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Abstract 

The family of Sialic-acid-binding ImmunoGlobulin-like LECtins, known as Siglecs, play a vital 

role in the hematopoietic, immune and nervous systems of many mammals, including humans. 

These membrane-bound proteins mediate cell to cell adhesion and signalling, and act as 

regulatory systems for a variety of biological functions. All functional Siglecs bind to sialic acid 

(Neu5Ac) moieties displayed on the terminus of cell surface glycan structures. Although the 

Siglec family displays remarkably distinct selectivity for different glyosidic linkages (such as 

Neu5Ac-α2,6 or Neu5Ac-α2,3) and modifications (such as Neu5Ac or Neu5Gc), the 

carbohydrate binding pocket of the V-set domain is highly conserved. There are two major 

groups of Siglecs; the conserved Siglecs, including Siglec-1 (Sialoadhesin, Sn), Siglec-2 (CD22), 

Siglec-4 (myelin-associated glycoprotein, MAG) & Siglec-15, and the CD33-related Siglecs. The 

research detailed within this PhD thesis is predominately focused on the conserved Siglecs, in 

particular Siglec-2, Siglec-1 and Siglec-4.  

Since the discovery of the Siglec family, their role in a wide variety of disease states has been 

well established. Siglec-2 for example, is found on B cells which are known to play a significant 

role in autoimmune diseases such as rheumatoid arthritis, type 1 diabetes, and systemic lupus 

erythematosus. Additionally, some non-Hodgkins lymphomas and certain leukemias involve B 

cells which express Siglec-2. Siglec-1 (primarily expressed on macrophages) is known to bind to 

Neu5Ac terminating glycans on the surface of pathogens including Neisseria meningitidis, 

Campylobacter jejuni, Trypanosoma cruzi and HIV-1. This binding can lead to the phagocytosis 

of the pathogen or, as is the case with HIV, further the spread of the virus to other cells. Siglec-

4 functions as an essential part of the maintenance of myelinated axons as well as an inhibitor 

of neurite outgrowth and axon regeneration. It has been demonstrated in vitro that blocking 

Siglec-4 binding stimulates axon outgrowth, which could pave the way for therapies that allow 

axon regeneration in patients with nerve injuries. 

It has been hypothesised that synthetic Siglec ligands with high affinity and selectivity could be 

used as potential therapeutics for these diseases. In the 19 years since the X-ray crystal 

structure of Siglec-1 was first resolved, many research groups have ventured to synthesise 

Siglec inhibitors, with the majority of these based upon the natural ligand, Neu5Ac. The 

research in this thesis seeks to explore the C4 position of Neu5Ac and how modifications at 

this position can influence the binding affinity of Siglecs to this novel class of Siglec ligands. 

Chapter 1 provides a general introduction to sialic acids, lectins and, more specifically, the 

Siglecs. The structure and function of Siglec-2, Siglec-1 and Siglec-4 are then described in 

detail. Previous research conducted within the Siglec inhibitor space is also briefly reviewed. 
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Finally, an overview of the chemical synthesis that was carried out throughout the research 

project is described.  

Although the chemistry of Neu5Ac has been exhaustively documented for some four decades, 

Neu5Ac derivatives that incorporate modifications at C2, C3 and C4 are relatively 

underrepresented in the literature. Chapter 2 describes the development of methodologies 

required to functionalise Neu5Ac at the C2 position via the 2,3-β-epoxide intermediate. The 

described versatile synthesis allows for the introduction of various anomeric aglycon 

substituents and maintains the C3 hydroxyl group which could be further functionalised (for 

different research paths) or subsequently reduced to yield C3-anhydro derivatives.  

Chapter 3 describes the use of STD NMR to explore the interactions between novel C4-

modified synthetic Siglec-2 ligands and the Siglec-2 protein. Initially we discovered that the 

addition of aromatic amides to the C4 position of Neu5Acα2Me improved Siglec-2 binding by 

up to 15-fold whilst also reducing Siglec-4 binding compared to the parent compound. By 

combining C4 modifications with the 9-biphenylcarboxamido (9-BPC) moiety described in the 

literature, we were able to enhance Siglec-2 binding by over 10,000-fold (compared to 

Neu5Acα2Me). Using STD NMR we were able to resolve the ligand binding epitope, which 

showed that the C4 and C9 substituents acted synergistically to enhance affinity. Furthermore, 

we used a novel whole cell STD NMR technique to visualise how synthetic ligands overcome 

cis-binding to recognise Siglec-2 in a cellular environment. This in turn led to the synthesis of 

potent Siglec-2 ligands that were functionalised at the anomeric position (C2), in addition to C4 

and C9.  

Finally, we wanted to further explore the role that C2 and C4 modifications play in enhancing 

affinity and, more importantly, selectivity. The research outlined in Chapter 4 involves the 

synthesis and biological evaluation of a suite of C4-modified benzyl glycosides and C2-modified 

meta-nitrophenylcarboxamido (4-mNPC) Neu5Ac derivatives. Addition of the 9-BPC 

functionality to a select number of these compounds vastly improved Siglec-2 binding affinity 

to nanomolar inhibitory concentrations. Selectivity towards Siglec-2 could potentially be 

controlled by modifying the C2 and C4 substituents, however binding to Siglec-4 and Siglec-1 

could not be abolished completely. Preliminary research in multivalent ligands and drug 

delivery systems is described in Chapter 5, along with the thesis conclusions. 
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CHAPTER 1 – Introduction 

1.1 Carbohydrates, Glycoconjugates and Sialic Acid 

Proteins, lipids, nucleic acids and carbohydrates make up the four major classes of organic 

molecules found in living systems. Of these, carbohydrates are the most abundant1 and are 

displayed on the cell surface of every species yet studied by man.2 While free monomeric 

carbohydrates (monosaccharides) can be found in nature (for example in the energy utilisation 

processes) the majority of carbohydrates are found conjugated to proteins or lipids to form 

glyconjugates.3 The carbohydrate component of these glycoconjugates can be composed of 

branched or un-branched oligosaccharide (up to 10 monomeric subunits) or polysaccharide 

(greater than 10 subunits) chains, which are collectively known as glycans. Glycans are 

found as part of glycolipids, proteoglycans and glycoproteins which are involved in a 

myriad of biological processes including cellular recognition and communication, as well

as being receptors for a number of pathogenic organisms.4 Sialoglycans contain the 

negatively-charged, nine-carbon sugar N-acetylneuraminic acid (Neu5Ac, 1), a member of 

the sialic acid family, which is of particular importance to this research.   

Figure 1.1 Representation of some important sialic acids. Neu5Ac 1 is shown with the 

carbon atoms numbered in blue. Neu5Ac forms the biologically-relevant α-

configuration when bound to underlying glycoconjugate structures (2).  Neu5Gc 3 has 

an additional hydroxl group on the C5 substituent, forming the glycolyl moiety at 

C5 instead of the acetamido found in 1.  

The sialic acid family contains over fifty nonulosonic acid sugars, that are integral components 

of mammalian glycoconjugates.5 As a free monosaccharide in solution, the 2-keto-sugar 

Neu5Ac, in the 2,6-pyranose form, is found predominantly in the β-configuration at the 

anomeric centre (the C2 carbon, see Figure 1.1). Yet when incorporated into oligosaccharides 

or polysaccharides in nature, Neu5Ac forms glycosides in the α-configuration (2 see Figure 1.1). 

Neu5Ac is typically present as the terminal sugar residue of glycans, but can also be found on 

internal branches, adding to the complexity of these macromolecules. Due to their terminal 
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positioning, sialic acid residues are essential components of receptors for proteins involved in 

cell-cell, cell-biomolecule, cell-microorganism and cell-toxin binding events.5  

The complexity of the sialic acid template allows these carbohydrates to display significant 

variability in nature.5 The hydroxyl groups at C4 and on the glycerol side-chain (C7, C8 and C9) 

are each subject to functionalisation, particularly through acylation.6 The functionality at C5 

can also show variability, as seen with the mammalian sialic acid N-glycolylneuraminic acid 

(Neu5Gc, 3) where the acetamide of 1 has been hydroxylated to give the more hydrophilic 

glycolyl moiety.5 The glycosidic linkages of sialic acids in glycan structures also contribute to 

the overall complexity of sialoglycan epitopes. In human glycans, Neu5Ac can be found 

conjugated to galactose (Gal) residues through both α2,3- and α2,6-linkages. Neu5Ac subunits 

can also form α2,8-linkages to one another, an example of which is the heteropolymer known 

as polysialic acid.5 Proteins that recognise and bind to sialic acids are usually very specific in 

their recognition of sialoglycan glycosidic linkage(s), a trait that facilitates highly specialised 

cellular processes in both normal health and in diseases states.  

1.2 Lectins: Carbohydrate-binding proteins 

Lectins are a class of carbohydrate-binding proteins found in all organisms and are involved in 

numerous biological processes. Fundamentally, lectins contain a carbohydrate-recognising 

domain (CRD), and the sequence specificity and three-dimensional structure of this domain is 

used to characterise and classify families of lectins.3,5 While the carbohydrate binding affinity 

of a single lectin CRD is generally weak (Kd in the micromolar range), the high concentration of 

glycans and lectins presented on interacting cell surfaces can result in strong multivalent 

attractions between multiple CRDs and their glycan ligands.5  

Pathogenic viruses and bacteria express a number of lectins which exploit host cell-surface 

glycans as receptors for cell attachment, tissue colonisation and infection.7 In bacteria, lectins 

are found on extended protein structures such as pili and fimbriae. Here they assist the 

bacterium in binding to specific host tissues through interactions with host cell 

glycoconjugates, thereby facilitating attachment to the endothelium.7 Secreted bacterial toxins 

can also contain glycan binding subunits which attach to host cell surface glycoconjugates and 

allow delivery of the toxic subunit to the cytoplasm.7 Many viruses also express lectins that 

mediate attachment of the virus to the target host cells.8 For example, the influenza virus 

surface glycoprotein haemagglutinin binds to terminal sialic acid residues of 

sialoglycoconjugates on human airway epithelium, which leads to endocytosis of the virus and 
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fusion of the virus particle with the endosomal membrane, leading ultimately to viral 

replication.9 Rotavirus, the cause of common gastrointestinal infection in children, also 

displays a carbohydrate-recognizing protein subunit called VP8*, which plays an important role 

in receptor binding during cell entry by the virus.10-11 

In humans and other animals, lectins are primarily found on cell surfaces where they mediate 

cell-cell interaction events including cell-cell adhesion, cell-cell self-recognition, cell 

differentiation, apoptosis (cell death) and host-pathogen interactions.3 Human lectins are 

categorised into a number of superfamilies and families based on the conservation of CRD 

amino acid sequences. The most abundant lectins are part of the C-type superfamily, which is 

further divided into the selectin, collectin and endocytic lectin families.12 Other families include 

the galectins, P-type lectins and Siglecs. Siglecs are a class of lectins which are vitally 

important, particularly within the immune system, and it is this group of lectins which has 

been the focus of this research project. 

1.3 Siglecs 

Sialic-acid-binding ImmunoGlobulin-like LECtins, or Siglecs, are a family of lectins found in a 

diverse range of eukaryotic species including mammals, amphibians, birds and fish. Siglecs are 

expressed by cells that carry out important biological functions in the hematopoietic, immune 

and nervous systems.13 The function and importance of the Siglec proteins within these 

systems has been thoroughly reviewed by Crocker, Varki, Paulson and others.14-18 All Siglecs 

are membrane bound proteins that recognise the Neu5Ac moiety of sialoglycoconjugates as 

their receptors, and they are able to mediate cell-cell adhesion and signalling via interaction 

with these glycan structures.19 The Siglecs are structurally comprised of a V-set Ig domain at 

the N-terminus, which contains the sialic acid binding CRD, as well as up to sixteen C2-set Ig 

domains which extend the V-set domain away from the cell membrane (Figure 1.2).17,20 The V-

set domain contains an essential arginine which forms a salt bridge with the carboxylic acid 

group of a bound Neu5Ac residue of the receptor, and is critical for receptor binding.20-23 This 

arginine residue is conserved across all functional Siglecs. In humans, there are 15 known 

Siglecs, although Siglec-12 does not have the essential arginine residue and has thus lost the 

ability to bind sialic acid. Siglec-12 is therefore referred to simply as a ‘Siglec-like protein’.21 

Siglec-13 is found in primates but the gene that encodes this protein is inactivated in 

humans.16,22 
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Figure 1.2 Structures and grouping of Siglecs. Siglec-12 & Siglec-16 are not shown and 

Siglec-13 is not present in humans.20 

The Siglec family is divided into two groups based on sequence similarity and evolutionary 

conservation between mammalian species.17 The first group, the "conserved" Siglecs, have 

been identified in humans, rodents and other vertebrates. Included in this group are Siglec-1 

(Sialoadhesin, Sn), Siglec-2 (CD22), Siglec-4 (myelin-associated glycoprotein, MAG) and Siglec-

15. The second group are the Siglec-3- or CD33-related Siglecs, which share close sequence 

homology with each other in humans but do not necessarily have orthologues in the other 

mammalian species.17 Although the CD33-related Siglecs (Siglec-3, 5-12, 14 & 16) are 

important in their own right, it is the conserved Siglecs – in particular Siglec-2, and also Siglecs-

1 and -4 – that are the primary focus of this work.  

Siglecs show pronounced differences in their preferred sialoglycan receptors. Even amongst 

the conserved Siglecs, distinct binding preferences for the sialic acid glycosidic linkage and 

modifications on the Neu5Ac residue exist. For example, Siglec-2 binds almost exclusively to 

Neu5Ac-α(2,6)-LacNAc (Neu5Ac-α2,6-Gal-β1,4-GlcNAc, 4)23-24 over Neu5Ac-α(2,3)-LacNAc 

(Neu5Ac-α2,3-Gal-β1,4-GlcNAc, 6), while Siglec-4 and Siglec-1 have a high preference for α2,3-

linkages (Figure 1.3).19,25 In addition to these differences in linkage specificity, different Siglecs 

respond differently to modifications of the Neu5Ac ligand. For instance, the presence of the 

naturally occurring 9-O-acetylation modification on Neu5Ac-α(2,6)-LacNAc greatly diminishes 
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Siglec-2 binding26 while Siglec-4 is able to recognise this modification.27 Human Siglec-2 is able 

to bind both Neu5Ac and Neu5Gc, while human Siglec-1 exclusively recognises Neu5Ac.28 The 

fact that the different Siglecs have such variety in their binding recognition patterns not only 

allows them to function as highly specialised regulators of the immune (Siglec-1 and Siglec-2) 

and nervous systems (Siglec-4), but also enables researchers to design synthetic ligands 

specifically for each type of Siglec, as illustrated later in this section. 

 

Figure 1.3 Siglec sialoglycan receptor epitopes. Dashed lines at the reducing end of 

these trisaccharides indicate underlying carbohydrate core which can in turn be 

covalently bound to protein or lipid structures or, in the case of certain synthetic 

ligands, aglycone moieties. 

 

1.4  Siglec-2 (CD22) 

Siglec-2 is a 135-kDa sialoglycoprotein consisting of seven extracellular Ig-like domains; six C2-

set domains and one V-set domain which binds specifically to α2,6-linked Neu5Ac residues. 

The protein also has a transmembrane domain and an intracellular region containing six 

conserved tyrosine residues which form a number of immunoreceptor tyrosine-based 

inhibitory motifs (ITIMs) and SHP-1 binding motifs (Figure 1.2).20,29-30 Siglec-2 is found on B cells 

where it functions as a negative regulator of B cell activation, preventing autoimmunity and 

controlling cellular activation thresholds and survival.17,30 The Siglec-2 CRD on B cells is usually 

masked by so-called cis-interactions; that is interactions with Neu5Ac-α(2,6)-LacNAc (4) ligands 

presented on the same cell surface, usually on adjacent Siglec-2 proteins.31 Siglec-2 can only 

form trans-interactions when binding to another cell that displays a high concentration of 

ligand, or to a synthetic ligand which has high affinity for the Siglec-2 V-set domain.18 Siglec-2 

also binds to sialoglycoproteins on T cells, modulating T cell signalling.30 In addition, Siglec-2 

plays a role in the homing of B cells to the bone marrow by interacting with endothelial cells in 

bone marrow capillaries.32-33  
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There is currently no X-ray crystal structure of Siglec-2, so the nature of binding interactions 

between the CRD on the Siglec-2 V-set domain and the residues involved in Neu5Ac binding, 

were determined by site directed mutagenesis studies on the corresponding murine protein.34 

Amino acids involved in binding the sialic acid residue (including Tyr-66 and Trp-138), which 

were similar to those identified for Siglec-1,35 were found to form a well-defined binding 

pocket centred around the conserved arginine residue, Arg-130.34 Additional information 

about how the Siglec-2 binding site binds to Neu5Ac ligands was determined through the use 

of structurally modified Neu5Ac derivatives,19,29,36-37 which will be discussed in Section 1.4.2. 

 

1.4.1  Siglec-2 in Disease States and Potential Therapies 

Non-Hodgkins lymphoma (NHL) describes a number of lymphomas which affect B or T cells. As 

a group, they are the most common type of blood cancer and the tenth most commonly 

diagnosed cancer globally.38 In 2014, 1504 Australians died from NHLs and in 2013, some 4978 

new cases were diagnosed.39 The current treatment for B-cell lymphomas is B-cell depletion 

therapy using Rituxan® (Rituximab), a monoclonal antibody (MAb) to the B cell–specific 

transmembrane protein CD20.40 While successful, relapses are common and relapsed patients 

generally don’t respond well to further treatments with Rituxin.18,41 As Siglec-2 is present on 

the surface of malignant B cells, it is being examined as a potential target for cell-directed 

immunotherapies for NHL as well as a number of other B cell leukemias includ.18  

Several potential therapeutics targeting Siglec-2 have gone to clinical trials (reviewed by Mehta 

& Forero-Torres and Farhadfar & Litzow)42-43, however until very recently, none had proceeded 

to market. The antibody-drug conjugate (ADC) inotuzumab ozogamicin (Besponsa™) has 

received approval from the US Food and Drug Administration (FDA) in August 2017 for 

treatment of B-cell positive ALL.44 Of the other potential drug candidates, Epratuzumab is a 

humanised anti-Siglec-2 antibody, which exerts antitumor activity,45 CAT-3888 (BL22)46 and 

CAT-8015 (HA22, moxetumomab pasudotox) are immunotoxins, while pinatuzumab vedotin is 

another ADC. Immunotoxins and ADCs use a MAb to directly target tumour-associated 

antigens on the surface of malignant cells.47 When the MAb portion of the immunotoxin or 

ADC binds to Siglec-2, the entire molecule undergoes endocytosis. Once inside the cytoplasm, 

the cytotoxin or drug is able to carry out its role and kill the cell. While both immunotoxins and 

ADCs have a similar mode of action, immunotoxins have a plant- or bacterial-derived protein 

toxin whereas ADCs have a cytotoxic drug conjugated to the MAb.47  
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Immunotoxins CAT-3888 and CAT-801548 both consist of a truncated form of Pseudomonas 

exotoxin A coupled to an anti-Siglec-2 antibody. Random mutations in the antibody of CAT-

8015 gave it a 14-fold increase in binding affinity over CAT-3888, and in clinical trials against 

relapsed HCL, 46% of patients showed complete remission.49 CAT-8015 also underwent clinical 

trials for the treatment of paediatric ALL.50 The reduced efficacy of CAT-8015 against adult ALL 

was hypothesised to be due to the fact Siglec-2 is expressed to a lesser extent on ALL cells than 

on HCL cells.43  

The ADC inotuzumab ozogamicin (CMC-544) is composed of an anti-Siglec-2 antibody linked to 

N-acetyl-γ-calicheamicin dimethyl hydrazide, a potent antitumour agent, which causes double 

strand DNA breaks.51 In Phase 3 clinical trials against adult ALL, inotuzumab ozogamicin 

therapy was reported as having a 47% remission rate; a vast improvement on the 29% with 

standard chemotherapy.52 Adverse reactions against inotuzumab ozogamicin were reported as 

manageable52 and it was approved by the FDA for the treatment of ALL.44    

Pinatuzumab vedotin, another ADC, consists of an anti-Siglec-2 MAb conjugated to the 

microtubule disrupting drug mono-methyl auristatin E (MMAE), via a protease-cleavable linker. 

After Siglec-2 mediated internalisation, cytosolic proteases release MMAE allowing it to inhibit 

cell division.53 Without the MAb targeting agent, MMAE is far too toxic to be used as a drug,54 

but Phase 1 studies against NHL showed pinatuzumab vedotin to be well tolerated and it had 

sufficient responses to warrant further testing.55 

In addition to B cell lymphomas, autoimmune diseases such as rheumatoid arthritis (RA), type 

1 diabetes, and systemic lupus erythematosus (SLE) are all known to have a significant B cell 

component.56 To this end, the anti-CD20 MAb drug Rituxin® has been used to deplete B cells in 

RA patients, with promising results.57 The anti-Siglec-2 MAb Epratuzumab has also been used 

in clinical trials for the treatment of SLE, however the treatment has been unsuccessful in 

improving patient response rates.58 Further research into B cell depletion therapy by targeting 

Siglec-2 may give positive outcomes to those millions of people suffering from autoimmune 

diseases.  

Over the past 15-20 years there has been a large amount of research carried out on Siglec-2, 

its role in various autoimmune diseases, and its potential as a site for targeted therapies.18 The 

fact that so few of these potential drugs have actually gone to market is indicative of the 

difficulties faced with immunotherapies and the diseases they combat. It also highlights the 

fact that a different tactic may be needed to utilise Siglec-2 for targeted therapies. 
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1.4.2  Synthetic Ligands for Siglec-2 

It was hypothesised that a ligand with strong, specific binding to Siglec-2 could serve as a 

modulator of immune responses as well as a delivery system for treatment of B-cell 

lymphomas.18 Since Neu5Ac-α(2,6)-LacNAc 4 is the natural ligand of Siglec-2,23 many research 

groups have used Neu5Ac as a scaffold to develop synthetic ligands for Siglec-2. These ligands 

in turn helped to better define the natural binding interactions of Neu5Ac with Siglec-2 (and 

with Siglecs 1 and 4) and the tolerance of the Siglecs to modifications of the Neu5Ac residue 

and the aglycon.19,29,36-37,59 In a seminal paper, Kelm et al,29 were the first to report the binding 

potential of synthetically modified sialic acid ligands for Siglecs (Figure 1.4). Also important, 

was work reported by van Rossenberg et al. who examined the effect of the aglycon unit on 

Siglec-2 ligand recognition,37 showing that the simple synthetic methyl α-glycoside of Neu5Ac 

(Neu5Acα2Me, 8 - Figure 1.4) gave comparable inhibition to that of the trisaccharide Neu5Ac-

α2,6-Lac 5. The presence of the Lac moiety was subsequently discovered to be unnecessary for 

Siglec-2 binding, as replacing the Lac with a modified Glc moiety increased binding affinity.37 

The C5 amide is a known position for variation among the natural sialic acids.5 Using re-

sialylated erthyrocytes, huSiglec-2 was shown to bind both the NHAc and NHGc derivatives, as 

well as the formamide and halogenated acetamides.36 It was discovered that the Neu5Gc 

methyl glycoside60 (Neu5Gcα2Me, 9 - Figure 1.4) binds with marginally better affinity than 8 

and a Neu5Acα2Me derivative with larger modification at the C5 position, the C5 2-thiophenyl 

derivative, was shown to exhibit more than twice the Siglec-2 inhibition of 5. This illustrated 

that modifications at other positions of Neu5Ac can more than compensate for the removal of 

the sugar moieties at the reducing end.37 

For Siglec-2, the C9 hydroxyl group of Neu5Ac was found to contribute significantly to binding 

as the 9-deoxy and 9-halogen derivatives were not bound by the protein.36 Examination of the 

crystal structure of Siglec-1 (which shares high sequence specificity to Siglec-2 in the V-set 

domain CRD34,61) in complex with Neu5Ac-α2,3-Lac 761 identified potential for additional 

binding of hydrophobic substituents extending from C9 with a cluster of hydrophobic residues 

adjacent to the C9 position of Neu5Ac.27,29 It was hypothesised that this region could be 

exploited to enhance ligand-protein interactions. This observation led to the synthesis of C9-

modified Neu5Ac-based ligands with distinct lipophilic characteristics, that bound to Siglec-2 

with far greater affinity than Neu5Acα2Me 8. In particular, the 9-biphenylcarboxamido-9-

deoxy (9-BPC) derivative of Neu5Acα2Me (9-BPC-Neu5Acα2Me, 10) was able to inhibit human 

Siglec-2 with over 200 fold greater potency than 8 (IC50 values 10; 4 µM, 8; 1,400 µM).29 

Compound 10 also showed selectivity towards huSiglec-2 when compared to muSiglec-2 and 
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to muSiglec-1 (10; IC50 values 1,220 and 52 µM against muSiglec-2 and muSiglec-1 

respectively).29 Since the development of 9-BPC-Neu5Acα2Me, all subsequent potent Siglec-2 

ligands have retained a hydrophobic amide (or amine) functionality at the sialic acid C9 

position (for examples, see Figure 1.4). 

It became apparent that modifications at C2 and C5 could work in synergy with the 

hydrophobic C9 moieties and further improve Siglec-2 binding. Collins et al reinstated the 

natural 2,6-LacNAc aglycon to improve binding affinity 16-fold (11; IC50 2.2 µM) and were also 

able to show that a multivalent display of ligands could be endocytosed into Siglec-2 

expressing B cells.32 Abdu-Allah et al. explored inhibitors of huSiglec-2 and muSiglec-2, 

employing a Neu5Gc-α(2,6)-Gal disaccharide backbone with an aromatic aglycon moiety at the 

galactose residue.62 They were able to make a large library of compounds by altering the 

aromatic amine or amide at the C9 position of the Neu5Gc residue. Their most potent 

inhibitor, which contained a para-hydroxylated 9-biphenyl amine substituent at C9, showed an 

apparent 20 fold improvement in binding over 9-BPC-Neu5Acα2Me 10 (12; IC50 0.23 µM).62 

Further to this, by removing the galactose component altogether and replacing it with a 

hydrophobic aglycon unit, Siglec-2 binding affinity was again improved approximately 3-fold 

(13; IC50 for huSiglec-2 0.24 µM, IC50 for muSiglec-2 0.10 µM).63-64 Compound 13 had much 

greater selectivity for Siglec-2 than for Siglec-4 (Siglec-4) when compared with compounds 

such as 10.64  
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Figure 1.4 The evolution of synthetic Siglec-2 ligands beginning with the minimal binding epitope Neu5Acα2Me 837, through to the pivotal 9-BPC 

Neu5Acα2Me 10 and the most recent, nanomolar affinity ligand 16. Note that the value for 14 is a Kd value whilst the others are IC50 values. 
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Other research groups have examined the role of the anomeric aglycon unit as well as that of 

the functional group on C5. Mesch et al. synthesised a suite of compounds featuring 

halogenated aromatic aglycons conjugated to C9-modified Neu5Ac.65 The naturally occurring 

C5 acetamido group was also replaced with various amides and sulfonamides. By identifying 

the best substituent at each position, a 2,3-dichlorobenzyl glycoside was synthesised which 

featured an o-nosyl group at C5. Surface Plasmon Resonance (SPR) analysis showed this 

compound (14 - Figure 1.4) had a Kd value of 0.06 µM against huSiglec-2.65   

The next generation of Siglec-2 inhibitors were developed by the von Itzstein group and 

utilised modifications at the C4 position of the Neu5Acα2Me scaffold in conjunction with the 

9-BPC functionality. Aromatic amides and sulfonamides at the C4 position of Neu5Acα2Me 

enhanced Siglec-2 binding up to 15 fold over the parent compound 8.66 When the most potent 

of these modifications was used in combination with the 9-BPC functionality, the resulting 

inhibitors were 4- to 20-fold more potent than 9-BPC-Neu5Acα2Me 10 (15; IC50 0.15 µM).66 

The design, synthesis and evaluation of these Siglec-2 ligands are discussed in more detail 

throughout Chapter 3. Prescher et al. expanded further on the use of C4 modifications to 

improve Siglec-2 binding by synthesising C4 ethers, esters, amides, triazoles and sulfonamides 

based on the 9-BPC Neu5Ac template. These were utilised in conjunction with novel, 

terminally charged alkyl chains at the anomeric position to yield the most potent Siglec-2 

inhibitor yet, compound 16 (IC50 2 nM).67 The work described in Chapter 4 of this thesis further 

elucidates the structure-activity relationship of synthetic Siglec-2 ligands.    

 

1.4.3  Multivalent Approaches to Triggering Cellular Siglec-2 Activity 

Synthetic Siglec-2 ligands have come to be seen as attractive targeting agents for B cell-

directed immunotherapy in a similar fashion to the antibody component of antibody-based 

immunotoxins described in Section 1.4.1. Although Siglec-2 has a low binding affinity for 

monomeric ligands,15 presenting a number of these ligands in a multivalent display to B cells is 

able to enhance the overall binding avidity. To this end, Schweizer et al. developed a divalent 

display of 9-BPC-Neu5Ac that was conjugated via a linker to Pseudomonas exotoxin A. This 

conjugate bound to Siglec-2 with 2000 times the affinity of monovalent 9-BPC-Neu5Acα2Me 

10, and was able to kill cells expressing Siglec-2.68 

Collins et al. synthesised a biotinylated polyacrylamide backbone with multiple copies of 9-

BPC-Neu5Ac-α(2,6)-LacNAc attached, which was shown to actively compete with cis ligands for  

Siglec-2 binding on B cells.32 By coupling the polyacrylamide–ligand structure with a saporin–
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streptavidin conjugate (saporin being a toxin which inhibits protein synthesis), they were also 

able to produce a probe that was internalised by B cells and was able to effectively kill them.32 

This proved that a multivalent display could be successfully used to improve B cell binding 

avidity.  

To improve the therapeutic potential of Siglec-2 ligand–toxin conjugates, 9-BPC-Neu5Ac-

α(2,6)-LacNAc was displayed on a liposome nanoparticle (Figure 1.5).69 The liposomes were 

loaded with doxorubicin, a DNA intercalating chemotherapeutic already used in the treatment 

of several cancers.70 The Siglec-2 targeting liposomes significantly improve survival rates in a 

murine xenograft model of human B-cell lymphoma compared with mice that were untreated 

or treated with non-sialoside-presenting liposomal doxorubicin.69,71 Additionally, residual 

tumour cells were not detected in the mice treated with the sialoside-presenting loaded-

liposomes, while the other two groups of mice had high levels of lymphoma cells in their bone 

marrow.69 

Figure 1.5 Siglec-2-targeted 9-BPC-Neu5Ac-LacNAc displaying liposomes containing 

doxorubicin. The Siglec-2 ligand is covalently attached to a polyethylene glycol (PEG) 

linker which is in turn attached to a phospholipid. The phospholipid is able to imbed 

itself within the liposome during assembly, thus displaying the carbohydrate ligand 

on the surface. (Reproduced with modifications from Chen, 2012)71  
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Despite the positive Siglec-2-targeting69 results, 9-BPC-Neu5Ac is also able to bind to Siglec-1,27 

which could result in the unintended killing of healthy cells such as macrophages which 

express this Siglec. As such, there is a need to develop synthetic ligands with increased 

selectivity towards Siglec-2. By altering the C9 substituent to 3-phenoxybenzamide and the C5 

substituent to fluoroacetamide, a Siglec-2-specific ligand was developed that still maintained 

excellent affinity (17; Siglec-2 IC50 0.2 µM).72 Liposomes decorated with 17 bound solely to cell 

lines expressing Siglec-2.72 

 

Another B-cell depletion therapy technique that has been explored by both the Paulson73-75 

and Kiso76 groups, is the formation of multivalent heterobifunctional ligands that target Siglec-

2. Here, a multivalent scaffold (such as a liposome75 or polyacrylamide backbone74) displays 

both a Siglec-2 ligand and an antigen (such as the anti-IgM ligand nitrophenol73,76), to elicit an 

immune response and induce apoptosis in the B cell.  

Despite liposome-based therapies yielding excellent experimental results, the translational 

outcomes of these platforms has been relatively poor. This is primarily due to issues with the 

stability of liposomes, the complexity and difficulty in reliable and reproducible manufacture, 

as well as commercial considerations.77 Replacing the liposome 'scaffold' with a multifunctional 

gold nanoparticle, Hudlikar et al covalently bound doxorubicin and a synthetic Siglec-2 ligand 

to the gold core, thereby avoiding the premature release of toxin from which can occur if 

liposomes rupture.78 The doxorubicin is attached via a hydrazone linkage which is cleaved at 

intracellular pH, while the Siglec-2 ligand and the gold particle itself are essentially non-toxic 

and are excreted. Targeted particles exhibited a 60-fold increase in cytotoxicity to B cells 

compared to non-targeted particles (no Siglec-2 ligand). Research is therefore not limited to 

the quest for more efficient and specific Siglec-2 ligands, but also for more appropriate 

delivery platforms.  

 

1.5  Siglec-1 (Sialoadhesin, Sn) 

Siglec-1 is a 185 kDa protein containing 17 extracellular immunoglobulin-like domains.61,79-80 

The terminal V-set Ig-like domain of Siglec-1 shows a preference for α2,3-linked sialic acid 
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residues and binds to monovalent ligands with low affinity (kD range 1 mM)28. Unlike Siglec-2, 

Siglec-1 does not possess a cytoplasmic domain and because of this it is thought that it mainly 

carries out extracellular functions. Siglec-1 is expressed on macrophage subsets in the lymph 

nodes and spleen.81 Siglec-1 is involved in the regulation of macrophage inflammatory 

response and has been shown to promote the pro-inflammatory behaviour of T cells.17,81 

The X-ray crystal structure of the N-terminal carbohydrate-recognising domain of Siglec-1, in 

complex with Neu5Ac-α(2,3)-Lac 7, was resolved in 1998.61 Amino acid residues that form 

important interactions with the bound ligand include a critical arginine (R97) that forms a salt 

bridge with the carboxylate of Neu5Ac. Hydrogen bond interactions were observed for the C4, 

C7, C8 and C9 hydroxyl groups and for the C5 nitrogen.61 A detailed representation of the 

Siglec-1 carbohydrate-binding site can be seen in Figure 1.6.   

 

Figure 1.6 A representation of the X-ray crystal structure of murine Siglec-1 with 

Neu5Ac-α(2,3)-Lac (7, green) bound in the carbohydrate-recognition domain (PDB 

1QFO).  The conserved residues Arg97 and Trp2 are also shown.  

 

1.5.1  Siglec-1 in Disease States  

In vitro studies have demonstrated that Siglec-1 positive macrophages can bind to Neu5Ac-

bearing pathogens, resulting in endocytosis of the pathogen.82 The lipopolysaccharide (LPS) 

layer of Neisseria meningitidis can be sialylated, which is thought to allow resistance to the 

host's immune response.83 Murine macrophages expressing Siglec-1, phagocytose sialylated N. 

meningitidis, however phagocytosis was not observed with Siglec-1 deficient macrophages or 

when the bacteria were pre-treated with sialidase.83 In this case, Siglec-1 aids the host immune 
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response against the N. meningitidis pathogen. Conversely, Siglec-1 plays a role in enhancing 

the distribution of HIV-1 virus particles after infection of macrophages84 or monocytes.85 

Infection of the monocytes leads to upregulation of Siglec-1, further propagating viral load.85 

Viral presentation of Neu5Ac containing glycans on the gp120 glycoprotein allows the virus to 

infect macrophages via interactions between Siglec-1 and gp120.86 Further involvement of 

Siglec-1 in HIV infection of dendritic cells has been reviewed by Izquierdo-Useros et al.87 Other 

pathogens such as Campylobacter jejuni and Trypanosoma cruzi82 also exploit the sialic acid 

binding properties of Siglec-1 to enhance their infectivity.  

 

1.5.2  Synthetic Ligands for Siglec-1 

There have been several attempts at making synthetic ligands for Siglec-1, however the 

selectivity of early examples for Siglec-1 was noticeably poor. As mentioned in Section 1.4.2, 9-

BPC-Neu5Acα2Me 10, was evaluated as a ligand for muSiglec-1 and was found to have higher 

affinity than the minimal sialic acid ligand Neu5Acα2Me 8.27,29 However 10 also bound with 

high affinity to Siglec-2 and Siglec-4.  

Studies by Gan et al.88 and Kalovidouris et al.89 used a multivalent approach to develop 

potential Siglec-1 inhibitors, however these met with only limited success. Neither of these 

studies implemented an aromatic moiety at C9, and the resulting compounds were either not 

evaluated88 or had high micromolar IC50 values.89    

An unnatural glycoprotein presenting Neu5Ac binds to Siglec-1 with 4-fold greater affinity than 

Neu5Ac-α(2,3)-Lac 7, with the crystal structure of the Siglec-1-glycoprotein complex showing 

interactions not previously observed in other Siglec-1-ligand complexes.90 More recently, 

Nycholat et al. used a computational guided approach to design a number of potent and 

specific synthetic ligand based on Neu5Ac-α(2,3)-LacNAc 6. The most potent of these, the 9-

amido derivative 18, demonstrated an IC50 of 0.38 µM (in comparison, compound 10 has an 

IC50 of 52 µM29). When displayed on the surface of liposomes, the liposomes were able to 

target Siglec-1 positive macrophages in a mouse model.91 As yet there has been little success in 

formulating a Siglec-1-targeting drug for clinical studies. However, research into more potent 

Siglec-1 inhibitors could prove to be beneficial, particularly in the treatment of infectious 

diseases such as HIV.84   



16 
 

 

 

1.6  Siglec-4 (MAG) 

Siglec-4 is a 100 kDa, heavily glycosylated, transmembrane protein, consisting of five 

extracellular domains; the V-set Ig domain, two C2-type Ig domains, and two C1-type Ig 

domains (see Figure 1.2).92 A membrane spanning helix connects these domains to a 

cytoplasmic domain, the structure and function of which is different for the two Siglec-4 

isoforms (S- and L-Siglec-4).92 Siglec-4 is found on glial cells, including myelinating 

oligodendrocytes in the central nervous system (CNS) and Schwann cells in the peripheral 

nervous system (PNS).92 Unlike other members of the Siglec family, Siglec-4 is found exclusively 

in the nervous system and plays no role in the immune system.16 Siglec-4 occupies the space 

between the axon and the myelin sheath (made up of the glial cells) where it acts as a ligand 

for an axonal receptor as well as a receptor for axonal glycoproteins.92-93 It functions as an 

inhibitor of neurite outgrowth and axon regeneration, and is essential for differentiation and 

maintenance of oligodendrocytes.92,94 

In 2016 the X-ray crystal structure of murine Siglec-4 was resolved, showing that it had an 

extended conformation (Figure 1.7-A) and was able to form a homodimer.95 The latter 

attribute was found to be vital for neurite outgrowth inhibition.95 Siglec-4 maintains the highly 

conserved carbohydrate binding domain common to all Siglecs. As seen with the muSiglec-1 

crystal structure, a key arginine residue (R118) forms a salt bridge with the carboxylic acid of 

the Neu5Ac of bound Neu5Ac-α(2,3)-LacNAc 6 (Figure 1.7-B). Hydrogen bonds are formed with 

the C8 and C9 hydroxyl groups and with the amide hydrogen of the C5 acetamide.95 

Interestingly no interactions were seen with the C4 hydroxyl group.  
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A    B  

Figure 1.7 Representations of the X-ray crystal structure of murine Siglec-4 in complex 

with Neu5Ac-α(2,3)-LacNAc 6 (PDB 5LF5 and 5LFV). A) Space-filling model of the 

entire extracellular domain of muSiglec-41-5, resolved to 3.8 Å. Ligand 6 (CPK spheres, 

coloured by atom) is bound in the terminal V-set domain. B) The carbohydrate 

binding site of muSiglec-4 with bound 6 (coloured by atom).  The conserved residues 

Arg118 and Trp22 are also shown. 

 

1.6.1  Siglec-4 in Disease States  

As discussed in Section 1.6, Siglec-4 is essential for the normal maintenance of myelinated 

axons.92,94 The presence of anti-Siglec-4 antibodies has been implicated in demyelinating 

neuropathy96 and a reduction of Siglec-4 has been noted in patients with multiple sclerosis 

(MS).92 B cell depletion therapy with rituximab was trialled to treat patients with IgM anti-

Siglec-4 demyelinating neuropathy, however improvements in primary outcomes were not 

significant.97  

The role of Siglec-4 as an inhibitor of axon regeneration has been well established.94 In cases of 

spinal cord damage, Siglec-4 present on residual myelin acts as an inhibitor to regeneration.94 

In a mouse model of spinal cord injury, infusion of sialidase to the site of injury was found to 

stimulate axon outgrowth and enhance autonomic functional recovery.98 The sialidase 

removed Neu5Ac from the Siglec-4 axonal ligands; the gangliosides GD1a & GT1b.93,98 With the 

binding between Siglec-4 and the sialoglycan interrupted, Siglec-4 was no longer able to 

exhibit an inhibitory effect on the axon, which allowed for axon growth. In line with this, it is 

thought that blocking natural Siglec-4 interactions with a high affinity synthetic ligand may 

provide a therapeutic approach to enhancing axon regeneration in patients with nerve injuries. 
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The branched tetrasaccharide disialyl T 19 and the trisaccharide 3-sialyl T 20 were identified as 

strong ligands for Siglec-4,28 and were later found to enhance axon outgrowth of rat neurons in 

vitro.99 While there have been many reports on the synthesis of synthetic Siglec-4 ligands, as 

yet none have been shown to promote axon growth in vivo.      

 

 

1.6.2  Synthetic Ligands for Siglec-4 

The development of synthetic ligands for Siglec-4 has been extensively reviewed by Schwardt, 

Kelm and Ernst.100 For example, in the search for mimetics of the 3-sialyl T antigen 20, using 

Neu5Ac benzyl alpha-glycoside as the template, a range of compounds with modifications at 

the C9 position were synthesised.101 As was the case with Siglec-2 and Siglec-1, aromatic amide 

substituents at C9 were found to greatly enhance binding to Siglec-4, with the p-

chlorobenzamide 21 showing over 1000-fold better inhibition than 20 (Figure 1.8). The 

addition of a difluorobenzyl aglycon and a C5 fluoroacetamide gave compound 22, which 

showed a further 50-fold improvement in Siglec-4 inhibition compared to 20.102-103 Using 19 as 

a template, Zeng et al were able to produce a nanomolar inhibitor of Siglec-4 by adding an 

fluorinated aromatic amide to the C9 position of the 2,6-linked Neu5Ac moiety (23; KD 15 

nM).104 In our own published and unpublished work on synthetic ligands designed for Siglec-2 

(described in detail in Chapters 3 and 4), a series of C4-modified Neu5Ac derivatives were also 

tested for their affinity to bind Siglec-4.66 These compounds, which showed generally poor 

binding, were the first C4 modified Neu5Ac derivatives to be tested against Siglec-4.   
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  Figure 1.8 Synthetic Siglec-4 ligands and their respective KD values. 

In an alternative approach to more traditional alteration of ligand functional groups, Shelke et 

al. used a fragment-based in situ combinatorial approach to synthesise Siglec-4 inhibitors.105 

This technique utilised 1H NMR spectroscopy to screen for fragments which bound to the 

protein proximal to the known ligand binding site. The fragment and the ligand were then 

covalently coupled together in the presence of Siglec-4 by azide-alkyne cycloaddition. 

Compound 24 (Figure 1.8) synthesised using this technique, was found to have a KD of 190 

nM.105  

 

1.7  Approaches to Modified Sialic Acids as Siglec Inhibitors 

Rational, structure-based, design procedures to develop potent and selective inhibitors for 

Siglecs have been hampered by the fact that, until recently, crystal structures for the majority 

of Siglecs were not available. The majority of the Siglec inhibitor development programs 

described in the sections above, used a traditional medicinal chemistry approach to determine 

structure-activity relationships. Through incorporation of structural modification(s) on 

synthetic sialosides or sialyl-trisaccharides, particularly at the sialic acid C5 and C9 positions, 

libraries (numbering in the 10s of compounds) were synthesised for subsequent in vitro 

evaluation. Novel methods for synthesising and screening large libraries of compounds (in the 

100s) against the Siglec proteins have also been developed, in order to efficiently determine 

affinity and selectivity. The Paulson group have utilised Cu-catalysed azide-alkyne 

cycloaddition (CuAAC, click chemistry) and microarray technology to synthesise large libraries 

of compounds, and test their avidity and selectivity towards a variety of Siglecs.106-107 By 

installing the reactive azide or alkyne functionalities at the C5 and C9 positions of the sialic acid 
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residue of α-(2,3) and α-(2,6) sialyllactose templates, and reacting them with a range of 

coupling fragments, a large and chemically diverse library of compounds was synthesised and 

then printed on a microarray slide.106 The process was subsequently streamlined by 

performing the CuAAC click chemistry on alkyne-functionalised sialosides already tethered to 

the microarray chip.107 Fluorescently-labelled Siglec Fc chimeras were then used to screen the 

printed libraries for high affinity ligands.106-107 Other groups have employed a fragment-based 

approach105 employing NMR spectroscopy (as described in Section 1.6.2) to identify aglycon 

units that significantly enhance ligand binding affinity. 

At the time this research project had begun, modification at the C4 position of the sialic acid 

template incorporated in Siglec inhibitors had not yet been investigated. We were therefore 

interested to examine the capacity for substitution at C4 of the sialic acid template to affect 

Siglec binding. To define structure-activity relationships, substitutions at C4 would initially be 

examined in isolation on the standard Neu5Acα2Me template, and then in combination with 

variations at C2, C3, and/or C9. Previous research had identified the C263-65 and C929,64,72 

positions as areas where aromatic substituents could enhance Siglec binding, such as the 9-

BPC functionality that provides high binding affinity. While modification (e.g. acylation, 

alkylation) of the C4 hydroxyl group was possible, we chose to use a nitrogen substitution at 

C4, derived from an inserted C4 azide, which would give the capacity to introduce, for 

example, hydrolytically stable amides and sulfonamides. 

In this project we aimed to utilise STD NMR technology and molecular modeling using a Siglec-

2 homology model to identify areas of the Neu5Ac ligand which could make positive 

interactions with the Siglec-2 protein surface. Our initial hypothesis was that substituents at 

the C4 position of Neu5Acα2Me could improve binding affinity. During the proposed synthetic 

pathway (detailed in Section 1.8) the equatorial C3 hydroxyl group would be installed, 

however this could be easily reduced if it had a significantly negative effect on binding. An 

overview of the proposed modifications can be seen in Figure 1.9.  

  

1.8  Proposed Synthetic Approaches to C4 N-substituted Sialic Acids 

The project required development of chemistries which would allow for the installation of the 

C4 nitrogen substituent and appropriate C9 modification(s), whilst also allowing for diversity at 

the anomeric position (in the α-configuration). Chemistry to introduce a nitrogen functionality 

at the C4 position of a Neu5Ac template has been described in the literature, using two 

different approaches. The first approach, reported for the β-methyl glycoside of Neu5Ac, 
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involved the initial transformation of partially protected Neu5Acβ2Me 25 into the 4-epi 

derivative 27 via the 4-oxo intermediate 26.108 This was followed by activation of the C4-epi 

hydroxyl group and SN2 displacement, with inversion of stereochemistry at C4, using 

Mitsunobu chemistry with hydrazoic acid as the azide source, to give the 4-azido-4-deoxy-

Neu5Acβ2Me compound 28 (Scheme 1.1).109 

 

Scheme 1.1 Introduction of nitrogen at C4 of Neu5Acβ2Me via the 4-epi-hydroxy 

derivative 27, as described by Zbiral et al.108-109  

Reagents and conditions: a) RuO4, CHCl3, rt, 30 min; b) BH3.NH3, MeOH, 0 oC, 20 min; 

c) TPP-DEAD, 3M HN3, toluene, rt, o/n. 

The second approach took advantage of the facile installation of azide at C4 on the 2,3-

unsaturated Neu5Ac (Neu5Ac2en) template (Scheme 1.2).110 Stereoselective opening of the 

reactive 4,5-oxazoline of intermediate 30 with a nucleophile such as lithium azide or 

trimethylsilyl azide gave the 4-azido-4-deoxy-Neu5Ac2en derivative 31.110 This key derivative 

was then used to access the α- (32) and β- (not shown) methyl glycosides of 3-bromo-Neu5Ac 

(in a 1:1 diastereomeric mixture) by treatment of 31 with N-bromosuccinimide (NBS) in 

methanol. Subsequent reduction of 32 with tri-n-butyltin hydride gave 4-amino-4-deoxy-

Neu5Acα2Me derivative 33.111 This synthetic pathway was chosen for the current project as it 

had been shown to work efficiently to produce an α-glycoside (which is required for Siglec 

recognition) and did not involve the use of the potentially explosive and toxic HN3. 
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Scheme 1.2 Introduction of nitrogen at C4 of Neu5Acα2Me as described by Ciccotosto 

and von Itzstein.111 Azide is first installed at C4 on the Neu5Ac2en template via the 

oxazoline intermediate 30.110 Addition across the double bond of 4-azido-4-deoxy-

Neu5Ac2en derivative 31, followed by reduction of both the azide and C3 bromine, 

gives the 4-amino-4-deoxy-Neu5Ac2Me derivative 33.  

Reagents and conditions: a) BF3.EtO, CH2Cl2, MeOH, 30 oC, 16 h; b) LiN3, Dowex H+ 

resin, DMF, 80 oC, 18 h; or TMSN3, t-BuOH, 80 oC, 4 h; c) NBS, MeOH; d) tri-n-butyltin 

hydride, AIBN, dioxane, 80 oC, 12 h.  

4-Azido-4-deoxy-Neu5Ac2en derivative 31 could be envisaged as the starting point for 

introduction of a range of α-configured aglycons on a 4-azido-4-deoxy-Neu5Ac template. 

Previous studies on addition across the double bond of 4-O-acetylated-Neu5Ac2en derivative 

34, had demonstrated that the diaxial bromohydrin 35 could be obtained by treating 34 with 

NBS in the presence of water (Scheme 1.3).112 Bromohydrin 35 could in turn be converted into 

the 2,3-β-epoxide 36 via treatment with 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU).112 When 

opening the epoxide, Okamoto et al had difficulty in controlling the anomeric stereoselectivity 

when coupling to partially protected monosaccharide acceptors, resulting in products primarily 

in the β-configuration.113 However reaction with the small molecule alcohol MeOH formed 

predominantly the α-anomer, giving the C3 equatorial-hydroxy Neu5Acα2Me derivative 37.113 

Similarly, reaction with allyl alcohol gave a high yield of the α-allyl glycoside of 3-hydroxy-

Neu5Ac.114 The C3-hydroxyl group generated by epoxide opening could be either retained, and 

potentially functionalised or removed if it was found to have a significantly negative effect on 

Siglec binding. In the case of 3-hydroxy derivative 37, reaction with phenyl 

thionochloroformate followed by reduction with tri-n-butyltin hydride gave the per-acetylated 

Neu5Acα2Me derivative 39 (Scheme 1.3).113 Some glycosides of 3-hydroxy-Neu5Ac are known 

to be resistant to sialidase activity,114 and Prescher et al have reported that the C3 hydroxyl is 

well tolerated by the Siglec-2 binding site.67 



23 
 

 

Scheme 1.3 Formation of a protected Neu5Ac α-methyl glycoside derivative 39 via 

the 2,3-epoxide derivative 36, as described by Okamoto et al.112-113  

Reagents and conditions: a) NBS, CH3CN, H2O, 80 oC, 15 min; b) DBU, CH3CN, rt, 10 

min; c) camphorsulfonic acid (CSA), MeOH, rt, 15 min; d) phenyl thionochloroformate, 

DMAP, CH3CN, rt, 1.5 h; e) tri-n-butyltin hydride, AIBN, toluene, 110 oC, 10 min. 

A key substitution to generate ligands with high binding affinity for Siglec-2, is introduction of 

the biphenylcarboxamide (BPC) at C9 of the sialoside ligand.27,29 The chemistry needed to 

introduce the 9-BPC functionality has been well documented in the literature.60 The precursor 

9-azido-9-deoxy-Neu5Ac moiety has been generated either by chemo-enzymatic synthesis 

from 6-azido-6-deoxy-ManNAc,32 or via the introduction of a leaving group at C9 of the Neu5Ac 

residue of a sialoside and subsequent displacement with NaN3.115 Reduction of the C9 azido 

group gives the 9-amino derivative which can be reacted with either biphenyl-4-carboxylic 

acid,60 biphenyl-4-carbonyl chloride,101 or the corresponding succinimidyl ester62 to give the 9-

BPC functionality. The retrosynthetic pathways shown in Scheme 1.4, combine the above-

mentioned chemistries to allow for modifications at the C2, C3, and C9 sites of C4 nitrogen-

substituted Neu5Ac derivatives. 
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Scheme 1.4 Proposed retrosynthetic pathways for syntheses of various 4-N-substituted Siglec ligands from 4-azido-4-deoxy-Neu5Ac2en intermediate 31. 

Pathway A gives access to C4 and C4:C9 substitution on the Neu5Acα2Me template.  Pathway B allows access to a range of α-glycosides (OR1), to 

compounds in which C3 is either substituted (e.g. C3-OH) or unsubstituted, and with C4 and C4:C9 substitution.   
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1.9  Project Aims 

The major aim of this research project was to design and synthesise ligands for human Siglec-2 

that would bind with greater specificity and affinity for huSiglec-2 than the archive of 

compounds presented in the literature. In order to accomplish this the C2, C3, C4 and C9 

positions of a Neu5Ac-based template would be substituted with various moieties to furnish a 

diverse suite of compounds. These would then be tested for binding to huSiglec-2 in protein-

based assays. In addition to studies with huSiglec-2, the synthesised compounds were to be 

evaluated for their binding affinity towards other Siglecs, such as Siglec-4 and Siglec-1. The 

resulting data would enhance our knowledge of the structure-activity relationships between 

this novel series of compounds (C4-modified sialosides) and the various Siglec proteins.  

A subsequent aim of the work was to link any discovered potent huSiglec-2 ligand(s) to a 

multivalent display. It was envisaged that this would increase binding affinity with cell-surface 

Siglec-2, and allow for endocytosis of the construct into B cells. As mentioned in Section 1.4.3, 

a number of different multivalent scaffolds have been considered by other research groups. Of 

these, we believed that decorated liposomes not only offer a simple but effective way to 

present the Siglec-2 ligand to the cell surface, but also allow for loading of the construct with a 

cytotoxin in order to assess Siglec-2-targeted cell killing.  

The specific objectives of the research of this thesis were to: 

 Develop a synthetic pathway to allow for modifications at the C2, C3 and C4 positions 

of the Neu5Ac template (Chapter 2) 

 Synthesise a library of synthetic Siglec ligands with a variety of modifications, including 

at: 

C2 – α-linked small aglycon units including aromatic functionalities  

C3 – methylene (i.e. unsubstituted) or hydroxy  

C4 – N-linked amides, sulfonamides or ureas  

C9 – hydroxy or biphenylcarboxamido-9-deoxy (BPC) (Chapters 3 & 4) 

 Utilise Saturation Transfer Difference (STD) NMR in conjunction with molecular 

modelling to identify parts of the ligands that might be modified to improve Siglec-2 

binding (Chapter 3)  

 Evaluate the ligands for their binding affinity to, and specificity for, Siglec proteins 

including Siglec-2, Siglec-4 and Siglec-1, using a hapten-inhibition assay and SPR 

(Chapters 3 & 4) 

 Decorate a liposome particle with a specific Siglec-2 inhibitor to assess binding to 

Siglec-2-positive B cells (Chapter 5) 
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CHAPTER 2 - Synthesis of 3-O-Functionalised N-Acetylneuraminic 

Acid α-Glycosides 

 

2.1  Preface 

In mammals, glycosidically-bound N-acetylneuraminic acid (Neu5Ac) residues are located at 

the non-reducing, terminal end of cell glycans, where they exist solely in the α-configuration. 

Therefore, sialic acid recognising proteins (both mammalian and microbial) display high 

specificity for the α-ketosidic linkage. As sialic acid recognising proteins themselves, the Siglec 

carbohydrate-binding domain displays high specificity for the Neu5Ac α-glycosides. It has been 

demonstrated that Siglec-1 binds very poorly to Neu5Acβ2Me 40,36 and synthetic ligands for 

the various Siglecs are all α-glycosides. Accordingly, synthetic pathways continue to be 

developed that allow for the stereospecific formation of Neu5Ac α-glycosides. 

 

Typically, Neu5Ac O-glycosylation employs a reactive, or activatable, leaving group at the 

anomeric position of Neu5Ac, which forms the glycosyl donor in the reaction. In the presence 

of a specific promoter and the requisite acceptor, the desired glycoside can be formed via a 

polar intermediate.116 The benchmark glycosylation protocol utilises a β-glycosyl halide and a 

metal promoter such as AgOTf, Ag2CO3 (Scheme 2.1), or Hg(CN)2.117 The glycosyl halide can be 

displaced by an alcohol via either an SN1 or SN2 mechanism,116 with both mechanisms 

predominately producing the corresponding α-O-glycoside. The development of Neu5Ac 

thioglycosides118 as glycosyl donors provided many advantages over the inherently unstable 

Neu5Ac β-halides, including the use of safer, non-metal promoters.116 Purification and 

subsequent protecting group manipulation is well tolerated by the generally robust S-

glycosidic linkage, making Neu5Ac thioglycosides ideal donors for use in multi-step syntheses. 

Other anomeric leaving groups that have been used in Neu5Ac O-glycosylation donors include 

β-phosphites and xanthate esters.116 
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Scheme 2.1 A typical Neu5Ac glycosidation reaction, in this case, using 41 as the 

glycosyl donor, methanol as the acceptor and Ag2CO3 as the promoter to form 

Neu5Acα2Me 39 (40% yield).117 

Despite improvements in anomeric leaving groups, controlling the stereoselectivity of Neu5Ac 

O-glycosylations is inherently more difficult than many pyranose sugar glycosylations. This is 

due to the hindered nature of the C2-ketal carbon, as well as the lack of any neighbouring 

substituents at the C3 position (and so a lack of neighbouring group participation), which can 

also lead to a competing 2,3-elimination side reaction.117 Interestingly, one particular approach 

was to use bis-protection of the amino group at C5, increasing the reactivity of the donor (as in 

the case of 42119) and improving the stereoselectivity in favour of the α-glycoside (as in 43120).  

 

By adding functional groups directly at the C3 position, neighbouring group participation 

effects can serve to control anomeric selectivity and abolish the 2,3-elimination reaction. The 

phenylthiol or phenylselenyl groups were found to act as stereo-controlling auxiliaries at the 

C3 position of a glycosyl halide donor (44 or 45).121 Furthermore, employing the C3 phenylthiol 

auxiliary group in conjunction with the thioglycoside sialyl donor (as in 46), directed the   

glycosylation reaction towards the α-configuration in near perfect stereoselectivity, albeit in 

diminished yields.122 This issue can be somewhat ameliorated by combining the C3 phenylthiol 

with di-N-acetylation at the C5 position.123 It is thought that the glycosylation reaction 

proceeds via the episulfonium ion on the β-face of Neu5Ac, allowing the glycosyl acceptor to 

attack from the α-face.121 These sialyl donors were all formed via protected 2,3-dehydro-2-

deoxy-N-acetylneuraminic acid derivatives (such as the per-acetylated species 34), which 

allows for addition across the double bond in the diaxial and diequatorial conformations.   

  



29 

Before sialic acid chemists started using the C3 position to direct the anomeric 

stereochemistry, pioneering work by Okamoto et al. had studied the reactivity of the 2,3-

double bond.112 They had investigated how to direct an α-glycosylation outcome via the use of 

the 2,3-β-epoxide 36113 reasoning that the β-epoxide “would be expected to yield α-

glycosides.”117 To achieve the β-epoxide, 4-O-acetylated-Neu5Ac2en 34 was treated with (N-

halogeno)-succinimide reagents (such as NBS as seen in Scheme 1.3) in the presence of water, 

resulting in the formation of both the diaxial  and diequatorial halohydrin products. Conversion 

of the diaxial species to the 2,3-epoxide occurs under basic conditions, with the epoxide ring 

subsequently opened by treatment with camphorsulfonic acid in the presence of methanol to 

form the 2-methoxy-3-hydroxy derivative 37, exclusively in the diequatorial orientation (see 

Scheme 1.3).113 

To synthesise the compounds described in this thesis, we required a facile means of forming α-

glycosides of 4-N-substituted Neu5Ac while retaining a hydroxyl group on C3 which could be 

easily cleaved or retained to potentially improve Siglec binding. The C3-hydroxyl group 

generated by the Okamoto epoxide opening can either retained, functionalised, or reduced. 

We believed that the epoxide chemistry could be easily incorporated into the 4-azido-

Neu5Ac2en template, however additional research needed to be carried out to improve the 

overall yields and explore what alcohol groups could be utilised to open the epoxide ring. The 

manuscript herein describes a high-yielding and stereoselective procedure for the synthesis of 

the per-acetylated 2,3-β-epoxide 36 and explores the opening of the epoxide ring with 

different alcohols. Finally, O-alkylation of the 3-hydroxyl yielded C3 modified α-glycosides that 

could be used as probes for various proteins or as key intermediates for further synthesis. 
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2.2  Access to 3-O-Functionalized N-Acetylneuraminic Acid Scaffolds 
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CHAPTER 3 - A Structure Guided Approach to Enhancing the 

Inhibition Novel Synthetic Siglec-2 Ligands  

 

3.1  Preface 

A rational, structure-based approach to the design of synthetic Siglec-2 (CD22) ligands has 

proved difficult due to the absence of a protein X-ray crystal structure of Siglec-2. While the X-

ray crystal structure of the murine Siglec-1 (sialoadhesin) N-terminal V-set domain has been 

elucidated for some time,61 accurate visualisation of the Siglec-2 sialic acid binding domain was 

simply not possible. The first four domains of Siglec-2 and Siglec-1 (the N-terminal V-set 

domain and the next three C2-set domains) have the greatest amino acid similarity compared 

to the rest of the protein, however these domains still maintain only 46.8% similarity.124 There 

appears to be a notable difference between Siglec-2 and Siglec-1 in the carbohydrate binding 

domain (V-set domain), where Siglec-2 has high specificity for α2,6-linked Neu5Ac-Gal, while 

the Siglec-1 V-set domain has an affinity for the α2,3-linkage.16,28 Despite there being 

significant differences between the Siglec binding sites, key amino acid residues within the 

carbohydrate binding domain are highly conserved throughout Siglec-1, Siglec-2 and Siglec-4 

(as described in Chapter 1). Accordingly, the use of a homology model based on the Siglec-1 

crystal structure has been reported for both Siglec-262 and, prior to the recent solution of the 

murine Siglec-4 X-ray structure95, for Siglec-4.102,125 

Previously, the development of synthetic Siglec-2 ligands had focused on the anomeric (C2), C5 

and C9 positions of the Neu5Ac template to enhance protein-ligand interactions (discussed in 

Section 1.4.2). As described in the published Communication in Section 3.3, computational 

analysis of our huSiglec-2 homology model for the first time identified the C4 position of 

Neu5Acα2Me as a potential site for chemical modifications that may increase protein-ligand 

interactions. Using the chemistry outlined in Section 1.8 (Scheme 1.2) to access the key 4-

amino-4-deoxy-Neu5Acα2Me 33, we synthesised a series of C4-modified Neu5Acα2Me 

derivatives which displayed good affinity towards Siglec-2 in hapten binding inhibition assays. 

The resulting most active compound 47 (compound 4d in the Communication in Section 3.3) 

showed 130 µM inhibitory activity for Siglec-2 and displayed enhanced selectivity for Siglec-2 

over Siglec-4 when compared to Neu5Acα2Me 8. Subsequent introduction of the BPC amide at 

C9, known to drastically improve binding affinity to Siglec-229, resulted in the 9-

biphenylcarboxamido-4,9-dideoxy-4-meta-nitrophenylcarboxamido-Neu5Acα2Me (9-BPC-4-

mNPC-Neu5Acα2Me) derivative 48 (compound 6b in Section 3.3). Addition of the 9-BPC 

functionality improved Siglec-2 binding by approximately 1000 fold. 
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Saturation Transfer Difference (STD) NMR spectroscopy has become a powerful tool for 

identifying the binding epitope of a ligand when interacting with a receptor protein.126-128 STD 

NMR relies on the transfer of magnetic saturation from the selectively saturated protein to a 

bound ligand (Figure 3.1). Ligand protons bound in close proximity to the protein surface 

receive a large amount of saturation while more remote protons receive less saturation.126 

Similarly, protons of ligands that do not bind to the protein will not receive any saturation. The 

NMR spectrum with saturation (the 'on-resonance' spectrum), where protons that have 

received some level of saturation have relatively diminished intensities (Figure 3.1, Ha, Hb, and 

Hc), is then subtracted from the original 1D spectrum without protein saturation (the 'off-

resonance' spectrum). In the resulting difference spectrum, signals of the more closely bound 

protons appear with a signal intensity (integration) that can be correlated to the proximity of 

those protons to the protein during binding.126 These signals can be translated into an binding 

epitope of the ligand.  
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Figure 3.1. STD NMR spectroscopy can be used to identify a bound ligand. The 1H 

NMR spectrum obtained under selective saturation of the protein (on-resonance), 

subtracted from that without protein saturation (off-resonance), gives the STD 

spectrum. Compounds that are present but do not bind the protein will not receive 

saturation transfer and, as a consequence, no signals will appear in the STD spectrum 

from the nonbinding molecules. For receptor binding molecules, signals appear for 

protons that receive saturation transfer from the protein, with the signal strength 

corresponding to the proximity of contact to the protein surface.  

STD NMR had previously been used to evaluate the binding interactions of glycans with Siglec 

1129 (binding to Neu5Ac-α(2,3)-Lac) and Siglec-2130 (binding to a unique echinoderm 

pentasaccharide containing the Neu5Ac-α(2,3)-Lac moiety in which the Neu5Ac residue was 

glycosylated at C4). In each case the Siglec was found to recognise features of the N-

acetylneuraminic acid moiety, and in the case of the Siglec-2–pentasaccharide complex, also 

the Neu5Ac C4 substituent. Recognising that STD NMR data could inform our chemical 

synthesis, we determined the binding epitopes of our synthetic Siglec-2 ligands (compounds 47 

and 48) in interaction with recombinant huSiglec-21-3 (the first three N-terminal domains of 

human Siglec-2). In addition, competition STD NMR experiments demonstrated the complete 

removal of the 'parent' unsubstituted ligand Neu5Acα2Me 8 from the protein binding sites by 

the more potent 9-BPC-4-mNPC-Neu5Acα2Me (48).66  
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In the human body, Siglec-2 does not exist in solution but rather on the surface of B cells 

where it maintains cis-binding to cell-surface glycoproteins.17,30 In order to study the binding of 

our synthetic Siglec-2 ligands in a more natural cellular environment, we conducted STD NMR 

studies of 48 with intact Burkitt’s lymphoma Daudi cells, which express Siglec-2. As described 

in the published Article in Section 3.4, these experiments showed that 48 was potent enough 

to break the cellular Siglec-2 cis-interactions. The STD NMR binding epitope that was derived 

from these experiments helped to direct the subsequent synthetic approach to develop more 

potent huSiglec-2 ligands, through modification at the anomeric position.  

With our STD NMR experiments identifying the anomeric position as a potential area for 

modification, we required a method to create 4-N-substituted compounds with stereoselective 

variation at the anomeric position. The precursor for the syntheses of 9-BPC-4-mNPC-

Neu5Acα2Me 48 and related compounds on the α-methyl sialoside template, was obtained 

through direct bromo-methoxylation of protected 4-azido-4-deoxy-Neu5Ac2en derivative 31 

(Scheme 1.2, Section 1.8). This bromo-methoxylation however, was not stereoselective, giving 

the methyl glycosides as a 1:1 diastereomeric mixture. As described in Chapter 2, an 

alternative approach to glycoside formation is via reaction of a Neu5Ac 2,3-β-epoxide 

derivative with an alcohol in the presence of an organic acid, giving the α-glycoside with high 

stereoselectivity. That method allowed the introduction of various α-configured aglycons on 

the Neu5Ac template, with a C4-acetate (Section 2.2). Using similar chemistry to that 

described for synthesis of the 4-O-acetyleted Neu5Ac 2,3-β-epoxide derivative, we were able 

take 4-azido-4-deoxy-Neu5Ac2en derivative 31 and form the 4-azido trans-2,3-diaxial 

bromohydrin 49. Reaction of 49 with DBU yielded the pivotal 4-azido-4-deoxy-Neu5Ac 2,3-β-

epoxide 50 (Scheme 3.1). We found that overall yields of 49 were improved when synthesising 

the bromohydrin directly through reaction of 31 with N-bromosuccinimide (NBS), in contrast 

to synthesis of the C4-acetate analogue which went via the trans-2,3-dibromo intermediate 

and subsequent selective hydrolysis of the anomeric bromide.131 
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Scheme 3.1 Synthesis of the crucial 4-azido-4-deoxy-Neu5Ac 2,3-β-epoxide species 50 

via the 4-azido-4-deoxy-Neu5Ac trans-2,3-diaxial bromohydrin derivative 49.  

Reagents and conditions: a) NBS, CH3CN, H2O, 85 oC, 1 h, 65%; b) DBU, CH3CN, rt, 15 

min, 91%.  

In line with reactions on the 4-O-acetylated Neu5Ac 2,3-β-epoxide (Section 2.2), reaction of 4-

azido-4-deoxy-Neu5Ac 2,3-β-epoxide 50 with propargyl alcohol under acid catalysis resulted in 

α-selective glycosidation. The resulting 4-azido-3-hydroxy-4-deoxy-Neu5Ac α-propargyl 

glycoside 51 (compound 6 in Section 3.4) presents opportunities to introduce modification(s) 

at C2, C3, C4 and/or C9, to probe Siglec interactions. In the work described in the paper in 

Section 3.4,132 the propargyl glycoside was reacted through a copper-catalysed azide-alkyne 

cycloaddition (CuAAC), to produce a functionalised aglycon. Subsequent introduction of BPC at 

C9 and aromatic amides at C4, produced huSiglec-2 ligands with increased potency over 45. 

The synthesis, biological evaluation, and Siglec binding interactions of these compounds are 

described in the paper in Section 3.4.132 

 

 

 

3.2  Published Manuscripts  

This chapter includes two co-authored papers. The first paper is presented in Section 3.3 and 

describes the first examples of the C4 modified Siglec ligands, as published in Angewandte 

Chemie International Edition English, 2013. The second paper is presented in Section 3.4 and 

describes the synthesis of novel Siglec-2 ligands and their STD NMR analysis in a whole cell 

environment, as published in Scientific Reports, 2016.  
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3.3  C-4 Modified Sialosides Enhance Binding to Siglec-2 (CD22): Towards 

Potent Siglec Inhibitors for Immunoglycotherapy 
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3.4 Structural Characterisation of High Affinity Siglec-2 (CD22) Ligands in 

Complex with Whole Burkitt's Lymphoma (BL) Daudi Cells by NMR 

Spectroscopy 
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CHAPTER 4 - Using C2 and C4 Substitutions on the 

N-Acetylneuraminic Acid Template to Probe Siglec Selectivity  

 

4.1  Preface 

Delivery of therapeutic agents to specific cells using ligand targeting has the potential to 

reduce off-target effects and increase efficacy.133 Siglecs represent an attractive target for this 

type of drug-delivery as they are expressed on a select number of cell types, particularly within 

the immune system.18 However, the sialic acid binding sites of the so-called ‘conserved Siglecs’ 

[Siglecs-1 (Sn), -2 (CD22), -4 (MAG) and -15] maintain a high degree of sequence similarity, 

despite recognising different sialic acid glycosidic linkages.61 This represents a significant 

challenge to developing synthetic ligands that target and bind the different Siglecs with high 

selectivity.  

First generation aromatic functionalities at the C9 position (such as 9-BPC) of Siglec ligand 

mimetics have been shown to greatly enhance binding to Siglec-1, Siglec-2 and Siglec-4 when 

compared to the C9-hydroxyl analogue, resulting in no real improvement in selectivity.27 From 

a potential therapeutic standpoint, liposomes presenting 9-BPC-Neu5Ac-α(2,6)-LacNAc (as 

shown in Figure 1.5), designed to target Siglec-2, were found to be rapidly cleared in vivo by 

macrophages, which express Siglec-1.69 Hence, there is a need for more selective synthetic 

ligands to reduce cross-reactivity between Siglecs.  

Subsequent research on the C9 substituent has led to refinements in Siglec selectivity. For 

example, compound 17 (Section 1.4.3 and Figure 4.1 below) was found to be highly selective 

for Siglec-2 and displayed an IC50 value of 200 nM.72 For Siglec-1, the addition of a sulfur-

containing tricyclic amide at C9 gave excellent selectivity and affinity (18; 380 nM).91 Although 

these compounds were specific for the desired Siglec, the current high nM affinities could be 

further improved. We have previously shown that amides introduced at the C4 position of 

Neu5Ac can improve Siglec-2 binding affinity and can act synergistically with C9 modifications 

(Chapter 3).66,132 Our previous research touched only briefly on selectivity, with some 

compounds tested for their inhibition of Siglec-4 and Siglec-9. These data suggested that C4 

modifications could be used to control selectivity (in the case of Siglec-4 and Siglec-2 at least), 

with C4 amides reducing Siglec-4 affinity while increasing binding to Siglec-2.66 However, as 

yet, there have been no specific studies on how C9- and C4-modifications together can effect 

selectivity.  
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Figure 4.1 Selective Siglec ligands modified at the C9 position. Compound 17 is highly 

selective for Siglec-272 while compound 1891 binds selectively to Siglec-1.   

As there is a need to develop more selective, high potency Siglec inhibitors, we aimed to 

explore the structure-activity relationships between various Siglecs and a library of C4 

modified α-sialosides. We also wanted to investigate whether different aglycon units could 

confer selectivity and affinity. As described in the manuscript presented in Section 4.2, a series 

of C4 substituted -sialosides were synthesised and evaluated for inhibitory activity against 

Siglec-2, Siglec-1 and Siglec-4. The synthetic methodologies developed in Chapter 2 & 3 were 

utilised to produce these compounds. Formation of the 2,3-β-epoxide 50 (Figure 3.1) of 

protected 4-azido-4-deoxy-Neu5Ac allowed for the introduction of various -linked aglycons 

on the 4-azido-4-deoxy-3-hydroxy-Neu5Ac template. Our group132 and others67 had 

demonstrated that retaining the C3-hydroxyl functionality has little detrimental effect on 

overall Siglec-2 binding affinity, and by removal the 3-hydroxy group (via reduction of a 3-O-

thiocarbonate) to give the more natural 3-deoxy derivative, we were able to confirm this. 

Finally, by combining the most potent and selective C2- and C4-modifications with the 9-BPC 

functionality, we were able to produce ligands which bound Siglec-2 with very high affinity 

(IC50 16 nM), with the most active binding Siglec-2 some 2000-fold better than it bound Siglec-

1 or -4.  
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4.2  Probing Siglec Binding Affinity and Selectivity with C4-Substituted 

Sialosides 
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CHAPTER 5 - Future Research and Conclusions 

 

The work described in the preceding chapters has shown that substitution at the C4 position of 

the Neu5Ac template, in conjunction with modifications at C2 and C9 can provide high affinity 

Siglec ligands. Two broad areas envisaged for future work are outlined in the following 

Sections: the development of the identified high affinity Siglec-2 ligands for therapeutic 

targeting to B cells; and, based on the structure activity relationships identified, the generation 

of high affinity, higher selectivity ligands for other Siglecs, such as Siglec-1. 

 

5.1  Liposome Presentation of Synthetic Siglec-2 Ligands 

The sialosides synthesised throughout this research project were all monomeric ligands for 

Siglec-2 and were assessed for their Siglec-2 binding efficacy primarily by protein-based ELISA 

assays. Of course, the major aim of any drug discovery project is the development of a 

therapeutic compound and in this case, we were working towards the use of the Siglec-2 

ligands for cell-targeting and internalisation. However, it is widely accepted that in order for a 

Siglec-2-ligand complex to be internalized into a B cell, multivalent binding across a number of 

Siglec molecules must be achieved.32 In most studies this has been demonstrated with 

multivalent presentation of Siglec ligands,32,69 although a high affinity divalent construct was 

also able to undergo Siglec-2 dependent endocytosis.68 In order for our developed high-affinity 

Siglec-2 ligands to be translated to a therapeutic product, we would therefore have to link the 

Siglec-2 ligand to a multivalent display. As mentioned in Section 1.4.3, other research groups 

have previously demonstrated that liposomes decorated with synthetic Siglec-2 ligands and 

loaded with doxorubicin are able to kill B cells in vivo.69 Although other multivalent scaffolds, 

such as a polyacrylamide backbone or a gold nanoparticle, have also been utilised,32,78 we 

believed that liposomes provided a simple platform to identify whether our developed ligands 

were able to bind to, and enter, Siglec-2 positive cell lines.    

Incorporation of a ligand or antigen onto a liposomal display can be achieved through a 

number of means. With respect to Siglec research, the most common method has been the 

attachment of the carbohydrate ligand to a lipid via an activated polyethylene glycol spacer.69  

When forming the liposome, the lipid part of the ligand:PEG:lipid conjugate self-assembles 

with the other lipid components, embedding itself within the bilayer and presenting the ligand 

on the outer surface of the liposome bilayer. There are a number of activated lipid molecules 

commercially available that would allow for the attachment of a carbohydrate ligand to a 
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liposomal display using different chemical approaches. Previous reports had used an N-

hydroxysuccinimide terminated PEG linker, which is able to react with a primary amine to form 

an amide bond.69 We also chose to use this type of linkage due to the inherent stability of the 

amide bond and relative ease of synthesis; to do this we would require a primary amine group 

on the aglycon of the synthetic ligand.  

As described in Chapter 4, the -(3-hydroxypropyl) glycoside of 9-BPC-4,9-dideoxy-3-hydroxy-

4-sulfonatoamino-Neu5Ac, compound 52 (36b in Section 4.2, Table 4), displayed excellent 

binding affinity for Siglec-2 (IC50 13.2 nM for inhibition of Siglec-2–fetuin binding) yet inhibited 

Siglec-1 binding only at micromolar levels (IC50 2.76 µM). As well as demonstrating high affinity 

and reasonable Siglec-2 selectivity, 52 was considered a good example to conjugate to a 

liposome due to the fact it has an accessible primary hydroxyl group on the aglycon which 

could be functionalised to a primary amine that would serve as an attachment point. Synthesis 

of the corresponding 3-aminopropyl glycoside derivative (56) is outlined in Scheme 5.1. The 

tert-butyloxycarbonyl (Boc) protected derivative 53 (32 in Section 4.2, Scheme 3) was reacted 

with p-toluenesulfonyl chloride to give the 3-tosyloxypropyl glycoside. The tosyl leaving group 

underwent nucleophilic displacement with azide ion to form the 3-azidopropyl derivative 54. 

Removal of the Boc protecting group in the presence of trifluoroacetic acid, was followed by 

cleavage of the methyl ester under basic conditions. Microwave assisted, selective N-sulfation, 

as previously described for 52, gave 55, which was purified by ion exchange and reverse phase 

chromatography. Finally, hydrogenation of the aglycon's azide group catalysed by Lindlar 

catalyst, gave the desired free 3-aminopropyl glycoside derivative 56. Compound 56 itself 

displayed approximately 4-fold weaker binding to both Siglec-2 (IC50 57.6 nM) and Siglec-1 (IC50 

8.36 µM) than the parent 3-hydroxypropyl glycoside 52.  
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Scheme 5.1. Synthesis of the 9-BPC-4,9-dideoxy-3-hydroxy-4-sulfonatoamino-Neu5Ac 

3-aminopropyl glycoside 53 for coupling to a PEGylated phospholipid.  

Reagents and conditions: a) TsCl, pyr, 0 oC  rt, o/n; b) NaN3, 15-Crown-5, 65 oC, o/n 

(30% over 2 steps); c) TFA, DCM, 0 oC, 5 h; d) 1M NaOH, MeOH, 0 oC, 1.5 h; e) 

SO3.TMA, TEA, MeOH, H2O, MW 200W, 80 oC, 18 min (52% over 3 steps); f) Lindlar 

catalyst (5% Pd on CaCO3, poisoned with Pb), H2, MeOH/EtOH, rt, 16 h (80%).   

Compound 56 was coupled to an NHS-activated polyethylene glycol (PEG) phospholipid to 

form the ligand:PEG:lipid compound 57, using a published method.69 In brief, 3-aminopropyl 

glycoside 56 was reacted with the NHS-activated terminal acid of the PEG phospholipid in the 

presence of di-iso-propylethylamine at room temperature for 24 hours, to give the amide-

linked conjugate 57 in 51% yield. Liposomes were then formed using different amounts of 57 

(0%, 1% and 5% of total liposome mass) and a fluorescently tagged phospholipid was 

incorporated into the bilayer to allow for tracking and visualisation.69 Liposome particles were 

then extruded to a uniform 100 nm diameter and the effect of 57 on liposome binding to 

Siglec-2 presented on whole cells was assessed using flow cytometry. Daudi cells (a human 

Burkitt’s lymphoma cell line that expresses Siglec-2) were incubated for 90 minutes with the 

three different liposomal solutions at 200 μM. The cells were then washed and analysed by 

flow cytometry. The flow cytometry results (Figure 5.1) show that liposomes presenting the 

synthetic ligand (yellow) bound more efficiently to the Siglec-2 positive B cells than liposomes 

without 57 (red).  
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_____________________________________________________ 

 

 

Figure 5.1. Flow cytometry histograms showing targeted and non-targeted liposome 

binding to whole human Burkitt’s lymphoma (Daudi) cells expressing Siglec-2. 

Liposomes were incubated with Daudi cells for 90 min. Fluorescence was measured at 

488 nm excitation - 525 nm emission using a CyAn Flow Cytometer. A Liposomes with 

no carbohydrate ligand attached; B Binding of liposomes with 1% ligand; C Binding of 

liposomes with 5% ligand; D Overlay of the three histograms. 

This experiment provided a proof of concept model that a C4-modified Siglec-2 ligand could 

serve as a targeting molecule for potential liposome-based therapeutics. Future research 

should identify whether a liposome presenting 57 on the surface, can actually undergo 

endocytosis into malignant cells. This could be done by loading the liposome particles with a 

cytotoxic drug, something that has been described in the literature previously.69 Further 

investigations could look at coupling a C4-modified ligand such as 55 or 56 to a different drug 
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delivery system, in particular conjugation to a radioactive ion chelator could prove to be very 

interesting. These types of chelators have been used previously to synthesise ‘hot’ antibodies 

called radio-immunotherapies134 and have the potential to kill targeted cells without 

undergoing endocytosis.  

 

5.2  Proposed Synthetic Siglec Ligands 

Our research into the synthesis of C4-modified Siglec-2 ligands, has fortuitously uncovered 

potent Siglec-1 inhibitors in the benzyl and 3-hydroxypropyl glycosides of 9-BPC-4,9-dideoxy-3-

hydroxy-4-sulfonatoamino-Neu5Ac, 58 and 59 (36a and 36b, respectively, in Section 4.2). 

Benzyl glycoside 58 had an IC50 value of 475 nM for inhibition of Siglec-1 binding to fetuin, with 

59 being only 6-fold weaker.  However, these compounds also inhibited Siglec-2 binding at low 

concentration (e.g. 58 IC50 16.1 nM), meaning that in the case of 58 there was little selectivity 

for either Siglec. Previous work by Nycholat et al., demonstrated the effectiveness of a 

thioenochromene ring structure at C9 (as seen in 18; IC50 = 380 nM) in not only enhancing 

inhibition of Siglec-1 binding (10-fold improvement over the 9-BPC analogue), but also for 

producing very high selectivity for Siglec-1 expressing cells in liposomal targeting.91  Future 

research could be directed at replacing the 9-BPC moiety on 58 or 59, with the 

thioenochromene amide of 18, which would yield compounds 60 and 61. Our previous work 

highlighting a synergistic enhancement of binding with C4 modifications, in conjunction with 

the results from Nycholat et al.,91 indicates that 60 and 61 should be more potent and selective 

Siglec-1 inhibitors.  Suitable modification to the aglycon unit of 61 (as described in Section 5.1) 

to provide a liposome-based multivalent ligand display would provide the potential to target 

macrophages, while either compound may be valuable in prevention of infection by various 

pathogens,82 including HIV.84-85  
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Finally, it was noted that the X-ray crystal structure of Siglec-2 was resolved135  while this thesis 

was in preparation. The availability of the 3D structures, including of Siglec-2 in complex with 

Neu5Ac-α(2,6)-Lac, could open further avenues for Siglec-2 ligand design, although initial 

studies by our group in comparing our homology model (already used for ligand design66) and 

the X-ray crystal structure have indicated that there are only minor differences between the 

two (unpublished work).  

 

5.3  Research Conclusions 

The overall aim of the research described in this thesis was to synthesise high affinity ligands 

for Siglec-2 based on the natural ligand Neu5Ac. In particular, modifications with variations in 

steric and functional character at the Neu5Ac C4 position were explored. Modification at this 

position had been previously neglected with regard to development of Siglec ligands 

(according to a review of the literature) but was identified through examination of our Siglec-2 

homology model as a potential site for enhancing ligand binding. The first objective of our 

research was to develop synthetic pathways to allow for modifications at the C2, C3 and C4 

positions of the Neu5Ac template. Towards this aim, we first developed a method for 

straightforward introduction of a range of O-linked aglycons (at the C2 position of Neu5Ac), 

while also introducing a hydroxyl group at C3, with high selectivity for the C2 α-configuration 

essential for Siglec binding. This chemistry was first carried out on per-O-acetylated-

Neu5Ac2en1Me 34 (as detailed in Chapter 2) and involved the formation of the 2,3-diaxial 

bromohydrin derivative 35 either directly or through the 2,3-dibromo intermediate 

(Compound 4 in the published Note contained in Section 2.2, see also Scheme 5.2). Reaction of 

35 with DBU gave the per-O-acetylated 2,3-β-epoxy-Neu5Ac derivative 36 and opening of the 

epoxide ring with small alcohols in the presence of an organic acid gave the desired C2 α-

substituted 3-hydroxy-Neu5Ac derivatives. While this chemistry was successful with the 4-O-

acetyl template, our goal was to introduce nitrogen-linked substituents at C4 due to the wide 

variety of functional groups that could potentially be introduced from a C4 amine, or azide, in 

particular hydrolytically-stable C4 amides.  
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Scheme 5.2 Formation of the protected 2,3-β-epoxide derivative 36 from per-O-

acetylated-Neu5Ac2en 34.112-113,131  

Reagents and conditions: a) NBS, CH3CN, H2O, 80 oC, 15 min; b) DBU, DCM, rt, 15 min 

(88%).131 

The introduction of nitrogen-based functional groups at C4 had previously been well 

documented for the 2,3-unsaturated Neu5Ac template,110,136 and therefore we utilised the 

known chemistry to form the 4-azido-Neu5Ac2en derivative 31. With minor modifications to 

the chemistry described in Chapter 2, the per-O-acetylated 4-azido-4-deoxy-2,3-β-epoxy-

Neu5Ac intermediate 50 could be synthesised from 31, via bromohydrin 49 (Section 3.1 and 

Scheme 5.3). In our synthesis of a library of synthetic Siglec ligands with modifications at C2, 

C3, and C4, it was compound 50 which served as a crucial intermediate for the majority of the 

compounds. In particular, the series of compounds described in Chapter 4, including various C4 

modified derivatives of 4-deoxy-3-hydroxy-Neu5Ac α-benzyl glycoside and C2 modified 4-

deoxy-3-hydroxy-4-mNPC-Neu5Ac, were all synthesised using 50 as an intermediate.   

 

Scheme 5.3 Synthesis of the crucial 4-azido-4-deoxy-Neu5Ac 2,3-β-epoxide species 50 

via the 4-azido-4-deoxy-Neu5Ac trans-2,3-diaxial bromohydrin derivative 49.  

Reagents and conditions: a) NBS, CH3CN, H2O, 85 oC, 1 h (65%); b) DBU, CH3CN, rt, 15 

min (91%). 

A further aim of the project was to utilise STD NMR in conjunction with molecular modelling to 

identify parts of the Neu5Ac-based ligands that might be modified to improve Siglec-2 binding. 

During the time that our research was being conducted, the crystal structure of Siglec-2 had 

not yet been published, so molecular modelling was carried out using a Siglec-2 homology 

model based on the protein crystal structure of Siglec-1. This modelling identified areas of the 

protein around the C4 position which could enhance protein-ligand binding. Our first series of 

C4 derivatives were prepared on the Neu5Ac α-methyl glycoside template (described in the 

publication in Section 3.366). Using STD NMR, the binding epitope of the 9-BPC-4,9-dideoxy-4-

mNPC-Neu5Ac α-methyl glycoside 48 in complex with recombinant Siglec-2 was determined, 
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highlighting the significant and synergistic contribution to binding by the 9-BPC and 4-mNPC 

aromatic rings. Competition STD NMR experiments demonstrated that at concentrations of 20 

µM, 48 was able to completely block 500 µM 9-BPC-9-deoxy-Neu5Acα2Me 10 from the Siglec-

2 binding site. In hapten inhibition assays, 48 had an IC50 value 14-fold lower than that of 10. 

The absolute binding affinity of 48 (KD = 600 nM) to Siglec-2 was over 10-fold stronger than 

that of 10 (KD = 7 µM), as determined by SPR experiments.66 By conducting STD NMR 

experiments on Siglec-2 expressing whole Daudi cells, we were able to study the Siglec-2–

ligand interactions in a cellular environment. This guided the development of more potent 

Siglec-2 inhibitors, including 62 (compound 7 in the publication in Section 3.4132) which was 87-

times more potent than 10.  

  

 

Siglecs are presented on different cell types in various concentrations. For example, Siglec-1 is 

highly expressed on macrophages,19 while Siglec-2 is expressed on B-cells.23 To achieve cell-

specific targeting of possible therapeutic agents and avoid off-target effects, synthetic Siglec 

ligands must be highly specific. A major part of this research project was to determine which 

C2 and C4 modifications improved the Siglec-2 binding selectivity of the ligands. The Paulson 

group have long used glycan array printing and fluorescently tagged proteins to determine the 

selectivity of their ligands.106 While this remains an elegant method to screen large libraries of 

compounds, the ligands are bound to the array slide via the anomeric position, which 

precludes this method from testing C2-modified sialosides. To our knowledge, the study 

described in Chapter 4 is the first to investigate the binding of C2- and C4-modified inhibitors 

to Siglec-2, Siglec-4 and Siglec-1.  

The manuscript presented in Chapter 4 describes the synthesis of nearly 50 compounds and 

their binding affinities for Siglec-2, Siglec-4 and Siglec-1. Modifications at the C2 and C4 

positions alone were not enough to replicate the strength of Siglec-2 binding seen for the 
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benchmark inhibitor 9-BPC-9-deoxy-Neu5Acα2Me 10, with the most potent compound 

inhibiting Siglec-2 binding to fetuin with an IC50 value of 5.87 µM (compared to 1.91 µM for 

10), although the IC50 values are quite similar. The addition of the 9-BPC moiety enhanced 

binding to Siglec-2 up to 1700-fold, and improved binding to Siglec-4 up to 1000-fold. 

Interestingly, binding to Siglec-1 was only improved up to 100-fold with the addition of the 9-

BPC substituent. Overall the most potent Siglec-2 inhibitor was the 9-BPC-4,9-dideoxy-3-

hydroxy-4-sulfonatoamino-Neu5Ac 3-hydroxypropyl glycoside 59 (36b in Chapter 4) which had 

an absolute IC50 value of 13.2 nM, making it 145-times more potent than 10, and showed the 

greatest Siglec-2 selectivity when compared to Siglec-4 binding. The 9-BPC-4,9-dideoxy-3-

hydroxy-4-mNPC-Neu5Ac 3-hydroxypropyl glycoside (37b in Chapter 4; Siglec-2 IC50 16.2 nM) 

exhibited the greatest selectivity for Siglec-2 over Siglec-1. Proposed molecular modelling of 

36b in the binding sites of the three different siglecs, using the available X-ray crystal 

structures, may help to explain the reasons behind the differences in binding to each protein, 

and enhance our knowledge of the Siglec-ligand SAR.   

The field of Siglec research is still relatively new with recognition of Siglec-2 as a sialic acid 

binding protein only in 1993,137 and subsequent classification of proteins into the sialoadhesin, 

subsequently Siglec, family in the following year.19 There remains much for us to discover 

about these important lectins. Although they were identified shortly after their discovery as 

potential targets for pharmaceutical therapies, the fact remains that only one Siglec-targeting 

drug, the antibody-drug conjugate inotuzumab ozogamicin52, has been taken to market. With 

the crystal structure of Siglec-2 being published in 2017, one can only hope this brings about 

an increase in the development of small molecule Siglec-2 ligands with high binding affinity 

and selectivity. Still, the structure and exact function of many Siglecs remains unclear, meaning 

there is still scope for traditional medicinal chemistry programs such as the one described in 

this thesis. In our research towards a new class of synthetic Siglec ligand, we have established 

that substitution at the Neu5Ac C4 position can be used to probe and improve ligand binding 

affinity and selectivity across different Siglecs. Our use of STD NMR to validate Siglec ligand 

binding in a whole cell system could present a new way to design synthetic ligands or even aid 

in the synthesis of personalised therapeutics using patient-derived cells. Finally, the 

combination of C2, C4 and C9 modifications could be further optimised using our existing data 

to generate extremely potent and specific Siglec ligands.   
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5.4  Experimental 

General Experimental Methods can be found in the Supplementary Material for the 

manuscript presented in Chapter 4. 

Methyl (3՛ -azidopropyl 5-acetamido-9-biphenylamido-4-(tert-butoxycarbonylamino)-4,5,9-

trideoxy-α-D-erythro-L-gluco-non-2-ulopyranosid)onate (54) 

 

A sample of 53 (364 mg, 0.539 mmol) was evaporated to dryness two times from anhydrous 

pyridine (5 mL). A solution of 50 in anhydrous pyridine (5 mL) was then cooled to 0 oC, 

followed by the addition of TsCl (145 mg, 0.755 mmol). The reaction mixture was stirred 

overnight under an atmosphere of Ar whilst warming to room temperature. TLC analysis after 

this time showed only partial consumption of the starting material and the formation of 

baseline products. The reaction was quenched with MeOH and concentrated under reduced 

pressure.  Flash silica column chromatography (gradient 4% MeOH in EtOAc  7:2:1 

EtOAc/MeOH/H2O) of the crude residue gave the 3-tosyloxypropyl derivative (172 mg, 39%) 

and unreacted 53 (100 mg, 27%). The tosyl intermediate (163 mg, 0.196 mmol) was 

immediately dissolved in anhydrous DMF (10 mL) and treated with NaN3 (65 mg, 0.980 mmol) 

in the presence of 15-Crown-5 (20 µL). The reaction mixture was stirred overnight at 65 oC 

under Ar and then concentrated. The crude residues were dry loaded and purified on flash 

silica (45:1:1 EtOAc/MeOH/Hex) to give the title compound 54 (103 mg, 75%). 

1H NMR (CD3OD, 400 MHz) δ 1.44 (9H, s, C(CH3)3), 1.85 (2H, m, CH2), 1.93 (3H, s, NHCOCH3), 

3.40-4.36 (3H, m, H-7, CH2), 3.55 (1H, dd, J 7.0, J 13.8 Hz, H-9a), 3.60-3.65 (1H, m, 0.5 x CH2), 

3.66 (1H, d, J3,4 8.4 Hz, H-3), 3.78-3.83 (1H, obscured, H-9b), 3.81 (3H, s, COOCH3), 3.90-4.01 

(3H, m, H-4, H-8, 0.5 x CH2), 4.14 (1H, app t, J 10.4 Hz, H-5), 4.36 (1H, dd, J6,7 1.4, J6,5 10.7 Hz), 

7.35-7.41 (1H, m, C12H9), 7.42-7.51 (2H, m, C12H9), 7.63-7.68 (2H, m, C12H9), 7.69-7.74 (2H, m, 

C12H9), 7.89-7.96 (2H, m, C12H9); 13C NMR (CD3OD, 100.6 MHz) δ 21.3 (NHCOCH3), 27.3 

(C(CH3)3), 28.9 (CH2), 43.9 (C-9), 48.1 (CH2), 49.6 (C-5), 51.4 (CH3), 54.7 (C-4), 60.9 (CH2), 69.2 

(C-8), 70.6 (C-7), 73.2 (C-6), 73.4 (C-3), 78.9 (C(CH3)3), 100.6 (C-2), 126.6, 126.7, 127.5, 127.7, 

128.6, 132.9, 139.9, 144.3 (C12H9), 157.3, 169.17, 169.20, 172.8 (3 x NHCO, C-1); ESI-MS Calcd 

for C33H44N6O11 [M+Na]+: 723.30, Found 723.4. 
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3՛ -Azidopropyl 5-acetamido-9-biphenylamido-4-sulfonatoamino-4,5,9-trideoxy-α-D-erythro-

L-gluco-non-2-ulopyranosidonic acid, disodium salt (55)  

 

A solution of 54 (25 mg, 0.0357 mmol) in DCM (3 mL) was cooled to 0 oC before the addition of 

TFA (400 µL). The reaction mixture was stirred at 0 oC for 5 h, before the immediate addition of 

1M NaOH (3 mL) and MeOH (3 mL). Further NaOH was added to adjust the pH to 13 and the 

reaction mixture was stirred at 0 oC for 1.5 h. The reaction was neutralised with dilute HCl and 

concentrated under reduced pressure. The remaining residues and salts were suspended in 

MeOH and filtered through Celite and concentrated. The deprotected 4-amino derivative was 

dissolved in MeOH (1 mL) and H2O (1 mL), mixed with TEA (105 µL, 1.58 mmol) and SO3.TMA 

complex (55 mg, 0.428 mmol) and then subject to microwave conditions (200W, 80oC) for 18 

min. The reaction mixture was concentrated and passed through a Dowex 50WX8 Na+ ion 

exchange column. Further purification by Reverse Phase SPE cartridge (H2O  60% MeOH) and 

lyophilisation gave the title compound 55 (13 mg, 52%).    

1H NMR (D2O, 400 MHz) δ 1.85 (2H, m, CH2), 2.01 (3H, s, NHCOCH3), 3.35 (1H, app t, J 9.8 Hz, H-

4), 3.41 (2H, t, J 6.7 Hz, CH2), 3.51-3.66 (4H, m, H-3, H-7, H-9a, 0.5 x CH2), 3.79-3.93 (3H, m, H-6, 

H-9b, 0.5 x CH2), 4.01 (1H, app t, J 10.3 Hz, H-5), 4.06-4.13 (1H, m, H-8), 7.44-7.50 (1H, m, 

C12H9), 7.50-7.57 (2H, m, C12H9), 7.67-7.76 (4H, m, C12H9), 7.79-7.86 (2H, m, C12H9); 13C NMR 

(D2O, 100.6 MHz) δ 22.1 (NHCOCH3), 28.4 (CH2), 42.8 (C-9), 48.0 (CH2), 50.3 (C-5), 59.1 (C-4), 

61.7 (CH2), 69.9 (C-7), 70.0 (C-8), 72.9 (C-6), 74.4 (C-3), 99.3 (C-2), 127.0, 127.0, 127.7, 128.3, 

129.1, 139.4, 143.9 (C12H9), 170.6, 173.0, 175.0 (2 x NHCO, C-1); ESI-MS Calcd for 

C27H32N6Na2O11S [M+Na]+: 733.15, Found 733.1.  

3՛ -Aminopropyl 5-acetamido-9-biphenylamido-4-sulfonatoamino-4,5,9-trideoxy-α-D-

erythro-L-gluco-non-2-ulopyranosidonic acid, disodium salt (56) 

 

A solution of 55 (9 mg, 0.0127 mmol) in MeOH/EtOH (4 mL) was treated with Lindlar catalyst 

(5% Pd on CaCO3) under an atmosphere of H2. After stirring for 16 h, the reaction mixture was 
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filtered through Celite and concentrated. The compound was purified by Reverse Phase SPE 

cartridge (H2O  60% MeOH + 0.5% TEA) and the sodium salt was formed by addition of dilute 

NaOH to give the title compound 56 (7 mg, 80%).    

1H NMR (D2O, 400 MHz) δ 1.96 (2H, m, CH2), 2.00 (3H, s, NHCOCH3), 3.07-3.21 (2H, m, CH2), 

3.43 (1H, app t, J 9.4 Hz, H-4), 3.53-3.61 (2H, m, H-9a, H-7), 3.61-3.68 (1H, m, 0.5 x CH2), 3.72 

(1H, d, J3,4 8.2 Hz, H-3), 3.82 (1H, dd, J 3.1, 14.1 Hz, H-9b), 3.95-4.04 (2H, m, 0.5 x CH2, H-6), 

4.05-4.13 (2H, m, H-5, H-8), 7.45-7.52 (1H, m, C12H9), 7.52-7.60 (2H, m, C12H9), 7.72-7.77 (2H, 

m, C12H9), 7.77-7.82 (2H, m, C12H9), 7.85-7.90 (2H, m, C12H9); 13C NMR (D2O, 100.6 MHz) δ 22.1 

(NHCOCH3), 26.5 (CH2), 38.4 (CH2), 42.8 (C-9), 50.0 (C-5), 59.1 (C-4), 62.6 (CH2), 69.5 (C-7), 69.8 

(C-8), 72.7 (C-6), 74.1 (C-3), 100.1 (C-2), 127.1, 127.1, 127.8, 128.3, 129.2, 132.4, 139.4, 144.1 

(C12H9), 170.8, 173.3, 175.0 (2 x NHCO, C-1); ESI-MS Calcd for C27H34N4Na2O12S [M+Na]+: 

685.18, Found 685.2.  

Conjugated sialoside – PEG – lipid  

Compound 56 was coupled to commercially available NHS-activated PEG-lipid (SUNBRIGHT® 

DSPE-PEG-NHS from NOF Corporation) using the procedure as described by Chen et al.69 

Specifically, 56 (6 mg, 0.009 mmol) was dissolved in anhydrous dimethyl sulfoxide (2.0 ml) and 

anhydrous diisopropylethylamine (500 μmol). To this reaction mixture, DSPE-PEG-NHS (0.009 

mmol, 1.0 eq) dissolved in dry dichloromethane (2.0 ml) was added dropwise and allowed to 

stir at room temperature for 24 h. After this time, the solvent was evaporated, and the 

remaining liquid was lyophilized. The lyophilized crude product was dissolved in water (10 ml) 

and dialyzed (10 kDa MW cut - off) against water for 24 h with six changes. The dialysate was 

then lyophilized to give a white solid (23 mg, 51%). Characterisation of the final product 57 was 

not attempted.   

Liposome Formulation 

Compound 57 (0%, 1%, 5% of total lipid) was dissolved in chloroform and mixed with 

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol and L-α-phosphatidylglycerol (in 

a 10:3:1 molar ratio). The fluorescent lipid 16:0 NBD-PE (Avanti;  product 810144) was then 

added and the resulting mixture was concentrated under reduced pressure. The thin film was 

hydrated with H2O, briefly sonicated and then extruded to 100 nm at 36 oC.  
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Methyl (3՛ -azidopropyl 5-acetamido-9-biphenylamido-4-(tert-butoxycarbonylamino)-4,5,9-

trideoxy-α-D-erythro-L-gluco-non-2-ulopyranosid)onate (54) 
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3՛ -Azidopropyl 5-acetamido-9-biphenylamido-4-sulfonatoamino-4,5,9-trideoxy-α-D-erythro-

L-gluco-non-2-ulopyranosidonic acid, disodium salt (55)  
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3՛ -Aminopropyl 5-acetamido-9-biphenylamido-4-sulfonatoamino-4,5,9-trideoxy-α-D-

erythro-L-gluco-non-2-ulopyranosidonic acid, disodium salt (56) 
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