; CD3OD: 3.30 (pent) for 1H, 49.0 (sept) for 13C; D2O: 4.67 (s) for 1H]. 2D COSY and 
HSQC experiments were run to support assignments.  Low-resolution mass spectra (LRMS) were 
recorded, in electrospray ionization mode, on a Bruker Daltonics Esquire 3000 ESI spectrometer, 
using positive or negative mode (as indicated).  High-resolution mass spectrometry (HRMS) was 
carried out by the Griffith University FTMS Facility on a Bruker Daltonics Apex III 4.7e Fourier 
Transform MS, fitted with an Apollo ESI source.  HPLC purification was performed on an Agilent 
HP1100 instrument using a Phenomenex Aqua 5 µ C18 124 Å column (250 × 10 mm) at a flow rate 
of 3mL/min and column temperature of 40 ˚C using solvents as indicated. The purities of all synthetic 
intermediates after chromatographic purification were judged to be >90% by 1H and 13C NMR.  The 
purity of target compounds 9, 18, 23 and 24 was ≥95% by HPLC analysis.   
5-Acetamido-2,6-anhydro-3,5-dideoxy-D-glycero-D-galacto-non-2-enoic acid (Neu5Ac2en 8),S2 5-
acetamido-2,6-anhydro-3,5-dideoxy-4-O-ethyl-D-glycero-D-galacto-non-2-enoic acid (4-O-ethyl-
Neu5Ac2en 26),S3 5-acetamido-4-amino-2,6-anhydro-3,4,5-trideoxy-D-glycero-D-galacto-non-2-
enoic acid (4-amino-4-deoxy-Neu5Ac2en 27),S4 and 5-acetamido-2,6-anhydro-4-guanidino-3,4,5-
trideoxy-D-glycero-D-galacto-non-2-enoic acid (4-deoxy-4-guanidino-Neu5Ac2en 1),S4 were 
synthesized according to literature procedures and purified by RP-HPLC; they were of ≥95% purity.   
 
Synthetic route to compounds 9, 18 and 23–25 
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2-Acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-α-D-glucopyranosideS5 (11).   
To N-acetyl-D-glucosamine 10 (12.1 g, 54.6 mmol) in anhydrous DCM (50 mL) under N2, was added 
pyridine (22 mL) followed by DMAP (cat.) and acetic anhydride (26 mL, 273 mmol) at 0 ˚C.  The 
reaction was stirred at 0 ˚C for 15 min and then at rt for 24 h.  The reaction was then cooled to 0 ˚C, 
water was added and the organic layer was separated.  The aqueous layer was then extracted with 
ethyl acetate (3 × 100 mL).  The combined organic layer was washed with satd aq NaCl, dried 
(Na2SO4), filtered, and concentrated under reduced pressure.  The crude reaction product was purified 
by crystallization from ethyl acetate/hexane to give the peracetylated compound 11 (20.5 g, 96%) as a 
white solid.  Rf 0.39 (MeOH/DCM 0.6:9.4);  1H NMR (300 MHz, CDCl3): δ 6.14 (d, 1H, J1,2  3.6 Hz, 
H-1), 5.56 (d, 1H, JNH,H-2  9.0 Hz, NH), 5.24-5.14 (m, 2H, H-3, H-4), 4.49-4.41 (m, 1H, H-2), 4.22 
(dd, 1H, J6,5  4.2 Hz, J6,6'  12.6 Hz, H-6), 4.03 (dd, 1H, J6',5  2.4 Hz, J6',6  12.3 Hz, H-6'), 3.98-3.93 (m, 
1H, H-5), 2.16 (s, 3H, OCOCH3), 2.05 (s, 3H, OCOCH3), 2.02 (s, 3H, OCOCH3), 2.01 (s, 3H, 
OCOCH3), 1.90 (s, 3H, NHCOCH3);  13C NMR (75.5 MHz, CDCl3): δ 171.7, 170.6, 169.9, 169.0 
(OCOCH3), 168.6 (NHCOCH3), 90.6 (C-1), 70.6 (C-3), 69.6 (C-5), 67.4 (C-4), 61.4 (C-6), 51.0 (C-2), 
23.0 (NHCOCH3), 20.9, 20.7, 20.6, 20.5 (OCOCH3); LRMS (ESI): m/z 412 [(M+Na)+ 100%].  The 
NMR data was in agreement with that reported in the literature.S5 
 

3-Pentyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranoside (12).  
To a solution of 2-acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-α-D-glucopyranoseS5 11 (6.0 g, 15.4 
mmol), in anhydrous 1,2-dichloroethane (50 mL) under Ar, was added TMSOTf (3 mL, 16.9 mmol), 
dropwise, at rt.  The reaction was warmed to 50 ˚C and stirred at this temperature for 12 h.  The 
resulting dark brown coloured solution was then cooled to rt, and 4Å molecular sieves (flame dried) 
were added.  After 2 h, anhydrous 3-pentanol (16 mL, 154 mmol) was added dropwise and the 
reaction mixture was stirred at rt.  Upon completion of reaction as indicated by TLC analysis (48 h), 
the reaction was quenched with Et3N, filtered and concentrated under reduced pressure to give a 
brown gum.  Flash chromatography (DCM→MeOH/DCM, 0.2:9.8) of the crude product afforded the 
title product 12 (6.1 g, 95%) as a white solid.  Rf 0.44 (MeOH/DCM 0.6:9.4);  1H NMR (300 MHz, 
CDCl3): δ 5.86 (d, 1H, JNH,H-2  8.7 Hz, NH), 5.31 (dd, 1H, J3,4  9.3 Hz, J3,2  10.5 Hz, H-3), 4.97 (app t, 
1H, J4,3 = J4,5  9.3 Hz, H-4), 4.71 (d, 1H, J1,2  8.4 Hz, H-1), 4.18 (dd, 1H, J6,5  5.1 Hz, J6,6'  12.3 Hz, H-
6), 4.07 (dd, 1H, J6',5  2.7 Hz, J6',6  12.0 Hz, H-6'), 3.75-3.63 (m, 2H, H-2, H-5), 3.45-3.35 (m, 1H, H-
a), 2.01 (s, 3H, OCOCH3), 1.97 (s, 3H, OCOCH3), 1.96 (s, 3H, OCOCH3), 1.87 (s, 3H, NHCOCH3), 
1.56-1.38 (m, 4H, H-b, H-b'), 0.84-0.78 (m, 6H, H-c, H-c');  13C NMR (75.5 MHz, CDCl3): δ 170.7, 
170.6, 170.1 (OCOCH3), 169.4 (NHCOCH3), 100.1 (C-1), 83.3 (C-a), 72.3 (C-3), 71.3 (C-5), 69.0 (C-
4), 62.3 (C-6), 55.3 (C-2), 26.8, 25.9 (C-b, C-b'), 23.1 (NHCOCH3), 20.6, 20.5 (OCOCH3), 9.5, 9.1 
(C-c, C-c'); LRMS (ESI): m/z 440 [(M+Na)+ 100%]. HRMS (ESI): calcd for C19H31NO9 [M+Na]+ 
440.1891, found 440.1881. 
 

3-Pentyl 2-acetamido-2-deoxy-β-D-glucopyranoside (13).   
To a solution of 12 (6 g, 14.3 mmol) in anhydrous MeOH (60 mL) at 0 ˚C under Ar, was added a 
solution of NaOMe (1M in MeOH, 12 mL).  The reaction was initially stirred for 10 min at 0 ˚C and 
then warmed to rt and monitored by TLC analysis.  After 2 h, the reaction was neutralized with 
Amberlite® IR-120 (H+) resin.  The resin was filtered-off, washed with MeOH (2 × 10 mL), and the 
filtrate was evaporated to give a yellow syrup, which was purified by flash chromatography 
(MeOH/DCM 1:9) to furnish the title compound 13 (4.1 g, 99%) as a light-yellow oil.  Rf 0.20 
(MeOH/DCM 0.8:9.2);  1H NMR (300 MHz, CD3OD): δ 4.45 (d, 1H, J1,2  8.1 Hz, H-1), 3.85 (dd, 1H, 
J6',5  2.4 Hz, J6',6  11.7 Hz, H-6'), 3.66 (dd, 1H, J6,5  5.4 Hz, J6,6'  11.7 Hz, H-6), 3.61-3.43 (m, 3H, H-2, 
H-a, H-3), 3.33-3.19 (m, 2H, H-4, H-5), 1.95 (s, 3H, NHCOCH3), 1.62-1.40 (m, 4H, H-b, H-b'), 0.90-
0.84 (m, 6H, H-c, H-c');  13C NMR (75.5 MHz, CD3OD): δ 173.5 (NHCOCH3), 102.1 (C-1), 83.5 (C-
a), 77.7 (C-5), 75.9 (C-3), 72.1 (C-4), 62.8 (C-6), 57.8 (C-2), 27.8, 26.5 (C-b, C-b'), 23.0 
(NHCOCH3), 9.9, 9.3 (C-c, C-c'); LRMS (ESI): m/z 314 [(M+Na)+ 100%]. 
 

241

Chapter 5



 

Methyl (3-pentyl 2-acetamido-3,4-di-O-acetyl-2-deoxy-β-D-glucopyranosid)uronate (14) and (3-
pentyl 2-acetamido-4-O-acetyl-2-deoxy-β-D-glucopyranosid)urono-6,3-lactone (15).   
To trihydroxy compound 13 (2.6 g, 8.9 mmol) in satd aq NaHCO3 (26 mL), cooled to 0 ˚C, was added 
KBr (0.11 g, 0.98 mmol), followed by TEMPO (0.12 g, 0.80 mmol).  To this suspension was then 
added aq NaOCl solution (12.5% w/v, 21 mL) in small aliquots over 2 h.  After complete addition, the 
reaction mixture was stirred at 0-4 ˚C for 12 h.  The reaction mixture was then concentrated and 
lyophilized, and the dry salt mixture was suspended in DMF (40 mL) under N2, MeI (0.83 mL, 13.38 
mmol) added and the reaction stirred at rt for 24 h.  Acetic anhydride (4.2 mL, 44.6 mmol) and 
DMAP (0.11 g, 0.98 mmol) were then added and stirring was continued for a further 12 h at rt.  After 
this time, water was added and the mixture was extracted with EtOAc (3 × 50 mL).  The combined 
organic extracts were washed with H2O (2 × 30 mL), satd aq NaCl, dried (Na2SO4), filtered, and 
concentrated under reduced pressure.  The crude residue was purified by flash chromatography 
(acetone/hexane 1:9→3:7) to give the acetylated methyl uronate 14 (2.2 g over 3 steps, 61%) as a 
white fluffy solid.  Also recovered after chromatography was a by-product assigned on the basis of 
NMR data as 6,3-lactone 15 (0.56 g, 19%) (no stable molecular ion could be observed by LRMS). 
Compound 14.  Rf 0.38 (acetone/hexane 2:3);  1H NMR (300 MHz, CDCl3): δ 5.60 (d, 1H, JNH,H-2  
8.4 Hz, NH), 5.46 (dd, 1H, J3,2  9.3 Hz, J3,4  9.6 Hz, H-3), 5.14 (app t, 1H, J4,3  9.6 Hz, J4,5  9.9 Hz, H-
4), 4.86 (d, 1H, J1,2  8.1 Hz, H-1), 4.01 (d, 1H, J5,4  9.9 Hz, H-5), 3.71 (s, 3H, CO2CH3), 3.68-3.61 (m, 
1H, H-2), 3.50-3.42 (m, 1H, H-a), 2.01 (s, 3H, OCOCH3), 1.99 (s, 3H, OCOCH3), 1.90 (s, 3H, 
NHCOCH3), 1.58-1.41 (m, 4H, H-b, H-b'), 0.87-0.79 (m, 6H, H-c, H-c');  13C NMR (75.5 MHz, 
CDCl3): δ 170.6, 170.1 (OCOCH3), 169.5 (NHCOCH3), 167.6 (CO2CH3), 99.7 (C-1), 83.0 (C-a), 72.4 
(C-5), 71.3 (C-3), 69.8 (C-4), 55.5 (C-2), 52.7 (CO2CH3), 26.7, 25.6 (C-b, C-b'), 23.2 (NHCOCH3), 
20.7, 20.5 (OCOCH3), 9.4, 8.9 (C-c, C-c'); LRMS (ESI): m/z 426 [(M+Na)+ 100%]; HRMS (ESI): 
calcd for C18H29NO9 [M+Na]+ 426.1735, found 426.1727. 
Compound 15.  Rf 0.36 (acetone/hexane 2:3);  1H NMR (300 MHz, CDCl3): δ 6.32 (d, 1H, JNH,H-2  
9.3 Hz, NH), 4.94 (dd, 1H, J4,5  3.3 Hz, J4,3  5.4 Hz, H-4), 4.82 (br s, 1H, H-1), 4.71 (app dd, 1H, J3,2  
3.9 Hz, J3,4  5.1 Hz, H-3), 4.66 (dd, 1H, J2,3  3.9 Hz, J2,NH  9.6 Hz, H-2), 4.23 (d, 1H, J5,4  3.3 Hz, H-5), 
3.56-3.48 (m, 1H, H-a), 2.22 (s, 3H, OCOCH3), 2.01 (s, 3H, NHCOCH3), 1.62-1.39 (m, 4H, H-b, H-
b'), 0.86-0.79 (m, 6H, H-c, H-c');  13C NMR (75.5 MHz, CDCl3): δ 169.8 (OCOCH3), 168.9 
(NHCOCH3), 168.2 (C-6), 100.9 (C-1), 81.6 (C-a), 72.4 (C-3), 68.8 (C-4), 67.2 (C-5), 49.9 (C-2), 
25.6, 23.8 (C-b, C-b'), 23.3 (NHCOCH3), 20.7 (OCOCH3), 9.1, 8.6 (C-c, C-c'). 
 

Methyl (3-pentyl 2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate 
(16).   
DBU (0.4 mL, 2.7 mmol) was added dropwise to a solution of 14 (0.5 g, 1.2 mmol) in anhydrous 
DCM (15 mL) under Ar.  The light yellow solution was stirred at rt for 24 h.  The resulting dark 
brown solution was evaporated under reduced pressure and the viscous crude product was directly 
loaded onto a silica column and chromatographed (acetone/hexane 3:7) to furnish unsaturated 
compound 16 (0.22 g, 52%, 75% based on recovered starting material) as a light yellow oil.  Also 
recovered after chromatography was starting material 14 (0.15 g, 30%).  Compound 16.  Rf 0.46 
(acetone/hexane 2:3);  1H NMR (300 MHz, CDCl3): δ 6.23 (dd, 1H, J4,2  1.2 Hz, J4,3  4.8 Hz, H-4), 
5.57 (d, 1H, JNH,H-2  9.0 Hz, NH), 5.24 (d, 1H, J1,2  2.1 Hz, H-1), 5.01 (dddd, 1H, J3,1  0.9 Hz, J3,2  1.8 
Hz, J3,4  4.5 Hz, H-3), 4.37 (dq, 1H, J2,1  2.1 Hz, J2,3  1.8 Hz, J2,4  1.2 Hz, J2,NH  9.0 Hz, H-2), 3.80 (s, 
3H, CO2CH3), 3.61-3.53 (m, 1H, H-a), 2.02 (s, 3H, OCOCH3), 1.94 (s, 3H, NHCOCH3), 1.56-1.38 
(m, 4H, H-b, H-b'), 0.86 (t, 3H, Jc,b  7.5 Hz, H-c), 0.78 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 
MHz, CDCl3): δ 170.1 (OCOCH3), 169.4 (NHCOCH3), 162.5 (CO2CH3), 142.4 (C-5), 107.6 (C-4), 
96.8 (C-1), 81.4 (C-a), 64.6 (C-3), 52.5 (CO2CH3), 48.9 (C-2), 26.4, 25.5 (C-b, C-b'), 23.1 
(NHCOCH3), 20.8 (OCOCH3), 9.3, 9.1 (C-c, C-c'); LRMS (ESI): m/z 366 [(M+Na)+ 100%]. 
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Methyl (3-pentyl 2-acetamido-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate (17).   
A solution of a compound 16 (0.88 g, 2.5 mmol) in anhydrous MeOH was cooled to 0 ˚C and a 
solution of NaOMe (1M in MeOH, 1.2 mL) was added dropwise under Ar.  The reaction mixture was 
initially stirred for 10 min at 0 ˚C and then warmed to rt and the progress of the reaction was 
monitored by TLC analysis (acetone/hexane 2:3).  After 12 h, the reaction mixture was neutralized 
with Amberlite® IR-120 (H+) resin.  The resin was filtered-off and the filtrate evaporated under 
reduced pressure to give a yellow syrup, which was purified by flash chromatography 
(acetone/hexane 3:7→2:3) to furnish 17 (0.75 g, 97%) as a white fluffy solid.  Rf 0.35 
(acetone/hexane 2:3);  1H NMR (300 MHz, CDCl3): δ 6.33 (dd, 1H, J4,2  1.5 Hz, J4,3  5.1 Hz, H-4), 
5.41 (d, 1H, JNH,H-2  8.4 Hz, NH), 5.31 (app dd, 1H, J1,3  0.9 Hz, J1,2  1.8 Hz, H-1), 4.47 (dq, 1H, J2,1  
1.8 Hz, J2,3  3.6 Hz, J2,4  1.8 Hz, J2,NH  8.7 Hz, H-2), 3.82 (br s, 4H, H-3, CO2CH3), 3.67-3.57 (m, 1H, 
H-a), 3.33 (br s, 1H, OH), 1.94 (s, 3H, NHCOCH3), 1.58-1.37 (m, 4H, H-b, H-b'), 0.87 (t, 3H, Jc,b  7.5 
Hz, H-c), 0.78 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, CDCl3): δ 169.6 (NHCOCH3), 162.6 
(CO2CH3), 140.1 (C-5), 112.1 (C-4), 97.4 (C-1), 82.8 (C-a), 63.3 (C-3), 52.6 (CO2CH3), 49.7 (C-2), 
26.5, 25.8 (C-b, C-b'), 23.2 (NHCOCH3), 9.6, 9.1 (C-c, C-c'); LRMS (ESI): m/z 324 [(M+Na)+ 
100%]; HRMS (ESI): calcd for C14H23NO6 [M+Na]+ 324.1418, found 324.1411. 
 
3-Pentyl 2-acetamido-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic acidS6 (9). 
To a solution of compound 17 (0.1 g, 0.33 mmol) in MeOH:H2O (1:1) at 0 ˚C, was added aq NaOH 
(0.5 N) to make pH 13.  The reaction mixture was stirred at rt and monitored by TLC analysis 
(acetone/hexane 2:3).  After 16 h, the reaction mixture was neutralized with Amberlite® IR-120 (H+) 
resin.  The resin was filtered-off and, the filtrate was evaporated under reduced pressure to give a light 
yellow syrup.  This was purified by column chromatography (EtOAc/MeOH/H2O 8:1.5:0.5), to give a 
colourless oil which was lyophilized to afford an amorphous solid.  The product was further purified 
by RP-HPLC (isocratic elution with 0.05% TFA in 19:81 MeCN/water: retention time 20.10-21.22 
min) and then lyophilized to give pure 9S6 (0.09 g, 95%) as a white solid.  Rf 0.15 (EtOAc/MeOH/H2O 
8:1.5:0.5);  1H NMR (300 MHz, D2O/CH3OD): δ 6.03 (dd, 1H, J4,2  0.9 Hz, J4,3  4.2 Hz, H-4), 5.07 (d, 
1H, J1,2  4.8 Hz, H-1), 3.98 (t, 1H, J3,4  4.2 Hz, H-3), 3.90 (t, 1H, J2,1  4.5 Hz, H-2), 3.48-3.40 (m, 1H, 
H-a), 1.80 (s, 3H, NHCOCH3), 1.40-1.28 (m, 4H, H-b, H-b'), 0.71-0.61 (m, 6H, H-c, H-c');  13C NMR 
(75.5 MHz, D2O/CH3OD): δ 174.7 (NHCOCH3), 166.1 (CO2H), 141.8 (C-5), 113.1 (C-4), 99.2 (C-1), 
84.7 (C-a), 65.1 (C-3), 53.3 (C-2), 27.2, 26.6 (C-b, C-b'), 22.7 (NHCOCH3), 10.0, 9.5 (C-c, C-c'); 
LRMS (ESI, -ve ion mode): m/z 286 [(M-H)- 100%]; LRMS (ESI, +ve ion mode): m/z 310 [(M+Na)+ 
100%]; HRMS (ESI): calcd for C13H21NO6 [M+H]+ 288.1442, found 288.1435. 
 
Ethyl (3-pentyl 2-acetamido-2,4-dideoxy-3-O-ethyl-α-L-threo-hex-4-enopyranosid)uronate (19).   
To a solution of 17 (0.186 g, 0.618 mmol) in anhydrous DMF (5 mL) was added ethyl iodide (0.35 
mL, 4.32 mmol) and phase transfer catalyst nBu4NI (0.046 g, 0.13 mmol) under Ar.  The reaction 
mixture was cooled to 0 ˚C and sodium hydride (0.033 g, 0.83 mmol, 60% in mineral oil) was added.  
The reaction mixture was initially stirred for 30 min at 0 ˚C and then warmed to rt and the progress of 
the reaction was monitored by TLC analysis (EtOAc/DCM, 1:1).  After 24 h, the reaction mixture was 
cooled to 0 ˚C, at which time a drop of acetic acid was added, followed by addition of water.  The 
crude residue was extracted with EtOAc (3 × 50 mL).  The combined extracts were washed with satd 
NaHCO3 solution (20 mL), satd aq NaCl, dried (Na2SO4), filtered, and the filtrate evaporated under 
reduced pressure. The crude product was purified by flash chromatography (EtOAc/DCM 
0.5:9.5→3:7) to afford 19 (0.118 g, 56%) as colourless oil.  Rf 0.51 (EtOAc/DCM 3.5:6.5);  1H NMR 
(300 MHz, CDCl3): δ 6.23 (dd, 1H, J4,2  1.2 Hz, J4,3  4.5 Hz, H-4), 5.53 (d, 1H, JNH,H-2  8.7 Hz, NH), 
5.24 (d, 1H, J1,2  2.7 Hz, H-1), 4.31-4.20 (m, 3H, H-2, H-1''), 3.79-3.69 (m, 2H, H-3, H-1'), 3.64-3.49 
(m, 2H, H-1', H-a), 1.94 (s, 3H, NHCOCH3), 1.55-1.44 (m, 4H, H-b, H-b'), 1.29 (t, 3H, J2'',1''  7.3 Hz, 
H-2''), 1.18 (t, 3H, J2',1'  6.9 Hz, H-2'), 0.86 (t, 3H, Jc,b  7.5 Hz, H-c), 0.80 (t, 3H, Jc',b'  7.5 Hz, H-c');  
13C NMR (75.5 MHz, CDCl3): δ 169.6 (NHCOCH3), 162.3 (CO2CH2CH3), 141.1 (C-5), 110.2 (C-4), 
97.4 (C-1), 82.2 (C-a), 70.8 (C-3), 64.2 (C-1'), 61.3 (C-1''), 49.3 (C-2), 26.5, 25.6 (C-b, C-b'), 23.0 
(NHCOCH3), 15.2 (C-2'), 14.0 (C-2''), 9.4, 9.2 (C-c, C-c'); LRMS (ESI): m/z 366 [(M+Na)+ 100%]. 
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Methyl (3-pentyl 2-acetamido-2,4-dideoxy-3-O-methyl-α-L-threo-hex-4-enopyranosid)uronate 
(20).   
Compound 20 was prepared by 3-O-alkylation of 17 (0.376 g, 1.25 mmol) with methyl iodide (0.54 
mL, 8.74 mmol) in a similar manner to that described for the synthesis of 19 from 17. The crude 
yellow reaction product was purified by flash chromatography (EtOAc/DCM 0.5:9.5→2:3) to give the 
desired C-3 methyl ether substituted uronate derivative 20 (0.26 g, 66%) as a light yellowish sticky 
solid.  Rf 0.39 (EtOAc/DCM 1:1);  1H NMR (300 MHz, CDCl3): δ 6.25 (dd, 1H, J4,2  1.2 Hz, J4,3  4.5 
Hz, H-4), 5.61 (d, 1H, JNH,H-2  8.4 Hz, NH), 5.23 (d, 1H, J1,2  2.7 Hz, H-1), 4.30 (app d, 1H, JH-2,NH  8.7 
Hz H-2), 3.79 (s, 3H, CO2CH3), 3.66 (dd, 1H, J3,2  2.1 Hz, J3,4  4.5 Hz, H-3), 3.56-3.48 (m, 1H, H-a), 
3.44 (s, 3H, OCH3), 1.94 (s, 3H, NHCOCH3), 1.55-1.41 (m, 4H, H-b, H-b'), 0.85 (t, 3H, Jc,b  7.5 Hz, 
H-c), 0.77 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, CDCl3): δ 169.5 (NHCOCH3), 162.8 
(CO2CH3), 141.0 (C-5), 110.0 (C-4), 97.3 (C-1), 82.1 (C-a), 72.6 (C-3), 56.8 (OCH3), 52.4 (CO2CH3), 
49.0 (C-2), 26.5, 25.8 (C-b, C-b'), 23.2 (NHCOCH3), 9.6, 9.3 (C-c, C-c'); LRMS (ESI): m/z 338 
[(M+Na)+ 100%]. 
 
Methyl (3-pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate (21) 
and allyl (3-pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate 
(22).   
To a solution of 17 (0.205 g, 0.68 mmol.) in anhyd DMF (6 mL) was added allyl bromide (0.40 mL, 
4.77 mmol) and phase transfer catalyst nBu4NI (0.050 g, 0.13 mmol) under Ar.  The reaction mixture 
was cooled to 0 ˚C and sodium hydride (0.037 g, 0.92 mmol, 60% in mineral oil) was added.  The 
reaction mixture was initially stirred for 30 min at 0 ˚C and then warmed to rt and the progress of the 
reaction was monitored.  After 48 h, TLC analysis (EtOAc/DCM, 3.5:6.5) indicated complete 
consumption of the starting material, with the presence of two new spots.  The reaction mixture was 
cooled to 0 ˚C, at which time a drop of acetic acid was added followed by addition of water.  The 
crude residue was extracted with EtOAc (3 × 50 mL).  The combined extracts were washed with satd 
NaHCO3 solution (15 mL), satd aq NaCl, and dried (Na2SO4), filtered, and the filtrate evaporated 
under reduced pressure.  Purification of the crude product by preparative TLC (EtOAc/DCM 3.5:6.5) 
led to the separation of two components, identified as 3-O-allylated methyl ester 21 (0.075 g, 34%) 
and 3-O-allylated allyl ester 22 (0.1 g, 42%). 
Compound 21.  Rf 0.48 (EtOAc/DCM 3.5:6.5);  1H NMR (300 MHz, CDCl3): δ 6.21 (d, 1H, J4,3  4.2 
Hz, H-4), 5.92-5.79 (m, 1H, H-2'), 5.66 (d, 1H, JNH,H-2  8.4 Hz, NH), 5.31-5.11 (m, 3H, H-1, H-3'), 
4.29-4.06 (m, 3H, H-2, H-1'), 3.77 (br s, 4H, H-3, CO2CH3), 3.56-3.48 (m, 1H, H-a), 1.92 (s, 3H, 
NHCOCH3), 1.50-1.40 (m, 4H, H-b, H-b'), 0.83 (t, 3H, Jc,b  7.5 Hz, H-c), 0.77 (t, 3H, Jc',b'  7.5 Hz, H-
c');  13C NMR (75.5 MHz, CDCl3): δ 169.5 (NHCOCH3), 162.8 (CO2CH3), 140.9 (C-5), 134.4 (C-2'), 
117.1 (C-3'), 110.5 (C-4), 97.2 (C-1), 82.0 (C-a), 70.2 (C-3), 69.6 (C-1'), 52.4 (CO2CH3), 49.5 (C-2), 
26.5, 25.7 (C-b, C-b'), 23.1 (NHCOCH3), 9.5, 9.2 (C-c, C-c'); LRMS (ESI): m/z 364 [(M+Na)+ 
100%]. 
Compound 22.  Rf 0.57 (EtOAc/DCM 3.5:6.5);  1H NMR (300 MHz, CDCl3): δ 6.25 (dd, 1H, J4,2  1.2 
Hz, J4,3  4.5 Hz, H-4), 5.97-5.80 (m, 2H, H-2', H-2''), 5.63 (d, 1H, JNH,H-2  8.7 Hz, NH), 5.36-5.11 (m, 
5H, H-1, H-3', H-3''), 4.73-4.61 (m, 2H, H-1''), 4.31-4.06 (m, 3H, H-2, H-1'), 3.79 (dd, 1H, J3,2  2.1 
Hz, J3,4  4.8 Hz, H-3), 3.56-3.48 (m, 1H, H-a), 1.93 (s, 3H, NHCOCH3), 1.54-1.41 (m, 4H, H-b, H-b'), 
0.84 (t, 3H, Jc,b  7.5 Hz, H-c), 0.78 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, CDCl3): δ 169.5 
(NHCOCH3), 162.0 (CO2CH2CH=CH2), 141.0 (C-5), 134.4 (C-2'), 131.3 (C-2''), 118.9 (C-3''), 117.1 
(C-3'), 110.7 (C-4), 97.3 (C-1), 82.1 (C-a), 70.2 (C-3), 69.6 (C-1'), 65.9 (C-1''), 49.5 (C-2), 26.5, 25.7 
(C-b, C-b'), 23.2 (NHCOCH3), 9.6, 9.3 (C-c, C-c'); LRMS (ESI): m/z 390 [(M+Na)+ 100%]. 
 
General procedure for base catalyzed de-esterification of compounds 19–22.   
To a solution of esterified glucuronide in MeOH:H2O (1:1) at 0 ˚C, was added aq NaOH (0.5 N) to 
make pH 13.  The reaction mixture was stirred at rt and monitored by TLC analysis (EtOAc/DCM 
3.5:6.5).  After 16 h, the reaction mixture was neutralized with Amberlite® IR-120 (H+) resin.  The 
resin was filtered-off and the filtrate was evaporated under reduced pressure to give a light yellow 
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syrup.  The crude product was purified by column chromatography (EtOAc/MeOH/H2O 8:1.5:0.5) to 
give a colourless oil which was lyophilized to afford an amorphous solid.  The material obtained was 
further purified by RP-HPLC and then lyophilized. 
 
3-Pentyl 2-acetamido-2,4-dideoxy-3-O-ethyl-α-L-threo-hex-4-enopyranosiduronic acid (18).   
Prepared from 19 (0.075 g, 0.21 mmol), according to the general procedure for de-esterification.  
Yield: (0.056 g, 82%);  Rf 0.27 (EtOAc/MeOH/H2O 8:1.5:0.5);  HPLC purification conditions: 
isocratic elution with 0.05% TFA in 27:73 MeCN/water: retention time 20.45-22.12 min;  1H NMR 
(300 MHz, D2O): δ 6.13 (d, 1H, J4,3  3.9 Hz, H-4), 5.10 (d, 1H, J1,2  4.5 Hz, H-1), 4.05 (t, 1H, J2,1  4.5 
Hz, H-2), 3.91 (t, 1H, J3,2  3.9 Hz, H-3), 3.65-3.46 (m, 3H, H-1', H-a), 1.87 (s, 3H, NHCOCH3), 1.46-
1.31 (m, 4H, H-b, H-b'), 1.05 (t, 3H, J2',1'  7.2 Hz, H-2'), 0.75-0.66 (m, 6H, H-c, H-c');  13C NMR (75.5 
MHz, D2O): δ 173.9 (NHCOCH3), 165.5 (CO2H), 141.5 (C-5), 110.1 (C-4), 98.1 (C-1), 83.7 (C-a), 
71.6 (C-3), 64.9 (C-1'), 50.0 (C-2), 26.0, 25.4 (C-b, C-b'), 21.7 (NHCOCH3), 14.2 (C-2'), 8.9, 8.4 (C-
c, C-c'); LRMS (ESI, -ve ion mode): m/z 315 [(M)- 100%]; LRMS (ESI, +ve ion mode): m/z 339 
[(M+24)+ 100%]; HRMS (ESI): calcd for C15H25NO6 [M+Na]+ 338.1574, found 338.1573. 

 
3-Pentyl 2-acetamido-2,4-dideoxy-3-O-methyl-α-L-threo-hex-4-enopyranosiduronic acid (23).   
Prepared from 20 (0.2 g, 0.63 mmol), according to the general procedure for de-esterification.  Yield: 
(0.15 g, 78%);  Rf 0.18 (EtOAc/MeOH/H2O 8:1.5:0.5);  HPLC purification conditions: isocratic 
elution with 0.05% TFA in 20:80 MeCN/water: retention time 25.50-26.92 min;  1H NMR (300 MHz, 
D2O):  1H NMR (300 MHz, D2O): δ 5.99 (d, 1H, J4,3  3.6 Hz, H-4), 5.08 (d, 1H, J1,2  3.9 Hz, H-1), 
4.07 (t, 1H, J2,1  3.6 Hz, H-2), 3.71 (t, 1H, J3,2  3.6 Hz, H-3), 3.53-3.48 (m, 1H, H-a), 3.28 (s, 3H, 
OCH3), 1.85 (s, 3H, NHCOCH3), 1.44-1.25 (m, 4H, H-b, H-b'), 0.73 (t, 3H, Jc,b  7.5 Hz, H-c), 0.65 (t, 
3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, D2O): δ 173.8 (NHCOCH3), 106.3 (C-4), 97.2 (C-1), 
83.0 (C-a), 73.2 (C-3), 56.0 (OCH3), 49.1 (C-2), 26.1, 25.6 (C-b, C-b'), 21.7 (NHCOCH3), 9.1, 8.6 (C-
c, C-c'), [CO2H and C-5 peak was not observed in 13C NMR]; LRMS (ESI, -ve ion mode): m/z 300 
[(M-H)- 100%]; HRMS (ESI): calcd for C14H23NO6 [M+Na]+ 324.1418, found 324.1409. 

 
3-Pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic acid (24).   
Prepared from 21 (0.072 g, 0.21 mmol) and 22 (0.098 g, 0.26 mmol) mixture, according to the general 
procedure for de-esterification.  Yield: (0.099 g, 60% based on 21; 65% based on 22);  Rf 0.30 
[EtOAc/MeOH/H2O 8:1.5:0.5);  HPLC purification conditions: isocratic elution with 0.05% TFA in 
35:65 MeCN/water: retention time 14.34-15.92 min;  1H NMR (300 MHz, D2O/CH3OD): δ 6.26 (d, 
1H, J4,3  3.3 Hz, H-4), 5.99-5.85 (m, 1H, H-2'), 5.36-5.22 (m, 3H, H-1, H-3'), 4.19-4.15 (m, 3H, H-2, 
H-1'), 4.01 (t, 1H, J3,2  3.9 Hz, H-3), 3.64-3.56 (m, 1H, H-a), 1.98 (s, 3H, NHCOCH3), 1.58-1.44 (m, 
4H, H-b, H-b'), 0.87 (t, 3H, Jc,b  7.5 Hz, H-c), 0.81 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, 
D2O/CH3OD): δ 174.5 (NHCOCH3), 166.2 (CO2H), 142.5 (C-5), 134.8 (C-2'), 119.3 (C-3'), 111.1 (C-
4), 98.8 (C-1), 84.3 (C-a), 71.9 (C-3), 70.9 (C-1'), 51.2 (C-2), 27.3, 26.6 (C-b, C-b'), 22.7 
(NHCOCH3), 10.1, 9.6 (C-c, C-c'); LRMS (ESI, -ve ion mode): m/z 326 [(M-H)- 100%]; LRMS (ESI, 
+ve ion mode): m/z 351 [(M+24)+ 100%]; HRMS (ESI): calcd for C16H25NO6 [M+H]+ 328.1755, 
found 328.1751. 
 
3-Pentyl 2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic acid (25).   
HPLC-purified compound 9 (0.03 g, 0.10 mmol) was dissolved in anhyd pyridine (1 mL) and acetic 
anhydride (0.5 mL) was added and the reaction was stirred at rt for 16 h under N2.  The reaction 
mixture was concentrated under reduced pressure to give brown oil, which was purified by flash 
chromatography (EtOAc/MeOH/H2O 8:1.5:0.5) to give compound 25 (0.013 g, 38%) as a colourless 
oil.  This oil was dissolved in water and then lyophilized to afford 25 as a white amorphous solid.  Rf 
0.24 (EtOAc/MeOH/H2O 8:1.5:0.5);  1H NMR (300 MHz, D2O): δ 5.99 (dd, 1H, J4,2  0.9 Hz, J4,3  4.2 
Hz, H-4), 5.18 (d, 1H, J1,2  3.9 Hz, H-1), 5.09 (t, 1H, J3,4  3.9 Hz, H-3), 4.10 (t, 1H, J2,1  3.6 Hz, H-2), 
3.59-3.51 (m, 1H, H-a), 1.96 (s, 3H, OCOCH3), 1.85 (s, 3H, NHCOCH3), 1.47-1.27 (m, 4H, H-b, H-
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b'), 0.74 (t, 3H, Jc,b  7.5 Hz, H-c), 0.68 (t, 3H, Jc',b'  7.5 Hz, H-c');  13C NMR (75.5 MHz, D2O): δ 173.9 
(NHCOCH3), 173.0 (OCOCH3), 166.2 (CO2H), 144.0 (C-5), 106.0 (C-4), 96.8 (C-1), 83.1 (C-a), 66.1 
(C-3), 49.5 (C-2), 26.0, 25.3 (C-b, C-b'), 21.6 (NHCOCH3), 20.2 (OCOCH3), 8.9, 8.5 (C-c, C-c'); 
LRMS (ESI, -ve ion mode): m/z 328 [(M-H)- 100%]; LRMS (ESI, +ve ion mode): m/z 352 [(M+Na)+ 
100%]; HRMS (ESI): calcd for C15H23NO7 [M+Na]+ 352.1367, found 352.1360. 
 
 

 
 

INFLUENZA A/N8 SIALIDASE COMPLEX WITH COMPOUND 9 – STRUCTURE 
DETERMINATION  

Protein X-ray crystallography.  N8 sialidase from A/Duck/Ukraine/1/63 (H3N8) was prepared from 
virus grown in hens’ eggs.  Sialidase was released from the viruses by bromelain digestion, and 
further purified.  N8 sialidase crystals were grown by vapour diffusion in hanging drops consisting of 
2 µL of reservoir solution (0.1 M imidazole, pH 8.0 and 35 % MPD) and 2 µL of concentrated protein 
solution (10 mg/mL in 10 mM Tris-HCl, pH 8.0).  A crystal of N8 sialidase was soaked in 1 mM of 
the 9 for 60 min. Data were collected on an in-house rotating anode (RA Micro7 HFM) and a 
Saturn944 CCD at 100 K and processed and scaled with Denzo and Scalepack.S7 Standard refinement 
was carried out with PHENIX,S8 together with manual model building with CootS9 (Table S1).  
Structural data have been deposited with the Protein Data Bank with accession code 4d8s.   
 

Table S1.  Data collection and refinement statistics for N8:9 complex 

 N8:9 

Data collection  

Space group I4 

Unit-cell parameters (Å) a=89.4, b=89.4, c=94.8 

Maximum resolution (Å)* 2.40 (2.44-2.40) 

Unique reflections 14629 

Completeness (%) * 100.0 (100.0) 

Mean I/σI * 34.8 (6.5) 

Redundancy 7.3 

Rsym (%)* 0.090 (0.431) 

Refinement  

Protein atoms 3010 

Water atoms 138 

Ligand atoms 21 

Resolution Range (Å) 32.5-2.4 

Rwork (%) 18.4 

Rfree (%) 23.6 

R.m.s.d. bond lengths (Å) 0.010 

R.m.s.d. bond angles (o) 1.187 
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MOLECULAR MODELLING  

3-Pentyl 2-acetamido-2-deoxy-Δ4-β-D-glucuronide substituted at the C-3 position with an ethyl ether 
(18), was built in InsightIIS10 and docked using AutoDock 3.0.5 (Ref. S11) into the active site of 
influenza A N1 sialidase structure 2HU4, using methods as previously described.S12  The results were 
processed using the utilities provided with AutoDockS11 and visualized using AstexViewer.S13  The 
structure of pyrrolidine-based sialidase inhibitor 5 in A/N9 sialidase structure 1XOE was 
superimposed onto 2HU4 using DeepView (Swiss-PDB-Viewer).S14   

 
 
 

INFLUENZA VIRUS SIALIDASE ACTIVITY ASSAY  

Inhibition of influenza A virus sialidase was quantitatively assessed using a modificationS15 of the 
fluorometric sialidase assay of Potier et al.S16 using the fluorogenic substrate 4-methylumbelliferyl 
N-acetyl-α-D-neuraminic acid (MUN) (Sigma-Aldrich).  The assay was carried-out in a 96-well plate 
format using native influenza A (N2) virus sialidase (kindly provided by Prof. John Skehel, Mill Hill, 
U.K.).  Specifically, stock solutions of the substrate MUN, inhibitor and sialidase were prepared in the 
reaction buffer (50 mM sodium acetate, 6 mM CaCl2, pH 5.5).  The reaction mixture with a final 
volume of 10 µL was prepared in a 96-well solid black plate on ice.  All inhibition assays were done 
in triplicate over eight inhibitor concentrations covering five orders of magnitude and a MUN 
concentration of 0.1 mM.  Sample measurements were corrected for background fluorescence that 
was not produced by the enzyme-catalyzed hydrolysis of the substrate, by subtracting a blank sample 
that contained MUN in the reaction buffer.  The reaction was started by brief centrifugation of up to 
1000 rpm for approximately 10 seconds to combine all the components.  Immediately after 
centrifugation the reaction was incubated at 37 ˚C with 900 rpm shaking for 20 min.  To stop the 
reaction, glycine [250 µL, 0.25 M (pH 10)] was added to each well and the fluorescence was read (1 
second per well) at an excitation of 355 nm and emission of 460 nm.   
 IC50 values were calculated using GraphPad Prism version 5S17 by non-linear regression with three 
parameters: F = Bottom + (Top - Bottom)/[1+10^([I] - LogIC50)] in which F is the Fluorescence 
signal and [I] the inhibitor concentration. 
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1H AND 13C NMR SPECTRA FOR SYNTHESIZED COMPOUNDS 
 

1H NMR (300 MHz) and 13C NMR (75.5 MHz) spectra 

Compound 
SI Page No. 

11 S12 

12 S13 

13 S14 

14 S15 

15 S16 

16 S17 

17 S18 

9 S19 

19 S20 

20 S21 

21 S22 

22 S23 

18 S24 

23 S25 

24 S26 

25 S27 
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  1H NMR (CDCl3):  2-Acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-α-D-glucopyranoside (11)  

 
  13C NMR (CDCl3):  2-Acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-α-D-glucopyranoside (11)  
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  1H NMR (CDCl3):  3-Pentyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranoside (12)  

 
  13C NMR (CDCl3):  3-Pentyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-β-D-glucopyranoside (12) 
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  1H NMR (CD3OD):  3-Pentyl 2-acetamido-2-deoxy-β-D-glucopyranoside (13)  

 
  13C NMR (CD3OD):  3-Pentyl 2-acetamido-2-deoxy-β-D-glucopyranoside (13)   
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 1H NMR (CDCl3):  Methyl (3-pentyl 2-acetamido-3,4-di-O-acetyl-2-deoxy-β-D-glucopyranosid)uronate (14)  
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 13C NMR (CDCl3): Methyl (3-pentyl 2-acetamido-3,4-di-O-acetyl-2-deoxy-β-D-glucopyranosid)uronate (14) 



 

 1H NMR (CDCl3): 3-Pentyl 2-acetamido-4-O-acetyl-2-deoxy-β-D-glucopyranosid)urono-6,3-lactone (15)  

 
 13C NMR (CDCl3): 3-Pentyl 2-acetamido-4-O-acetyl-2-deoxy-β-D-glucopyranosid)urono-6,3-lactone (15) 
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 1H NMR (CDCl3): Methyl (3-pentyl 2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate (16)  

 
13C NMR (CDCl3): Methyl (3-pentyl 2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate (16) 
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  1H NMR (CDCl3): Methyl (3-pentyl 2-acetamido-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate (17)  

 
  13C NMR (CDCl3): Methyl (3-pentyl 2-acetamido-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate (17) 
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  1H NMR (D2O/CD3OD): 3-Pentyl 2-acetamido-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic acid (9)  

 
  13C NMR (D2O/CD3OD)): 3-Pentyl 2-acetamido-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic acid (9) 
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 1H NMR (CDCl3): Ethyl (3-pentyl 2-acetamido-2,4-dideoxy-3-O-ethyl-α-L-threo-hex-4-enopyranosid)uronate (19)  

 
 13C NMR (CDCl3): Ethyl (3-pentyl 2-acetamido-2,4-dideoxy-3-O-ethyl-α-L-threo-hex-4-enopyranosid)uronate (19) 
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1H NMR (CDCl3): Methyl (3-pentyl 2-acetamido-2,4-dideoxy-3-O-methyl-α-L-threo-hex-4-enopyranosid)uronate (20)  

 
13C NMR (CDCl3): Methyl (3-pentyl 2-acetamido-2,4-dideoxy-3-O-methyl-α-L-threo-hex-4-enopyranosid)uronate (20) 
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 1H NMR (CDCl3): Methyl (3-pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate (21)  

 
 13C NMR (CDCl3): Methyl (3-pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate (21) 
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 1H NMR (CDCl3): Allyl (3-pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate (22)  

 
 13C NMR (CDCl3): Allyl (3-pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosid)uronate (22) 
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  1H NMR (D2O): 3-Pentyl 2-acetamido-2,4-dideoxy-3-O-ethyl-α-L-threo-hex-4-enopyranosiduronic acid (18)  

 
  13C NMR (D2O): 3-Pentyl 2-acetamido-2,4-dideoxy-3-O-ethyl-α-L-threo-hex-4-enopyranosiduronic acid (18) 
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  1H NMR (D2O): 3-Pentyl 2-acetamido-2,4-dideoxy-3-O-methyl-α-L-threo-hex-4-enopyranosiduronic acid (23)  

 
  13C NMR (D2O): 3-Pentyl 2-acetamido-2,4-dideoxy-3-O-methyl-α-L-threo-hex-4-enopyranosiduronic acid (23) 
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 1H NMR (D2O/CD3OD): 3-Pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic acid (24)  

 
13C NMR (D2O/CD3OD): 3-Pentyl 2-acetamido-3-O-allyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic acid (24) 
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  1H NMR (D2O): 3-Pentyl 2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic acid (25)  

 
  13C NMR (D2O): 3-Pentyl 2-acetamido-3-O-acetyl-2,4-dideoxy-α-L-threo-hex-4-enopyranosiduronic acid (25) 
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Abstract: Influenza A virus remains a significant human threat.  

Two frontline drugs that target the virus’ sialidase have been 

successfully used to prevent and treat influenza virus infection.  

However, drug resistance development to these therapeutics has 

been observed.  Consequently, the development of next generation 

therapeutics is essential.  New direction for inhibitor design exists 

through targeting the 150-cavity that is adjacent to the catalytic site. 

To explore this opportunity we have developed novel chemistries 

that provide an efficient synthesis of 3-N-substituted Neu5Ac2en 

derivatives that direct the C-3 substituent towards the 150 cavity. 

Both C-3 amide and triazole functionalised derivatives inhibited 

influenza A virus sialidase of N1 and N2 sub-types down to low 

micromolar levels.  The most active compounds displayed slow-

binding kinetics supporting the notion that the 150-cavity, formed by 

opening of the 150-loop, is accessed.  

The threat of a major human influenza pandemic, in particular 
arising from highly virulent strains such as avian H5N1 and swine-
origin H1N1 influenza viruses, has emphasized the need for 
therapeutic strategies to fight these pathogens. Structure-based 
design against the viral enzyme sialidase (NA) has led to the 
development of the potent, influenza virus-specific, NA inhibitors 
zanamivir (Relenza®) and oseltamivir carboxylate (active form of 
Tamiflu®).[1] Despite the efficacy of these drugs, there are 
significant concerns about the development of drug-resistant 
influenza virus strains, in particular with resistance to the more 
widely used drug Tamiflu®.[2] Development of next generation NA-

inhibitor anti-influenza drugs is therefore becoming a high priority. 
Recent X-ray crystal structures of influenza A virus sialidases 

have revealed previously unanticipated flexibility of a protein loop 
(the 150-loop – residues 147–152) that can open to form a cavity 
directly adjacent to the enzyme active site.[3] The extent of 
flexibility of the 150-loop appears to be variable across influenza A 
NA sub-types.[3-5] Furthermore, there are differences between what 
is observed experimentally[4] and the computationally-predicted 
flexibility of the 150-loop.[5] What role 150-loop flexibility plays in 
glycan recognition and/or enzyme function is yet to be determined. 
Accessing interactions within the 150-cavity formed by opening of 
the 150-loop, presents an exciting avenue for the design of novel 
NA inhibitors, both as probes of 150-loop flexibility across NA sub-
types, and as potential next-generation NA inhibitor drugs. 

We have previously shown[6] that suitable functionality 
introduced via a carbon linker at the C-3 position of the natural 
sialidase inhibitor 2,3-dehydro-2-deoxy-N-acetylneuraminic acid 
(Neu5Ac2en, 1), as in 2a-c, can extend into the 150-cavity and lock 
the flexible 150-loop in an open conformation.[6a,b] Derivative 2c, 
for example, gives low micromolar inhibition of influenza A virus 
N1[6] and N2 sialidases.[6c] To investigate the design of alternative 
probes of the 150-cavity, it was decided to introduce nitrogen as a 
heteroatom linker between C-3 and the side-chain, as in 3 (Figure 1). 
By introducing nitrogen at C-3 a range of substituents could be 
accessed (e.g. amide, 4-substituted-triazole) that would provide 
different rigidity, and potentially directionality, of the C-3 side-
chain depending on the nitrogen functionalization. The significant 
hydrophobic character of the 150-cavity [6] suggests that a lipophilic 
group introduced at C-3 would be best suited to engage interactions 
in this area. 
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Figure 1. C-3 Substituted Neu5Ac2en derivatives as probes of influenza A virus 

NA 150-loop flexibility. 
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From the point of view of synthetic flexibility, the choice of the 
precursor for the 3-N-functionalized Neu5Ac2en derivatives was 
directed towards the incorporation of an azide at C-3. Introduction 
of a substituent at C-3 on the naturally unsubstituted 
N-acetylneuraminic acid (Neu5Ac) template is achieved by addition 
across the double bond of a protected Neu5Ac2en derivative such as 
4. Access to our target compounds then involves re-introduction of 
2,3-unsaturation by elimination of the C-3 proton and an 'activating' 
substituent at the anomeric (C-2) position. Azidonitration of 4 and 
subsequent hydrolysis of the glycosyl nitrate provides access to a 3-
azido-2-hydroxy-Neu5Ac derivative.[7] Attempted activation of the 
anomeric position as a phosphite and subsequent TMSOTf-mediated 
generation of the 2,3-unsaturated species, as described for a 3-azido-
2-hydroxy-hept-2-ulosonic acid derivative,[8] however, was not 
successful on the 3-azido-2-hydroxy-Neu5Ac template. 

For the synthesis of 2a-c,[6] the 2,3-double bond was introduced 
by base-promoted elimination of HCl from the corresponding 
glycosyl chloride. Attempted introduction of the more reactive 
glycosyl bromide directly from the 3-azido-Neu5Ac glycosyl nitrate 
by reaction with LiBr[9] was unsuccessful, while reaction of the 
corresponding anomeric acetate with TMSBr gave only ~ 10% yield 
of the desired 3-azido-Neu5Ac glycosyl bromide (e.g. 5a,b). 

We therefore sought an efficient method to introduce 
simultaneously an azido group at C-3 and a leaving group at C-2. 
This led us to investigate and develop the addition of haloazide on 
the Neu5Ac2en system. The mechanism, and therefore the 
regiochemistry, of haloazide addition to unsaturated systems has 
been previously investigated and it is apparent that it depends 
dramatically upon the polarity of the solvent and the nature of the 
haloazide.[10] Considering the electronegativity of the halogen in 
which I < Br < Cl, the homolysis of the corresponding haloazide 
would follow a similar trend IN3 < BrN3 < ClN3 in which IN3 reacts 
mainly through an ionic mechanism and ClN3 predominantly via a 
radical mechanism.[10c] Experimental evidence has shown that polar 
solvents favour an ionic-type mechanism whereas when employing 
a non-polar solvent a radical-type mechanism was observed with 
opposite regiochemistry.[10] The ambiguous behaviour of BrN3 to 
undergo either a radical or ionic mechanism of addition depending 
on the reaction conditions (e.g. solvent),[10] led us to force the 
reaction via the radical pathway to obtain the desired 2-bromo-3-
azido product. We believed that the ionic mechanism would 
introduce the azide at the anomeric centre through formation of 
three-membered ring halonium ion intermediate which could be 
opened from the ! or " face by the nucleophilic azide ion (as seen 
for bromomethoxylation[11] of 4). In contrast, a radical mechanism 
would theoretically give the required inverse regiochemistry of 
addition, resulting in the introduction of the azide moiety at C-3 and 
halide at the anomeric position. This could be achieved, according to 
literature,[10b,d] by employing a non-polar solvent such as DCM at 
high dilution, to favour formation of the radical species and 
propagation of the reaction. 

The reaction pathway began with the addition of freshly 
prepared bromoazide11b to protected Neu5Ac2en derivative 4 
(Scheme 1), resulting in a mixture of two bromoazide products 5a,b 
in a 3:1 ratio. The major isomer (5a) showed a J3,4 coupling constant 
of 10.5 Hz indicating an equatorial C-3 substituent, whereas the 
minor component (5b) with a J3,4 of 4.5 Hz was characteristic of an 
axial C-3 substituent. The products of addition 5a,b could be 
explained by the reaction proceeding via a radical mechanism as 
expected, through an initial addition of azide radical to the double 
bond resulting in an anomeric (C-2) radical and azide at C-3. The 
regioselectivity of bromoazide addition is believed to be determined 

by resonance stabilisation of the radical by the endocylic oxygen.[12] 
Next, the radical generated reacts further with bromoazide to give 
the desired products of addition 5a,b. Because of the potential 
instability of glycosyl bromides, the mixture of 3-azido-2-bromo-
Neu5Ac derivatives 5a,b was employed without chromatographic 
purification for the subsequent "-elimination reaction. Treatment of 
mixture 5a,b with DBU in DCM led to the isolation of the desired 
3-azido-Neu5Ac2en derivative 6 in 77% from protected Neu5Ac2en 
4. Vinyl azide derivative 6 was found to be fairly unstable, with 
considerable decomposition of material at room temperature over a 
few hours, and even at -80 °C after one week. 
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O
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Scheme 1. Efficient synthesis of 3-azido-Neu5Ac2en derivative 6.  Reagents 

and Conditions: (a) BrN3, DCM, Ar, 0 °C-rt, 50 min; (b) DBU, DCM, Ar, 0 °C-rt, 

16 h. 

In order to explore the 150-cavity through C-3 N-substitutions, 
the key intermediate 3-azido-Neu5Ac2en 6 was in the first instance 
manipulated to generate a series of C-3 amides. The instability (due 
to tautomerization) of a "-amino-!,"-unsaturated ester functionality, 
upon reduction of the corresponding vinyl azide, has been 
reported.[13] We therefore chose to access 3-amido-Neu5Ac2en 
derivatives directly from vinyl azide 6 via a one-pot Staudinger 
reduction-acylation[14]  (Scheme 2 - Path A). Using a range of alkyl 
and, in particular, aromatic substituted acyl chlorides, a series of 3-
amido-Neu5Ac2en derivatives 7a-h was successfully synthesized in, 
on average, 70% yield. Exposure of amide derivatives 7a-h to base-
catalysed deprotection gave the target 3-amido-Neu5Ac2en 
derivatives 8a-h in 79-89% yield after purification.  

To investigate alternative opportunities for binding within the 
150-cavity, vinyl azide derivative 6 was derivatized to introduce a 
rigid cyclic system, a 4-substituted triazole at C-3. The synthesis of 
3-triazole-Neu5Ac2en derivatives 9a–h was accomplished through a 
copper-catalyzed 1,3-dipolar cycloaddition with various alkynes 
(Scheme 2 - Path B) using microwaves as the thermal source. 
Reaction under microwave irradiation (15 min) avoided the 
significant decomposition of 6 seen in reaction at room temperature 
(16 h) or under conventional heating of 45-50 °C (2 h). Final base-
catalysed deprotection led to the target 3-triazole derivatives 10a–h. 

The ability of the series of 3-amido and 3-triazole substituted 
Neu5Ac2en derivatives to inhibit influenza A virus sialidases was 
assessed using an in vitro fluorometric assay.[6c,15] The NA 
inhibitory activities for the most active compounds (8g, 10a–c, 10e 
and 10h) are presented in Table 1; the remaining compounds gave 
IC50 values greater than 700 µM (see Supporting Information).   

The series of 3-amido-Neu5Ac2en derivatives 8a-h (Scheme 2) 
contains compounds with differences in the chain length and nature 
of the amide moiety at C-3.  Of these, however, only the derivative, 
8g, which carries the cinnamide (3-phenyl-prop-2-enamide) 
substituent at C-3 showed micromolar inhibition against N1 NA, 
both from the 2009 pandemic H1N1 virus and from human-isolated 
avian H5N1 virus.  The side-chain amide of 8g, which is similar to 
the 150-cavity binding pharmacophore of 3-C-(phenylallyl)-
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Neu5Ac2en 2b,[6b] moves the aromatic ring slightly (1 atom in chain 
length) further from the central ring of the inhibitor than is seen in 
2b, giving improved activity relative to 2b and similar activity to 3-
C-tolylallyl derivative 2c [N1 NA: 8g IC50 5.9 µM; 2b Ki 52 µM;[6b] 
2c IC50 6.5 µM[6c]]. A need for rigidity (or directionality) in the C-3 
amide substituent is apparent from the complete loss of inhibitory 
activity seen in the corresponding structure (8f) that lacks the side-
chain double bond of 8g [N1 NA: 8f IC50 >1000 µM]. 

Since the relatively recent observation of an open conformation 
of the 150-loop in X-ray crystallographic structures of N1 (from 
H5N1),[3a] N4,[3a] N5[3b] and N8[3a] influenza A virus sialidases 
(designated[3a] 'group-1' sialidases), there has been speculation as to 
the generality of flexibility of this loop across all influenza A NA 

sub-types. An open 150-loop structure had not been observed in 
over two decades of crystallographic studies with N2 enzymes. A 
salt bridge between residues Asp147 and His150 in the 150-loop of 
the two N2 sialidases used in X-ray crystallography (A/Tokyo/3/67 
and A/RI/5+/57, both H2N2) was suggested to hinder 150-loop 
opening in these enzymes.[5] Computational studies on influenza A 
virus sialidases using molecular dynamics (MD) simulations, 
prompted by the observation of the flexible 150-loop in N1 sialidase, 
however, did predict some flexibility in N2 sialidases.[5] In addition, 
the 3-tolylallyl-Neu5Ac2en derivative 2c, which has been shown 
crystallographically to bind the 150-cavity of N8 NA,[6a] shows a 
micromolar level of inhibition of N2 (A/RI/5+/57) NA,[6c] 
suggesting that there is indeed some flexibility of the 150-loop in 
N2 NA. Finally in 2013, a partially open structure of N2 
(A/RI/5+/57) NA was observed under particular crystal soaking 
conditions with oseltamivir carboxylate, indicating structurally for 
the first time 150-loop flexibility in N2 NA.[16] The human N2 NA 
evaluated in this work has the Asp147 and His150 pair in the 150-
loop. Each of the NA-inhibitory 3-N-substituted Neu5Ac2en 
derivatives inhibit the N2 activity, although this is slightly weaker 
compared to (H1)N1 (Table 1; Figure 2), consistent with predicted[5] 
reduced flexibility and consequently lower population of open 150-
loop conformations for these enzymes.  
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Scheme 2.  Synthesis of C-3 amide (Path A) and C-3 triazole (Path B) 

Neu5Ac2en derivatives.  Reagents conditions: (a) i. acyl chloride, PPh3, DCE, 

Ar, rt for 0.5 h, 45-50 °C for 2.5 h; ii. satd aq. NaHCO3 (7a-h; 53-79%); (b) aq. 

NaOH, MeOH/H2O (1:1), pH 13, 16 h, 0 °C-rt; (c) alkyne, CuSO4•5H2O, sodium 

ascorbate, MeOH/H2O (1:1), MW (100 W), 80 °C, 15 min (9a-h; 64-72%).  [a] 
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Table 1. In vitro inhibition (IC50 µM) of influenza A virus N1 and N2 sialidases 

by selected 3-N-substituted Neu5Ac2en derivatives.
[a]

 

IC50 (µM)
 [b]

 
O CO2Na

HO

HO

H OH

H HO

R

N-subst

R = NHAc  N1 

pdm09
[c]

 

N1 

H5N1
[d]

 

N1 

H275Y
[e]

 

N2
[f]
 

8g 

O

N
H

 

    2.7     5.9     4.4     5.7 

10a 
N

N N
OH  

   37    21    34  102 

10b 

N

N N N

 

   44    42    38  137 

10c 
N

N N

CO2Na

 
 180  344    88  885 

10e 
N

N N HO  
   12    11    13    36 

10h 
N

N N
OCH3  

    5.3     6.5     7.2     8.2 

1 Neu5Ac2en     4.2     9.8     8.6     3.8 

[a] Other synthesized compounds gave IC50 values greater than 700 µM (see 

Supporting Information). [b] Inhibitors were pre-incubated with enzyme for 15 

min. Results are the mean of triplicate assays. IC50 95% confidence intervals 

are within ±20% of the IC50 value. Benchmark inhibitor zanamivir: N1, IC50 2–4 

nM; N2, IC50 8 nM. [c] N1 pdm09  [A/California/04/2009 (pdm09 H1N1)]. [d] N1 

[A/Anhui/1/2005 (H5N1)].  [e] N1-H275Y [A/Anhui/1/2005 (H5N1-H275Y 

variant)].  [f] N2 [A/Babol/36/2005 (H3N2)].  
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Figure 2.  Sialidase inhibitor selectivity: comparison of inhibitor strength against 

different influenza A virus sialidases, relative to inhibition of pdm09 N1 (red 

dotted line).  IC50 against a particular sialidase was divided by the IC50 for 

pdm09 N1.  Inhibitors were pre-incubated with enzyme for 15 min.  Actual IC50 

values (µM) are given in Table 1.  Sialidases: H1N1 [A/California/04/2009 

(pdm09 H1N1)]; H5N1 [A/Anhui/1/2005 (H5N1)]; H5N1-H275Y [A/Anhui/1/2005 

(H5N1-H275Y variant)]; N2 [A/Babol/36/2005 (H3N2)]. 

Considering that the flexibility of the 150-loop would be 
expected to have a role in the binding of the 3-N-substituted 
Neu5Ac2en derivatives, the effect of pre-incubation of inhibitor 
with the sialidase for periods up to 60 minutes, before addition of 
the enzyme substrate, was examined (Figure 3; see also 
Supplementary Information Figures S1 and S2, Table S2). Both 8g 
and 10h exhibit slow binding kinetics with all of the sialidases 
examined (N1 and N2), in contrast to the parent C-3 un-substituted 
template 1. For example, 8g (6-fold decrease in IC50, to 1.9 µM 
against pdm09 N1) and 10h (9-fold decrease to IC50, to 2.0 µM 
against pdm09 N1) give significantly lower IC50 values after pre-
incubation for 60 min with the enzyme. The known slow-binding 
behaviour of inhibitor zanamivir[17,18] was also apparent in the pre-
incubation study (Figure 3). The parent inhibitor for the current 
study (1), binds neatly within the catalytic site of NA, with no 
incursion into the 150-cavity, and exhibits quick binding with the 
enzyme. In contrast, it would be anticipated that the strength of 
inhibition for an compound that requires access to the at times 
'closed'[3-5] 150-cavity would be increased through a longer 
residence time with the enzyme; this is seen for 8g and 10h.  

 

Figure 3.  Effect of incubation time on inhibitor IC50 value.  Inhibitor was pre-

incubated with enzyme for 0, 5, 10, 20, 40, or 60 minutes at room temp prior to 

addition of enzyme substrate.  Results are the mean of duplicate assays.  IC50 

values for Neu5Ac2en, 8g and 10h are µM (left y-axis); IC50 values for 

zanamivir are nM (right y-axis).  Sialidases: N1 [A/California/04/2009 (pdm09 

H1N1)]; N2 [A/Babol/36/2005 (H3N2)].  IC50 values for 0 and 60 minute pre-

incubation are given in Supplementary Information Table S2. 

Herein we report the synthesis of novel C-3-substituted 
Neu5Ac2en derivatives that provide invaluable probes to explore the 
150-cavity as an opportunity for novel influenza virus sialidase 
inhibitor development. Our chemical approach allows for direct 
access to a range of N-functionalized inhibitors that bear substantial 
chemical diversity at the C-3 position of Neu5Ac2en. To our delight, 
we have found that these compounds are indeed micromolar 
inhibitors against both N1 and N2 sub-types of influenza virus 
sialidase. The slow binding kinetics seen for the more potent 
inhibitors 8g and 10h support the notion that their C-3 substituents 
bind into the 150-cavity. The similar kinetics of binding and 
micromolar level inhibition of these compounds against both N1 and 
N2 NA sub-types, could also be further[6c,16] indication that the 150-
cavity can be accessed in both N1 and N2 sialidases. The described 
3-N-substituted Neu5Ac2en template, presents an interesting and 
readily accessible starting point for further exploration of this 
paradigm. 
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COMPOUND SYNTHESIS AND CHARACTERIZATION 

Synthesis – General methods and materials 

Reactions were monitored by thin layer chromatography (TLC) using aluminum plates coated 

with silica gel 60 F254.  Detection was typically effected under ultraviolet (uv) light where 

applicable, followed by treatment with H2SO4 in EtOH (5% v/v) and charring at ~200 °C.  Other 

TLC stains used included PMA (phosphomolybdic acid) and ninhydrin in EtOH (0.2 M sol).  

Purification by flash chromatography was achieved by elution through columns of silica gel 60 

(0.040-0.063 mm).  Compounds were also purified using a Reveleris iES Flash 

Chromatography system with Silica Flash Cartridges (Silica 40 m).  Reversed phase (RP) 

HPLC was performed using an Agilent HP1100 instrument.  Analytical RP-HPLC was carried-

out using a Phenomenex-Synergi 4  Hydro-RP 80 Å column (250 Å ~4.6 mm).  Semi-

preparative chromatography was performed using a Phenomenex Aqua 5  C18 124 Å column 

(250 Å ~10 mm).  
1
H and 

13
C, spectra were recorded using a Bruker Avance 300 MHz (or in 

some cases 600 MHz) spectrometer.  For 
1
H and 

13
C spectra, chemical shifts are expressed as 

parts per million (ppm, ) and are relative to the solvent used [CDCl3: 7.24 (s) for 
1
H; 77.0 (t) 

for 
13

C; CD3OD: 3.30 (pent) for 
1
H; 49.0 (sept) for 13

C; CD3CN: 1.94 (pent) for 
1
H; 1.32 (sept), 

118.26 (brs) for 
13

C; D2O 4.78 (s) for 
1
H].  Low-Resolution Mass Spectra (LRMS) were 

recorded, in electrospray ionisation mode unless otherwise specified, on a Bruker Daltonics 

esquire 3000 spectrometer, using the positive or negative mode (as indicated).  High-Resolution 

Mass Spectrometry (HRMS) was carried out by the Griffith University FTMS Facility at the 

Eskitis Institute, Griffith University.  Spectra were recorded on a Bruker Daltonics Apex III 

4.7e Fourier Transform MS, fitted with an Apollo API source.  Infrared spectroscopy data was 

recorded using Bruker ALPHA spectrometer. 

N-Acetylneuraminic acid (5-acetamido-3,5-dideoxy-D-glycero-D-galacto-non-2-

ulosonic acid) was obtained from Carbosynth UK.  Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-

2,6-anhydro-3,5-dideoxy-D-glycero-D-galacto-non-2-enonate (4),
[S1]

 and protected 5-acetamido-

2,6-anhydro-4-guanidino-3,4,5-trideoxy-D-glycero-D-galacto-non-2-enoic acid (4-deoxy-4-

guanidino-Neu5Ac2en, zanamivir)
[S2]

 were synthesized according to literature procedures.  

Deprotected compounds were purified by RP-HPLC and were of ≥95% purity.  

 

Synthesis – Experimental Procedures 

General procedure A, for the synthesis of 3-amido-Neu5Ac2en derivatives via Staudinger 

reduction-acylation: Compound 6 (200 mg, 0.39 mmol) and acyl chloride (1.56 mmol) were 

dissolved under argon in anhydrous DCE (15 mL).  A solution of triphenylphosphine (0.78 

mmol) in anhydrous DCE (5 mL) was then added slowly over a period of 5 min.  During the 

addition most of the time the development of N2 gas bubbling from the solution was observed.  

The solution was stirred 30 min at room temperature and a further 2.5 h at 45-50 C. The 

reaction mixture was diluted with DCM and washed with satd aq. NaHCO3 (x 3) and brine.  The 

organic layer was dried (Na2SO4), filtered, and concentrated under reduced pressure.  The crude 

residue was purified by Reveleris iES Flash Chromatography system to give the desired 3-

amido Neu5Ac2en derivatives 7a-h. 
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General procedure B, for the synthesis of 3-triazole-Ne5Ac2en derivatives via 1,3-dipolar 

cycloaddition: In a Teflon septum sealed 10 mL pressure tube containing MeOH/H2O (6 mL, 

1:1), compound 6 (0.29 mmol) and alkyne (0.32 mmol) were dissolved, followed by the 

addition of CuSO4H2O (0.12 mmol) and sodium ascorbate (0.58 mmol).  The reaction mixture 

was irradiated under microwave at 80 °C for 15 min with a maximun power of 100 W.  The 

reaction mixture was then concentrated, and the residue was diluted with DCM and washed 

with 10% aq. NH4OH, water and brine.  The organic layer was dried (Na2SO4), filtered, and 

concentrated to dryness under reduced pressure.  The crude residue was purified by Reveleris 

iES Flash Chromatography system to give the desired C3-triazole Neu5Ac2en derivatives 9a-h. 

General procedure C, for base catalysed de-esterification: Compound (0.20 mmol) was 

dissolved in a 1:1 mixture MeOH/H2O (6 mL).  The reaction was stirred at 0-5 °C for 5 min 

then treated with 1 M aq. sol. of NaOH adjusting the pH to 13.  The solution was let warm up to 

room temperature and stirred for 16 h.  Amberlite®
 IR-120 (H

+
) resin was then added to adjust to 

pH 5, the reaction mixture was filtered, the resin was washed with MeOH/H2O 1:1 (10 mL) and 

the filtrate was concentrated to dryness under vacuum.  The crude product was dissolved in 

water, the pH of the solution was adjusted to pH 7.2-7.5 using aq. NaOH (0.01 M), and the 

solution was lyophilised.  The material obtained was further purified by RP-HPLC and then 

lyophilised to give pure product 8a-h and 10a-h. 

 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3-azido-2-bromo-2,3,5-trideoxy--D-erythro-L-

gluco-non-2-ulopyranosonate (5a) and methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-3-azido-

2-bromo-2,3,5-trideoxy--D-erythro-L-manno-non-2-ulopyranosonate (5b) 

Preparation of bromoazide solution: 

Bromo azide solution was prepared in accordance with the reported procedure.
[S3]

 To a 

suspension of NaN3 (6.5 g, 0.1 mol) in DCM (20 mL) at 0 C were added slowly 4 mL of HCl 

37% and 1 mL of H2O. The heterogeneous solution was stirred vigorously for 15 min between 

0-5 C. Bromine (0.51 mL, 0.01 mol) was then added and the reaction mixture was stirred for 1 

h at 0-5 C. The solution was decanted and dried over Na2SO4. The resulting solution has a title 

of  0.5 M. The reaction should only be done in a ventilated fumehood. CAUTION! This 

reaction generates HN3, therefore care should be taken handling the reaction vessel as well the 

reagents NaN3 and bromine.  

To a solution of glycal 4 (2.0 g, 4.23 mmol) in anhydrous DCM (30 mL) under argon at 0 C 

was added a solution of bromoazide (12.7 mL, 6.34 mmol). The reaction mixture was then 

stirred for 20 min at 0 C and a further 30 min at room temperature. The progress of the reaction 

was monitored by TLC analysis. At the completion of the reaction, the mixture was evaporated 

to dryness under reduced pressure and the residue was employed for the next reaction without 

any purification. Rf 0.64 (EtOAc). 
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Methyl 5-acetamido-3-azido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-D-glycero-D-

galacto-non-2-enonate (6) 

Crude mixture 5a,b (4.23 mmol) was dissolved under argon at 0 C in anhydrous DCM (30 mL) 

and was treated with DBU (2.57 mL, 16.9 mmol). The reaction mixture was stirred overnight at 

room temperature before being diluted with DCM and washed with a satd aq. sol. of NH4Cl, 

water and brine and dried over Na2SO4. The organic layer was concentrated to dryness under 

reduced pressure. The crude residue was then purified usig a short chromatography column 

(CHCl3/MeOH gradient 99:1  97:3) to give the compound 6 as white foam. (1.674 g, 77% over 

two steps from 4). Rf 0.63, EtOAc; IR (film, DCM)  (cm
-1

) 2115; 
1
H NMR (300 MHz, CDCl3): 

 1.87, 2.01, 2.02, 2.07, 2.09 (15H, 5 x s, NHCOCH3, OCOCH3 x 4), 3.78 (3H, s, COOCH3), 

4.12 (1H, dd, J9a,9b 12.6 Hz, J9a,8 6.9 Hz, H-9a), 4.30 (1H, dd, J6,5 9.3 Hz, J6,7 3.3 Hz, H-6), 4.20 

(1H, app q, J 9.3 Hz, 7.2 Hz, H-5), 4.56 (1H, dd, J9b,9a 12.6 Hz, J9b,8 3.0 Hz, H-9b), 5.24 (1H, m, 

H-8), 5.45 (1H, app d, J7,8 5.1 Hz, J7,8 3.3 Hz, H-7), 5.75 (1H, d, J4,5 7.2 Hz, H-4), 6.03 (1H, d, 

JNH,5 9.3 Hz, NHCOCH3); 
13

C NMR (151 MHz, CDCl3):  20.5-20.7 (OCOCH3 x 4), 22.8 

(NHCOCH3), 47.8 (C-5), 52.4 (COOCH3), 61.8 (C-9), 67.0 (C-7), 69.0 (C-4), 70.6 (C-8), 76.4 

(C-6), 122.6 (C-3), 135.9 (C-2), 160.6 (C-1), 169.9, 170.1, 170.3, 170.5, 170.6 (NHCOCH3, 

OCOCH3 x 4); LRMS (ESI): m/z 537.3 (M+Na)
+ 

100%. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3-butyramido-3,5-dideoxy-D-

glycero-D-galacto-non-2-enonate (7a) 

Compound 6 (200 mg, 0.39 mmol) was reacted with butyryl chloride (165 l, 1.56 mmol) 

according to the general procedure A. The crude product was purified by Reveleris iES Flash 

Chromatography system (hexane/acetone, gradient 8:2  1:1) to give derivative 7a (154 mg, 

71%) as awhite foam; Rf 0.35 (Hexane/acetone 6:4); 
1
H NMR (600 MHz, CDCl3):  0.80 (3H, t, 

J 7.2 Hz, CH3c), 1.46 (2H, m, CH2b), 1.78, 1.90, 1.94, 2.01 (15H, 4 x s, NHCOCH3, OCOCH3 x 

4), 2.10 (2H, m, CH2a), 3.71 (3H, s, COOCH3), 4.03 (1H, dd, J9a,9b 12.6 Hz, J9a,8 8.4 Hz, H-9a), 

4.36 (1H, app q, J 10.2, 9.0 Hz, H-5), 4.48 (1H, dd, J6,5 10.8 Hz, J6,7 1.8 Hz, H-6), 4.69 (1H, dd, 

J9b,9a 12.6 Hz, J9b,8 2.4 Hz, H-9b), 5.21 (1H, m, H-8), 5.30 (1H, app d, J 2.4 Hz, H-7), 6.49 (1H, 

d, J4,5 9.0 Hz, H-4), 6.76 (1H, d, JNH,5 9.6 Hz, NHCOCH3), 9.44 (1H, s, C-3 NHCO); 
13

C NMR 

(151 MHz, CDCl3):  13.4 (Cc), 18.7 (Cb), 20.6-20.7 (OCOCH3 x 4), 22.9 (NHCOCH3), 39.2 

(Ca), 47.0 (C-5), 52.4 (COOCH3), 62.4 (C-9), 67.6 (C-7), 69.5 (C-4), 71.4 (C-8), 76.2 (C-6), 

127.0 (C-3), 131.4 (C-2), 164.5 (C-1), 170.0, 170.1, 170.5, 170.7, 170.9 (NHCOCH3, C-3 

NHCO, OCOCH3 x 4); LRMS (ESI): m/z 581.6 (M+Na)
+ 

100%; HRMS: m/z calcd for 

C24H34N2NaO13
+ 

581.19531, found 581.194884. 

 

Methyl 5-acetamido-3-acetoxyacetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-

D-glycero-D-galacto-non-2-enonate (7b) 

Compound 6 (200 mg, 0.39 mmol) was reacted with acetoxyacetyl chloride (170 l, 1.56 mmol) 

according to the general procedure A. The crude product was purified by Reveleris iES Flash 

Chromatography system (Hexane/acetone, gradient 8:2  1:1) to give derivative 7b (164 mg, 
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72%) as a white foam; Rf 0.33 (Hexane/acetone, 6:4); 
1
H NMR (300 MHz, CDCl3):  1.84, 

1.96, 2.01, 2.06, 2.19 (18H, 5 x s, NHCOCH3, OCOCH3 x 5), 3.79 (3H, s, COOCH3), 4.08 (1H, 

dd, J9a,9b 12.3 Hz, J9a,8 7.5 Hz, H-9a), 4.38-4.52 (4H, m, CH2a, H-5, H-6), 4.68 (1H, dd, J9b,9a 

12.6 Hz, J9b,8 2.7 Hz, H-9b), 5.29 (1H, m, H-8), 5.43 (1H, dd, J7,8 4.8 Hz, J7,6 1.8 Hz, H-7), 6.45-

6.52 (2H, m, NHCOCH3, H-4), 10.2 (1H, s, C-3 NHCO); 
13

C NMR (75.5 MHz, CDCl3):  20.5, 

20.7, 20.8, 20.9 (OCOCH3 x 5), 23.0 (NHCOCH3), 47.2 (C-5), 52.6 (COOCH3), 62.4 (Ca), 62.6 

(C-9), 67.5 (C-7), 69.2 (C-4), 71.1 (C-8), 76.5 (C-6), 125.4 (C-3), 132.6 (C-2), 164.3, 165.9 (C-

3 NHCO, C-1), 169.6, 170.0, 170.1, 170.6, 170.7, 170.9 (NHCOCH3, OCOCH3 x 5); LRMS 

(ESI): m/z 611.2 (M+Na)
+ 

100%; HRMS: m/z calcd for C24H32N2NaO15
+
 611.169489, found 

611.170228. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-(N,N-

dimethylamino-acetamido)-D-glycero-D-galacto-non-2-enonate (7c) 

Compound 6 (200 mg, 0.39 mmol) was reacted with (N-N-dimethylamino)acetyl chloride (173 

l, 1.56 mmol) according to the general procedure A. The crude product was purified by 

Reveleris iES Flash Chromatography system (gradient EtOAc 100%  EtOAc/MeOH 95:5) to 

give derivative 7c (147 mg, 66%) as awhite foam; Rf 0.51 (EtOAc/MeOH, 9:1); 
1
H NMR (300 

MHz, CDCl3):  1.85, 1.95, 2.02, 2.04, 2.08 (15H, 5 x s, NHCOCH3, OCOCH3 x 4), 2.32 (6H, 

s, CH3b x 2), 2.94 (2H, AB q, J 16.5 Hz, CH2a), 3.79 (3H, s, COOCH3), 4.12 (1H, dd, J9a,9b 12.3 

Hz, J9a,8 7.5 Hz, H-9a), 4.36 (1H, dd, J6,5 10.2 Hz, J6,7 2.7 Hz, H-6), 4.46 (1H, app q, J 9.9, 8.1 

Hz, H-5), 4.70 (1H, dd, J9b,9a 12.3 Hz, J9b,8 2.4 Hz, H-9b), 5.31 (1H, m, H-8), 5.46 (1H, dd, J7,8 

5.1 Hz, J7,6 2.7 Hz, H-7), 6.25 (1H, d, JNH,5 9.6 Hz, NHCOCH3), 6.45 (1H, d, J4,5 8.1 Hz, H-4), 

10.45 (1H, s, C-3 NHCO); 
13

C NMR (151 MHz, CDCl3):  20.6-20.8 (OCOCH3 x 4), 22.8 

(NHCOCH3), 45.7 (Cb x 2), 47.1 (C-5), 52.2 (COOCH3), 62.4 (C-9), 63.3 (Ca), 67.6 (C-7), 69.3 

(C-4), 71.2 (C-8), 76.3 (C-6), 124.9 (C-3), 132.9 (C-2), 163.2 (C-1), 169.7, 169.9, 170.1, 170.4, 

170.6 (C-3 NHCO, NHCOCH3, , OCOCH3 x 4); LRMS (ESI): m/z 574.4 (M+Na)
+ 

100%; 

HRMS: m/z calcd for C24H36N3O13
+
574.224265, found 574.221927. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3-benzamido-3,5-dideoxy-D-

glycero-D-galacto-non-2-enonate (7d) 

Compound 6 (200 mg, 0.39 mmol) was reacted with benzoyl chloride (181 l, 1.56 mmol) 

according to the general procedure A. The crude product was purified by Reveleris iES Flash 

Chromatography system (Hexane/acetone, gradient 8:2  1:1) to give derivative 7d (159 mg, 

69%) as awhite foam; Rf 0.34 (Hexane/acetone, 6:4); 
1
H NMR (300 MHz, CDCl3):  1.87, 1.98, 

2.01, 2.04 (15H, 4 x s, NHCOCH3, OCOCH3 x 4), 3.74 (3H, s, COOCH3), 4.13 (1H, dd, J9a,9b 

12.6 Hz, J9a,8 7.2 Hz, H-9a), 4.54 (1H, app q, J 10.2, 8.4 Hz, H-5), 4.70 (2H, m, H-6, H-9b), 

5.36 (1H, m, H-8), 5.52 (1H, dd, J7,8 5.4 Hz, J7,6 2.4 Hz, H-7), 6.77 (1H, d, JNH,5 9.6 Hz, 

NHCOCH3), 6.77 (1H, d, J4,5 7.8 Hz, H-4), 7.39 (2H, app t, J 7.8 Hz, ArH), 7.49 (1H, app t, J 

7.2 Hz, ArH), 7.65 (1H, app d, J 7.2 Hz, ArH), 10.62 (1H, s, C-3 NHCO); 
13

C NMR (75.5 MHz, 

CDCl3):  20.8-20.9 (OCOCH3 x 4), 23.1 (NHCOCH3), 47.2 (C-5), 52.5 (COOCH3), 62.2 (C-9), 

67.4 (C-7), 69.7 (C-4), 70.7 (C-8), 76.1 (C-6), 127.1, 128.8, 132.3, 133,4 (ArC x 6), 128.2 (C-
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3), 131.1 (C-2), 164.5, 165.0 (C-1, C-3 NHCO) 169.9, 170.1, 170.6, 170.7, 171.3 (NHCOCH3, , 

OCOCH3 x 4); LRMS (ESI): m/z 615.6 (M+Na)
+ 

100%; HRMS: m/z calcd for 

C27H32N2NaO13
+
 615.17966, found 615.177563. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-(m-

nitrobenzamido)-D-glycero-D-galacto-non-2-enonate (7e) 

Compound 6 (200 mg, 0.39 mmol) was reacted with m-nitrobenzoyl chloride (289 mg, 1.56 

mmol) according to the general procedure A. The crude product was purified by Reveleris iES 

Flash Chromatography system (Hexane/acetone. gradient 8:2  1:1) to give derivative 7e (195 

mg, 79%) as a yellow foam; Rf 0.35 (Hexane/acetone, 6:4); 
1
H NMR (300 MHz, CDCl3):  

1.89, 1.98, 2.01, 2.04, 2.10 (15H, 5 x s, NHCOCH3, OCOCH3 x 4), 3.79 (3H, s, COOCH3), 4.13 

(1H, dd, J9a,9b 12.5 Hz, J9a,8 8.0 Hz, H-9a), 4.56 (1H, app q, J 9.8, 8.5, 8.3, Hz, H-5), 4.69 (1H, 

dd, J6,5 10.1 Hz, J6,7 2.6 Hz, H-6), 4.78 (1H, dd, J9b,9a 12.3 Hz, J9b,8 2.6 Hz, H-9b), 5.33 (1H, m, 

H-8), 5.54 (1H, dd, J7,8 5.1 Hz, J7,6 2.6 Hz, H-7), 6.64 (1H, d, JNH,5 9.9 Hz, NHCOCH3), 6.75 

(1H, d, J4,5 8.2 Hz, H-4), 7.61 (1H, t, J 8.0, ArH), 7.99 (1H, ddd, J 7.8, 1.6, 1.0 ArH), 8.32 (1H, 

dd, J 8.2, 2.2, 1.0 ArH), 8.53 (1H, t, J 1.9, ArH), 10.80 (1H, s, C-3 NHCO); 
13

C NMR (75.5 

MHz, CDCl3):  20.9-21.0, (OCOCH3 x 4), 23.1 (NHCOCH3), 47.3 (C-5), 53.0 (COOCH3), 

62.3 (C-9), 67.7 (C-7), 69.2 (C-4), 71.5 (C-8), 76.6 (C-6), 122.5, 126.6, 130.1, 132.4, 135.2, 

148.6 (ArC x 6), 127.1 (C-3), 131.8 (C-2), 162.2, 165.1 (C-3 NHCO, C-1), 170.1, 170.2, 170.6, 

170.7, 171.4 (NHCOCH3, OCOCH3 x 4); LRMS (ESI): m/z 660.5 (M+Na)
+ 

100%; HRMS: 

m/z calcd for C27H31N3NaO15
+
 660.164738, found 660.162196. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-hydrocinnamamido-

D-glycero-D-galacto-non-2-enonate (7f) 

Compound 6 (200 mg, 0.39 mmol) was reacted with hydrocinnamoyl chloride (231 l, 1.56 

mmol) according to the general procedure A. The crude product was purified by Reveleris iES 

Flash Chromatography system (Hexane/acetone, gradient 8:2  1:1) to give derivative 7f (173 

mg, 72%) as a white foam. Rf 0.37 (Hexane/acetone 6:4); 
1
H NMR (600 MHz, CDCl3):  1.85, 

1.91, 1.99, 2.07 (15H, 4 x s, NHCOCH3, OCOCH3 x 4), 2.53 (2H, m, CH2a), 2.80 (2H, m, 

CH2b), 3.70 (3H, s, COOCH3), 4.09 (1H, dd, J9a,9b 12.0 Hz, J9a,8 7.8 Hz, H-9a), 4.44 (1H, app q, 

J 10.2, 9.6 Hz, H-5), 4.54 (1H, app d, J 10.2 Hz, H-6), 4.73 (1H, dd, J9b,9a 12.6 Hz, J9b,8 3.0 Hz, 

H-9b), 5.28 (1H, m, H-8), 5.47 (1H, dd, J7,8 4.2 Hz, J7,6 2.4 Hz, H-7), 6.54 (1H, d, J4,5 8.4 Hz, 

H-4), 6.63 (1H, d, JNH,5 9.6 Hz, NHCOCH3), 7.14 (3H, m, ArH), 7.22 (2H, m, ArH), 9.57 (1H, 

s, C-3 NHCO); 
13

C NMR (151 MHz, CDCl3):  20.7-20.9 (OCOCH3 x 4), 23.1 (NHCOCH3), 

31.2 (Ca), 39.0 (Cb), 47.2 (C-5), 52.2 (COOCH3), 62.4 (C-9), 67.7 (C-7), 69.4 (C-4), 71.5 (C-

8), 76.4 (C-6), 126.4,128.2, 128.6, 140.0 (ArC x 6), 126.9 (C-3), 131.5 (C-2), 164.5 (C-1), 

170.1, 170.2, 170.5, 170.6, 170.7, 171.0 (C-3 NHCO, NHCOCH3, , OCOCH3 x 4); LRMS 

(ESI): m/z 643.5 (M+Na)
+ 

100%; HRMS: m/z calcd for C29H36N2NaO16
+
 643.2110, found 

643.2116. 
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Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3-cinnamamido-3,5-dideoxy-D-

glycero-D-galacto-non-2-enonate (7g) 

Compound 6 (200 mg, 0.39 mmol) was reacted with cinnamoyl chloride (260 mg, 1.56 mmol) 

according to the general procedure D. The crude product was purified by Reveleris iES Flash 

Chromatography system (Hexane/acetone, gradient 8:2  1:1) to give derivative 7g (127 mg, 

53%) as awhite foam; Rf 0.37 (Hexane/acetone 6:4); 
1
H NMR (300 MHz, CDCl3):  1.90, 2.00, 

2.03, 2.11 (15H, 4 x s, NHCOCH3, OCOCH3 x 4), 3.60 (3H, s, COOCH3), 4.17 (1H, dd, J9a,9b 

12.3 Hz, J9a,8 7.5 Hz, H-9a), 4.52 (1H, app q, J 9.9, 9.6, 8.4, Hz, H-5), 4.63 (1H, dd, J6,5 10.2 

Hz, J6,7 2.4 Hz, H-6), 4.68 (1H, dd, J9b,9a 12.6 Hz, J9b,8 2.7 Hz, H-9b), 5.38 (1H, m, H-8), 5.52 

(1H, dd, J7,8 5.1 Hz, J7,6 2.4 Hz, H-7), 6.38 (1H, d, J 15.3 Hz, CHa), 6.58 (1H, d, JNH,5 9.9 Hz, 

NHCOCH3), 6.67 (1H, d, J4,5 8.1 Hz, H-4), 7.34 (3H, m, ArH), 7.45 (1H, d, J 15.3 Hz, CHb), 

7.50 (2H, m, ArH), 10.00 (1H, s, C-3 NHCO); 
13

C NMR (151 MHz, CDCl3):  20.7, 20.8, 20.9, 

21.0 (OCOCH3 x 4), 23.1 (NHCOCH3), 47.2 (C-5), 52.4 (COOCH3), 62.4 (C-9), 67.6 (C-7), 

69.6 (C-4), 70.9 (C-8), 76.1 (C-6), 120.4 (Ca), 128.1, 128.8, 130.2, 134.9 (ArC x 6), 128.2 (C-

3), 130.8 (C-2), 142.2 (Cb), 163.1,164.9 (C-1, C-3 NHCO), 170.1, 170.5, 170.6, 170.7, 171.3 

(NHCOCH3, OCOCH3 x 4); LRMS (ESI): m/z 641.3 (M+Na)
+ 

100%; HRMS: m/z calcd for 

C29H36N2NaO13
+ 

641.1953, found 641.1966. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-(4'-phenoxy-

butyramido)-D-glycero-D-galacto-non-2-enonate (7h) 

Compound 6 (200 mg, 0.39 mmol) was reacted with 4-phenoxy-butyryl chloride (310 mg, 1.56 

mmol) according to the general procedure D. The crude product was purified by Reveleris iES 

Flash Chromatography system (Hexane/acetone, gradient 8:2  1:1) to give derivative 7h (189 

mg, 75%) as a white foam; Rf 0.36 (Hexane/acetone 6:4); 
1
H NMR (300 MHz, CDCl3):  1.86, 

1.94, 1.99, 2.02, 2.08 (15H, 5 x s, NHCOCH3, OCOCH3 x 4), 1.99-2.10 (2H, m, CH2b), 2.45 

(2H, m, CH2a), 3.75 (3H, s, COOCH3), 3.91 (2H, t, J 5.7 Hz, CH2c), 4.10 (1H, dd, J9a,9b 12.3 

Hz, J9a,8 7.5 Hz, H-9a), 4.42-4.47 (2H, m, H-5, H-6), 4.72 (1H, dd, J9b,9a 12.3 Hz, J9b,8 2.7 Hz, 

H-9b), 5.28 (1H, m, H-8), 5.47 (1H, app d, J 3.0 Hz, H-7), 6.34 (1H, d, JNH,5 9.9 Hz, 

NHCOCH3), 6.52 (1H, d, J4,5 8.4 Hz, H-4), 6.82-6.92 (3H, m, ArH), 7.20-7.26 (2H, m, ArH), 

9.55 (1H, s, C-3 NHCO); 
13

C NMR (75.5 MHz, CDCl3):  20.7-20.9, (OCOCH3 x 4), 23.1 

(NHCOCH3), 25.1 (Cb), 33.9 (Ca), 47.2 (C-5), 52.5 (COOCH3), 62.3 (C-9), 66.4 (Cc), 67.6 (C-

7), 69.1 (C-4), 71.3 (C-8), 76.4 (C-6), 114.4, 120.8, 129.4, 158.7 (ArC x 6), 128.6 (C-3), 131.6 

(C-2), 164.4 (C-1), 170.0, 170.1, 170.6, 170.7, 170.8, 171.0 (C-3 NHCO, NHCOCH3, OCOCH3 

x 4); LRMS (ESI): m/z 673.2 (M+Na)
+ 

100%; HRMS: m/z calcd for C30H39N2O14
+
 

651.23958, found 651.241113. 

 

5-Acetamido-2,6-anhydro-3-butyramido-3,5-dideoxy-D-glycero-D-galacto-non-2-enonic 

acid, sodium salt (8a) 

Compound 7a (95 mg, 0.179 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 8a (58 mg, 86%) as a white 

solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (0.1%) at a flow 
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rate of 2.6 mL/min and a column temperature of 32 C: retention time 8.23 min; Rf 0.14 

(EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (300 MHz, D2O):  0.95 (3H, t, J 7.2 Hz, CH3c), 1.66 

(2H, m, J 7.5, 7.2 Hz, CH2b), 2.09 (3H, s, NHCOCH3), 2.35 (2H, m, J 7.2 Hz, CH2a), 3.60-3.69 

(2H, m, H-9a, H-7), 3.87-3.97 (2H, m, H-9b, H-8), 4.13-4.26 (2H, m, H-6, H-5), 4.83 (1H, d, 

J4,5 8.4 Hz, H-4); 
13

C NMR (75.5 MHz, D2O):  12.7 (Cc), 18.9 (Cb), 22.1 (NHCOCH3), 38.3 

(Ca), 50.0 (C-5), 63.0 (C-9), 67.6 (C-4), 68.2 (C-7), 69.6 (C-8), 75.1 (C-6), 117.0 (C-3), 141.4 

(C-2), 169.0 (C-1), 174.6, 175.9 (NHCOCH3, C-3 NHCO); LRMS (ESI): m/z 375.0 (M-1)
– 

100%; HRMS: m/z calcd for C15H24N2NaO9
+ 

399.137401, found 399.136921. 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-hydroxyacetamido-D-glycero-D-galacto-non-2-

enonic acid, sodium salt (8b) 

Compound 7b (96 mg, 0.163 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 8b (49 mg, 83%) as a white 

solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (0.1%) at a flow 

rate of 2.6 mL/min and a column temperature of 34 C: retention time 4.81 min; Rf 0.13 

(EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (300 MHz, D2O):  2.09 (3H, s, NHCOCH3), 3.62-3.69 

(2H, m, H-9a, H-7), 3.88-3.99 (2H, m, H-9b, H-8), 4.09-4.26 (4H, m, H-6, H-5, CH2a), 4.98 

(1H, d, J 7.8 Hz, H-4); 
13

C NMR (75.5 MHz, D2O):  22.1 (NHCOCH3), 49.8 (C-5), 61.3 (Ca), 

63.0 (C-9), 67.5 (C-4), 68.2 (C-7), 69.7 (C-8), 75.1 (C-6), 118.7 (C-3), 139.7 (C-2), 169.1 (C-1), 

173.2, 174.6 (NHCOCH3, C-3 NHCO); LRMS (ESI): m/z 363.1 (M-1)
– 

100%; HRMS: m/z 

calcd for C13H19N2O10
– 
363.1045, found 363.1039 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-(N,N-dimethylamino-acetamido)-D-glycero-D-

galacto-non-2-enonic acid, sodium salt (8c) 

Compound 7c (88 mg, 0.153 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 8c (48 mg, 81%) as a white 

solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (0.1%) at a flow 

rate of 3.0 mL/min and a column temperature of 33 C: retention time 4.67 min; Rf 0.18 

(EtOAc/MeOH/H2O 6:3:1); 
1
H NMR (600 MHz, D2O):  2.04 (3H, s, NHCOCH3), 2.84 (6H, s, 

CH3b x 2), 3.58-3.63 (2H, m, H-9a, H-7), 3.84-3.97 (4H, m, H-9b, H-8, CH2a), 4.15 (1H, app t, 

J 9.6, 10.2 Hz, H-5), 4.24 (1H, app d, J 10.8 Hz, H-6), 4.70 (1H, d, J 9.0 Hz, H-4); 
13

C NMR 

(151 MHz, D2O):  22.0 (NHCOCH3), 43.7 (Cb x 2), 49.9 (C-5), 59.1 (Ca), 63.0 (C-9), 67.6 (C-

4), 68.0 (C-7), 69.5 (C-8), 75.2 (C-6), 115.0 (C-3), 143.2 (C-2), 165.0, 168.6 (C-1, C-3 NHCO), 

174.5 (NHCOCH3); LRMS (ESI): m/z 390.0 (M-1)
– 

100%; HRMS: m/z calcd for 

C15H25N3NaO9
+ 

414.148301, found 414.148564. 

 

5-Acetamido-2,6-anhydro-3-benzamido-3,5-dideoxy-D-glycero-D-galacto-non-2-enonic 

acid, sodium salt (8d) 

Compound 7d (73 mg, 0.123 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 8d (43 mg, 85%) as a white 
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solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (2%) at a flow 

rate of 3.0 mL/min and a column temperature of 36 C: retention time 11.19 min; Rf 0.14 

(EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (300 MHz, D2O):  2.11 (3H, s, NHCOCH3), 3.65-3.71 

(2H, m, H-9a, H-7), 3.92 (1H, dd, J9b,9a 11.7 Hz, J9b,8 2.7 Hz, H-9b), 3.94-4.01 (1H, m, H-8), 

4.20-4.31 (2H, m, H-6, H-5), 5.12 (1H, d, J4,5 7.8 Hz, H-4) 7.63 (3H, m, ArH), 7.85 (2H, ; 
13

C 

NMR (75.5 MHz, D2O):  22.1 (NHCOCH3), 49.9 (C-5), 63.1 (C-9), 67.6 (C-4), 68.2 (C-7), 

69.7 (C-8), 75.1 (C-6), 120.4 (C-3), 127.2, 128.9, 132.5 (ArC x 5), 133.3 (C-2, ArC), 168.1, 

169.3 (C-1, C-3 NHCO), 174.6 (NHCOCH3); LRMS (ESI): m/z 409.0 (M-1)
- 
100%; HRMS: 

m/z calcd for C8H22N2NaO9
+ 

433.121751, found 433.123505. 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-m-nitrobenzamido-D-glycero-D-galacto-non-2-

enonic acid, sodium salt (8e) 

Compound 7e (103 mg, 0.161 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 8e (61 mg, 83%) as a yellow 

solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (2.0%) at a flow 

rate of 3.2 mL/min and a column temperature of 37 C: retention time 13.12 min; Rf 0.17 

(EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (300 MHz, D2O):  2.12 (3H, s, NHCOCH3), 3.66-3.72 

(2H, m, H-9a, H-7), 3.95 (1H, dd, J9b,9a 11.7 Hz, J9b,8 2.7 Hz, H-9b), 4.00 (1H, m, H-8), 4.18-

4.32 (2H, m, H-6, H-5), 5.09 (1H, d, J 8.1 Hz, H-4), 7.02 (3H, m, ArH), 7.71 (1H, t, J 8.1 Hz, 

ArH), 8.10 (1H, ddd, J 8.4, 1.5, 1.0 Hz, ArH), 8.38 (1H, ddd, J 8.1, 2.1, 0.9 Hz, ArH), 8.55 (1H, 

t, J 1.8 Hz, ArH); 
13

C NMR (75.5 MHz, D2O):  22.1 (NHCOCH3), 49.8 (C-5), 63.1 (C-9), 67.4 

(C-4), 68.3 (C-7), 69.7 (C-8), 75.1 (C-6), 120.7 (C-3), 122.3, 126.7, 130.3, 133.1, 134.7, 147.9 

(ArC x 6), 139.1 (C-2), 164.7, 169.1, (C-1, C-3 NHCO), 174.6 (NHCOCH3); LRMS (ESI): m/z 

454.2 (M-1)
– 
100%; HRMS: m/z calcd for C18H20N3O11

– 
454.1103, found 454.1108. 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-hydrocinnamamido-D-glycero-D-galacto-non-2-

enonic acid, sodium salt (8f) 

Compound 7f (92 mg, 0.148 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 8f (51 mg, 79%) as a white 

solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (3.1%) at a flow 

rate of 3.0 mL/min and a column temperature of 36 C: retention time 11.04 min; Rf 0.16 

(EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (300 MHz, D2O):  2.07 (3H, s, NHCOCH3), 2.69 (2H, t, 

J 7.5 Hz, CH2a), 2.98 (2H, t, J 7.5 Hz, CH2b), 3.59-3.67 (2H, m, H-9a, H-7), 3.86-3.95 (2H, m, 

H-9b, H-8), 4.09-4.21 (2H, m, H-6, H-5), 4.79 (1H, H-4), 7.28-7.40 (5H, m, 5 x ArH); 
13

C 

NMR (75.5 MHz, D2O):  22.0 (NHCOCH3), 31.2 (Ca), 38.1 (Cb), 49.8 (C-5), 63.0 (C-9), 67.6 

(C-4), 68.2 (C-7), 69.6 (C-8), 75.1 (C-6), 117.6 (C-3), 126.4, 128.4, 128.7 (ArC x 5), 140.5, 

141.1 (C-2, ArC), 168.9 (C-1), 174.4, 174.5 (NHCOCH3, C-3 NHCO); LRMS (ESI): m/z 437.1 

(M-1)
– 
100%; HRMS: m/z calcd for C20H26N2NaO9

+ 
461.153052, found 461.153908. 
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5-Acetamido-2,6-anhydro-3-cinnamido-3,5-dideoxy-D-glycero-D-galacto-non-2-enonic acid, 

sodium salt (8g) 

Compound 7g (41 mg, 0.066 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 8g (24 mg, 89%) as a white 

solid; RP-HPLC purification conditions: step gradient elution with aqueous MeCN (5.1%) at a 

flow rate of 3.0 mL/min and a column temperature of 35 C: retention time 7.97 min; Rf 0.16 

(EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (600 MHz, D2O):  2.06 (3H, s, NHCOCH3), 3.60-3.64 

(2H, m, H-9a, H-7), 3.87 (1H, app d, J 12 Hz, H-9b), 3.93 (1H, m, H-8), 4.17 (1H, app t, J 9.0, 

10.8 Hz, H-5), 4.23 (1H, app d, J 10.8 Hz, H-6), 4.94 (1H, d, J 8.4 Hz, H-4), 6.72 (1H, d, J 16.2 

Hz, CHa), 7.44 (3H, app d, J 4.2 Hz, ArH), 7.54 (1H, d, J 15.6 Hz, CHb), 7.64 (2H, app d, J 4.8 

Hz, ArH); 
13

C NMR (151 MHz, D2O):  22.0 (NHCOCH3), 49.8 (C-5), 63.0 (C-9), 67.6 (C-4), 

68.2 (C-7), 69.5 (C-8), 75.1 (C-6), 118.9 (C-3), 120.4 (Ca), 128.1, 129.0, 130.3, 134.3 (ArC x 

6), 140.4 (C-2), 142.0 (Cb), 166.8, 169.1 (C-1, C-3 NHCO), 174.5 (NHCOCH3); LRMS (ESI): 

m/z 435.0 (M-1)
– 

100%;   HRMS: m/z calcd for C20H24N2NaO9
+ 

459.137401, found 

459.139094. 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-4'-phenoxy-butyramido-D-glycero-D-galacto-

non-2-enonic acid, sodium salt (8h) 

Compound 7h (78 mg, 0.120 mmol) was saponified according to the general procedure C.  The 

crude product was purified by RP-HPLC to give pure derivative 8h (48 mg, 86%) as a white 

solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (4.0%) at a flow 

rate of 3.2 mL/min and a column temperature of 37.5 C: retention time 14.51 min; Rf 0.13 

(EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (300 MHz, D2O):  2.08 (3H, s, NHCOCH3), 2.08-2.16 

(2H, m, CH2b), 2.53 (2H, m, J 7.8, 1.8 Hz, CH2a), 3.61-3.68 (2H, m, H-9a, H-7), 3.88-3.96 (2H, 

m, H-9b, H-8), 4.05-4.23 (4H, m, H-6, H-5, CH2c), 4.83 (1H, d, J 7.8 Hz, H-4), 7.02 (3H, m, 

ArH), 7.36 (2H, m, ArH); 
13

C NMR (75.5 MHz, D2O):  22.1 (NHCOCH3), 24.8 (Cb), 33.4 

(Ca), 49.8 (C-5), 63.1 (C-9), 67.3 (Cc), 67.5 (C-4), 68.1 (C-7), 69.6 (C-8), 75.1 (C-6), 114.8, 

121.4, 129.8, 158.0 (ArC x 6), 118.3 (C-3), 140.5 (C-2), 169.0 (C-1), 174.6, 174.7 (NHCOCH3, 

C-3 NHCO); LRMS (ESI): m/z 467.4 (M-1)
– 

100%; HRMS: m/z calcd for C21H27N2O10
– 

467.1671, found 467.1668.  

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-[4'-(3''-

hydroxypropyl)-(1',2',3')-triazol-1'-yl]-D-glycero-D-galacto-non-2-enonate (9a) 

Compound 6 (148 mg, 0.29 mmol) was reacted with 4-pentyn-1-ol (27 l, 0.32 mmol) 

according to the general procedure B. The crude product was purified by Reveleris iES Flash 

Chromatography system (Hexane/acetone, gradient 7:3  4:6) to give derivative 9a (123 mg, 

72%) as a white foam. Rf 0.21 (EtOAc); 
1
H NMR (300 MHz, CDCl3):  1.88, 1.92, 2.04, 2.06, 

2.13 (15H, 5 x s, NHCOCH3, OCOCH3 x 4), 2.00-2.21 (2H, m, CH2b), 2.84 (2H, br s, CH2a), 

3.63 (3H, s, COOCH3), 3.63-3.70 (2H, m, CH2c), 4.16 (1H, dd, J9a,9b 12.3 Hz, J9a,8 6.9 Hz, H-

9a), 4.63 (1H, dd, J9b,9a 12.3 Hz, J9b,8 3.0 Hz, H-9b), 4,68 (1H, m, H-5), 4.75 (1H, dd, J6,5 9.3 

Hz, J6,7 3.0 Hz, H-6), 5.41 (1H, m, H-8), 5.61 (1H, dd, J7,8 5.1 Hz, J7,6 3.0 Hz, H-7), 5.95 (1H, d, 
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J4,5 7.2 Hz, H-4), 6.85 (1H, d, JNH,5 9.3 Hz, NHCOCH3), 7.42 (1H, br s, triazole CH); 
13

C NMR 

(75.5 MHz, CDCl3):  20.4, 20.7, 20.8, 20.9 (OCOCH3 x 4), 21.8 (Cb), 23.0 (NHCOCH3), 32.0 

(Ca), 46.6 (C-5), 53.0 (COOCH3), 61.5 (Cc), 62.1 (C-9), 67.1 (C-7), 69.9 (C-4), 70.4 (C-8), 

118.3 (C-3), 144.8 (C-2), 159.6 (C-1), 170.0, 170.1, 170.6, 170.9 (NHCOCH3, OCOCH3 x 4); 

triazole C-4 and triazole C-5 were not observed; LRMS (ESI): m/z 621.5 (M+Na)
+ 

100%; 

HRMS: m/z calcd for C25H35N4O13
+
 599.219514, found 599.220114. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-[4'-(N,N-

diethylaminomethyl)-(1',2',3')-triazol-1'-yl]-D-glycero-D-galacto-non-2-enonate (9b) 

Compound 6 (109 mg, 0.21 mmol) was reacted with 3-dimethyl-amino-1-propyne (21 l, 0.23 

mmol) according to the general procedure B. The crude product was purified by Reveleris iES 

Flash Chromatography system (gradient, EtOAc 100%  EtOAc/MeOH, 9:1) to give derivative 

9b (94 mg, 71%) as a white foam; Rf 0.26 (EtOAc/MeOH, 9:1); 
1
H NMR (300 MHz, CDCl3):  

1.03 (6H, t, J 7.2 Hz, CH3c x 2), 1.83, 1.90, 2.01, 2.11 (15H, 4 x s, NHCOCH3, OCOCH3 x 4), 

2.49 (4H, q, J 6.9 Hz,  CH2b x 2), 3.59 (3H, s, COOCH3), 3.80 (2H, s, CH2a), 4.14 (1H, dd, J9a,9b 

12.3 Hz, J9a,8 6.9 Hz, H-9a), 4.60 (1H, dd, J9b,9a 12.3 Hz, J9b,8 2.4 Hz, H-9b), 4.68 (1H, m, H-5), 

4.75 (1H, dd, J6,5 9.6 Hz, J6,7 2.7 Hz, H-6), 5.40 (1H, m, H-8), 5.59 (1H, dd, J7,8 5.4 Hz, J7,6 2.7 

Hz, H-7), 5.95 (1H, d, J4,5 7.5 Hz, H-4), 7.00 (1H, d, JNH,5 9.3 Hz, NHCOCH3), 7.55 (1H, s, 

triazole CH); 
13

C NMR (75.5 MHz, CDCl3):  11.5 (Cc x 2), 20.3, 20.7, 20.8, (OCOCH3 x 4), 

23.0 (NHCOCH3), 46.5 (C-5), 46.6 (Cb x 2), 47.2 (Ca x 2), 52.8 (COOCH3), 62.1 (C-9), 67.2 

(C-7), 70.0 (C-4), 70.1 (C-8), 77.6 (C-6), 118.3 (C-3), 126.8 (triazole C-5), 144.8 (C-2), 159.5 

(C-1), 169.7, 170.0, 170.6, 170.8 (NHCOCH3, OCOCH3 x 4); triazole C-4 was not observed; 

LRMS (ESI): m/z 649.0 (M+Na)
+ 

100%; HRMS: m/z calcd for C27H40N5O12
+
 626.266798, 

found 626.264707. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-[4'-ethoxycarbonyl)-

(1',2',3')-triazol-1'-yl]-D-glycero-D-galacto-non-2-enonate (9c) 

Compound 6 (101 mg, 0.196 mmol) was reacted with ethyl propriolate (14 l, 0.22 mmol) 

according to the general procedure B. The crude product was purified by Reveleris iES Flash 

Chromatography system (Hexane/acetone, gradient 7:3  1:1) to give derivative 9c (77 mg, 

64%) as a white foam; Rf 0.52 (EtOAc); 
1
H NMR (300 MHz, CDCl3):  1.39 (3H, t, J 6.9 Hz, 

CH3b), 1.90, 1.96, 2.04, 2.07, 2.13 (15H, 5 x s, NHCOCH3, OCOCH3 x 4), 3.64 (3H, s, 

COOCH3), 4.17 (1H, dd, J9a,9b 12.6 Hz, J9a,8 6.3 Hz, H-9a), 4.40 (2H, q, J 6.9 Hz, CH2b), 4.52 

(1H, dd, J9b,9a 12.6 Hz, J9b,8 3.0 Hz, H-9b), 4,67 (1H, app q, J 9.3, 9.0, 6.9 Hz, H-5), 4.73 (1H, 

dd, J6,5 9.3 Hz, J6,7 3.3 Hz, H-6), 5.37 (1H, m, H-8), 5.61 (1H, dd, J7,8 6.0 Hz, J7,6 3.3 Hz, H-7), 

5.93 (1H, d, J4,5 7.2 Hz, H-4), 6.35 (1H, d, JNH,5 9.0 Hz, NHCOCH3), 8.16 (1H, s, triazole CH); 
13

C NMR (75.5 MHz, CDCl3):  14.2 (Cb), 20.3, 20.7, 20.8 (OCOCH3 x 4), 23.0 (NHCOCH3), 

46.7 (C-5), 53.1 (COOCH3), 61.8 (Ca), 62.2 (C-9), 67.7 (C-7), 69.4 (C-4), 69.9 (C-8), 77.7 (C-

6), 117.4 (C-3), 131.2 (triazole C-5), 139.7 (triazole C-4), 145.4 (C-2), 159.3 (C-1), 160.3 

(COOCH2CH3), 169.7, 169.8, 169.9, 170.7 (NHCOCH3, OCOCH3 x 4); LRMS (ESI): m/z 635.3 

(M+Na)
+ 

100%;  HRMS: m/z calcd for C25H32N4NaO14
+
 635.180723, found 635.181163. 
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Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-[4'-(2'',2''- 

dimethoxycarbonylethyl)-(1',2',3')-triazol-1'-yl]-D-glycero-D-galacto-non-2-enonate (9d) 

Compound 6 (135 mg, 0.26 mmol) was reacted with dimethyl propargylmalonate (44 l, 0.29 

mmol) according to the general procedure B. The crude product was purified by Reveleris iES 

Flash Chromatography system (Hexane/acetone, gradient 7:3  1:1) to give derivative 9d (118 

mg, 68%) as a white foam; Rf 0.39 (EtOAc); 
1
H NMR (300 MHz, CDCl3):  1.91, 1.92, 2.04, 

2.06, 2.12 (15H, 5 x s, NHCOCH3, OCOCH3 x 4), 3.30 (2H, br s, J 6.9 Hz, CH2a), 3.60 (3H, s, 

COOCH3), 3.69, 3.71 (6H, 2 x s, CH3c x 2), 3.86 (1H, br t, J 10.2 Hz, CHb), 4.16 (1H, dd, J9a,9b 

12.3 Hz, J9a,8 6.6 Hz, H-9a), 4.56 (1H, dd, J9b,9a 12.3 Hz, J9b,8 2.4 Hz, H-9b), 4.62-4.72 (2H, m, 

H-6, H-5), 5.38 (1H, m, H-8), 5.58 (1H, dd, J7,8 6.0 Hz, J7,6 3.0 Hz, H-7), 5.90 (1H, d, J4,5 6.9 

Hz, H-4), 6.36 (1H, d, JNH,5 9.0 Hz, NHCOCH3), 7.46 (1H, s, triazole CH); 
13

C NMR (75.5 

MHz, CDCl3):  20.3, 20.7, 20.8 (OCOCH3 x 4), 23.0 (NHCOCH3), 24.7 (CH2CH(COOCH3)2), 

46.7 (C-5), 51.3 (Cb), 52.7, 52.9 (Cc), COOCH3), 62.1 (C-9), 67.0 (C-7), 69.7 (C-4), 70.2 (C-8), 

77.6 (C-6), 144.8 (C-2), 159.5 (C-1), 168.8, 168.9, 169.9, 170.5, 170.7 (NHCOCH3, OCOCH3 x 

4, CO2CH3 x 2); C-3, triazole C-4 and triazole C-5 were not observed; LRMS (ESI): m/z 685.3 

(M+Na)
+ 

100%; HRMS: m/z calcd for C28H37N4NaO16
+
 685.219907, found 685.222169. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-[4'-(1''- 

hydroxycyclopentyl)-(1',2',3')-triazol-1'-yl]-D-glycero-D-galacto-non-2-enonate (9e) 

Compound 6 (143 mg, 0.278 mmol) was reacted with 1-ethynyl-1-cyclopentanol (34 mg, 0.31 

mmol) according to the general procedure B. The crude product was purified by Reveleris iES 

Flash Chromatography system (Hexane/acetone, gradient 7:3  1:1) to give derivative 9e (121 

mg, 70%) as a white foam; Rf 0.34 (EtOAc); 
1
H NMR (300 MHz, CDCl3):  1.87, 1.90, 2.03, 

2.06, 2.13 (15H, 5 x s, NHCOCH3, OCOCH3 x 4), 1.77-2.01 (8H, m, cyclopentyl CH2), 3.62 

(3H, s, COOCH3), 4.17 (1H, dd, J9a,9b 12.3 Hz, J9a,8 7.2 Hz, H-9a), 4.64 (1H, dd, J9b,9a 12.3 Hz, 

J9b,8 2.9 Hz, H-9b), 4.68 (1H, m, H-5), 4.70 (1H, dd, J6,5 9.7 Hz, J6,7 3.0 Hz, H-6), 5.39 (1H, m, 

H-8), 5.58 (1H, dd, J7,8 5.1 Hz, J7,6 3.0 Hz, H-7), 6.00 (1H, d, J4,5 7.5 Hz, H-4), 6.73 (1H, d, 

JNH,5 9.0 Hz, NHCOCH3), 7.55 (1H, s, triazole CH); 
13

C NMR (75.5 MHz, CDCl3):  20.3, 20.6, 

20.7, 20.9 (OCOCH3 x 4), 23.0 (NHCOCH3), 23.5 (cyclopentyl C-3 and C-4), 40.8, 40.1 

(cyclopentyl C-2 and C-5), 46.4 (C-5), 52.8 (COOCH3), 62.1 (C-9), 67.1 (C-7), 70.1 (C-4), 70.9 

(C-8), 77.7 (C-6), 78.4 (cyclopentyl C-1), 118.2 (C-3), 144.7 (C-2), 153.8 (triazole C-4), 159.6 

(C-1), 170.0, 170.3, 170.4, 170.6 (NHCOCH3, OCOCH3 x 4); triazole C-5 was not observed; 

LRMS (ESI): m/z 647.5 (M+Na)
+ 

100%;  HRMS: m/z calcd for C27H36N4NaO13
+ 

647.2171, 

found 647.2183. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-[4'-(1''-

hydroxycyclohexyl)-(1',2',3')-triazol-1'-yl]-D-glycero-D-galacto-non-2-enonate (9f) 

Compound 6 (188 mg, 0.37 mmol) was reacted 1-ethynyl-1-cyclohexanol (51 mg, 0.41 mmol) 

according to the general procedure B. The crude product was purified by Reveleris iES Flash 
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Chromatography system (Hexane/acetone, gradient 7:3  1:1) to give derivative 9f (154 mg, 

66%) as a white foam; Rf 0.34 (EtOAc); 
1
H NMR (300 MHz, CDCl3):  1.26-2.14 (10H, m, 

cyclohexyl CH2), 1.85, 1.89, 2.01, 2.04, 2.11 (15H, 5 x s, NHCOCH3, OCOCH3 x 4), 3.08 (1H, 

br, s, OH), 3.60 (3H, s, COOCH3), 4.16 (1H, dd, J9a,9b 12.3 Hz, J9a,8 7.5 Hz, H-9a), 4.62-4.73 

(2H, m, H-9b, H-5), 4.77 (1H, dd, J6,5 10.2 Hz, J6,7 2.2 Hz, H-6), 5.39 (1H, m, H-8), 5.58 (1H, 

dd, J7,8 4.5 Hz, J7,6 2.4 Hz, H-7), 5.98 (1H, d, J4,5 7.5 Hz, H-4), 7.03 (1H, d, JNH,5 9.3 Hz, 

NHCOCH3), 7.54 (1H, s, triazole CH); 
13

C NMR (75.5 MHz, CDCl3):  20.3, 20.6, 20.7, 20.8 

(OCOCH3 x 4), 22.8 (NHCOCH3), 22.0 (cyclopentyl C-3 and C-5), 25.2 (cyclopentyl C-4), 

37.7, 38.1 (cyclopentyl C-2 and C-6), 46.1 (C-5), 52.7 (COOCH3), 62.2 (C-9), 67.2 (C-7), 69.0 

(cyclohexyl C-1), 70.4 (C-4), 71.2 (C-8), 77.8 (C-6), 118.5 (C-3), 144.6 (C-2), 159.6 (C-1), 

169.9, 170.0, 170.5, 170.7, 170.9 (NHCOCH3, OCOCH3 x 4); triazole C-4 and triazole C-5 

were not observed; LRMS (ESI): m/z 661.5 (M+Na)
+ 

100%;  HRMS: m/z calcd for 

C28H38N4NaO13
+ 

661.2328, found 647.2341. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-[4'-(2''-pyridinyl)-

(1',2',3')-triazol-1'-yl]-D-glycero-D-galacto-non-2-enonate (9g) 

Compound 6 (194 mg, 0.38 mmol) was reacted with 2-ethynylpyridine (43 mg, 0.42 mmol) 

according to the general procedure B. The crude product was purified by Reveleris iES Flash 

Chromatography system (gradient, EtOAc 100%  EtOAc/MeOH 9:1) to give derivative 9g 

(165 mg, 71%) as a white foam; Rf 0.37 (EtOAc/MeOH, 9:1); 
1
H NMR (300 MHz, CDCl3):  

1.79, 2.05, 2.14 (15H, 3 x s, NHCOCH3, OCOCH3 x 4), 3.63 (3H, s, COOCH3), 4.18 (1H, dd, 

J9a,9b 12.3 Hz, J9a,8 6.6 Hz, H-9a), 4.57 (1H, dd, J9b,9a 12.3 Hz, J9b,8 2.7 Hz, H-9b), 4,69 (1H, app 

q, J 9.0, 8.7, 7.5 Hz, H-5), 4.78 (1H, dd, J6,5 9.0 Hz, J6,7 3.3 Hz, H-6), 5.39 (1H, m, H-8), 5.64 

(1H, dd, J7,8 6.0 Hz, J7,6 3.6 Hz, H-7), 6.07 (1H, d, J4,5 7.2 Hz, H-4), 6.58 (1H, d, JNH,5 9.3 Hz, 

NHCOCH3), 7.40 (1H, app q, J 4.8 Hz, ArH), 8.00 (1H, s, triazole CH), 8.23 (1H, app d, J 8.1 

Hz, ArH), 8.58 (1H, br s, ArH), 9.01 (1H, br s, ArH); 
13

C NMR (75.5 MHz, CDCl3):  20.4, 

20.7, 20.8, 20.9 (OCOCH3 x 4), 23.0 (NHCOCH3), 46.9 (C-5), 53.1 (COOCH3), 61.9 (C-9), 

66.8 (C-7), 69.4 (C-4), 70.1 (C-8), 117.6 (C-3), 124.0 (triazole C-5), 123.7, 126.4, 133.5, 146.7, 

149.1 (ArC x 5), 144.1, 144.9 (C-2, triazole C-4), 159.5 (C-1), 169.9, 170.0, 170.1 (NHCOCH3, 

OCOCH3 x 4); C-6 was not observed; LRMS (ESI): m/z 640.7 (M+Na)
+ 

100%;  HRMS: m/z 

calcd for C27H31N5NaO12
+
 640.186143, found 640.187479. 

 

Methyl 5-acetamido-4,7,8,9-tetra-O-acetyl-2,6-anhydro-3,5-dideoxy-3-[4'-(m-

methoxyphenyl)-(1',2',3')-triazol-1'-yl]-D-glycero-D-galacto-non-2-enonate (9h) 

Compound 6 (152 mg, 0.29 mmol) was reacted with 3-ethynylanisole (42 l, 0.32 mmol) 

according to the general procedure B. The crude product was purified by Reveleris iES Flash 

Chromatography system (Hexane/acetone, gradient 7:3  1:1) to give derivative 9h (129 mg, 

68%) as a white foam; Rf 0.51 (EtOAc); 
1
H NMR (300 MHz, CDCl3):  1.86, 1.88, 2.01, 2.03, 

2.13 (15H, 5 x s, NHCOCH3, OCOCH3 x 4), 3.61 (3H, s, COOCH3), 3.84 (3H, s, ArOCH3), 

4.17 (1H, dd, J9a,9b 12.3 Hz, J9a,8 6.6 Hz, H-9a), 4.56 (1H, dd, J9b,9a 12.3 Hz, J9b,8 2.7 Hz, H-9b), 

4.71 (1H, m, J 9.0, 7.2, 6.9, H-5), 4.78 (1H, dd, J6,5 9.0 Hz, J6,7 3.3Hz, H-6), 5.41 (1H, m, H-8), 
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5.65 (1H, dd, J7,8 6.0 Hz, J7,6 3.3 Hz, H-7), 6.03 (1H, d, J4,5 7.2 Hz, H-4), 6.77 (1H, d, JNH,5 9.0 

Hz, NHCOCH3), 6.86 (1H, m, ArH), 7.31-7.40 (3H, m, ArH), 7.86 (1H, s, triazole CH); 
13

C 

NMR (75.5 MHz, CDCl3):  20.4, 20.7, 20.8, (OCOCH3 x 4), 23.0 (NHCOCH3), 46.7 (C-5), 

53.0 (COOCH3), 55.4 (ArOCH3), 62.0 (C-9), 66.9 (C-7), 69.7 (C-4), 70.0 (C-8), 77.0 (C-6), 

111.1, 114.3, 118.2, 130.0, 131.1, (ArC x 5), 117.8 (C-3), 144.8 (C-2), 159.6, 160.1 (C-1, ArC), 

169.8, 169.9, 170.0, 170.1 (NHCOCH3, OCOCH3 x 4); triazole C-4 and triazole C-5 were not 

observed; LRMS (ESI): m/z 669.2 (M+Na)
+ 

100%;  HRMS: m/z calcd for C29H35N4O13
+
 

647.219514, found 647.218467. 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-[4'-(3''-hydroxypropenyl)-(1',2',3')-triazol-1'-yl]-

D-glycero-D-galacto-non-2-enonic acid, sodium salt (10a) 

Compound 9a (72 mg, 0.120 mmol) was saponified according to the general procedure C.  The 

crude product was purified by RP-HPLC to give pure derivative 10a (42 mg, 85%) as a white 

solid RP-HPLC purification conditions: isocratic elution with aqueous MeCN (0.1%) at a flow 

rate of 2.8 mL/min and a column temperature of 34 C: retention time 5.61 min; Rf 0.15 

(EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (300 MHz, D2O):  1.95 (2H, m, J 7.5 Hz, CH2b), 2.09 

(3H, s, NHCOCH3), 2.80 (2H, t, J 7.5 Hz, CH2a) 3.60-3.69 (4H, m, H-9a, H-7, CH2c), 3.88-3.98 

(2H, m, H-9b, H-8), 4.39 (1H, app q, J 10.5, 8.4 Hz, H-5), 4.61 (1H, dd, J6,5 10.8 Hz, J6,7 1.2 

Hz, H-6), 4.67 (1H, d, J4,5 8.4 Hz, H-4), 7.78 (1H, s, triazole CH); 
13

C NMR (75.5 MHz, D2O): 

 20.9 (Cb), 22.0 (NHCOCH3), 30.9 (Ca), 49.6 (C-5), 60.6 (Cc), 63.0 (C-9), 68.1 (C-7), 68.5 

(C-4), 69.5 (C-8), 76.4 (C-6), 113.2 (C-3), 125.8 (triazole C-5), 147.2, 150.4 (C-2, triazole C-4), 

166.9 (C-1), 174.6 (NHCOCH3); LRMS (ESI): m/z 415.2 (M-1)
– 

100%; HRMS: m/z calcd for 

C16H23N4O9
– 
415.1471, found 415.1479. 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-[4'-(N,N-diethylaminomethyl)-(1',2',3')-triazol-1'-

yl]-D-glycero-D-galacto-non-2-enonic acid, sodium salt (10b) 

Compound 9b (76 mg, 0.122 mmol) was saponified according to the general procedure C.  The 

crude product was purified by RP-HPLC to give pure derivative 10b (48 mg, 83%) as a white 

solid; RP-HPLC purification conditions: step gradient elution with aqueous MeCN (0.1  

15.0%) at a flow rate of 3.0 mL/min and a column temperature of 35 C: retention time 7.97 

min; Rf 0.12 (EtOAc/MeOH/H2O 6:3:1); 
1
H NMR (300 MHz, D2O):  1.36 (6H, t, J 7.2 Hz, 

CH3c x 2), 2.09 (3H, s, NHCOCH3), 3.19 (4H, q, J 7.5, 6.9 Hz, CH2b x 2), 3.65-3.73 (2H, m, H-

9a, H-7), 3.89-3.97 (2H, m, H-9b, H-8), 4.40 (1H, app q, J 10.5, 8.4 Hz, H-5), 4.51-4.60 (2H, m, 

H-6, CH2a), 4.72 (1H, d, J4,5 8.4 Hz, H-4), 8.24 (1H, s, triazole CH); 
13

C NMR (75.5 MHz, 

D2O):  8.5 (Cc x 2), 22.0 (NHCOCH3), 45.2 (Ca), 47.3 (Cb x 2), 49.6 (C-5), 63.0 (C-9), 68.0 

(C-7), 68.3 (C-4), 69.5 (C-8), 76.5 (C-6), 113.1 (C-3), 130.11 (triazole C-5), 136.0 (triazole C-

4), 150.6 (C-2), 174.5 (NHCOCH3), C-1 was not observed; LRMS (ESI): m/z 442.0 (M-1)
– 

100%; HRMS: m/z calcd for C18H30N5O8
+ 

444.208889, found 444.209109. 
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5-Acetamido-2,6-anhydro-3,5-dideoxy-3-[4'-carbonyl-(1',2',3')-triazol-1'-yl]-D-glycero-D-

galacto-non-2-enonic acid, sodium salt (10c) 

Compound 9c (70 mg, 0.114 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 10c (37 mg, 81%) as a white 

solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (0.1%) at a flow 

rate of 2.6 mL/min and a column temperature of 33 C: retention time 4.26 min; Rf 0.12 

(EtOAc/MeOH/H2O 6:3:1); 
1
H NMR (300 MHz, D2O):  2.09 (3H, s, NHCOCH3), 3.65-3.73 

(2H, m, H-9a, H-7), 3.89-3.98 (2H, m, H-9b, H-8), 4.40 (1H, app q, J 10.8, 8.4 Hz, H-5), 4.57 

(1H, dd, J6,5 10.8 Hz, J6,7 1.2 Hz, H-6), 4.70 (1H, d, J 8.4 Hz, H-4), 8.24 (1H, s, triazole CH); 
13

C NMR (75.5 MHz, D2O):  22.1 (NHCOCH3), 49.6 (C-5), 63.0 (C-9), 68.1 (C-7), 68.3 (C-4), 

69.5 (C-8), 76.5 (C-6), 113.2 (C-3), 129.7 (triazole C-5), 144.3, 150.5 (C-2, triazole C-4), 166.7, 

167.6 (C-1, Ca), 174.6 (NHCOCH3); LRMS (ESI): m/z 400.9 (M-1)
– 
100%;  HRMS: m/z calcd 

for C14H19N4O10
+ 

403.109569, found 403.110108. 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-[4'-(2'',2''-dicarboxylethyl)-(1',2',3')-triazol-1'-

yl]-D-glycero-D-galacto-non-2-enonic acid, sodium salt (10d) 

Compound 9d (94 mg, 0.142 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 10d (56 mg, 78%) as a white 

solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (0.1%) at a flow 

rate of 2.8 mL/min and a column temperature of 34 C: retention time 3.90 min; yield 87%; Rf 

0.09 (EtOAc/MeOH/H2O 6:3:1); 
1
H NMR (300 MHz, D2O):  2.10 (3H, s, NHCOCH3), 3.19 

(2H, br d, J 5.4 Hz, CH2a), 3.49 (1H, br s, CHb), 3.66-3.72 (2H, m, H-9a, H-7), 3.89-3.99 (2H, 

m, H-9b, H-8), 4.38 (1H, app q, J 10.8, 8.4 Hz, H-5), 4.54 (1H, dd, J6,5 10.8 Hz, J6,7 1.2 Hz, H-

6), 4.66 (1H, d, J 8.4 Hz, H-4), 7.76 (1H, s, triazole CH); 
13

C NMR (75.5 MHz, D2O):  22.0 

(NHCOCH3), 26.0 (Ca), 49.6 (C-5), 57.1 (Cb), 63.0 (C-9), 68.1 (C-7), 68.4 (C-4), 69.5 (C-8), 

76.5 (C-6), 113.4 (C-3), 125.6 (triazole C-5), 145.8, 150.3 (C-2, triazole C-4), 166.9 (C-1), 

174.6 (NHCOCH3); Cc were not observed; LRMS (ESI): m/z 473.0 (M-1)
– 
100%; HRMS: m/z 

calcd for C17H23N4O12
+ 

475.130699, found 475.130845. 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-[4'-(1''-hydroxycyclopentyl)-(1',2',3')-triazol-1'-

yl]-D-glycero-D-galacto-non-2-enonic acid, sodium salt (10e) 

Compound 9e (69 mg, 0.111 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 10e (49 mg, 87%) as a white 

solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (0.1%) at a flow 

rate of 3.0 mL/min and a column temperature of 36 C: retention time 8.29 min; Rf 0.14 

(EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (300 MHz, D2O):  1.85 (4H, m, cyclopentyl CH2), 1.97-

2.09 (4H, m, cyclopentyl CH2), 2.05 (3H, s, NHCOCH3), 3.62-3.68 (2H, m, H-9a, H-7), 3.85-

3.94 (2H, m, H-9b, H-8), 4.36 (1H, app q, J 10.8, 8.4 Hz, H-5), 4.52 (1H, app d, J 11.4 Hz, H-

6), 4.64 (1H, d, J4,5 8.4 Hz, H-4), 7.88 (1H, s, triazole CH); 
13

C NMR (75.5 MHz, D2O):  24.5 

(NHCOCH3), 25.4 (cyclopentyl C-3 and C-4), 42.4 (cyclopentyl C-2 and C-5), 52.1 (C-5), 65.5 

(C-9), 70.6 (C-7), 70.9 (C-4), 72.0 (C-8), 79.0 (C-6), 81.0 (cyclopentyl C-1), 115.7 (C-3), 127.3 
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(triazole C-5), 153.0, 155.5 (C-2, triazole C-4), 169.3 (C-1), 177.0 (NHCOCH3); LRMS (ESI): 

m/z 441.0 (M-1)
– 
100%;  HRMS: m/z calcd for C18H26N4NaO9

+ 
465.1595, found 465.160568. 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-[4'-(1''-hydroxycyclohexyl)-(1',2',3')-triazol-1'-

yl]-D-glycero-D-galacto-non-2-enonic acid, sodium salt (10f) 

Compound 9f (72 mg, 0.113 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 10f (44 mg, 86%) as a white 

solid; RP-HPLC purification conditions: step gradient elution with aqueous MeCN (0.3  

10.0%) at a flow rate of 3.2 mL/min and a column temperature of 37 C: retention time 10.70 

min; Rf 0.14 (EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (300 MHz, D2O):  1.47, 1.74, 1.89, 2.14 

(10H, 4 x m, cyclohexyl CH2), 2.09 (3H, s, NHCOCH3), 3.66-3.73 (2H, m, H-9a, H-7), 3.89-

3.99 (2H, m, H-9b, H-8), 4.39 (1H, app q, J 10.8, 8.4 Hz, H-5), 4.56 (1H, dd, J 10.8, 1.5 Hz, H-

6), 4.69 (1H, d, J4,5 8.4 Hz, H-4), 7.94 (1H, s, triazole CH); 
13

C NMR (75.5 MHz, D2O):  21.9 

(cyclopentyl C-3 and C-5), 22.1 (NHCOCH3), 24.8 (cyclopentyl C-4), 36.9 (cyclopentyl C-2 

and C-6), 49.6 (C-5), 63.0 (C-9), 68.1 (C-7), 68.4 (C-4), 69.5 (C-8), 69.7 (cyclopentyl C-1), 

76.5 (C-6), 113.2 (C-3), 125.4 (triazole C-5), 150.5, 153.2 (C-2, triazole C-4), 166.8 (C-1), 

174.6 (NHCOCH3); LRMS (ESI): m/z 455.0 (M-1)
– 

100%; HRMS: m/z calcd for 

C19H28N4NaO9
+ 

479.17485, found 479.177123. 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-[4'-(2''-pyridinyl)-(1',2',3')-triazol-1'-yl]-D-

glycero-D-galacto-non-2-enonic acid, sodium salt (10g) 

Compound 9g (76 mg, 0.123 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 10g (53 mg, 89%) as a white 

solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (0.4%) at a flow 

rate of 3.0 mL/min and a column temperature of 35 C: retention time 8.83 min; Rf 0.11 

(EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (300 MHz, D2O):  2.10 (3H, s, NHCOCH3), 3.67-3.75 

(2H, m, H-9a, H-7), 3.90-4.01 (2H, m, H-9b, H-8), 4.40 (1H, app q, J 10.8 Hz, 8.4 Hz, H-5), 

4.61 (1H, dd, J6,5 10.8 Hz, J6,7 1.2 Hz, H-6), 4.78 (1H, d, H-4), 7.49 (1H, dd, J 7.2, 4.8 Hz, 

ArH), 8.15 (1H, d, J 8.1 Hz, ArH), 8.39 (1H, s, triazole CH), 8.47 (1H, br s, ArH), 8.84 (1H, br 

s, ArH); 
13

C NMR (75.5 MHz, D2O):  22.1 (NHCOCH3), 49.7 (C-5), 63.0 (C-9), 68.1 (C-7), 

68.4 (C-4), 69.5 (C-8), 76.5 (C-6), 113.2 (C-3), 123.7, 134.3, 145.7, 148.3 (ArC x 4), 125.3 

(triazole C-5), 143.8, 150.4 (triazole C-4, C-2), 166.7, (C-1), 174.6 (NHCOCH3); LRMS (ESI): 

m/z 434.2 (M-1)
– 
100%; HRMS: m/z calcd for C18H20N5O8

– 
434.1317, found 434.1313. 

 

5-Acetamido-2,6-anhydro-3,5-dideoxy-3-[4'-(m-methoxyphenyl)-(1',2',3')-triazol-1'-yl]-D-

glycero-D-galacto-non-2-enonic acid, sodium salt (10h) 

Compound 9h (69 mg, 0.107 mmol) was saponified according to the general procedure C. The 

crude product was purified by RP-HPLC to give pure derivative 10h (40 mg, 82%) as a white 

solid; RP-HPLC purification conditions: isocratic elution with aqueous MeCN (3.5%) at a flow 

rate of 3.1 mL/min and a column temperature of 37 C: retention time 12.15 min; Rf 0.17 
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(EtOAc/MeOH/H2O 7:2:1); 
1
H NMR (300 MHz, D2O):  2.10 (3H, s, NHCOCH3), 3.67-3.75 

(2H, m, H-9a, H-7), 3.85 (3H, s, ArOCH3), 3.90-4.01 (2H, m, H-9b, H-8), 4.43 (1H, app q, J 

10.8, 8.4 Hz, H-5), 4.59 (1H, dd, J6,5 10.8 Hz, J6,7 1.2 Hz, H-6), 4.75 (1H, d, J4,5 8.4 Hz, H-4), 

6.98 (1H, m, ArH), 7.33-7.44 (3H, m, ArH), 8.23 (1H, s, triazole CH); 
13

C NMR (75.5 MHz, 

D2O):  22.1 (NHCOCH3), 49.7 (C-5), 53.4 (ArOCH3), 63.0 (C-9), 68.1 (C-7), 68.4 (C-4), 69.5 

(C-8), 76.5 (C-6), 110.9, 114.5, 118.5, 130.4, 130.8, 159.2 (ArC x 6), 113.2 (C-3), 124.8 

(triazole C-5), 146.7, 150.6 (C-2, triazole C-4), 166.8 (C-1), 174.6 (NHCOCH3); LRMS (ESI): 

m/z 463.2 (M-1)
– 
100%; HRMS: m/z calcd for C20H23N4O9

– 
463.1471, found 463.1464. 

 

INFLUENZA VIRUS SIALIDASE INHIBITION ASSAYS  

Sialidase inhibition assay to determine IC50 values – Inhibition of influenza A virus sialidase 

was quantitatively assessed using a modification
[S4]

 of the fluorometric sialidase assay of Potier 

et al.
[S5]

 using the fluorogenic substrate 4-methylumbelliferyl N-acetyl--D-neuraminic acid 

(MUN) (synthesised in-house according to published methods
[S6]

).  The assay was carried-out in 

a 96-well plate format using recombinant neuraminidase from four different influenza A virus 

strains: A/California/04/2009 pdm09 H1N1, A/Anhui/1/2005 H5N1, A/Anhui/1/2005 H5N1-

H275Y variant, A/Babol/36/2005 H3N2 (all purchased from Sino Biological Inc.).  Specifically, 

stock solutions of the substrate MUN, inhibitor and sialidase were prepared in the reaction 

buffer (50 mM sodium acetate, 6 mM CaCl2, pH 5.5).  Assays were prepared in triplicate with a 

final reaction volume of 10 L in a 96-well solid black plate on ice.  Reaction buffer, inhibitor 

dilutions and sialidase were mixed by brief centrifugation of up to 1000 rpm for 10 seconds and 

then incubated for 15 min at room temperature.  Thereafter the reaction was started by addition 

of 0.1 mM MUN to the pre-incubation mixture, with brief centrifugation as done before to 

combine all the components.  Immediately after centrifugation the reaction was incubated at 37 

°C with 900 rpm shaking for 20 min.  To stop the reaction, 250 L 0.25 M glycine (pH 10) was 

added to each well and the fluorescence was read at an excitation of 355 nm and emission of 

460 nm.  Sample measurements were corrected for background fluorescence that was not 

produced by the enzyme-catalyzed hydrolysis of the substrate, by subtracting a blank sample 

that contained MUN in the reaction buffer.   

 IC50 values were calculated using GraphPad Prism version 5
[S7]

 by non-linear regression 

with three parameters: F = Bottom + (Top - Bottom)/[1+10^([I] - LogIC50)] in which F is the 

Fluorescence signal and [I] the inhibitor concentration.  Data is given in Table S1. 

Sialidase inhibition assay to study the effect of sialidase–inhibitor pre-incubation on IC50 – 

The sialidase inhibition assay described above was modified slightly to study different 

sialidase–inhibitor pre-incubation times.  Assays were prepared in duplicate with a final reaction 

volume of 10 L in a 96-well solid black plate on ice.  Sialidase was added to the inhibitor 

dilutions followed by mixing using brief centrifugation (10 sec, 1000 rpm).  Pre-incubation was 

carried-out at room temperature for 60, 40, 20, 10, 5 and 0 min.  All further steps were 

performed as described above.  Data is given in Figures S1 and S2 and Table S2. 
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Sialidase inhibition assays – Supplementary Figures and Tables 

Table S1.  In vitro inhibition (IC50 M) of influenza A virus N1 and N2 sialidases by 

3-N-substituted Neu5Ac2en derivatives 8a–h and 10a–h. 

 

IC50 (M)
 [a]

 

 N1 pdm09
 [b] 

 N1
 [c]

 N1-H275Y
 [d]

  N2
 [e]

 

8a 
 

947 >1000 >1000  >1000 

8b 
 

>1000 >1000 >1000  >1000 

8c 
 

>1000 >1000 >1000  >1000 

8d 

 

>1000 >1000 >1000  >1000 

8e 

 

>1000 >1000 >1000  >1000 

8f 

 

>1000 >1000 >1000  >1000 

8g 

 

2.7 5.9 4.4  5.7 

8h 

 

875 >1000 687  >1000 

10a 
 

37 21 34  102 

10b 

 

44 42 38  137 

10c 
 

180 344 88  885 

10d 
 

>1000 >1000 >1000  >1000 

10e 
 

12 11 13  36 

10f 
 

>1000 >1000 >1000  >1000 

10g 
 

741 >1000 >1000  >1000 

10h 

 

5.3 6.5 7.2  8.2 

1 Neu5Ac2en 4.2 9.8 8.6  3.8 

 zanamivir 3.6 nM 2.9 nM 2.1 nM  8.0 nM 

[a] Inhibitors were pre-incubated with enzyme for 15 min.  Results are the mean of triplicate assays.  IC50 

95% confidence intervals are within ±20% of the IC50 value.  [b] N1 pdm09  [A/California/04/2009 (pdm09 

H1N1)].  [c] N1 [A/Anhui/1/2005 (H5N1)].  [d] N1-H275Y [A/Anhui/1/2005 (H5N1-H275Y variant)].  [e] N2 

[A/Babol/36/2005 (H3N2)].   
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Study of the effect of pre-incubation of inhibitor with enzyme on IC50 value – see Figures S1 

and S2, and Table S2 

 

      

      

Figure S1.  Effect of incubation time on inhibitor IC50 value: bar graphs of IC50 value at a given 

pre-incubation time.  Inhibitor was pre-incubated with enzyme for 0, 5, 10, 20, 40, or 60 min at 

room temp prior to addition of enzyme substrate.  Results are the mean of duplicate assays.  IC50 

values for Neu5Ac2en, 8g and 10h are M; IC50 values for zanamivir are nM.  Sialidases: 

H1N1 [A/California/04/2009 (pdm09 H1N1)]; H5N1 [A/Anhui/1/2005 (H5N1)]; H5N1-H275Y 

[A/Anhui/1/2005 (H5N1-H275Y variant)]; N2 [A/Babol/36/2005 (H3N2)].  IC50 values for 0 

and 60 minute pre-incubation are given in Table S2. 
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Figure S2.  Effect of incubation time on inhibitor IC50 value: bar graphs of IC50 value at a given 

pre-incubation time relative to IC50 at 60 min pre-incubation time (IC50/IC50 60 min).  Assay and 

enzyme details are as given for Figure S1.  IC50 values for 0 and 60 minute pre-incubation are 

given in Table S2. 
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Table S2.  Comparison of IC50 values for 0 and 60 minute pre-incubation of inhibitor with 

enzyme. 

  IC50 (M)
[a]

 

Inhibitor Pre-incubation time N1 pdm09
[b]

  N1
[c]

 N1-H275Y
[d]

 N2
[e]

 

Neu5Ac2en 1 0´ 3.9 8.3 5.5 4.9 

 60´ 4.3 10.8 6.0 4.6 

 IC50 Fold difference  (0´/60´) 0.9 0.8 0.9 1.1 

8g 0´ 10.7 27.9 13.1 35.4 

 60´ 1.9 2.4 1.5 4.4 

 IC50 Fold difference  (0´/60´) 5.8 11.8 9.0 8.1 

10h 0´ 17.6 68.5 22.2 78.5 

 60´ 2.0 2.9 1.9 4.0 

 IC50 Fold difference  (0´/60´) 8.8 23.7 11.5 19.8 

[a] Results are the mean of duplicate assays.  [b] N1 pdm09 [A/California/04/2009 (pdm09 H1N1)].  

[c] N1 [A/Anhui/1/2005 (H5N1)].  [d] N1-H275Y [A/Anhui/1/2005 (H5N1-H275Y variant)].  [e] N2 [A/Babol/36/2005 (H3N2)].   
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CHAPTER 6 

CONCLUSION AND FUTURE DIRECTIONS 

 

The research presented in this thesis reveals novel atomic details of several important 

glycan-pathogen interactions. Glycan interactions investigated within this thesis include 

proteins involved in glycan synthesis, binding and degradation relevant for the 

microbial pathogenesis of Neisseria meningitidis serogroup B (NmB), rotavirus and 

influenza A virus (IAV). The use of NMR spectroscopy enabled structural insights into 

glycan substrate binding to NmB polysialyltransferase (polyST), and GM1a glycan 

binding to rotavirus VP8* that have been inaccessible to X-ray crystallography. 

Furthermore, the NMR-based solution study of histo-blood group antigen (HBGA) 

binding to human rotavirus VP8* provides additional structural information 

supplementary to previous crystallographic studies. A novel concept for IAV biology is 

presented that suggests the importance of the sialic acid (Sia) type for infection, and 

new neuraminidase (NA) inhibitors were evaluated. The following paragraphs 

summarize the main results and conclusions from the different thesis chapters together 

with a discussion about future experiments that emerge from this work. 

Substrate binding to Neisseria meningitidis serogroup B polysialyltransferase 

(Chapter 2) 

Chapter 2 of this thesis describes novel structural details of substrate-binding obtained 

from site-directed mutagenesis and STD NMR experiments with the polyST of NmB, a 

key enzyme in bacterial polysaccharide capsule formation. The polysialic acid (polySia) 

capsule is an important virulence factor and therefore polyST represents an attractive 

drug target not only against NmB, but also against other disease-causing polySia 
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encapsulated bacteria. The results presented in this thesis led to the first substrate-

binding model. The NmB polyST has a GT-B fold consisting of two flexibly linked 

Rossmann domains confirming previous predictions about protein topology. The 

polySia acceptor binding site is part of the N-terminal first Rossmann domain and the 

CMP-Sia donor binding site is located within the C-terminal second Rossmann domain. 

Atomic detail information of the glycan epitopes of CMP-Sia donor and polySia 

acceptor when bound to polyST, obtained through STD NMR experiments, provide 

novel insights into substrate-engagement, such as the extended polySia acceptor binding 

site and a structural rearrangement of the protein in the presence of both donor and 

acceptor substrates. Amino acid motifs of polyST shared with sialyltransferases of the 

GT-80 family were identified to be important for substrate coordination in line with the 

previously published biochemical characterisation of the enzyme. The combined results 

suggest that not only the protein fold, but also the reaction mechanism of Sia transfer is 

conserved between bacterial polyST (GT-38) and sialyltransferases (GT-80).  

Future directions - To provide further evidence of the proposed substrate-binding 

model, other polyST of the GT-38 family need to be investigated using the established 

STD NMR protocol. At the same time crystallisation trials of polyST should be 

continued to provide greater atomic detail of substrate binding by X-ray 

crystallography. However, even without the availability of an X-ray structure, the 

results presented provide initial strategies for the design of anti-meningococcal drugs. 

Potential therapeutic candidates based on sialomimetic donor analogues are less viable 

as the Neu5Ac moiety of CMP-Neu5Ac binds only weakly compared to the nucleotide 

moiety. A CMP nucleotide analogue is therefore a better candidate to inhibit polyST 

activity. It is unlikely that an inhibitor would also block the activity of eukaryotic 

polySTs (PST; STX) as they are not homologue to the bacterial enzyme. In addition, the 
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large extended acceptor binding site of NmB polyST offers an alternative opportunity 

for drug design. Most promising would be a di-Sia analogue that is chemically modified 

at the non-reducing end to prevent further Sia transfer. The STD NMR study indicated 

that a di-Sia acceptor molecule binds with similar affinity to longer polySia chains with 

the advantage that a natural dimer was not able to initiate polySia synthesis. During 

future development of nucleotide and di-Sia acid analogues, binding to polyST can be 

characterised by the established STD NMR protocol and should be accompanied by 

kinetic studies to determine binding affinities and inhibition constants. 

 

GM1a binding to VP8* in rotavirus host cell invasion (Chapter 3) 

The work presented in Chapter 3 further defines the role of the GM1a glycan receptor in 

rotavirus host cell invasion. Supported by cell-based binding and infectivity studies 

human RV-3 VP8* was shown to bind GM1a with a similar binding epitope that 

includes the internal Sia residue, as has been previously reported for Wa VP8*. In 

contrast, animal RRV VP8* showed only weak interactions with GM1a that solely 

derive from the Sia residue, in line with the inability of GM1a to block RRV infection. 

Further cell-based assays conducted by collaborators suggest the role of GM1a as a 

common rotavirus receptor and provide further evidence that most common human 

rotavirus serogroups depend on sialic acid for efficient infection despite being classified 

as NA-insensitive.  

Future directions – Given that most, if not all, human rotaviruses depend to some 

extent on Sia for cell entry, provides a rationale to intensify the development of 

sialylmimetics targeting VP8* as inhibitors of rotavirus cell entry. To improve inhibitor 

design, crystallographic studies are required to identify the GM1a glycan binding site in 

human VP8*. So far all attempts to crystallise a complex of any rotavirus VP8* with 
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GM1a have been unsuccessful. As an alternative to crystallographic studies the glycan 

binding site in human VP8* could be identified by 
15

N-chemical shift perturbation 

HSQC spectroscopy that has enabled the identification of the Sia binding site in 

NA-sensitive rotavirus strains in the past. Standard protocols for the expression of 

13
C/

15
N double labelled proteins in E. coli could be employed for the expression of 

13
C/

15
N Wa VP8*. The purified protein could then be used for the backbone and side 

chain assignment by NMR spectroscopy as a requirement for 
1
H-

15
N-HSQC NMR 

experiments. Decoding the GM1a binding site of human VP8* will greatly facilitate 

further inhibitor development that can be accompanied by the established STD NMR 

protocol providing important atomic-level details of inhibitor recognition in the form of 

functional group epitope mapping. 

 

Histo-blood group antigen binding to VP8* in rotavirus infection (Chapter 3) 

Very recent studies proposed that HBGAs are utilized as receptors for human 

rotaviruses. A antigens were found to bind to human HAL1166 VP8* in 

crystallographic studies supported by infection assays and H type-1 and Lewis
b 

antigens 

bound to common rotavirus strains, such as Wa, in saliva-binding assays. Existing 

epidemiological studies are controversial about the correlation of rotavirus disease with 

ABO and Lewis blood group antigens. Therefore the second part of Chapter 3 describes 

a detailed NMR binding study of HBGA to human VP8*. Cell-based infection and 

binding assays to affirm the structural data were conducted by collaborators. Initial STD 

NMR experiments provide the first structural evidence that A antigens bind to K8 VP8* 

in an identical binding epitope to that observed for HAL1166 VP8*, importantly 

without the engagement of the blood group defining fucose residue. In contrast, in 

norovirus, another important gastrointestinal pathogen, the binding of fucose is 
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absolutely essential for the recognition of ABO and Lewis antigens, raising the question 

about the relevance of blood group antigen binding for rotavirus infection. VP8* of Wa 

and RV-3, representatives of the most clinically-relevant genogroups P[8] and P[6], 

were found to not interact with A antigens consistent with results from rotavirus 

infectivity experiments. In addition, K8 infection appears to be less dependent on A 

antigens than HAL1166 infection based on NMR affinity measurements by 

1
H-

15
N-HSQC chemical shift perturbation NMR and cell-based assays. In stark contrast 

to previous reports, Wa VP8* did not bind to H type-1 and Lewis
b
 antigens in STD 

NMR and 
1
H-

15
N-HSQC NMR experiments. This is in agreement with rotavirus Wa 

cell-based assays to determine the effect of blood group antigens on infection showing 

no virus inhibition by these antigens. Controversially, two studies suggesting that 

´non-secretors´ (no fucosyltransferase 2, activity) are resistant to rotavirus infection are 

inconsistent with the fact that almost all children seroconvert to rotavirus independent 

of the secretor status by the age of 2-3. Overall the results of this thesis suggest that 

HBGAs receptors do not play a major role for clinically-relevant rotavirus strains.  

Future directions - In order to identify potential alternative glycan receptors for 

rotavirus, glycan array experiments should be performed using recombinant VP8* in 

comparison with whole rotavirus particles. Protocols for the fluorescent labelling of 

rotavirus particles can be adapted from glycan array experiments using whole IAV 

particles. It is possible that the organisation of VP8* on the viral surface plays a role in 

glycan recognition. Furthermore, considering the results of the GM1a rotavirus receptor 

study it would be of interest to investigate whether GM1a is used as a receptor by K8 

P[9] and HAL1166 P[14] rotavirus strains that have not been part of this blood group 

antigen binding study.  
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N-Glycolylneuraminic acid and influenza A virus infection (Chapter 4) 

Chapter 4 investigates the question whether the Sia type, Neu5Ac or Neu5Gc, plays a 

role in IAV biology in addition to the well-studied Sia linkage type (α2,3; α2,6) that 

affects host range and tissue tropism. As part of this work, the first STD NMR binding 

study using whole IAV particles is presented. The results confirm a strong preference of 

HAs (H3, H1) of two currently circulating human IAV strains (A/Perth/16/2009 H3N2 

and A/California/04/2009 H1N1) for 6´-sialyllactose terminating in Neu5Ac (6´SL
Ac

). 

Similarly, NA showed distinct differences in substrate specificity for Neu5Ac or 

Neu5Gc sialyllactose receptors. In addition, DNA sequencing and genetic analysis of 

the ferret genome conducted by collaborators revealed a CMAH gene deletion as 

observed in humans. This important observation is confirmed by the absence of Neu5Gc 

in ferret tissues and serum proteins analysed by western blotting and 

immunofluorescence. The findings suggest that the susceptibility of ferrets to infection 

by human adapted IAV strains may be based on the exclusive presentation of Neu5Ac 

receptors and that the Sia type may play an important role in IAV infection.  

Future directions - Further studies are needed to prove this novel concept. One 

approach to support the role of the Sia type in IAV host range tropism could be the 

study of IAV infection in transgenic ferrets with a functional CMAH gene. An 

alternative approach is an infection study of ferrets after feeding them Neu5Gc to 

display the sialyllactose glycan as a potential receptor on the cell surface. The reverse 

study approach would be to use CMAH knockout mice to study the influence of the 

absence of Neu5Gc from the cell surface on IAV infection. However, such studies 

would be more complicated as Neu5Ac has been shown to accumulate in CMAH-

deficient mice and that could have an impact on IAV infection itself. Furthermore, 

receptor binding studies including glycan array or the presented STD NMR protocol 
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should be employed using swine and equine viruses to study their binding preferences 

to Neu5Ac- and Neu5Gc-receptors as horses and pigs express a functional CMAH 

enzyme. To support the theory of the importance of the Sia type for tissue tropism, 

lectin binding studies are essential to localize and differentiate between Sia types in 

infected tissues similar to previous studies using lectins specific for α2,3- and α2,6-

sialosides. Apart from IAV many other viruses and also bacteria utilize Sia receptors. 

Therefore ferrets that most closely mimic human Sia biology could present an attractive 

animal model for a large variety of different human pathogens. 

 

Evaluation of novel influenza A virus neuraminidase inhibitors (Chapter 5) 

As part of Chapter 5 two different types of novel Sia based IAV NA inhibitors that have 

been synthesised in-house were biologically evaluated: (i) unsaturated glucuronides and 

(ii) 3-N-substituted-Neu5Ac2en derivatives. The different inhibitor groups target 

different parts of the NA active site. 

3-Pentyl 2-acetamido-2-deoxy-∆
4
-β-D-glucuronide, that mimics Neu5Ac2en, but with 

the glycerol side chain replaced by a pentyl ether as in oseltamivir, showed about 30 

times better inhibition compared to Neu5Ac2en, making it the most potent 

glucuronide-based inhibitor to date. The X-ray crystal structure of IAV NA N8 in 

complex with the 3-pentyl ∆
4
-β-D-glucuronide suggests that substitutions at C-3 of the 

template can be well-accommodated. However, inhibition assays show that the 

introduction of hydrophobic C-3 substituents does not improve NA inhibition compared 

to the parent 3-pentyl ∆
4
-β-D-glucuronide.  

Neu5Ac2en derivatives with substituents at the C-3 position have been developed as 

probes of 150-loop flexibility in IAV NAs. The introduction of a nitrogen heteroatom 
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between the hydrophobic side chain and C-3 of Neu5Ac2en (3-N-subsituted-

Neu5Ac2en) was intended to improve flexibility compared to previously synthesised 

inhibitors with the aim of accommodating the 3-N-substitution within the 150-cavity of 

group-1 and group-2 NAs. The most potent inhibitors of the 3-amido-Neu5Ac2en and 

the 3-triazole-Neu5Ac2en series showed low micromolar IC50 values with only slightly 

weaker inhibition in the chosen group-2 NAs compared to group-1 NAs. The extension 

of the standard NA inhibition assay by the addition of a preincubation step ranging 

between 0-60 minutes allows the distinction between slow and fast binding inhibitors. 

Both most potent inhibitors 3-cinnamido- and 3-methoxyphenyltriazole-Neu5Ac2en are 

slow binding inhibitors, in contrast to the unsubstituted Neu5Ac2en that binds rapidly to 

the active site. Taken together, the biological evaluation presented in this thesis might 

be the first indication that 3-N-substituted-Neu5Ac2en derivatives are able to lock open 

the 150-loop in all NAs.  

Future directions - X-Ray crystal structures of 3-N-substituted-Neu5Ac2en derivatives 

in complex with group-1 and group-2 NAs are required to provide final evidence that 

the 3-N-substitutions are accommodated within the 150-cavity for both groups of NA. 

In addition, a better understanding of the atomic details of inhibitor protein complexes 

will facilitate the optimisation of inhibitor-design. The presented NA assay protocol 

including variable preincubation times for inhibitor binding can be extended by a 

temperature variable to allow further conclusions about inhibitor kinetics and protein 

dynamics. It will be worthwhile to change from an endpoint to an automated continuous 

enzyme assay protocol to allow more rapid and efficient compound testing. 

 

The research presented in this thesis underscores the importance of glycans in 

host-pathogen interactions. Several novel structural details of these essential 
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interactions were revealed providing new insights into the role of glycans in microbial 

infections of three major human pathogens: Neisseria meningitidis, rotavirus and 

influenza A virus. The use of NMR spectroscopy provided atomic details of glycan 

substrate binding to the polysialyltransferase of Neisseria meningitidis serogroup B and 

glycan receptor binding to rotavirus VP8*. A new concept for influenza virus biology is 

presented and novel sialic acid based influenza A virus neuraminidase inhibitors were 

evaluated. Most importantly the structural characterisation of glycan-pathogen 

interactions in respect to glycan synthesis, binding and degradation may ultimately be 

useful in the development of novel antimicrobial chemotherapeutics for major human 

diseases. 
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