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Abstract 

Glycans are an important class of natural products, since all living cells are covered by different 

types of carbohydrates forming the glycocalyx. Therefore, any cell-cell recognition process is based 

on the ability of one cell to recognize the specific glycan pattern which is presented on the other cell 

surface. This is particularly important for the activation of the immune system, which needs to 

selectively recognize and kill invading pathogens while not damaging self cells. However, sometimes 

this delicate equilibrium shifts towards unwanted pathological conditions where the immune system 

is not able anymore to distinguish between self and non-self cells, causing autoimmune diseases. 

Additionally, undesired overexpression of immune cells can also lead to medical conditions, like 

allergic inflammation. Therefore, it is fundamental to rely on specific mechanisms to control immune 

system homeostasis and avoid abnormal up-regulation of these cells. For this reason, immune cells 

display inhibitory receptors which suppress their activation via different mechanisms, such as 

inducing cell death. 

One type of inhibitory proteins expressed on immune cells are siglecs, a class of I-type 

transmembrane proteins which selectively recognize sialic acid-containing structures. Siglecs possess 

multifarious functions, according to the structure and cell type expressing them, but the majority of 

them acts as inhibitory receptor thanks to the presence of ITIM and ITIM-like motifs in their 

intracellular domain. One member of this family is Siglec-8, which is expressed only on eosinophils, 

mast cells, and to some extent on basophils. It exerts its inhibitory function by promoting eosinophils 

apoptosis and inhibition of mast cells degranulation, representing therefore an interesting 

pharmacological target for the treatment of diseases in which these cell types are overexpressed, 

among which asthma and allergic inflammations. 

This thesis describes a medicinal chemistry approach for the development of high-affinity Siglec-

8 ligands to identify potential drug candidates for the treatment of eosinophil- and mast cell-

associated diseases. This drug discovery process started from the known structure of the preferred 

natural Siglec-8 ligand identified via a glycan array approach, the tetrasaccharide 6’-sulfo-sialyl 

Lewisx (6’-sulfo-sLex). The complex chemical structure of this compound neither allows an easy and 

straightforward synthesis of derivatives, nor do its chemical properties meet the requirements for 

drug-like molecules. 

First, the minimal binding epitope of 6’-sulfo-sLex was identified in the corresponding Neu5Ac-

α2-3-Gal6S disaccharide. Although it has a simplified chemical structure, the affinity was reduced 

only by a factor 2 (Paper 1). In-depth analysis of the pharmacophores, with the aid of computational 
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studies, allowed the development of a glycomimetic analogue, where the galactose moiety was 

replaced by a carbocyclic structure. Affinity was improved thanks to a reduced desolvation penalty 

by removing non-interacting hydroxyl groups. When finally the C-9 hydroxyl group of the sialic acid 

was transferred into an aromatic sulfonamide, affinity was further improved almost 20-fold. 

Generally, carbohydrate-binding proteins are characterized by weak affinities in the low 

millimolar range towards their ligands due to shallow and solvent-exposed binding sites. One way to 

deal with this problem is to design multivalent structures to achieve huge affinity improvements. Even 

in the case of a protein with a single binding site like Siglec-8, multivalency can enhance affinity 

through statistical rebinding, which relies on the increased local concentration of binding moiety. 

Thus, once the bound ligand dissociates, another one is in close proximity and immediately replaces 

it. To study this statistical rebinding effect in Siglec-8, different oligovalent ligands were synthesised 

and tested (Manuscript 1). Thermodynamic analysis showed that each binding epitope contributed 

enthalpically to the same extent as in the monovalent interaction, while entropic penalties were 

observed. Dissection of the entropic term in its components for some compounds revealed that greatly 

favourable solvation entropies were counterbalanced by bigger conformation entropy penalties. 

Additionally, to take the multivalent presentation concept to its extreme, a glycopolymer was 

synthesized and tested in cell-based bioassays to demonstrate the binding to Siglec-8. On the other 

hand, the biological outcome obtained with the best monovalent sulphonamide glycomimetic was 

much smaller. However, this assay proved the potential of the developed glycomimetic structures, 

and provided additional proof of the potential pharmacological applications that compounds with 

improved affinity could have.  

To further improve the affinity of our glycomimetic Siglec-8 ligands, different strategies were 

explored (Manuscript 2). Firstly, bioisosteres of the carboxylic acid and sulfate group led to a 

complete loss of activity towards Siglec-8, confirming the crucial role for these two functionalities. 

Secondly, the previously unexplored C-4 position of the sialic acid was modified leading to amide 

derivatives with improved affinity. Finally, second generation sulphonamides were synthesized. 

While changing the electronic properties of the naphthalene moiety did not influence affinity, the 

extended aromatic system proved to be more important for having high-affinity compounds. 
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Abbreviations 

6’-Sulfo-sLex 6’-Sulfo-sialyl Lewisx 

Aq.   Aqueous 

Calcd.  Calculated 

CD22  Cluster of differentiation-22 

CD33rSiglecs CD33 related siglecs 

CRD  Carbohydrate recognition domain 

DBU  1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCM  Dichloromethane 

DIBAL-H  Diisobutylaluminum hydride 

DIPEA  N,N-Diisopropylethylamine 

DMAP  4-Dimethylamino-pyridine 

DMF  N,N-dimethylformamide 

DMSO  Dimethyl sulfoxide 

DTT  Dithiothreitol 

ELSD  Evaporative light scattering detector 

ESI   Electrospray ionization 

HEPES  4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid 

HPLC  High-performance Liquid Chromatography 

Ig   Immunoglobulin 

IL   Interleukin 

IPTG  Isopropyl-β-D-1-thiogalactoside 

ITAM  Immunoreceptor tyrosine-based activation motif 

ITC   Isothermal titration calorimetry 

ITIM  Immunoreceptor tyrosine-based inhibitory motif 

MS   Mass spectrometry 
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Neu5Ac  N-Acetylneuraminic acid 

Neu5Gc  N-Glycolylneuraminic acid 

NiNTA  Nickel-nitrilotriacetic acid 

NIS   N-Iodosuccinimide 

NMR  Nuclear magnetic resonance 

PE   Petroleum ether 

Py   Pyridine 

Quant.  Quantitative 

ROS  Reactive oxygen species 

rt   Room temperature 

Satd.  Saturated 

SH2   Src Homology 2 

Siglec  Sialic acid immunoglobuline-like lectin 

TBDPSCl  tert-Butyl(chloro)diphenylsilane 

TBTA  Tris((1-benzyl-4-triazolyl)methyl)amine 

Tf   Trifluoroacetyl 

THF  Tetrahydrofuran 

TLC  Thin-layer chromatography 

TMSN3  Azidotrimethylsilane 

Ts   para-Toluenesulfonyl 
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Introduction 

1.   Carbohydrates and immune system 

All living species have developed defensive systems to protect themselves against threats posed 

by various pathogens, including viruses, bacteria, fungi, or more generally every disease causing 

agent. When a pathogen overcomes the physical barriers of a host and enters an organism, the first 

immune response is provided by the innate immune system. However, because this response is neither 

specific nor long-lasting, vertebrates and other species have evolved a second layer of defence, the 

adaptive or acquired immune system. It is triggered by the generic immune response by the innate 

system to pathogen invasion, generating a specific immunological memory and thus creating a tailor-

made and long-lasting protection of the host.1,2 

To trigger the immune response, the pathogen has to be recognized by the host. Considering that 

all living cells are covered by a complex glycan layer, the so-called glycocalyx,3 a crucial factor in 

pathogen recognition is the ability of the host to distinguish specific glycan patterns expressed on the 

surface of the pathogen. Additionally, the host’s immune system has to discern between the foreign 

invading cells (nonself) and its own cells (self), in order to selectively kill harmful pathogens. If the 

immune system does not distinguish between self and nonself as in case of autoimmune disorders, 

exaggerated immune responses damage the healthy tissues. Therefore, to prevent the overstimulation 

of the immune system, immune cells present inhibitory receptors that, upon binding to specific 

ligands, downregulate the immune response, restoring the physiological condition.4 

The role of the omnipresent glycocalyx is not limited to pathogen recognition, but also comprise 

numerous additional relevant biological processes, such as cell adhesion, migration, activation and 

inhibition events.5 The human glycome – the combination of all sugars present in an organism – is 

mainly composed of only nine monosaccharides (Figure 1).6 Despite the enormous number of 

possible combinations, the variability is limited by the available carbohydrate processing enzymes. 

As a result, a limited number of glycans are present, distinguishable according to the core of the 

glycan structure, and the termini, which are specifically recognized by carbohydrate-binding proteins 

(lectins).6 

Among the monosaccharides composing the human glycome, sialic acid has a special status. The 

term sialic acid actually refers to a family of more than fifty related sugars. In mammals, their number 

is limited primarily to Neu5Ac and N-glycolylneuraminic acid (Neu5Gc), together with some minor 

differently acetylated derivatives. Neu5Gc is synthesised from Neu5Ac through an enzymatic  
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Figure 1. Human glycome. A) List of the nine most common monosaccharides present in humans, with their symbolic 

representations. B) Classification of human glycans. Almost all proteins are glycosylated and, depending on the amino 

acid residue involved in the linkage, it can be through either by N-linked or O-linked glycosylation. Huge variability of 

glycan structures arises from the different regio- and stereochemistry of glycosidic bonds. C) Schematic cell surface 

representation (figure taken from [6]). 

hydroxylation by Cmah (cytidine monophosphate-N-acetylneuraminic acid hydroxylases). Due to an 

irreversible mutation in the CMAH gene, humans are not able to synthesise Neu5Gc, leaving Neu5Ac 

as the predominant form. Different sialyltransferases are responsible for the attachment of Neu5Ac 

at the termini of oligosaccharide chains by α2-3, α2-6 or α2-8 linkages.6–10 Being mostly found at the 

terminal part of the glycans of almost all cell types, sialic acid has great importance in the interactions 

between glycan-binding proteins and these sialoglycans. 
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2.   Siglecs 

The biological roles of sialoglycans in human health are manifold.8,11,12 Thanks to their negative 

charge and polarity, they are involved in structural and physical roles such as neural plasticity, 

glomerular filtration and blood cell charge repulsion. They can be exploited by pathogens as ligands 

for their receptors, like in influenza virus infections, where the first crucial step is the binding of the 

sialylated sugars on the surface of epithelial cells by the virus protein hemagglutinin. Additionally, 

pathogens exploit sialic acids in molecular mimicry developing the ability to express sialoglycans on 

their surfaces, mimicking host cells and evading immune activation. Finally, sialic acids can be 

exploited by the host as ligands for intrinsic proteins such as factor H, selectins and siglecs. Factor 

H binds sialic acids on cell surfaces, downregulating activation of the complement system, thus 

promoting cell survival. Selectins are transmembrane proteins that initiate leukocyte rolling on 

endothelial surfaces, which is the first step in the inflammatory cascade.13 Siglecs are predominantly 

expressed by immune cells in a cell type-restricted manner and promote inhibition or activation of 

the immune response. Considering their multiple roles in regulating immune functions, and their 

distinct expression on different types of cells, siglecs represent promising targets for the 

pharmacological treatment of various diseases.5–7,9,14–18 

2.1.   A new class of I-type lectins 

The first clue of this new class of proteins dates back to 1990, when sequence analysis of the B 

cell receptor CD22 cDNA showed that its extracellular portion is composed of five immunoglobulin-

like domains, with similarities to the known myelin-associated glycoprotein MAG, a neuronal cell 

mediator of cell-cell contacts during myelogenesis.19 One year later, CD22 was proved to bind two 

sialylated glycoproteins,20 and the macrophage receptor Sialoadhesin was purified and characterized. 

Its name reflects its ability to bind sialoglycoconjugates, and mediate cellular interactions.21 Three 

years later, in 1994, Sialoadhesin was demonstrated to be composed of seventeen immunoglobulin-

like domains, showing similarities with CD22 and MAG. Due to those structural resemblances and 

their ability to recognize sialoglycans, Sialoadhesin, CD22 and MAG were initially classified in a 

new family of proteins called the Sialoadhesin family.22 This nomenclature was first modified to I-

type lectin23 and finally to the consensus name Siglec in 1998, which stands for sialic acid-binding 

immunoglobulin-like lectins. Proteins of this family must have the ability to bind sialylated glycans 

and share sequence similarities with the other proteins of the group, i.e. having extracellular N-
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terminal V-set immunoglobulin-like domains, followed by a variable number of C2-set Ig-like 

domains.24 

Over the past years, many other siglecs have been discovered, and now this subfamily of the 

immunoglobulin superfamily consists of fifteen different proteins in humans, and some others have 

also been discovered in other animals (Figure 2).25 Human siglecs are named by increasing numbers 

according to their discovery, while siglecs in mice are denoted by letters. 

2.2.   Siglecs are single-pass transmembrane proteins 

Siglecs are type I single-pass transmembrane proteins, extracellularly presenting an N-terminal V-

set domain with resemblances to the variable domain of antibodies, followed by a varying number of 

C2-set Ig-like domains, similar to the constant region of immunoglobulins. The transmembrane part 

of the protein is followed by a cytosolic tail, which may contain signalling motifs (Figure 2A). 

The V-set Ig-like domain consists of nine β-strands, forming a sandwich of two β-sheets. This 

domain contains a conserved arginine residue that is crucial for sialic acid recognition by forming a 

salt bridge with the carboxylic group Neu5Ac moiety. In addition, two aromatic residues are also 

commonly present to participate in glycan recognition (Figure 2B). Furthermore, a loop between two 

β-strands seems to be highly conserved playing an important role in binding, which can lead to a 

conformational adaption.5,7 The N-terminal V-set domain is followed by variable numbers of C2-set 

Ig-like domains, in most of the siglecs from one to four (except for CD22 (6 CS-domain) and 

Sialoadhesin (16 CS domains). Similarly to V-set domains, C2-set domains consist of two β-sheets 

of antiparallel β-strands, but the number of strands is reduced to seven.5,7 Interestingly, the V-set and 

the first C2-set domains possess extra cysteine residues that form an interdomain disulphide bridge 

and an intra-β-strand disulphide bond, which both are supposed to participate in binding. 

In their cytosolic part, most siglecs present immunoreceptor tyrosine-based inhibition motifs 

(ITIM and ITIM-like motifs) with which they exert their biological functions. ITIM motifs are peptide 

motifs with the consensus sequence of I/V/L/SxYxxL/V, whereas the consensus sequence for ITIM-

like motifs is D/ExYxEV/IK/R. Ligand binding from the N-terminal V-set domain results in a higher 

accessibility of the tyrosines of these motifs, which are then phosphorylated by kinases of the Src 

family. This phosphorylation creates high-affinity docking sites for cytoplasmic tyrosine 

phosphatases such as SHP-1 (Src homology region 2 domain-containing phosphatase-1), SHP-2 or 

SOCS3 (suppressor of cytokine signalling 3), which are triggering a cascade of intracellular events. 

 



Introduction   –   2. Siglecs 

14 
 

 

Figure 2. Human and murine Siglecs. A) Structures of the various siglecs. B) Typical binding interaction between 

Neu5Ac and lectin domain of siglecs, with the typical salt bridge between the carboxyl group and the conserved Arg 

residue. C) Cell type expression pattern and preferred natural ligand of each Siglecs (B: B cells; Ba: basophils; cDC and 

pDC: conventional and plasmacytoid dendritic cells; Eo: eosinophils, Mac: macrophages; MC: mast cells; Mic: microglia; 

Mo: monocytes; NK: natural killer cells; N: neutrophils; Ocl: osteoclasts; OD: oligodendrocytes; Sch: Schwann cells; T: 

T cells; Troph: placental trophoblasts) (figure taken from [26]). 

SHP-1 and SHP-2 are known to be involved in cell development, growth and survival, as well as 

tissue inflammation and cellular chemotaxis27, while SOCS3 can compete with the first two of them 

and additionally functions as a negative regulator of cytokine signalling.7 ITIM activity seems to 

outpace ITIM-like one, but both are required to fully exert the biological functions of siglecs.28,29  

Some siglecs (Siglec-14, -15 and -16) do not possess any ITIM motifs in the cytoplasmic tail, but 

present a positively charged amino acid, lysine or arginine, in the transmembrane region. This allows 

them to recruit the negatively charged aspartic acid residues of activator adaptor proteins DAP12 and 

A B

C
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DAP10.5,7 DAP12 is a transmembrane protein with a short extracellular part with no binding activity, 

and an intracellular immunoreceptor tyrosine-based activation motif (ITAM). ITAM motifs are 

peptide chains with the consensus sequence of D/ExxYxxL/Ix[x]6-8YxxL/I. After tyrosine 

phosphorylation upon ligand binding, ITAM recruits tyrosine kinases of the spleen tyrosine (Syk) 

family, initiating a series of events that finally lead to cellular activation.30 DAP10 possess a 

transmembrane region similar to DAP12, but its cytosolic part is composed of a short peptide 

sequence YINM. In this case, tyrosine phosphorylation leads to the recruitment of 

phosphatidylinositol-3 kinase P13K, initiating intracellular activating signalling.30 

A last category of siglecs, namely Sialoadhesin, has neither ITIM nor ITIM-like motifs, nor 

associates with ITAM-containing proteins. This protein differs from the other siglecs also because of 

its long extracellular region of sixteen C2-set domains and a V-set domain, making it the longest 

extracellular domain of all siglecs by far, and suggesting a primary role in cell-cell interactions, rather 

than cellular activation or inhibition. 

Human siglecs are usually divided into two groups according to their sequence homology. One 

group consists of the conserved siglecs, Sialoadhesin (Siglec-1), CD22 (Siglec-2), MAG (Siglec-4), 

and Siglec-15 with roughly a 20 – 30 % sequence identity. They are conserved across mammals, 

where clear orthologues can be found. The second group is the CD33 (Siglec-3)-related siglecs, 

CD33, Siglec-5, -6, -7, -8, -9, -10, -11, -12, -14, and -16. CD33 Siglecs share higher sequence identity, 

from 50 to 99 %, and are rapidly evolving. This may be driven by the necessity of the host to adapt 

to the evolving sialome of pathogens, as a consequence of the Red Queen effect. “It takes all the 

running you can do, to keep in the same place”. These words from the Red Queen to Alice, in Lewis 

Carroll’s novel Through the Looking Glass, provide a figurative image for the evolutionary race 

between competing species, such as pathogens that evolve to have better chances to invade the host, 

which has to adapt to those changes for maintaining an adequate immune response.31 Due to the rapid 

evolution of siglecs of this group, it is difficult to find orthologues in other species.7,25 

2.3.   Siglecs recognize differently linked sialosides 

The main feature of siglecs is their ability to specifically recognize glycosylated structures that 

present sialic acids at their termini (Figure 2C). Commonly, human siglecs bind with low affinity to 

sialylated structures, which display Neu5Ac α2-3 or α2-6 linked to galactose or Neu5Ac α2-6 linked 

to N-acetylgalactosamine. Few siglecs show preferences for α2-8 disialylated glycans (Siglec-5, -7, -

11, -14, -16).  
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Despite these common aspects of sialic acid recognition, each siglec has developed a characteristic 

specificity towards different sialosides, by extending their minimal binding motifs to extended 

termini, as well as functionalization such as sulfation at different positions (Figure 2C).7,26 Glycan 

arrays provided a key contribution in the identification of these specificities. However, the 

endogenous ligands are often still unknown. 

It has been recently calculated that the local concentration of sialic acids within the glycocalyx can 

reach more than 100 mM.32 As a result, siglec binding sites are usually “masked” by so-called cis 

interactions with molecules on the same cell surface. These interactions are characterized by low 

affinity and are driven only by the massive concentration of ligands nearby, but do not preclude trans 

interactions, i.e. binding to sialosides that are displayed by different cells (Figure 3). In fact, siglec 

binding to cis or trans ligands is a dynamic equilibrium, driven by the relative affinity of the species 

and their concentration near the binding site. Cis interactions are believed to set a signalling baseline 

for the maintenance of homeostasis, while trans interactions may activate and increase siglec 

signalling. Nevertheless, it is not clear how cis and trans ligands can bind the protein at the same 

binding site, leading to different outcomes. Further studies are necessary to elucidate this cooperation, 

especially because the nature of the endogenous ligands for siglecs is often unknown. 

 

Figure 3. Cis vs trans interactions. A) Interaction with sialosides on the same cell surface prevent lectin binding with 

trans ligands. B) High-affinity trans ligands replace cis interactions (figure taken from [16]). 

Interactions between carbohydrate-binding proteins and their sugar ligands are usually weak. The 

low affinity is mainly due to shallow and broad binding sites, which generally accounts for KD values 

in the range of 0.5 to 3 mM.7 To increase affinity, nature often exploits multiple interactions. Many 

lectins aggregate to form oligomeric structures that can establish multivalent interactions with glycan 

A B
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ligands simultaneously. Through multivalency, an increase in binding affinity can be achieved by 

different mechanisms (Figure 4).33 Through chelation (Figure 4A), i.e. the concurrent binding of two 

or more binding sites of a protein with a multivalent ligand, affinity enhancement is obtained as a 

result of reduced translational/rotational entropy costs, since these entropy costs are paid only for the 

first binding event. When binding involves ligation of a secondary, different from the primary binding 

site, it is called subsite binding. When dealing with a single binding site, an increase in affinity can 

still be achieved with multivalent ligands through statistical rebinding (Figure 4C). In this case, the 

increased local concentration of the ligand allows a fast rebinding upon dissociation, decreasing the 

off-rate and therefore increasing the affinity. Finally, it is possible that a multivalent ligand binds to 

binding sites of distinct proteins, forming aggregates (Figure 4D). 

 

Figure 4. Multivalency mechanisms. A) Chelation. B) Subsite binding. C) Statistical rebinding. D) Aggregation (figure 

taken from [33]). 

2.4.   Siglecs are regulators of immune cell signalling  

An interesting peculiarity of siglecs is their distinct and cell-specific expression on cells of the 

immune system, with just a few exceptions. Some siglecs are mainly restricted to a single cell type, 

while others show a broader expression pattern.14 Nevertheless, it is clear that the biological roles of 

each siglec depend on the cell type displaying it.  

Another crucial aspect in siglec signalling is the cytosolic domain, namely whether the protein has 

ITIM motifs in the cytoplasmic tail, associates with ITAM-containing proteins, or presents no 

signalling functions. Additionally, the binding with cis ligands or trans ligands leads to different 

biological outcomes. All these factors account for the distinct roles of each siglec, ranging from 

pathogen recognition, signal attenuation, apoptosis to inhibition of cell activation.5 

 

 

A

B

C
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2.4.1.   Conserved siglecs 

The group of conserved siglecs consists of Sialoadhesin, CD22, MAG and Siglec-15. They exhibit 

low sequence similarity, but are conserved across mammalian species. Their different structures and 

biological functions make them unique within the siglec family. 

Sialoadhesin (Siglec-1). Sialoadhesin is also known as Siglec-1 or CD169. It is mainly expressed 

on tissue-resident macrophages and dendritic cells (DCs), with an immunostimulatory function in the 

former and immunosuppressive in the latter.7,34,35 The unusually long extracellular domain and the 

lack of intracellular signalling motifs suggest a role in cell-cell interactions, rather than cell 

signalling.7 

CD169+ macrophages, the lymphoid tissue-resident macrophages, constitutively show high levels 

of Sialoadhesin. It takes part in pathogen uptake, as it can recognize and bind to exosomes and specific 

pathogens, among them HIV. The sialylated structures on the viral envelop allow its binding with the 

carbohydrate-recognition domain (CRD) of Sialoadhesin, which is also responsible for HIV 

presentation to dendritic cells. Moreover, CD169+ are able to interact with DCs precisely because of 

the binding of Sialoadhesin to DC sialosides.36 An additional role as endocytic receptor has been 

described with pathogens, such as Trypanosoma cruzi, Neisseria meningitidis and Campylobacter 

jejuni.10,37 Sialoadhesin-mediated endocytosis has been shown to proceed in a clathrin-dependent 

fashion, and this ability has been linked to the uptake and dissemination of several enveloped viruses 

like HIV.38–41 

CD22 (Siglec-2). One of the most extensively studied siglec is the B-cell receptor Siglec-2, also 

called CD22.19,26 Its atypical intracellular domain is composed of six tyrosine-based signalling motifs, 

four ITIMs and two potential ITAMs,7,10,37,42 responsible for its role as a regulator of function and 

survival by maintaining a threshold for B-cell activation.43 Cross-linking of CD22 results in ITIM 

phosphorylation by Lyn tyrosine kinase, which is followed by SHP-1 recruitment and inhibition of 

BCR signalling. However, this inhibitory pathway does not exhaust the biological role of CD22, since 

it can also establish activating signalling through interaction with activating molecules such as Grb2 

(growth factor receptor-bound protein 2).42 

Similarly to Sialoadhesin, CD22 also shows clathrin-dependent endocytic properties. CD22 

ligation with antibodies or multivalent ligands results in internalization of the complex, with 

subsequent recycling of the siglec to the cell surface. In the more acidic environment of the 

endosomes, the multivalent ligands are released, CD22 can move back to the cell surface and exert 

its endocytic ability again. In contrast, antibodies are not accumulated intracellularly, but are recycled 

back to the cell surface together with CD22. Thus, instead of triggering endocytosis, antibody ligation 
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may influence the constitutive equilibrium between the cell surface and the intracellular region. An 

important role in CD22-mediated endocytosis is played by its intracellular motifs, thus suggesting a 

different mechanism compared to Sialoadhesin, which lacks cytosolic domains.26,44 

Myelin-associated glycoprotein MAG (Siglec-4). MAG is expressed on myelinated cells of the 

nervous system; oligodendrocytes in the CNS and Schwann cells of the PNS. Its cytosolic region does 

not contain an inhibition motif (ITIM or ITIM-like), nor associates with ITAM-containing protein, 

but presents a Fyn kinase phosphorylation site. MAG is expressed on the periaxonal myelin 

membrane, close to the axon, to stabilize the myelin-axon interactions through binding to the axon 

gangliosides GD1a and GT1b. Additionally, it is involved in regulating axon regeneration and myelin 

formation. Indeed, MAG-deficient mice and mice lacking GD1a and GT1b gangliosides show axon 

degeneration, both central and peripheral, resulting in hampered motor functions. Furthermore, 

mucin-1 (MUC1), a heavily glycosylated protein overexpressed in many types of cancer, has been 

reported to bind MAG and promote tumour spread.10,37 

The mechanism of action of MAG is not completely understood, but it is known that ligation with 

antibodies induces a rapid increase in Fyn kinase activity. Additionally, it has been reported that 

MAG forms dimeric structures via association of the two membrane-proximal C2-set domains. This 

cis process, together with the trans interactions with gangliosides, is important for the biological 

activity of MAG, as demonstrated by point mutations preventing dimerization and resulting in loss 

of function.45 Lastly, similarly to Sialoadhesin and CD22, MAG undergoes endocytosis by a clathrin-

dependent pathway.46 

Siglec-15. Siglec-15 is the shortest siglecs, having only two Ig-like domains and a really short 

cytoplasmic tail with no signalling motifs, but it associates with DAP12. Siglec-15 is expressed on 

macrophages and dendritic cells, but it is mostly found in osteoclasts, with regulator functions in their 

differentiation. Indeed, Siglec-15-deficient mice show osteoporosis and compromised osteoclast 

differentiation. A similar result is obtained with Siglec-15 mutants that are no longer able to bind 

sialic acid. Therefore, Siglec-15 represents an interesting therapeutic target for osteoclast-related 

diseases. Besides this, new interesting functions of Siglec-15 in tumour immunity and infectious 

diseases are recently reported.47 These roles appear to be correlated to the ability of Siglec-15 to 

interact and reduce T cell response, which is important in regulating tumour growth and microbial 

infections. 
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2.4.2.   CD33-related siglecs 

The discovery and characterization of Siglec-5 and Siglec-6 started to point out some interesting 

differences among siglecs.48,49 Whereas these two siglecs showed remarkable similarities with CD33 

(the amino acid identities among these three proteins are more than 55 %), major differences were 

found with Sialoadhesin, CD22 and MAG. Therefore, Siglec-5 and Siglec-6, together with CD33, 

were classified as members of the siglec subclass of CD33-related siglecs. Over the years, many other 

siglecs were identified and classified as part of this subgroup, and at the same time, new additional 

features shared by these proteins were discovered.50–52 The high sequence similarity among this class 

seem to be caused by rapid genetic evolutions from the CD33 gene, probably to keep the pace of the 

evolving pathogens exploiting sialic acids for host invasion or in molecular mimicry mechanisms. 

Hence, it is quite difficult to find clear orthologues species other than humans, as opposed to the 

conserved siglecs. 

CD33 (Siglec-3). CD33 is expressed on human myeloid progenitor and leukemic cells, but it can 

also be found in mature monocytes and macrophages,53 Antibody ligation causes inhibition of 

myeloid progenitor and leukemic cells proliferation and induction of apoptosis in chronic (CML) and 

acute myeloid leukaemia (AML).54,55 Thus, CD33 has received attention as a target for the treatment 

of AML, and a monoclonal antibody coupled with the antitumor calicheamicin (Gemtuzumab 

ozogamicin) was exploited for its treatment. CD33 is also gaining attention in relation to Alzheimer’s 

disease (AD) since it is also expressed on microglia, which contribute significantly to amyloid-beta 

peptide (Aβ) clearance. CD33-deficient mice showed increased clearance and reduced accumulation 

of  Aβ, without altering the normal physiology of healthy mice.56 Therefore, targeting CD33 may 

represent a good strategy for the treatment of AD. Finally, CD33 has also demonstrated endocytic 

properties, mostly regulated by the ITIMs. Tyrosine phosphorylation by Src kinases promotes 

internalization, while SHP-1 and SHP-2 phosphatases may catalyse dephosphorylation and affect 

endocytosis.57 

Siglec-5 & Siglec-14. Within the siglec family, Siglec-5 and Siglec-14 are the first example of 

pair receptors. Siglec-5 is a classic inhibitory siglec with ITIM and ITIM-like motifs, expressed on 

neutrophils, monocytes, basophils and mast cells,48 while Siglec-14 is present on neutrophils and 

monocytes and lacks any signalling motifs.58,59 Their N-terminal V-set domain and the first C2-set 

domain are practically identical, thus they both recognize sialylated structures equally. While Siglec-

5 acts as an inhibitory receptor via recruitment of SHP-1 and SHP-2, hampering FcγRI-mediated 

calcium flux, Siglec-14 promotes immunity and inflammatory responses through regulation of protein 

kinase B (Akt) and p38 mitogen-activated protein kinase (p38 MAPK) pathways. 
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A fine example of this dual activity has been shown in group B Streptococcus infections. This 

class of bacteria display sialic acids as terminal residues of the glycocalyx as a molecular mimicry 

tool, enabling them to bind Siglec-5 and trigger inhibition of the immune system to promote their 

survival. In contrast, Siglec-14 is also able to recognize the bacteria's sialylated structures, therefore 

restoring the immune response. Indeed, Siglec-14 deficiency has been linked to increased microbial 

survival and decreased immune activation.59 Similarly to other siglecs, Siglec-5 has also 

demonstrated endocytic properties as defence mechanisms, and it is also possible that some pathogens 

may exploit this capacity to spread the infections.37 

Siglec-6. Siglec-6 is a classic CD33rSiglec having three Ig-like domains and two ITIM motifs, 

thus operating as an inhibitory receptor. Besides being weakly expressed on basophils and B cells, it 

is predominantly present on mast cells, where its biological roles are not fully understood. However, 

Siglec-6 reduces mast cells degranulation and there seems to be a correlation between this lectin and 

colorectal cancer, where the presence of Siglec-6 ligands may help the proliferation of cancer cells 

by inhibiting mast cells immune response.60 

Siglec-7. The main siglec expressed on NK cells is Siglec-7,61 one of the few siglecs that shows 

binding preference towards α2-8 linked disialylated glycans. In addition, some binding activity was 

also detected for sulfated versions of the tetrasaccharide sialyl Lewisx (sulfo-sLex), both 6-sulfo- and 

6’-sulfo-sLex.7 

The cytosolic region of this protein suggests a sialic acid-dependent inhibitory function, a role 

which is exploited by tumour cells for suppressing immune system activation, thus Siglec-7 has been 

studied as potential target for anticancer therapies. Siglec-7 seems to be involved also in many other 

pathologies, as indicated by studies showing reduced expression in HIV positive patients or patients 

with hepatitis C virus infections.61 New insights into the mechanism of action of this protein have 

been recently elucidated by Yamakawa and coworkers, who discovered the presence of a second 

binding region able to recognize α2-8 linked di- and tri-sialosides in a competitive or non-competitive 

manner. This interesting discovery suggests a dualistic action on the recognition of ligands by this 

protein with a flexible loop regulating the two sites activity.61 Further studies are necessary to 

properly understand all the aspects of this allosteric mechanism, but this new discovery raises some 

interesting questions regarding the function of Siglec-7, and furthermore, on whether other siglecs 

display the same feature. 

Siglec-8. Being the principal biological target of this thesis, a more detailed discussion on Siglec-

8 will follow in Chapter 3. 
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Siglec-9. One of the highest sequence similarity among CD33-related Siglecs has been discovered 

between Siglec-7 and Siglec-9, which share almost 98 % identity in their sequence.62 Siglec-7 is 

expressed on NK cells, monocytes, macrophages and DCs, whereas Siglec-9 is mostly present on the 

surface of neutrophils, with a primary role as inhibitory protein.62 The two proteins differ also in their 

ligand specificity: Siglec-9's main ligands are α2-3-linked sialosides, with the sulfonated 6-sulfo-sLex
 

as the preferred ligand identified by glycan arrays. The position of the sulfate group is obviously 

crucial for specificity: the isomer 6’-sulfo-sLex has no activity towards Siglec-9 but actually is the 

main ligand of Siglec-8 instead.7,62 

As previously discussed with regards to Siglec-7, also Siglec-9 seems to be important in tumour 

evasion.10,16 Similarly, the inhibitory function of Siglec-9 has been exploited by Group B 

Streptococcus, which can dampen immune activation of neutrophils by presenting host sialosides on 

their surfaces.16,63 

Siglec-10. Compared to CD33-related Siglecs, Siglec-10 exhibits structural differences. Besides 

the slightly longer extracellular domain, the cytosolic region is peculiar for the presence of a 

membrane-proximal Grb2 motif, in addition to the classic ITIM and ITIM-like motifs.26,64 Regarding 

its cellular expression, Siglec-10 has been found on B cells, monocytes and eosinophils, where it acts 

as an immune suppressor after ligand recognition.6,16,26,64 It mainly recognizes α2-3 and α2-6-linked 

Neu5Ac, with some activity also towards the Neu5Gc variant.14,64 

Similarly to other Siglecs, a correlation between Siglec-10 activation and immune evasion by 

tumour cells has been described. Indeed, by overexpression of CD24, a glycosylated protein linked 

to proliferation and survival of T cells, tumour cells can improve their survival chance in different 

ways, among others by activation of Siglec-10.65 

Siglec-11 & Siglec-16. These siglecs are the second example of pair receptors, with the former 

acting as inhibitory and the latter as activatory receptor. These two proteins share more than 99 % 

identity in their extracellular region, thus not surprisingly show the same selectivity towards α2-8-

linked polysialylated glycans. They are both expressed on macrophages and microglia.10,26 

Siglec-12, -13 and -17. These three siglecs are not present in Figure 2, each for a specific reason. 

Siglec-12 in humans has lost the ability to bind sialic acids due to a mutation of the critical arginine 

in the binding site. In order to distinguish the human protein from its ortholog, the chimpanzee Siglec-

12, which maintains the conserved arginine and so the ability to bind sialosides, is usually referred to 

as Siglec-XII.37 Siglec-13 is an ITAM-associated protein present in chimpanzees but absent in 

humans, due to deletion of the gene from the human genome. Indeed, the Siglec-13 gene is not present 

due to an Alu-mediated deletion, while it can be found on chimpanzee monocytes. Siglec-17, finally, 
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is found in primates but has been inactivated by a frameshift mutation during human evolution. 

However, the Siglec-17P pseudogene is still expressed at high levels in NK mRNA. Interestingly, it 

was discovered that restoring the expression of either Siglec in innate immune cells can alter 

inflammatory cytokine secretion in response to Toll-like receptor-4 stimulation. This suggests that 

these genetic eliminations represent infectious and/or other inflammatory selective processes.66 
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3.   Siglec-8 

3.1.   Siglec-8 is a CD33-related Siglec specific for 6’-sulfo-sLex 

Siglec-8, an immunoglobulin-type lectin, was first discovered in 2000.67,68 It is solely expressed 

on eosinophils and mast cells, and to a weak extent on basophils.69 Since many pathological 

conditions are associated with altered functions and/or expressions of these cells, among which 

allergic inflammation and asthma, it is not surprising that researchers have focused their attention on 

this protein. 

From a structural point of view, Siglec-8 is a classic member of the CD33-related family, with an 

extracellular domain composed of an N-terminal V-set domain and two C2-set domains, and the 

cytosolic inhibitory motifs ITIM and ITIM-like.67,68,70 The Siglec-8 initially discovered had only a 

short cytoplasmic tail with no tyrosine-based motifs, but shortly after, a variant possessing 

extracellular domains and intracellular inhibitory motifs was identified and named Siglec-8L. Further 

experiments showed that both versions are expressed in human eosinophils, and Siglec-8L was found 

in higher quantity than Siglec-8. However, the reasons for the presence of these two variants, and 

their biological functions are still not clear.70 

Siglecs of the CD33-related family usually share high sequence similarity. For Siglec-8, the 

highest sequence overlap is with Siglec-7 and Siglec-9, with 71 % and 68 % similarity, respectively 

in the extracellular domain (Figure 5).67 The folding topology of the Siglec lectin domain is 

represented by a -sandwich of two antiparallel -sheets (ABED and C’CFGG’), which is similar to 

the V-set Ig-domain. Additionally, three cysteine residues are responsible for two disulfide bonds, 

one within the V-set domain and one with the next C2-set domain in an inter-domain fashion.71 

Despite the nature of the endogenous ligands of Siglec-8 is still unknown, insights into the glycan 

specificity were obtained by a glycan array approach, which pointed out a peculiar activity towards 

sulfated Neu5ac-α2-3-Gal6S structures, with the tetrasaccharide 6’-sulfo-sLex representing the 

highest activity. The site of the sulfate modification is crucial for both activity and specificity. Binding 

of Siglec-8 is completely abolished if the sulfate group is missing or in a different position than the 

6-position of the Gal moiety. In contrast, the regioisomer 6-sulfo-sLex (sulfate in the 6-position of the 

GlcNAc moiety) is the preferred ligand for Siglec-9.6,72 

In 2016, Pröpster et al published the NMR solution structure of the Siglec-8 CRD alone and in 

complex with the main ligand 6’-sulfo-sLex.4 Their research pointed out important features of the  
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Figure 5. Siglec-8 structure. A) Schematic representation of the extracellular, transmembrane and intracellular domains 

of Siglec-8. B) Fold topology of a typical Siglec N-terminal V-set Ig-like domain. C) Sequence alignment with human 

Siglec-7 and -9 (figure taken from [71]). 

protein structure and of the molecular interactions at the basis of the recognition of the tetrasaccharide 

(Figure 6). The main characteristics of the lectin domain, the -sandwich fold of two antiparallel -

sheets with an intra-domain disulfide bond, the presence of the conserved arginine Arg109 and the 

extended GG’ loop, were confirmed. 

The principal interactions between protein and ligand are the essential salt bridge between the 

carboxylic acid of the sialic acid and the essential Arg109, a second salt bridge between the sulfate 

group and Arg56 and Glu59, and a complex H-bond network established by the glycerol side chain 

of the sialic acid. On the other hand, only few interactions were found with the GlcNAc and Fuc 

moieties. All these interactions accounted for an affinity of 279  6 µM (KD measured by ITC).4 

 

Figure 6. Binding interactions between Siglec-8 and 6’-sulfo-sLex. A) View of the binding interface between Siglec-8 

and its preferred ligand. B) Schematic representation of intermolecular binding interactions. PDB ID: 2N7B (figure taken 

from [4]). 
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3.2.   Siglec-8 is an inhibitory regulator of eosinophils and mast cells 

The intracellular domain of Siglec-8 consists of two inhibitory motifs, a membrane-proximal ITIM 

motif and a membrane-distal ITIM-like motif. Therefore, this protein is mainly an inhibitory regulator 

to maintain homeostasis and avoid overexpression of the cells in which it is expressed.68 However, 

the mechanisms of action by which this inhibitory function is achieved differ between eosinophils 

and mast cells. 

Initially, it was found that Siglec-8 ligation with antibodies induces cellular apoptosis, but only 

with the presence of a secondary cross-linking antibody or with cytokine priming.73 This apoptotic 

process is mediated by the production of reactive oxygen species (ROS), leading to subsequent 

mitochondrial dysfunction, and activation of caspase-3, caspase-8 and caspase-9, enzymes 

responsible for programmed cell death. Interestingly, pre-treatment of eosinophils with the survival-

promoting cytokine interleukin-5 (IL-5) failed to inhibit apoptosis, but instead, reduced the amount 

of the cross-linking antibody needed to achieve cell death.74 The reason for this is still unknown, but 

may be related to a different colocalization of Siglec-8 and other cell surface receptors after cytokine 

priming. Such priming often takes place in patients affected by asthma or other diseases in which 

eosinophils are dysregulated, suggesting a promising role as therapeutic agents against Siglec-8.75 

Some years later, also a synthetic glycopolymer bearing the tetrasaccharide 6’-sulfo-sLex as binding 

moiety, was discovered to induce eosinophil apoptosis, raising hopes for successful use of synthetic 

glycans for targeting Siglec-8.76 

Finally, excellent insights into the signalling pathway in case of eosinophils were obtained by 

Carroll et al (Figure 7).77 After ligation with antibodies or sialosides, apoptosis of eosinophils is 

triggered in an NADPH oxidase-mediated fashion. Especially interesting was the finding that 

eosinophil adhesion and spreading via increased CD11b/CD18 integrin surface expression are a 

necessary prerequisite for the apoptosis to take place, but only in case eosinophils are pretreated with 

IL-5. Interleukin-5 is a mediator of eosinophil activation, and according to the authors, IL-5 priming 

may be necessary for a proper arrangement of both the integrins CD11b/CD18 closer to Siglec-8, 

allowing for the signalling cascade to proceed.77–79 This signalling pathway involves increased 

phosphorylation of Akt, a kinase crucial for cell proliferation, but that can also promote ROS 

production which eventually leads to apoptosis. Additionally, the roles of p38 and JNK1 were better 

elucidated, as they were found to be downstream and that their inhibition prevents apoptosis. 

Whereas numerous studies were done to elucidate the cellular mechanism of eosinophil apoptosis, 

far less is known about the inhibitory activity of Siglec-8 on mast cells. Most importantly, Siglec-8 
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Figure 7. Siglec-8-induced eosinophil apoptosis signalling pathway. Binding of Siglec-8 in IL-5-primed eosinophils 

increase CD11b/CD18 expression, which in turns mediate cellular adhesion and spreading, leading to ROS accumulation 

and eventually to apoptosis (figure taken from [77]). 

ligation on mast cells does not induce apoptosis. The downregulation of these cells is achieved via 

inhibition of FcRI-mediated Ca2+ flux and release of histamine and PGD2, which consequent 

impediment of cell degranulation.80 

One other characteristic of Siglec-8 is the ability to be internalized, a phenomenon which has been 

seen for other siglecs as well, both in the conserved and CD33-related subgroups.26 This endocytic 

activity can be clathrin/dynamin-dependent or lipid raft/caveolae-mediated, but in both ways, it relies 

on actin rearrangement and functioning of tyrosine kinases and PKC (Figure 8). Under physiological 

conditions, Siglec-8 is masked by cis sialosides, but after interaction with trans ligands, a complex 

molecular machinery is activated: cytosolic endocytic clathrins are recruited and start to cluster on 

the inner part of Siglec-8 in a highly ordered fashion, inducing membrane bending by actin filaments, 

which eventually leads to the formation of a clathrin-coated pit. Scission of this pit by the GTPase 

dynamin results in the formation of a vesicle.81,82 If the process is lipid raft-mediated, the protein 

responsible for the vesicle formation is caveolins, thanks to its oligomerization ability. Interestingly, 

only the membrane-proximal ITIM motif plays a role in Siglec-8 endocytosis, as the mutation of its 

tyrosine drastically diminishes it, while no changes are observed in the case of ITIM-like tyrosine 

mutation.81 
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Figure 8. Siglec-8 endocytic pathway. Siglec-8 internalization can proceed via either clathrin-mediated or lipid raft-

mediated pathways. After engagement with ligands, the intracellular ITIM induces rearrangement and activation of both 

tyrosine kinases and PKC. Both pathways end in Siglec-8 internalization in lysosomes. This process can be exploited for 

the delivery of toxic payload into eosinophils (figure taken from [81]). 

3.3.   Siglec-F – the mouse paralogue 

Despite no clear murine orthologue of Siglec-8 has been identified yet, some similarities with the 

mouse Siglec-F suggest to consider them as functional paralogues. Siglec-F is a typical CD33-related 

Siglec, with one additional Ig-like domain: its extracellular region is composed of three C2-set 

domains and one N-terminal V-set domain, and a cytoplasmic tail with membrane-proximal ITIM 

and membrane-distal ITIM-like motifs.83–85 Siglec-F was at first considered an orthologue for human 

Siglec-5, based on gene structure, gene maps and phylogenetic analysis.86,87 However, further 

evidence suggested a closer similarity to Siglec-8 as functional convergent paralogues. These include 

pattern expression, Siglec-F is mainly expressed on eosinophils, and ligand specificity, the sulfated 

tetrasaccharide 6’-sulfo-sLex is the principal ligand for both proteins.83 Yet, major differences 

between the two proteins exist. Unlike Siglec-8, Siglec-F is also expressed on alveolar macrophages 

and at low levels on T cells and neutrophils, but it has never been found on mast cells. Also, the ligand 

specificity is not exactly the same, since Siglec-F recognizes also some sialosides lacking the sulfate 
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group which is crucial for Siglec-8 binding.88 Besides, the signalling pathways by which the two 

proteins exert their function is significantly different: Siglec-F induced apoptosis does not require 

NADPH oxidase activity, SHP-1 or Src kinases, but it is dependent on caspase activation.89 Also, the 

endocytic mechanisms are different, since Siglec-F induced endocytosis is clathrin, dynamin and 

caveolin independent, but depends on ARF6. ARF6 is a GTPase regulator of endosome movement 

between the plasma membrane and an endosomal compartment that is not clathrin-driven. Bound 

Siglec-F is sorted to ARF6-positive endosomes, which fuse with clathrin-cargo derived endosomes 

prior to final sorting to endosomes and lysosomes.90 

Therefore, although Siglec-F is considered a paralogue of Siglec-8, it can not be used as an animal 

model to study the effect of Siglec-8 ligation in pathologies such as asthma or allergic diseases, due 

to the above-mentioned differences. For this purpose, new transgenic mouse strains expressing the 

human Siglec-8 in eosinophils and/or mast cells have been developed to better mimic the in vivo 

effect of Siglec-8 binding in humans.81,91,92 

3.4.   New promising pharmacological target for eosinophil- and mast cell-related disorders 

A number of pathologies are associated with a dysregulation in the number and activity of 

eosinophils and mast cells. Asthma is a chronic lung disease affecting hundreds of millions of people, 

and it has been estimated to be the cause of more than 400.000 deaths globally in 2016.93 Despite the 

symptoms can be managed by short-term medication during asthma attacks or by avoiding triggers, 

no cures are available to date. This disease is characterized by airways obstruction and inflammation 

and hyperresponsiveness of the bronchi after the encounter with inhaled allergens, leading to 

breathlessness, wheezing and coughing. Eosinophils and mast cells play a crucial role in asthma, the 

former through an increase in their number and their release of cytotoxic mediators, and the latter 

through the release of various bronchoconstrictors.94,95 Therefore, thanks to its ability to induce 

eosinophils apoptosis and inhibit mast cell degranulation, Siglec-8 could be a promising therapeutic 

target for the treatment of asthma. For the same reason, various eosinophilic disorders associated with 

high levels of eosinophils may benefit from induction of their apoptosis through Siglec-8 binding. 

This includes eosinophilic esophagitis (EoE), gastritis (EG), duodenitis (EoD), gastroenteritis (EGE), 

colitis (EC), hypereosinophilic syndrome (HES) and others.96,97 On the other hand, abnormal 

proliferation and accumulation of mast cells are the cause of pathologies such as mastocytosis, mast 

cell activation syndrome (MCAS), and Hereditary Alpha Tryptasemia (HAT).98–100 

In support of the pharmacological relevance and attractiveness of Siglec-8 to treat these diseases, 

Allakos Inc. developed Lirentelimab (AK002), a humanized non-fucosylated monoclonal antibody 
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specific for Siglec-8, which has already shown promising results in clinical trials with reduced 

eosinophil count and symptoms in patients affected by EG and EGE. Symptoms improvement was 

also observed in phase II clinical trial for chronic urticaria and phase I clinical trial for severe allergic 

conjunctivitis and indolent systemic mastocytosis. Lirentelimab is currently under investigation in 

phase II and III clinical trials for the treatment of EG/EoD and EoE.101,102 

3.5.   On the chemistry of Siglec-8 ligands  

Due to their shallow binding sites and the generally low affinities of their natural ligands,5 

carbohydrate-binding proteins have always been considered as difficult targets regarding the 

development of small molecule ligands. Moreover, the structures of carbohydrates pose numerous 

synthetic challenges, ranging from a huge variability regarding regio- and stereochemistry of 

carbohydrates, often requiring different protecting group strategies and often additional structural 

modifications. As a result, the synthetic routes for carbohydrates are often long and tedious. 

Furthermore, the high number of hydroxyl groups leads to poor pharmacokinetic properties.103 

Consequently, it comes as no surprise that carbohydrates have not been extensively studied as 

therapeutic agents, and Siglec-8 is no exception. However, recent technological developments in 

glycan synthesis and analysis, and an in-depth understanding of the structural details of glycan 

recognition has increased the interest in this class of compounds.104 

Considering the great variability of carbohydrates, drug discovery processes in glycoscience 

usually begin with microarrays for determining binding specificity. With this high-throughput 

technology, a large number of different glycans attached to a solid support are simultaneously 

screened for their binding to the target protein. Despite many challenges still remain, among which 

the fact that only a small portion of glycan diversity is covered, glycan arrays represent a potent 

tool.105 Indeed, Siglec-8 specificity towards the sulfated 6’-sulfo-sLex was first discovered by a glycan 

array approach in 2005, when the activities for 172 different carbohydrates were screened. The high 

specificity of Siglec-8 was confirmed by the fact that no binding to the closely related isomer 6S-sLex 

was detected, and no other proteins were previously known to bind 6’-sulfo-sLex.72 

Despite the discovery of the preferred ligand, the lack of structural information on the binding 

mode of the tetrasaccharide to Siglec-8 posed serious issues for drug development processes. Only 

after the publication of the NMR solution structure of the 6’-sulfo-sLex/Siglec-8 complex and 

therefore the elucidation of the binding details, a proper medicinal chemistry research could be 

started. However, the above-mentioned problems associated with carbohydrate-binding protein still 

discouraged any big efforts for the development of small molecules targeting Siglec-8. It took another 
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three years to see the first and only research on modified carbohydrates showing improved binding 

to this lectin.106 After gathering evidence of higher binding towards modified sialosides bearing 

sulfonamide modifications at the C-9, Nycholat and coworkers screened Siglec-8 versus 156 glycans 

in a microarray fashion, and found interesting results with some aromatic sulfonamides. Then, they 

chose the 2-naphthalenesulfonamide as preferred modification and synthesised a liposome displaying 

the corresponding modified trisaccharide of 6-sulfo-Neu5Acα(2-3)Galβ(1-4)GlcNAc and proved its 

binding to Siglec-8 and Siglec-F in cell-based and in vivo assays. However, this work did not address 

many important factors, such as the binding affinity towards the protein, or the thermodynamic profile 

of the interaction, which are key information for a proper understanding of the binding mechanism 

and the future development of small molecules for Siglec-8. 
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4.   Aim of the project 

The pharmacological relevance of Siglec-8 for the treatment of various eosinophilic and mast cell-

related pathologies has already been discussed. However, no small molecules targeting Siglec-8 are 

available to date. 

Due to the nature of the shallow and extended binding pockets of lectins, interactions with ligands 

are usually weak (0.5 to 3 mM).7 Besides, the chemical structure of carbohydrates poses complex 

challenges in their synthesis due to the various substituents disposition, regio- and stereochemistry of 

glycosidic bonds, ring sizes, and further modifications are often required. Nonetheless, several 

strategies have been utilized to develop effective therapeutics for lectins.16,104,107 

In this context, this thesis aims to develop high-affinity small molecule ligands targeting Siglec-8, 

which may potentially represent a novel therapeutic treatment for eosinophilic and mast cell-related 

diseases, as well as a tool to better elucidate the cellular pathways of Siglec-8 signalling. 

The structural information of the binding between Siglec-8 and its preferred ligand 6’-sulfo-sLex 

has been used as a starting point for the identification of the minimal binding epitope that can still be 

recognized by the protein. This would allow reducing the synthetic complexity of the molecules while 

retaining the activity. Then, different strategies have been applied to increase the affinity of the 

compounds. This includes removal of hydrophilic substituents not primarily involved in binding, 

bioisosteric replacement of the carboxylate and sulfate groups, functionalization of the C-9 and C-4 

of the sialic acid, as well as oligo- and multivalent presentation. 
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Identification of the lead molecule 

Paper 1: A Potent Mimetic of the Siglec-8 Ligand 6’-Sulfo-Sialyl Lewisx 

This publication describes the identification of the minimal binding epitope recognized by Siglec-

8, namely the two terminal carbohydrate moieties of the tetrasaccharide 6’-Sulfo-sLex. It was selected 

as starting point for the identification of a glycomimetic with improved affinity. By closer examining 

the NMR structure for binding interactions between Siglec-8 CRD and 6'-sulfo-sLex, various 

strategies were explored eventually leading to a glycomimetic with 20-fold improved affinity.  

 

Contribution to the project: 

Gabriele Conti synthesised compounds 3, 29, 32, 34, 35, 37, 38, 39, 44, 45, 46, 47, 48, 49, 50, and 

supervised Maja Kokot during her synthesis of compounds 40, 41, 42, 43. He expressed and purified 

Siglec-8 CRD, which he used to perform microscale thermophoresis and isothermal titration 

calorimetry assays. Additionally, he contributed to the writing of the manuscript and designed the 

graphic for the front cover of the journal issue. 

 

This paper was published in ChemMedChem in 2020: 

B. S. Kroezen, G. Conti, B. Girardi, J. Cramer, X. Jiang, S. Rabbani, J. Müller, M. Kokot, E. 

Luisoni, D. Ricklin, O. Schwardt, B. Ernst, A Potent Mimetic of the Siglec-8 Ligand 6’-Sulfo-Sialyl 

Lewisx, ChemMedChem 2020, 15, 1706-1719. 

 

© 2020 Wiley‐VCH GmbH 
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Oligo- and Multivalent presentation of Siglec-8 ligand 

Manuscript 1: Targeting Siglec-8 with Oligo- and Multivalent Ligands modulates 

immune cell activation 

This manuscript describes the synthesis of oligomeric ligands displaying glycomimetics ligands 

targeting Siglec-8. In order to link the ligands with oligovalent scaffolds, a new glycosyl acceptor had 

to be developed. The attachment to the oligo- and multivalent scaffolds was performed by click 

chemistry. The multivalent Siglec-8 ligands were evaluated in terms of their binding affinities and 

respective thermodynamic fingerprints. Finally, the abilities of a multivalent polymer displaying 

Siglec-8 ligands and of small molecules were investigated in cell-based bioassays. 

 

Contribution to the project: 

Gabriele Conti designed and performed the synthesis of the compounds. He expressed and purified 

Siglec-8 CRD, which he used in nano differential scanning fluorimetry and isothermal titration 

calorimetry assays. 
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Targeting Siglec-8 with Oligo- and Multivalent Ligands modulates immune cell 

activation 

Gabriele Conti,[a],[b] Anne Bärenwaldt,[c] Blijke S. Kroezen,[a] Said Rabbani,[a] Mirza Sarcevic,[c] 

Oliver Schwardt,[a] Daniel Ricklin,[a] Roland J. Pieters,[b]* Heinz Läubli,[c]* and Beat Ernst[a]* 

[a] Molecular Pharmacy Group, Department of Pharmaceutical Sciences, University of Basel, 

Klingelbergstrasse 50, 4056 Basel (Switzerland) 

[b] Chemical Biology and Drug Discovery Group, Department of Pharmaceutical Sciences, 

Utrecht University, Universiteitsweg 99, 3584 CG Utrecht (The Netherlands) 

[c] Laboratory for Cancer Immunotherapy, Department of Biomedicine, University of Basel, 

Hebelstrasse 20, 4051 Basel (Switzerland) and Division of Medical Oncology, University 

Hospital Basel Petersgraben 4, 4051 Basel (Switzerland) 

Abstract 

Carbohydrate-binding proteins are generally characterized by poor affinities for their natural 

glycan ligands, predominantly due to the shallow and solvent-exposed binding sites. To overcome 

this drawback, nature has exploited multivalency to strengthen the binding by establishing multiple 

interactions simultaneously. The development of oligovalent structures frequently proved to be 

successful, both for proteins with multiple binding sites, but also for proteins that possess a single 

recognition domain. Here we present the syntheses of a number of oligovalent ligands for Siglec-8, a 

monomeric I-type lectin found on eosinophils and mast cells, as well as the thermodynamic 

characterization of their binding. While the enthalpic contribution of each binding epitope was within 

a narrow range to the one of the monomeric ligand, larger differences in the solvation and 

conformation entropies were seen. Additionally, we observe a successful agonistic binding of the 

oligovalent ligands to Siglec-8 on immune cells and modulation of immune cell activation, whereas 

a monovalent ligand, despite binding with similar affinity, had only an antagonistic effect. Tetra- and 

hexavalency and to an even larger extent multivalency was a prerequisite to trigger a biological 

response. 
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Introduction 

Siglecs are a family of sialic acid-binding immunoglobulin-like lectins that participate in the 

discrimination between ‘self’ and ‘non-self’ and regulate the function of cells in the innate and 

adaptive immune system by recognizing glycan ligands.[1] They exhibit a sialic acid binding N-

terminal domain, one or more C2-set immunoglobulin domains and a cytoplasmic tail.[2] The 

cytoplasmic tail of most Siglecs contains an immunoreceptor tyrosine-based inhibitory motif (ITIM), 

which functions as inhibitory receptor and suppresses activation signals. Ligand-binding induces 

phosphorylation of the tyrosine motif by an Src family kinase, resulting in the recruitment of SH2 

domain-containing phosphatases,[3] which inhibit cellular processes through inactivation of essential 

kinases and therefore, can modulate crucial immune responses.[4] In their resting state, most Siglecs 

are engaged in cis-interactions with sialylated glycans expressed on the surface of the same cell.[5] As 

a result, Siglecs are essentially masked and can only interact with trans-ligands that display sufficient 

affinity or avidity to outcompete the cis- interactions.[6]  

Due to the restricted expression of Siglecs on immune cells, their endocytic properties, and their 

ability to modulate receptor signalling, they evolved into attractive but challenging therapeutic targets 

for immune modulation. Among them, Siglec-8, expressed on eosinophils, mast cells and weakly on 

basophils, has proven to be a promising target for the treatment of a variety of eosinophil- and mast 

cell-associated disorders such as  asthma, chronic rhinosinusitis, chronic urticaria, hypereosinophilic 

syndromes, mast cell and eosinophil malignancies and eosinophilic gastrointestinal disorders.[7] The 

engagement of Siglec-8 with a monoclonal antibody[8] or multivalent sialoglycan ligands [9] induced 

apoptosis/cell death of eosinophils and inhibits mast cell degranulation. When anti-Siglec-8 antibody 

are administrated in vivo to humanized and transgenic mice selectively expressing Siglec-8 on 

eosinophils and mast cells, these findings could be confirmed. Currently, a Siglec-8 agonist, the 

humanized IgG1 antibody against Siglec-8 (AK002, lirentelimab), depleting eosinophils via 

antibody-dependent cellular cytotoxicity[10] and inhibiting mast cell activation, is in clinical 

development for mast cell- and eosinophil-mediated diseases.[ 11]  

A promising alternative to target Siglec-8 with antibodies involves the multivalent display of 

Siglec ligands on liposomes,[9a] polymers[9b,c] and nanoparticles.[9d] Thus, it was shown that apoptosis 

can be initiated by treating eosinophils with a synthetic polyvalent Siglec-8 ligand[12] and 

immunohistochemical analyses exhibited an up-regulation of Siglec-8 ligands in inflamed compared 

to healthy tissue.[13] Additionally, Siglec-8 ligands could be presented on liposomes. When 

encapsulating drugs, such liposomes could be exploited for the delivery of their payloads to 

eosinophil, thanks to their endocytic activity.[14] Alternatively, liposomes simultaneously displaying 
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Siglec-8 ligands and allergens could be a useful strategy for building up tolerance and desensitize 

immune cells towards specific antigens, preventing therefore the risk of anaphylactic shocks.[9d]  

Although all Siglecs bind to sialic acid-containing glycoproteins and glycolipids, they 

preferentially bind to different sialic acid linkages and underlying glycan structure.[1a] Bochner et al. 

showed that Siglec-8 recognizes the tetrasaccharide 6'-sulfo-sialyl Lewisx, [15] however, due to the 

flat and solvent-exposed binding site only with an affinity in the submillimolar range.[16] Similar to 

other natural Siglec ligands,[17] 6'-sulfo-sialyl Lewisx has been successfully developed into a series of 

glycomimetics exhibiting low micromolar affinity.[18]  

In this study, we report the syntheses of a series of oligo- and polyvalent Siglec-8 ligands with 

scaffolds of different valencies and flexibilities. Our special focus was on the thermodynamic 

fingerprint of their interactions with Siglec-8 as well as their function in an immune cell-based assay. 

 

Results and discussion 

When the Fucα(1-3)GlcNAc moiety was split from 6’-sulfo-sialyl Lewisx (1, IC50 of 303 μM), the 

resulting disaccharide 2 (IC50 of 733 μM) suffered only from a two-fold reduction in affinity, 

indicating that the contribution to binding of the Fucα(1-3)GlcNAc disaccharide is almost completely 

compensated by reduction of desolvation enthalpy and conformational entropy.  

 

Figure 1. The natural epitope 6’-sulfo-sialyl Lewisx (1) binding to Siglec-8 CRD and the glycomimetics 2 and 3.[18b]  

In a second step, the Gal moiety in 2 was replaced by (1R,3S)-3-(hydroxymethyl)cyclohexan-1-ol, 

i.e. with a conformationally stabilized 1,4-butanediol linker to the sulfate, leading to mimetic 3, which 

exhibits an almost seven-fold improvement of affinity (IC50 of 117 μM). Apparently, neither the ring 

oxygen nor the aglycone and the hydroxyls in the 2- and 4-position essentially contribute to 

binding.[18b] 
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To further enhance binding, an oligo- and multivalent presentation of the carbohydrate ligand was 

explored. In this way, clustering of Siglec-8 in microdomains can be induced, which is a necessity 

for triggering the biological response.[6] In addition, an oligo- and multivalent ligand with a proper 

spatial presentation of the individual epitopes increases its local concentration enabling fast rebinding 

upon dissociation.[19] 

In order to achieve oligo- and multimeric presentations of epitope 3, an additional exit vector is 

required. Importantly, it should not interfere with or preclude binding of the key functionality of the 

epitope. For this purpose, we extended the carbocycle with an additional hydroxy group that mimics 

the β1-4 glycosidic linkage between the Gal and GlcNAc present in the parent tetrasaccharide 1.  

Synthesis of the Carbocyclic GlcNAc Mimetic. The synthesis of the glycosyl acceptor 14 equipped 

with side chain for oligomerization started from commercial 3,5-dihydroxybenzoic acid (Scheme 1). 

After esterification (→ 5), rhodium-catalysed hydrogenation at 100 °C and 90 atm H2 for 72 h yielded 

the all cis-derivative 6 quantitatively. Subsequent enzymatic asymmetrization[20] with porcine 

pancreatic lipase, type II (PPL-II) and vinyl acetate led to the enantiomer 7 with an overall chemical 

yield of 95 % over three steps. Its optical rotation was in agreement with the reported value.[21] In 

addition, to determine the enantiomeric purity, the corresponding Mosher ester 8 was formed, while 

the non-asymmetric monoacetylation of 6 subsequently esterified with Mosher chloride provided the 

diastereoisomeric mixture as reference. Surprisingly, 19F NMR analysis was inconclusive, as only a 

single peak could be detected for the Mosher derivative of racemic 6, not allowing to distinguish the 

two diastereomers. However, in the 1H NMR spectrum, the peaks of the signals for the methyl ester 

and acetate were split for the two diastereoisomers, indicating an enantiomeric excess > 99 % for 7 

(for details see Supporting Information). Subsequent functionalization of the free hydroxyl group 

with freshly prepared 2-bromoethyltriflate[22] afforded 9, and by nucleophilic substitution with 

sodium azide compound 10. Treatment of 10 with a stoichiometric amount of LiBH4 resulted in a 

mixture of both alcohol 11 and diol 12 in 19 % and 45 % yield, respectively. To avoid double 

silylation, the TBDPS protection of the primary alcohol in diol 12 (→ 14) had to be executed at 0° C 

and lasted 43 h. Because the acetate in 11 acted as protecting group, its silylation could be performed 

at rt, leading to 13 in only 19 h and the final deacetylation with aq. NaOH yielded 14. 
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Scheme 1. Synthesis of the glycosyl acceptor 14. a) H2SO4, MeOH, reflux, 4 d (quant.); b) Rh/Al2O3, H2 (90 bar), 

MeOH, 100 °C, 72 h (quant.); c) vinyl acetate, PPL (lipase from porcine pancreas, type II), rt, 20 h (95 %); d) (R)-(-)-

MTPA-Cl, DCM, 0 °C to rt; e) 2-bromoethyltriflate, DIPEA, toluene, 25 to 100 °C, 48 h (quant.); f) NaN3, DMF, rt,  

24 h (quant.); g) LiBH4, THF/MeOH, 0 °C to rt, 18 h (11, 19 % & 12, 45 %) h) TBDPSCl, DMAP, imidazole, rt, 43 h 

(71 %); i) TBDPSCl, DMAP, imidazole, rt, 19 h; j) NaOH (aq), MeCN, rt, 19 h (71 % from 11); for experimental details 

see Supporting Information. 

The aim of this work was to compare the monovalent ligand 3 with its oligo- and multivalent 

presentations and to study the impact of shape and flexibility of the scaffolds used. Therefore, the Gal 

mimetic 14 was sialidated using donor 15[23] (Scheme 2) to give pseudodisaccharide 16 in 50 % yield. 

Subsequent treatment with HF to remove the TBDPS protection (→ 17) and sulfation of the primary 

hydroxyl group gave 18 in almost quantitative yield. Final deprotection with aqueous NaOH provided 

the monovalent ligand 19. 
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Scheme 2. Synthesis of monovalent epitope. a) NIS, TfOH, MS 3 Å, MeCN, -40 °C, 14 h (50 %); b) HF·pyr, pyridine, 

0 °C, 7 h (95 %); c) SO3·pyr, DMF, rt, 5.5 h (99 %); d) NaOH (aq), rt, 48 h (84 %); for experimental details see Supporting 

Information. 

For optimizing simultaneous multiple interactions, the central scaffold used for the oligo- and 

multivalent presentation of the carbohydrate epitope has to meet specific requests regarding rigidity 

vs. flexibility to allow the proper spatial arrangement of the epitopes while keeping the entropic 

penalty as low as possible. Therefore, a number of flexible, branched, carbocylic and aromatic 

scaffolds were decorated with the carbohydrate epitope 19 by click chemistry (Scheme 3).  

The alkyne equipped scaffolds S11-S20 to be used for CuAAC coupling[24] with 19 were obtained 

by treatment of the corresponding alcohols S1-S10 with propargyl bromide under basic conditions 

(Scheme 3). Various bases from mild K2CO3 for the phenolic hydroxyl groups to NaH or KOH for 

the primary alcohols were applied (for experimental details see Supporting Information). Click 

CuAAC reactions yielding the oligovalent compounds 20-30 were performed using CuBr as Cu(I) 

source, and tris((1-benzyl-4-triazolyl)methyl)amine (TBTA) as stabilizing agent to prevent copper 

oxidation and disproportion.[25] 

O

CO2MeAcO

AcHN

AcO

OAc

OAc

O

OSO3Na

O
N3

18

HO O
O

CO2MeAcO

AcHN

AcO

OAc

OAc

O

OTBDPS

O
N3

O

CO2MeAcO

AcHN

AcO

OAc

OAc

O

OH

O
N3

O

CO2NaHO

AcHN

HO

OH

OH

O

OSO3Na

O
N3

a) b)

c)

16 17

19

d)

O

STolAcO

AcHN

AcO

OAc

OAc

CO2Me

15

OTBDPS

N3

14



Oligo- and Multivalent presentation of Siglec-8 ligand  

69 
 

 

Scheme 3. General synthesis of oligomeric ligands with various scaffolds. a) Propargyl bromide, base (for details see 

Supporting Information), DMF, 0 °C to rt (5 – 90 %); b) 19, CuBr, TBTA, MeCN/H2O, rt, overnight (19 – 63 %). The 

acronyms indicate the valency of the ligand, the type of scaffold [flexible with number of atoms (flex-No), branched 

(bran), cyclohexane-based (cycl), or benzene-based (arom)]. Compound Di-flex-4 (20) was synthesized from 

commercially available 1,7-octadiyne; for experimental details see Supporting Information. 

For the synthesis of the multivalent representative 33, compound 19 was further modified to enable 

the attachment to a L-lysine polymer, employing a previously published procedure that used γ-

thiobutyrolactone as linker for attaching amines to chloroacetyl derivatives of PLL (Scheme 4).[26] 

First, hydrogenation of 19 led to the primary amine 31, which was then treated with γ-

thiobutyrolactone yielding the functionalized ligand 32. Finally, chlorine substitution on chloroacetyl 

PLL400 provided polymer 33, whose loading was determined by 1H NMR to be 44 % (for details see 

Supporting Information). 
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Scheme 4. Synthesis of glycopolymer 33. a) Pd(OH)2/C, H2 (1 atm), H2O, rt, 24 h (96 %); b) γ-thiobutyrolactone, NaOH, 

MeOH/H2O, rt, 24 h (45 %); c) DBU, DMF/H2O, rt, 1 h; then thioglycerol, Et3N, rt, overnight (91 %, loading 44 %); for 

experimental details see Supporting Information. 

Qualitative binding assessment to Siglec-8 CRD with nanoDSF. For the qualitative assessment of 

the binding of the oligovalent ligands to the carbohydrate recognition domain of Siglec-8 (Siglec-8-

CRD), differential scanning fluorimetry (nanoDSF) was employed. Thus, the protein was incubated 

with a constant concentration of ligand, and the thermal denaturation profile was measured by 

monitoring changes of the fluorescence signal of the aromatic residues of the protein as a function of 

temperature. Depending on the relative affinity, a ligand bound to the protein stabilizes its native 

state, causing a shift of the apparent melting temperature Tm to higher values.[27] 

DSF results for the various ligands are summarized in Table 1 (and Figure S3, Supporting 

Information). The Siglec-8-CRD alone showed a Tm of 45.5 °C. When incubated with the lead 

glycomimetic 3 or the monovalent ligand 19, the ∆Tms are +2.4 and +2.2 °C, respectively. The small 

difference of the ∆Tms indicates that the additional azidoethyloxy substituent in 19 is not interfering 

with the protein and thus is optimally suited to link the carbohydrate epitope to the scaffolds. For the 

oligovalent compounds, positive temperature shifts with intensities increasing with rising valencies 

were obtained. 
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Table 1. Tm and ∆Tm (relative to reference compound 3) values for various ligands. Siglec-8-CRD was used at a 

concentration of 20 µM and incubated with 1 mM of each ligand except 33. For polymer 33, the assay concentration was 

5 µM and therefore 200-fold lower. Since polymer 33 displays 176 epitopes, the actual concentration of epitopes and 

therefore the Tm shifts is comparable to the monovalent ligands 3 and 19.  

Compound Tm (°C) ∆Tm (°C) 

Siglec-8-CRD 45.5 - 

3 (reference compound) 47.9 + 2.4 

Monovalent 19 47.7 + 2.2 

Di-flex-4 (20)  50.8 + 5.3 

Di-flex-6 (21) 52.3 + 6.8 

Di-flex-8 (22) 49.2 + 3.7 

Di-flex-12 (23) 49.7 + 4.2 

Tri-bran (25) 50.5 + 5.0 

Tri-cycl (26) 50.0 + 4.5 

Tri-arom (27) 50.8 + 5.3 

Tetra-bran (24) 51.2 + 5.7 

Hexa-bran (28) 55.8 + 10.3 

Hexa-cycl (29) 55.2 + 9.7 

Hexa-arom (30) 55.1 + 9.6 

Glycopolymer 33 47.5 +2.2 

 

Since both protein and ligand are present in solution and can freely move, multivalent ligands may 

bind, in addition to statistical rebinding, to more than one protein, leading to aggregation phenomena. 

This aggregation effect and its contribution to ∆Tm should be proportional to the contribution caused 

by the monovalent ligand 19. Therefore, ∆Tm values may not only derive from statistical rebinding 

but also from an additional stabilization conferred by cross-linking of proteins. 

 

Thermodynamic characterization of ligands. Besides the qualitative analysis of binding by DSF, 

a more detailed and quantitative analysis was obtained by isothermal titration calorimetry (ITC), 

providing information on affinity and thermodynamics of binding at the same time. According to 

Table 2, the affinity trend in ITC measurements roughly follows the increase of the functional valency 

N, which is defined as the inverse of the stoichiometry n (N = 1/n) and corresponds to the number of 

interacting epitopes of the oligomers. Indeed, divalent compounds gained on average a 5.1-fold 

increase in affinity compared to the monovalent ligand, while these benefits are 14.2-, 16.1- and 25.9-

fold for trivalent, tetravalent and hexavalent ligands, respectively.  
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Furthermore, affinities also depend on nature and flexibility of the scaffold. As expected, entropy 

costs increase with valency but are cancelled out by a simultaneously improved enthalpy contribution. 

Surprisingly, the entropy costs related to branched, cyclic and aromatic scaffolds do not show any 

tendency, and, in addition, within a valency group, affinities vary only marginally, i.e. within a factor 

of 2.1 divalent to 1.3 for hexavalent ligands, probably as the result of entropy/enthalpy 

compensation.[28] 

Table 2. Thermodynamic fingerprints, binding affinities and stoichiometry of the interaction of oligovalent ligands with 

the Siglec-8-CRD. Error estimates resemble the 95 % confidence interval from global fitting of two or more independent 

experiments (for details see Supporting Information). 

 

Compound 
KD 

[µM] 

∆G° 
[kJ·mol-1] 

∆H° 
[kJ·mol-1] 

∆H°/epitope 

[kJ·mol-1] 

-T∆S° 
[kJ·mol-1] 

T∆S°/epitope 

[kJ·mol-1] 

n-value 

(fixed) 

19 
230 

(225 – 235) 

-20.8 

(-20.8 – -20.7) 

-29.7 

(-30.1 – -29.4) 

-29.7 

(-30.1 – -29.4) 

8.9 

(8.6 – 9.3) 

8.9 

(8.6 – 9.3) 

1 

Di-flex-4 (20) 
37.7 

(33.2 – 42.7) 

-25.2 

(-25.6 – -24.9) 

-54.8 

(-58.2 – -51.6) 

-27.4 

(-29.1 – -25.8) 

29.5 

(26.7 – 32.7) 

3.9 

(2.6 – 5.3) 

0.5 

Di-flex-6 (21) 
64.6 

(58.9 – 70.8) 

-23.9 

(-24.1 – -23.7) 

-59.3 

(-62.6 – -56.2) 

-29.7 

(-31.3 – -28.1) 

35.4 

(32.5 – 38.5) 

7.5 

(6.1 – 8.9) 

0.5 

Di-flex-8 (22) 
47.7 

(43.4 – 54.5) 

-24.7 

(-24.9 – -24.4) 

-52.9 

(-55.6 – -50.4) 

-26.5 

(-27.8 – -25.2) 

28.3 

(26.0 – 30.7) 

3.5 

(2.6 – 4.6) 

0.5 

Di-flex-12 (23) 
29.8 

(25.9 – 34.1) 

-25.8 

(-26.2 – -25.5) 

-46.7 

(-49.4 – -44.2) 

-23.4 

(-24.7 – -22.1) 

20.8 

(18.7 – 23.2) 

-0.8 

(-1.7 – 0.2) 

0.5 

Tri-bran (25)  
15.1 

(12.3 – 18.5) 

-27.5 

(-28.0 – -27.0) 

-77.6 

(-84.3 – -71.8) 

-25.9 

(-28.1 – -23.9) 

50.1 

(44.8 – 56.3) 

1.1 

(-0.4 – 2.8) 

0.333 

Tri-cycl (26) 
20.2 

(16.9 – 24.1) 

-26.8 

(-27.2 – -26.4) 

-75.7 

(-82.2 – -70.1) 

-25.2 

(-27.4 – -23.4) 

48.9 

(43.8 –55.0) 

1.2 

(-0.3 – 2.9) 

0.333 

Tri-arom (27) 
13.2 

(11.6 – 14.9) 

-27.9 

(-28.2 – -27.6) 

-93.0 

(-97.6 – -88.8) 

-31.0 

(-32.5 – -29.6) 

65.2 

(61.3 – 69.4) 

5.9 

(4.8 – 7.1) 

0.333 

Tetra-bran (24) 
14.3 

(13.7 – 15.0) 

-27.6 

(-27.8 – -27.5) 

-124 

(-126 – -122) 

-31.0 

(-31.5 – -30.5) 

96.2 

(94.1 – 98.4) 

6.8 

(6.4 – 7.2) 

0.25 

Hexa-bran (28) 
9.19 

(8.30– 10.2) 

-28.7 

(-29.0 – -28.5) 

-176 

(-184 – -169) 

-29.3 

(-30.7 – -28.2) 

147 

(140 – 155) 

5.0 

(4.1 – 6.1) 

0.167 

Hexa-cycl (29) 
7.60 

(6.60 – 8.75) 

-29.2 

(-29.6 – -28.9) 

-164 

(-174 – -155) 

-27.3 

(-29.0 – -25.8) 

135 

(126 – 144) 

2.6 

(1.4 – 3.9) 

0.167 

Hexa-arom (30) 
9.90 

(8.59 –11.5) 

-28.6 

(-28.9 – -28.2) 

-176 

(-188 – -165) 

-29.3 

(-31.3 – -27.5) 

148 

(137 – 160) 

5.2 

(3.8 – 6.9) 

0.167 
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The enthalpies ∆H°/epitope of the oligovalent ligands are within a narrow range (∆H°/epitope -

27.8  2.5 kJ·mol-1), indicating comparable enthalpy contributions from each binding event including 

for the monovalent ligand 19. The small deviations are probably related to desolvation enthalpies 

stemming from the various scaffolds. However, much larger deviations were registered for the 

entropy penalties (-TS/epitope 18.9  4.9), when moving from monovalent 19 to oligovalent 

compounds. Whereas for the divalent ligands 20-23 the average entropy penalty/epitope is with 14.3 

 3.0 kJ·mol-1 rather small, it increases steadily with increasing valency to 24.5  1.2 kJ·mol-1 for the 

hexavalent ligand 28-30 and roughly follows the increase of the functional valency. 

 

Immune cell-based assay 

The ability of a synthetic polyacrylamide conjugate displaying Siglec-8 ligands to bind to its 

receptor on expressing cells was demonstrated by Bochner et al.[29] To elucidate the effect of affinity 

and avidity of Siglec-8 ligands, we compared the branched oligovalent compounds 24 and 28 

(syntheses see Scheme 3) and the poly-L-lysine glycopolymer 33 (PLL-33) (synthesis see Scheme 4). 

In addition, the sulfonamide derivative 34[18b], 15 times more active than the epitope used for 24, 28 

and 33, was chosen as monovalent test compound (Table 6). These four compounds were evaluated 

for their ability to modulate the activation of Siglec-8 expressing immune cells.  

Table 6. Compounds tested in the immune cell assay and their dissociation constants. Structures of the monomers 3 

and 34[18b], tetravalent ligand 24, hexavalent ligand 28 and glycopolymer 33. Ligands 24 and 28 are oligovalent versions 

and 33 is a polymeric version of 3 (without linker) and 19 (with linker). Dissociation constant KD were determined by 

ITC (for details see Supporting Information). 
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Comp. Structure KD [µM] 

28 

 

9.2 

33 

 

0.042 

35 

(negative 

control) 

 

no 

binding 

   

For testing activity, we used Jurkat NFAT (Luc2) cells[30] that were transduced with Siglec-8. This 

reporter cell line possesses a firefly luciferase gene regulated by the transcription factor NFAT 

(Nuclear Factor of Activated T cells) that is activated by T cell receptor-mediated cell stimulation. 

Previous results have shown that the presence of inhibitory Siglecs such as Siglec-7 and Siglec-9 on 

these cells negatively influences the signaling cascade leading to the detection of a lower luciferase 

signal after activation.[30] In accordance with these finding, we also found that Siglec-8-expressing 

Jurkat NFAT (Luc2) cells showed a decreased luciferase signal compared to control transduced Jurkat 

cells (MOCK) after stimulation with an agonistic CD3 antibody (Figure 6A). Addition of the 

sulfonamide derivative 34 did not change the activation of MOCK or Siglec-8 Jurkat cells (Figure 

6B). In contrast, the branched tetra-and hexavalent ligands 24 and 28 mediated an increased activation 

of Siglec-8 Jurkat cells, while there was no effect on MOCK control cells (Figure 6B). For the 

tetravalent ligand 24 this effect was dose dependent showing a higher activation with increasing 

concentrations. The hexavalent ligand 28 showed the main effect at lower concentrations (Figure 6B). 

The glycopolymer 33 increased the activity of Siglec-8-expressing Jurkat cells, while there was no 

effect on the MOCK control cells (Figure 6C). To exclude any interference caused by the structure 

of the polymer itself, a PLL400-based polymer displaying D-mannose (35, Man-PLL400) instead of the 

D-sialic acid derivative 19 as binding epitope, and so unable to ligate Siglec-8, was used as negative 

control. Indeed, treatment with this polymer did not result in a signal change, confirming that the 

result with glycoploymer 33 was dependent on Siglec-8 ligation (Figure 6C). Due to the increased 
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number of glycomimetic epitopes present in the glycopolymers 33 we used lower concentrations (pM 

range) compared to the µM concentrations of the branched oligovalent ligands 24 and 28. When 

comparing the Siglec-8 glycomimetics at the same concentration of 1µM (Figure 6D), the degree of 

activation correlates with the number of glycomimetic-epitopes. Whereas glycopolymer 33 showed 

the strongest activation of Siglec-8-expressing Jurkats cells with a 3.3-fold increase in luminescence 

signal, the hexavalent compound 28 showed only a 2.6-fold and the tetravalent compound 24 a 2-fold 

increase. Finally, sulfonamide derivative 34 had no effect. Surprisingly, there was also some increase 

in the activity of MOCK control cells with the multivalent glycopolymer 33. Thus, it is possible that 

with higher concentrations an off-target effect occurs (Figure 6D), which was not seen with lower 

concentrations (Figure 6C).  

We further tested the role of cis ligands present on the Jurkat cells on the activation potential of 

the tested Siglec-8 ligands. Therefore, we pretreated the Jurkat cells with sialidase to remove naturally 

present ligands before stimulating the cells in presence of the glycopolymer 33. In all cases, sialidase 

pre-treatment only led to a small increase in luciferase signal compared to the corresponding non-

pre-treated situation (Figure 6E). Thus, sialidase pre-treatment influenced only minimally the 

inhibitory effect of glycopolymer 33 on Siglec-8-expressing Jurkats cells (Figure 6E). 

 

 

Figure 6. Multivalent Siglec-8 glycomimetics reduce inhibitory effect of Siglec-8 on immune cells. MOCK or Siglec-

8 transduced Jurkat cells were left untreated (unstimulated) or activated with an activating CD3 antibody either in absence 

or presence of Siglec-8 ligands at various concentrations. Activation of cells was measured by luminescence signal that 
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is induced after CD3 stimulation. A) Comparison of activation of Siglec-8-expressing Jurkat cells and MOCK controls. 

Luminescence signal was normalized to the maximum luminescence signal achieved by PMA/Ionomycin stimulation.  

B-D) MOCk and Siglec-8 Jurkat cells were activated in presence of monovalent mimetic 34, tetravalent mimetic 24 and 

the hexavalent mimetic 28 (B) or poly-L-lysine glycopolymer 33 in comparison to poly-L-lysine mannose polymer 35 as 

negative control (C). The activation with Siglec-8 ligands was normalized to the activation with CD3 alone (dashed line) 

for each cell line. D) Comparison of all Siglec-8 mimetics at a concentration of 1 M. E) Siglec-8 and MOCK cells were 

treated with sialidase prior to activation with CD3 in presence or absence of glycomimetic 33 (500pM). 

Overall, these results show that the oligovalent glycopolymers 24 and 28 and the multivalent 

glycomimetic 33 bind Siglec-8 on Siglec-8-expressing Jurkat NFAT (Luc2) cells causing an 

activation of Siglec-8 signaling. In contrast, the monovalent sulfonamide derivative 34 was not able 

to activate the immune cells, despite having a 17-fold higher affinity than the monovalent epitope 3 

of the glycomimetics. 

 

Conclusion 

Siglecs are known to interact with glycans terminating in sialic acid on the same cell surface (in 

cis), blocking interactions with lower affinity ligands, thereby setting a threshold for productive 

Siglec signaling.[31] To overcome the threshold set by cis ligands, we studied high-affinity oligo- and 

multivalent ligands competing with cis interactions. 

The affinity of the preferred natural ligand 6’-sulfo-sLex for Siglec-8 is only 295 M[16]. In a first 

step, we structurally simplified the natural epitope to yield Sia(2-3)-6-sulfo-GlcOMe (2) with a KD 

of 733 M. Replacement of the 6-sulfo-GlcOMe moiety by (1R,3S)-(3-hydroxycyclohexyl)methyl-

1-hydrogensulfate yielded the Siglec-8 ligand 3 with a KD of 259 M.[18b]  

In this communication, a further affinity improvement was realized by oligo- and multivalent 

presentations of Siglec-8 ligand 3. To enable its oligo-/multivalent presentation, a linker was 

introduced (→ 19, KD = 230 M). Further on, a special focus was laid on the type of scaffold 

employed (linear, cyclic, aromatic). When the oligovalent presentation of 19 (→ 20-30) were 

thermodynamically characterized, we found enthalpy contributions for each epitope within a narrow 

range (H°/epitope = -27.8  2.4 kJ·mol-1). The normalized entropy penalties (TS°/epitope = 18.9 

 4.9 kJ·mol-1) for di- to hexavalent ligands differ roughly according valency, scaffold flexibility 

(from linear, branched, cyclic to aromatic) and numbers of rotational bonds per epitope (from 2 to 6). 

In summary, the scaffold has surprisingly not the dominant strong influence on activity, while the 
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valency of the ligands dominates. However, this opens the possibility to influence pharmacokinetic 

properties of the ligands such as solubility, polarity or metabolic stability via the scaffold structure. 

Finally, a mono-, tetra-, hexa- and multivalent Siglec-8 ligand were tested in an immune cell 

bioassay to study their ability to bind to Siglec-8 and modulate immune activation. The monomeric 

glycomimetic 34 (KD = 15 M), was not able to activate Siglec-8 signaling, whereas the tetravalent 

ligand 24 exhibiting the same affinity showed a clear effect. Furthermore, the hexavalent ligand 28 

induced receptor clustering to an even larger extent, reaching almost the capability of the multivalent 

ligand 33 (Figure 6D). In summary, not only synthetic polymers[9] or antibodies[10,11] but also 

tetravalent 24 and even more pronounced the hexavalent 28 were able to cluster Siglec-8 in 

microdomains necessary for producing the biological response. Small monovalent molecules, 

however, are not able to create these microdomains and only antagonistically bind the protein in the 

positions in which they are present on the cell surface.  

Further studies with cells naturally expressing Siglec-8 will be conducted to test the effect on 

Siglec-8 induced apoptosis of eosinophils and mast cells by novel oligovalent Siglec-8 ligands. This 

would be an important step towards the application of such molecules for the treatment of eosinophil- 

or mast cell-associated disorders. 

 

Experimental Part 

Protein expression and purification. Protein expression was performed in Escherichia coli strain 

Rosetta-gami B (DE3), which were transfected as previously described.[18b] Cells were initially 

cultivated overnight in 15 mL Terrific Broth medium substituted with 0.1 mg/mL ampicillin at 37 °C 

and then transferred into 1 L Terrific Broth medium substituted with 0.1 mg/mL ampicillin. Cells 

were incubated for 5 h at 37 °C and 160 rpm, then Siglec-8 expression was induced by addition of 

1.0 mM IPTG. After 16 h, cells were harvested by centrifugation (5000 rpm, 30 min, 4 °C), 

resuspended in 20 mL lysis buffer (50 mM Tris·HCl, 10 mM MgCl2, 0.1 % Triton X100, pH 7.5), 

and lysed by addition of 1.0 mg/mL lysozyme, incubating on ice for 4 h. The cell lysate was 

centrifuged (11000 rpm, 15 min, 4 °C), the supernatant discarded, and the precipitated material was 

washed three times with 25 mL washing buffer (50 mM Tris·HCl, 4 M urea, 500 mM NaCl, pH 8.0). 

The purified inclusion bodies were dissolved in 20 mL of denaturation buffer (6 M guanidine 

hydrochloride, 100 mM Tris·HCl, 1 mM DTT, pH 8.0) for 1 h at 37 °C. After ultracentrifugation 

(22000 rpm, 30 min, 4 °C), the denatured protein was refolded by slow dilution into 100 mL refolding 
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buffer (100 mM Tris·HCl, 1 M L-arginine, 150 mM NaCl, 120 mM sucrose, pH 8.0). The mixture 

was stirred for 2 d at 4 °C and dialyzed against binding buffer (50 mM NaH2PO4, 20 mM imidazole, 

300 mM NaCl, pH 8.0). Precipitated protein was removed by ultracentrifugation (22000 rpm, 30 min, 

4 °C) and the refolded soluble protein was purified by affinity chromatography on a Ni-NTA column 

(50 mM NaH2PO4, 250 mM imidazole, 300 mM NaCl, pH 8.0). The fractions containing 6His-Siglec-

8-CRD were pooled and dialyzed against assay buffer (100 mM HEPES, 150 mM NaCl, pH 7.4). The 

purity of the protein was verified by non-reducing SDS-PAGE. 

 

Differential scanning fluorimetry. Differential scanning fluorimetry assays were performed using 

a Prometheus NT.48 (Nanotemper, Munich, Germany) instrument set to 50 % excitation power and 

1.0 °C/min temperature slope. The Nanotemper Pr.ThermControl software suite was employed for 

analysis of experimental data. In a typical experiment, a 20 µM solution of Siglec-8-CRD was 

incubated alone or with 1 mM solution of ligand and measured over a temperature range from 20 to 

80 °C. 

 

Isothermal Titration Calorimetry. Isothermal titration calorimetry experiments were performed at 

25 °C (or a specified different temperature) on an ITC200 (MicroCal, Northampton, USA) instrument 

set to 6 µcal·s-1 reference power, 750 rpm stirring speed, feedback mode high, 2 s filter period. Protein 

solutions were dialyzed against ITC buffer (100 mM HEPES, 150 mM NaCl, pH 7.4) prior to the 

experiments and all samples were prepared using the dialysate buffer to minimize dilution effects. 

Protein concentrations were determined spectrophotometrically with the specific absorbance at 280 

nm employing an extinction coefficient of 33240 mol-1·cm-1. In a typical experiment, a 0.5 – 10 mM 

ligand solution was titrated to a solution containing 35 – 100 µM Siglec-8 to ensure more than 80 % 

saturation. For low c experiment, the stoichiometry parameter was constrained to 1, 0.5, 0.33, 0.25 

and 0.167, according to valency. Baseline correction, peak integration, and non-linear regression 

analysis of experimental data were performed using the NITPIC (version 1.2.2.)[32] and SEDPHAT 

(version 12.1b)[33] software packages. Replicates were analyzed using global fitting, and the 95 % 

confidence intervals were calculated as an estimate of experimental error. 

 

Cell-based Assay 

Cell lines and culture conditions. Jurkat NFAT (Luc2) cells were cultured in RPMI1640 (Sigma) 

supplemented with 10 % heat-inactivated fetal bovine serum (PAN Biotech), 1 mM sodium pyruvate 

(Sigma), 1x non-essential amino acids (Sigma), 100 µg/mL streptomycin and penicillin (Sigma) and 

50 nM β-mercaptoethanol (Gibco). Cells were routinely incubated at 37 °C and 5% CO2. 
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Expression construct. The lentiviral plasmid (pLV-Sig8) containing the human Siglec-8 gene 

(NM_014442.3) followed by an eGFP reporter was purchased from VectorBuilder Inc. (ID: 

VB210104-1025kgy) as a bacterial stock (E. coli). Bacteria were plated on ampicillin plates and 

incubated at 37 °C overnight. A colony was picked, inoculated in 200 mL LB medium containing 

100 µg/mL ampicillin and incubated overnight at 37 °C and 220 rpm. Plasmid DNA was purified 

using Nucleobond Xtra Midi plus kit (Macherey-Nagel) according to the manufacturer’s protocol. 

 

Production of lentivirus. Lentivirus was produced in HEK293T cells by transient cell transfection 

using the polyethylenimine (PEI) method. HEK293T cells were cultivated in 15 cm petri dishes to a 

confluency of 80 – 90% and were transfected with three plasmids: pCMV-dR8.9 (containing gag, pol 

and rev genes), pMD2G VSVg (containing envelope gene), and pLV-Sig8 or empty SFFV-eGFP 

plasmid in combination with PEI at a ratio of 1:3. Transfected HEK293T cells were incubated for 48 

h at 37 °C and 5% CO2. Supernatants containing the lentivirus were collected and replaced by fresh 

medium. Supernatants were centrifuged for 10 min at 2000 g and 4 °C, filtered through 0.45 µm filter 

and stored at 4 °C. After additional 24 h of incubation, supernatants were collected and centrifuged 

again. Lentiviruses were concentrated using 4x polyethylenglycol-8000 (PEG8000) buffer (40 % w/V 

PEG8000 (Sigma), 1.2 M NaCl (Sigma) in 1x PBS (Sigma) at pH 7.0). An appropriate volume of 4x 

PEG8000 buffer was added to supernatants to reach 1x buffer concentration and incubated for 24 h 

at 4 °C. The following day, supernatants were centrifuged for 45 min at 1500 g (4 °C) and discarded. 

Pellets containing the lentivirus were dissolved in 500 µL cold and sterile PBS. Lentiviruses were 

aliquoted and stored at -80 °C. 

 

Transduction of Jurkat NFAT (Luc2) cells. 1 Mio. Jurkat NFAT (Luc2) cells per well were seeded 

in a 24-well plate. 100 µL of Siglec-8 or SFFV-eGFP containing lentivirus were added to 

corresponding wells and polybrene (Sigma) was added to a working concentration of 8 µg/mL. 

Subsequently, the plate was centrifuged at 1000 rpm for 10 min and incubated for 24 h at 37 °C and 

5% CO2. The medium was exchanged and cells were expanded in supplemented RPMI 1640 medium 

for one week. Ten days post transduction, GFP positive cells were sorted by flow cytometry. Cell 

lines were stored in DMSO/FBS (10:90) in liquid nitrogen until further usage. 

 

Sialidase pre-treatment. An appropriate number of cells was resuspended to a concentration of 1 

Mio. cells/mL in non-supplemented RPMI1640 medium containing 2% FBS. Vibrio Cholera 

sialidase (Roche) was added at a working concentration of 10 mU/mL and incubated for 30 min in an 
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end-over-end mixer at 37 °C and 5% CO2. Afterwards, cells were washed once with and subsequently 

resuspended in full RPMI1640 medium before using them for the luciferase assay. 

 

Luciferase assay. Anti-human CD3 (OKT3) antibodies (BioLegend) were diluted in 1x PBS (Sigma) 

to a concentration of 3 µg/mL. A 96 well flat bottom plate was coated with 50 µL anti-human CD3 

antibodies overnight at 4 °C. Pre-coated wells were washed twice with 200 µL 1x PBS. 1·105 Jurkat 

NFAT (Luc2) cells expressing either Siglec-8 or eGFP alone were added per well. Siglec-8 ligands 

were added to cells at varying concentrations. After incubation for 6 h at 37 °C and 5% CO2, cells 

were transferred into a 96 well V-bottom plate, centrifuged for 3 min at 1500 rpm and 140 µL of 

supernatant were removed. 50 µL of ONE-Glo™ Luciferase buffer was added to each sample after 

preparing the reagent according to the protocol of ONE-Glo™ Luciferase Assay System (Promega). 

After an incubation time of 3-5 min, 80 µL of each sample were transferred into a white-bottom 96 

well plate and, subsequently, luminescence was analyzed in a Synergy H1 microplate reader 

(BioTek). 
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 Supporting Information 

1. Synthesis 

 

1.1. General methods. NMR spectra were recorded on Bruker Avance III 500 MHz, Bruker 

Ultrashield 600 MHz or Varian Mercury 400 MHz instruments. Assignment of 1H and 13C NMR 

spectra was achieved using 2D methods (COSY, HSQC, HMBC). Chemical shifts are expressed in 

ppm using residual solvent signals (CHCl3, CHD2OD, HDO) as reference. Optical rotations were 

measured with a PerkinElmer polarimeter 341. Electrospray ionization mass spectrometry (ESI-MS) 

data were obtained on a Waters Micromass ZQ instrument. High resolution mass (HR-MS) analyses 

were done on an Agilent 1100 LC, equipped with a photodiode array detector and a Bruker QTOF I 

with a 4 GHz digital-time converter; or on a Thermo Fisher UPLC, equipped with a Bruker maxis 

4G. Reactions were monitored by TLC using glass plates coated with silica gel 60 F254 (Merck) and 

visualized by using UV light and/or by charring with a molybdate solution (a 0.02 M solution of 

ammonium cerium sulfate dihydrate and ammonium molybdate tetrahydrate in 10 % aq. H2SO4). 

Flash chromatography was done on a CombiFlash Rf from Teledyne Isco (Lincoln, NE, USA) 

equipped with RediSep normal phase or RP-18 reversed-phase flash columns. Size exclusion 

chromatography was performed on Biogel P-2 (Bio-Rad Laboratories, Inc.) or Sephadex LH-20 (GE 

Healthcare) media. For purification of glycopolymers, Vivaspin ultrafiltration devices with a 

molecular weight cutoff of 6 kDa or 50 kDa (Sartorius, Göttingen, Germany) were used. 

Commercially available reagents and dry solvents were purchased as reagent grade from Sigma-

Aldrich, Alfa Aesar and Acros and used without further purification. Molecular sieves (3Å, 4Å) were 

activated under vacuum at 500 °C for 0.5 h immediately before use. 2-Bromoethyltriflate was 

prepared according to [1], compound 13 was prepared according to [2], and chloroacetylated poly-L-

lysine polymer was prepared according to [3]. 
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1.2. Synthesis of oligo- and multivalent glycomimetic inhibitors 

Methyl 3,5-dihydroxybenzoate (5). To a solution of 3,5-dihydroxybenzoic acid (50.0 g, 324 mmol) 

in MeOH (250 mL), H2SO4 (3.75 mL in 50 mL of MeOH) was added. The reaction mixture was 

refluxed for 4 d. Then, the solution was cooled to rt and concentrated in vacuo. The residue was 

dissolved in EtOAc, washed with satd. aq. NaHCO3 and H2O, dried over Na2SO4 and evaporated to 

afford 5 (56.00 g, quant.). 1H NMR (500 MHz, DMSO-d6): δ = 6.81 (d, J = 2.3 Hz, 2H, H-2, H-6), 

6.44 (t, J = 2.3 Hz, 1H, H-4), 3.78 (s, 3H, OMe); 13C NMR (126 MHz, DMSO-d6): δ = 166.4 (C=O), 

158.8 (C-3, C-5), 131.3 (C-1), 107.3 (C-4), 107.1 (C-2, C-6), 52.0 (OMe); MS (ESI): m/z calcd for 

C8H8O4: 191.0 [M+Na]+; found: 190.9. 

Methyl (1r,3R,5S)-3,5-dihydroxycyclohexane-1-carboxylate (6). Compound 5 (6.02 g, 35.8 mmol) 

and Rh/Al2O3 (5 %, 936 mg) were dissolved in MeOH (50 mL) and AcOH (1.2 mL). The reactor was 

conditioned with H2, then the mixture was stirred at 100 °C for 72 h (90 atm H2). Then, the solution 

was cooled to rt and vented, filtered over celite and concentrated in vacuo to afford 6 (6.44 g, quant.) 

as a white solid. 1H NMR (500 MHz, D2O): δ = 3.78 – 3.70 (m, 2H, H-3, H-5), 3.73 (s, 3H, OMe), 

2.53 (tt, J = 12.7, 3.5 Hz, 1H, H-1), 2.28 (d, J = 11.3 Hz, 1H, H-4e), 2.18 (d, J = 11.6 Hz, 2H, H-2e, 

H-6e), 1.31 (q, J = 12.0 Hz, 2H, H-2a, H-6a), 1.25 (q, J = 11.3 Hz, 1H, H-4a); 13C NMR (126 MHz, 

D2O): δ = 178.2 (C=O), 68.0 (C-3, C-5), 53.3 (OMe), 43.4 (C-4), 39.1 (C-1), 36.8 (C-2, C-6); MS 

(ESI): m/z calcd for C8H14O4: 197.1 [M+Na]+, found: 196.9. 

 

Methyl (1S,3S,5R)-3-acetoxy-5-hydroxycyclohexane-1-carboxylate (7). Compound 6 (3.16 g, 

18.2 mmol) and PPL (lipase from porcine pancreas, type II; 10.01 g) were suspended in vinyl acetate 

(100 mL). The mixture was stirred at rt under argon in the dark. After 20 h, the solution was filtered 

over celite and concentrated in vacuo. The crude product was purified by flash column 

chromatography (DCM/MeOH, 1:0 to 9:1) to give 7 (3.72 g, 95 %). [𝛼]𝐷
20 = +23.3 (c = 1.0, DCM); 

1H NMR (600 MHz, CDCl3): δ = 4.73 (tt, J = 11.4, 4.3 Hz, 1H, H-5), 3.72 (tt, J = 11.2, 4.2 Hz, 1H, 

H-3), 3.68 (s, 3H, OMe), 2.41 (tt, J = 12.6, 3.6 Hz, 1H, H-1), 2.29 (ddq, J = 11.6, 4.1, 2.0 Hz, 1H, H-

4e), 2.25 – 2.19 (m, 2H, H-2e, H-6e), 2.04 (s, 3H, OAc), 1.47 – 1.32 (m, 3H, H-2a, H-4a, H-6a); 13C 

NMR (126 MHz, CDCl3): δ = 174.4, 170.7 (2 C=O), 69.7 (C-3), 67.3 (C-5), 52.2 (OMe), 40.2 (C-4), 

38.1 (C-1), 36.8 (C-6), 33.0 (C-2), 21.3 (OAc); MS (ESI): m/z calcd for C10H16O5: 239.1 [M+Na]+, 

found: 238.8. 

 

Methyl (1R,3R,5S)-5-acetoxy-3-((R)-(-)-α-methoxy-α-(trifluoromethyl)phenylacetoxy) 

cyclohexane-1-carboxylate (8). To a solution of compound 7 (7.3 mg, 0.048 mmol) in dry DCM 

(0.4 mL), DMAP (9.8 mg, 0.080 mmol) and (R)-(-)-MTPA-Cl (9 μL, 0.048 mmol) were added at 0 
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°C. The reaction mixture was stirred at 0 °C for 15 min and then for 1 h at rt. The reaction mixture 

was diluted with Et2O (5.0 mL), washed twice with 1 M aq. HCl (5.0 mL), satd. aq. NaHCO3 (5.0 

mL) and water (5.0 mL), dried over Na2SO4, filtered, and concentrated in vacuo. Crude 8 was directly 

subjected to 1H NMR investigation without further purification. 1H NMR (500 MHz, CDCl3): δ = 

7.51 – 7.46 (m, 2H, Ar-H), 7.43 – 7.38 (m, 3H, Ar-H), 5.04 (tt, J = 11.6, 4.4 Hz, 1H, H-3), 4.79 (tt, J 

= 11.6, 4.3 Hz, 1H, H-5), 3.69 (s, 3H, CO2Me), 3.54 (s, 3H, OMe), 2.51 (tt, J = 12.8, 3.5 Hz, 1H, H-

1), 2.38 (dtd, J = 14.0, 3.8, 1.8 Hz, 1H, H-4e), 2.35 – 2.27 (m, 2H, H-2e, H-6e), 2.03 (s, 3H, OAc), 

1.58 (q, J = 12.4 Hz, 1H, H-4a), 1.52 – 1.39 (m, 2H, H-2a, H-6a); 13C NMR (126 MHz, CDCl3): δ = 

173.6, 170.3, 165.7 (3 C=O), 132.1, 129.8, 128.6, 127.2 (6C, Ar-C), 123.3 (q, J = 288.7 Hz, CF3), 

71.5 (C-5), 68.8 (C-3), 55.6 (OMe), 52.4 (CO2Me), 37.8 (C-1), 36.2 (C-2), 33.1, 32.9 (C-4, C-6), 21.3 

(OAc). 

 

Methyl (1S,3S,5R)-3-acetoxy-5-(2-bromoethoxy)cyclohexane-1-carboxylate (9). To a solution of 

7 (2.31 g, 10.7 mmol) in toluene (150 mL), DIPEA (9.3 mL, 53.4 mmol) was added, followed by 2-

bromoethyltriflate (8.6 mL, 63.7 mmol) under nitrogen. The solution was stirred at rt for 24 h, then 

additional 2-bromoethyltriflate (1 mL, 7.41 mmol) was added and the mixture heated to 80 °C. After 

another 24 h, additional 2-bromoethyltriflate (1 mL, 7.41 mmol) was added and the temperature raised 

to 100 °C. Following complete conversion of the starting material, the solution was cooled to rt, 

washed with satd. aq. NaHCO3 and H2O, dried over Na2SO4, filtered and concentrated in vacuo. The 

crude product was purified by flash column chromatography (petroleum ether/EtOAc, 8:2 to 7:3) to 

give 9 (3.63 g, quant.). [𝛼]𝐷
20 = -1.2 (c = 1.0, DCM); 1H NMR (600 MHz, CDCl3): δ = 4.70 (tt, J = 

11.5, 4.8 Hz, 1H, H-3), 3.78 (q, J = 6.5 Hz, 2H, OCH2), 3.68 (s, 3H, OMe), 3.48 – 3.36 (m, 3H, H-5, 

CH2Br), 2.40 – 2.28 (m, 3H, H-1, H-4e, H-6e), 2.22 (d, J = 12.7 Hz, 1H, H-2e), 2.03 (s, 3H, OAc), 

1.44 (q, J = 12.2 Hz, 1H, H-2a), 1.38 – 1.29 (m, 2H, H-4a, H-6a); 13C NMR (151 MHz, CDCl3): δ = 

174.0, 170.4 (2 C=O), 75.4 (C-5), 69.6 (C-3), 68.7 (OCH2), 52.1 (OMe), 38.1 (C-1), 37.6 (C-6), 34.0 

(C-4), 33.4 (C-2), 30.7 (CH2Br), 21.3 (OAc); MS (ESI): m/z calcd for C12H19BrO5: 345.0 [M+Na]+, 

found: 344.9. 

 

Methyl (1S,3S,5R)-3-acetoxy-5-(2-azidoethoxy)cyclohexane-1-carboxylate (10). To a solution of 

9 (4.85 g, 15.0 mmol) in DMF (60 mL), NaN3 (2.48 mL, 38.1 mmol) was added under nitrogen and 

the mixture was stirred at rt. After 24 h, the solvent was removed under vacuo and the crude product 

was purified by flash column chromatography (petroleum ether/EtOAc, 8:2 to 7:3) to afford 10 (4.11 

g, 96 %). [𝛼]𝐷
20 = -1.4 (c = 1.0, DCM); 1H NMR (600 MHz, CDCl3): δ = 4.71 (tt, J = 11.7, 4.3 Hz, 

1H, H-3), 3.70 – 3.63 (m, 5H, OCH2, OMe), 3.39 (tt, J = 11.0, 4.0 Hz, 1H, H-5), 3.34 (td, J = 4.7, 
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4.3, 2.5 Hz, 2H, CH2N3), 2.41 – 2.31 (m, 3H, H-1, H-4e, H-6e), 2.26 – 2.20 (m, 1H, H-2e), 2.04 (s, 

3H, OAc), 1.45 (q, J = 12.2 Hz, 1H, H-2a), 1.39 – 1.30 (m, 2H, H-4a, H-6a); 13C NMR (151 MHz, 

CDCl3): δ = 174.1, 170.5 (2 C=O), 75.5 (C-5), 69.6 (C-3), 67.6 (OCH2), 52.2 (OMe), 51.0 (CH2N3), 

38.2 (C-1), 37.5 (C-6), 34.0 (C-4), 33.4 (C-2), 21.3 (OAc); MS (ESI): m/z calcd for C12H19N3O5: 

308.1 [M+Na]+, found: 308.1. 

 

(1S,3R,5S)-3-(2-Azidoethoxy)-5-(hydroxymethyl)cyclohexyl acetate (11) and (1S,3R,5R)-3-(2-

Azidoethoxy)-5-(hydroxymethyl)cyclohexan-1-ol (12). Compound 10 (5.28 g, 18.5 mmol) was 

dissolved in THF/MeOH (5:1, 300 mL) and cooled to 0 °C under argon. Then, LiBH4 (2 M in THF, 

9.5 mL, 19.0 mmol) was added dropwise. The mixture was allowed to reach rt. After 18 h, the solution 

was cooled to 0 °C, quenched by the addition of H2O, filtered and concentrated in vacuo. The crude 

product was purified by flash column chromatography (DCM/MeOH, 1:0 to 9:1) to give 11 (0.916 g, 

19 %) and 12 (1.79 g, 45 %). 

11: 1H NMR (500 MHz, CD3OD): δ = 4.67 (tt, J = 11.6, 4.4 Hz, 1H, H-1), 3.68 – 3.60 (m, 2H, OCH2), 

3.44 – 3.36 (m, 3H, H-3, CH2O), 3.29 – 3.26 (m, 2H, CH2N3), 2.32 (dtd, J = 12.4, 4.1, 2.1 Hz, 1H, 

H-2e), 2.07 (dddd, J = 12.2, 5.5, 3.5, 2.0 Hz, 1H, H-4e), 1.97 (m, 4H, H-6e, OAc), 1.53 (dddp, J = 

12.7, 9.5, 6.1, 3.1 Hz, 1H, H-5), 1.20 (q, J = 11.4 Hz, 1H, H-2a), 0.98 (q, J = 12.1 Hz, 1H, H-6a), 

0.86 (td, J = 12.4, 11.0 Hz, 1H, H-4a); 13C NMR (101 MHz, CD3OD): δ = 77.1 (C-3), 72.1 (C-1), 

68.5 (OCH2), 67.5 (CH2O), 52.0 (CH2N3), 39.1 (C-2), 36.6 (C-5), 35.7 (C-4), 35.4 (C-6), 21.1 (OAc); 

MS (ESI): m/z calcd for C11H19N3O4: 280.1 [M+Na]+, found: 280.2. 

𝟏𝟐: [𝛼]𝐷
20 = -0.9 (c = 1.0, DCM); 1H NMR (500 MHz, CD3OD): δ = 3.63 – 3.55 (m, 2H, OCH2), 3.49 

(tt, J = 11.2, 4.2 Hz, 1H, H-1), 3.35 (d, J = 6.2 Hz, 2H, CH2O), 3.30 (ddd, J = 11.2, 7.0, 4.1 Hz, 1H, 

H-3), 3.23 (t, J = 4.9 Hz, 2H, CH2N3), 2.25 (dtt, J = 11.8, 4.0, 1.9 Hz, 1H, H-2e), 2.01 (dtt, J = 11.8, 

3.6, 1.7 Hz, 1H, H-4e), 1.87 (dtd, J = 11.9, 3.7, 1.8 Hz, 1H, H-6e), 1.42 (ttt, J = 12.7, 6.4, 3.4 Hz, 1H, 

H-5), 1.05 (q, J = 11.4 Hz, 1H, H-2a), 0.85 – 0.70 (m, 2H, H-4a, H-6a); 13C NMR (151 MHz, 

CD3OD): δ = 76.2 (C-3), 67.6 (C-1), 67.0 (OCH2), 66.4 (CH2O), 50.6 (CH2N3), 41.3 (C-2), 37.6 (C-

6), 35.5 (C-5), 34.4 (C-4); MS (ESI): m/z calcd for C9H17N3O3: 238.1 [M+Na]+, found: 237.9. 

 

(1S,3R,5S)-3-(2-Azidoethoxy)-5-(tert-butyldiphenylsilyloxymethyl)cyclohexyl acetate (13). To a 

solution of 11 (841 mg, 3.27 mmol) in DCM (33 mL) were added imidazole (339 mg, 4.97 mmol) 

and DMAP (80.9 mg, 0.66 mmol) at 0 °C under argon, followed by dropwise addition of TBDPSCl 

(0.950 mL, 3.65 mmol). The mixture was stirred and allowed to reach rt. After 19 h, the reaction 

mixture was diluted with DCM (50 mL) and washed with H2O (2 x 50 mL). The combined organic 

layers were dried over Na2SO4, filtered and concentrated in vacuo. The crude product 13 was directly 
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used in the next step without further purification. 1H NMR (500 MHz, CDCl3): δ = 7.68 – 7.61 (m, 

4H, Ar-H), 7.47 – 7.35 (m, 6H, Ar-H), 4.74 (m, 1H, H-1), 3.70 – 3.63 (m, 2H, OCH2), 3.55 (d, J = 

5.8 Hz, 2H, CH2O), 3.44 – 3.32 (m, 3H, H-3, CH2N3), 2.40 (dtt, J = 10.4, 4.1, 2.0 Hz, 1H, H-2e), 2.11 

(ddt, J = 14.0, 4.0, 1.8 Hz, 1H, H-4e), 2.05 (s, 3H, OAc), 2.00 (ddt, J = 13.9, 3.4, 1.8 Hz, 1H, H-6e), 

1.63 (m, 1H, H-5), 1.29 (m, 1H, H-2a), 1.06 (s, 11H, H-4a, H-6a, tBu); 13C NMR (151 MHz, CDCl3): 

δ = 135.9, 130.1, 127.8 (12C, Ar-C), 76.2 (C-3), 70.7 (C-1), 68.1 (CH2O), 67.5 (OCH2), 51.0 

(CH2N3), 37.8 (C-2), 35.5 (C-5), 34.9 (C-6), 34.2 (C-4), 27.1 (tBu), 21.3 (OAc); MS (ESI): m/z calcd 

for C27H37N3O4Si: 518.3 [M+Na]+, found: 518.1. 

 

(1S,3R,5R)-3-(2-Azidoethoxy)-5-(tert-butyldiphenylsilyloxymethyl)cyclohexan-1-ol (14). Crude 

compound 13 was dissolved in MeCN (50 mL) and NaOH (0.1 M, 50 mL) and the mixture was stirred 

at rt. After 19 h, the solution was neutralized with HCl (1 M) and concentrated in vacuo. The residue 

was purified by flash column chromatography (DCM/MeOH, 1:0 to 9:1) to give 14 (1.06 g, 71 % 

over two steps from 11). [𝛼]𝐷
20 = -2.4 (c = 1.0, DCM); 1H NMR (400 MHz, CDCl3): δ = 7.68 – 7.63 

(m, 4H, Ar-H), 7.46 – 7.35 (m, 6H, Ar-H), 3.72 – 3.61 (m, 3H, H-1, OCH2), 3.55 (d, J = 5.9 Hz, 1H, 

CH2O), 3.41 – 3.30 (m, 3H, H-3, CH2N3), 2.39 (m, 1H, H-2e), 2.12 – 2.00 (m, 2H, H-4e, H-6e), 1.60 

(m, 1H, H-5), 1.23 (q, J = 11.1 Hz, 1H, H-2a), 1.09 – 0.92 (m, 11H, H-4a, H-6a, tBu); 13C NMR (101 

MHz, CDCl3): δ = 135.7, 133.8, 129.8, 127.8 (12C, Ar-C), 76.6 (C-3), 68.7 (C-1), 68.2 (CH2O), 67.3 

(OCH2), 51.1 (CH2N3), 41.9 (C-2), 38.4 (C-6), 35.8 (C-5), 34.6 (C-4), 27.0 (tBu), 19.4 (q-tBu); MS 

(ESI): m/z calcd for C25H35N3O3Si: 476.2 [M+Na]+, found: 476.3. 

 

(1S,3R,5R)-3-(2-Azidoethoxy)-5-(tert-butyldiphenylsilyloxymethyl)cyclohexan-1-ol (14). To a 

solution of 12 (502 mg, 2.33 mmol) in DCM (23 mL) were added imidazole (242 mg, 3.56 mmol) 

and DMAP (59.2 mg, 0.48 mmol) at 0 °C under argon, followed by dropwise addition of TBDPSCl 

(0.675 mL, 2.60 mmol). The reaction was continued for 38 h, with subsequent additions of TBDPSCl 

(0.250 mL, 0.961 mmol), imidazole (86.5 mg, 1.27 mmol), and DMAP (22.6 mg, 0.185 mmol) until 

the reaction was complete (checking by TLC). The solution was then diluted with H2O (60 mL) and 

extracted with DCM (4 x 40 mL). The combined organic layers were dried over Na2SO4, filtered and 

concentrated in vacuo. The crude product was purified by flash column chromatography 

(DCM/MeOH, 1:0 to 9:1) to give 12 (749 mg, 71 %). 

 

(1S,3R,5S)-3-(2-Azidoethoxy)-5-(tert-butyldiphenylsilyloxymethyl)cyclohexyl (methyl 5-

acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) 

(16). To a suspension of 14 (284mg, 0.621 mmol), 15 (1.12 g, 1.88 mmol) and MS 3Å (1.13 g) in dry 
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MeCN (3.4 mL), N-iodosuccinimide (581 mg, 2.58 mmol) was added, followed by dropwise addition 

of TfOH (22 µL, 0.249 mmol) at -40 C under argon. The reaction mixture was stirred for 8 h at -40 

°C, and then allowed to reach rt over 14 h. The suspension was neutralized with Et3N, then filtered 

over a pad of celite. The solvent was evaporated, and the residue was dissolved in DCM (40 mL), 

washed with satd. aq. Na2S2O3 (30 mL) and H2O (30 mL), dried over Na2SO4, filtered and 

concentrated in vacuo. The crude product was purified by flash column chromatography 

(toluene/acetone, 9:1 to 1:1) to give 16 (290 mg, 50 %). [𝛼]𝐷
20 = -3.9 (c = 0.2, DCM); 1H NMR (500 

MHz, CDCl3): δ = 7.66 – 7.61 (m, 4H, Ar-H), 7.45 – 7.35 (m, 6H, Ar-H), 5.41 (ddd, J = 8.9, 5.9, 2.7 

Hz, 1H, H-8'), 5.31 (dd, J = 9.2, 1.9 Hz, 1H, H-7'), 5.11 (m, 1H, NH), 4.82 (ddd, J = 12.5, 10.1, 4.6 

Hz, 1H, H-4'), 4.28 (dd, J = 12.4, 2.7 Hz, 1H, H-9'a), 4.09 – 4.03 (m, 3H, H-5', H-6', H-9'b), 3.73 (s, 

3H, OMe), 3.72 – 3.65 (m, 3H, H-1, OCH2), 3.55 – 3.44 (m, 3H, H-3, CH2O), 3.35 (dt, J = 6.1, 4.3 

Hz, 2H, CH2N3), 2.59 (dd, J = 12.7, 4.5 Hz, 1H, H-3'e), 2.48 (m, 1H, H-2e), 2.17, 2.15, 2.03, 2.02 (4 

s, 12H, 4 OAc), 1.97 (m, 1H, H-4e), 1.93 (t, J = 12.6 Hz, 1H, H-3'a), 1.88 (s, 3H, NHAc), 1.73 (m, 

1H, H-6e), 1.56 (ddq, J = 9.9, 6.7, 3.5, 2.9 Hz, 1H, H-5), 1.27 (m, 1H, H-2a), 1.08 – 0.97 (m, 10H, 

H-6a, tBu), 0.91 (q, J = 12.4 Hz, 1H, H-4a); 13C NMR (126 MHz, CDCl3): δ = 171.2, 170.7, 170.5, 

170.4, 170.1 (5 C=O), 169.0 (C-1'), 135.7, 133.8, 129.7, 127.8 (12C, Ar-C), 98.9 (C-2'), 75.9 (C-3), 

72.4 (C-6'), 72.3 (C-1), 69.2 (C-4'), 68.3 (CH2O), 68.1 (C-8'), 67.30 (C-7'), 67.27 (OCH2), 62.7 (C-

9'), 52.7 (OMe), 50.9 (CH2N3), 49.5 (C-5'), 41.2 (C-2), 38.6 (C-3'), 35.8 (C-6), 35.7 (C-5), 34.6 (C-

4), 27.0 (tBu), 23.3 (NHAc), 21.3, 21.0, 20.8 (4C, 4 OAc), 19.4 (tBu); MS (ESI): m/z calcd for 

C45H62N4O15Si: 949.4 [M+Na]+, found: 949.2. 

 

(1S,3R,5S)-3-(2-Azidoethoxy)-5-(hydroxymethyl)cyclohexyl (methyl 5-acetamido-4,7,8,9-tetra-

O-acetyl-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) (17). To a solution of 16 

(245 mg, 0.264 mmol) in dry pyridine (7.4 mL) in a Teflon container, HF·py (1.43 mL) was added 

dropwise at 0 °C under argon. The reaction mixture was stirred for 7 h, then satd. aq. NaHCO3 was 

added to neutralize the reaction. The aqueous phase was extracted with DCM (6 x 30 mL), and the 

combined organic layers were dried over Na2SO4, filtered and concentrated in vacuo. The crude 

product was purified by flash column chromatography (toluene/acetone, 3:1 to 1:1) to afford 17 (173 

g, 95 %). [𝛼]𝐷
20 = -14.5 (c = 0.06, DCM); 1H NMR (500 MHz, CDCl3): δ = 5.39 (ddd, J = 8.9, 6.1, 

2.7 Hz, 1H, H-8'), 5.30 (dd, J = 9.0, 2.0 Hz, 1H, H-7'), 5.11 (dd, J = 7.2, 3.1 Hz, 1H, NH), 4.83 (dddd, 

J = 12.4, 7.3, 4.6, 2.7 Hz, 1H, H-4'), 4.30 (dd, J = 12.4, 2.7 Hz, 1H, H-9'a), 4.09 – 4.00 (m, 3H, H-5', 

H-6', H-9'b), 3.79 (s, 3H, OMe), 3.78 – 3.66 (m, 3H, H-1, OCH2), 3.57 – 3.42 (m, 3H, H-3, CH2O), 

3.35 (td, J = 4.7, 2.9 Hz, 2H, CH2N3), 2.57 (dd, J = 12.8, 4.6 Hz, 1H, H-3'e), 2.47 (m, 1H, H-2e), 2.15 

(s, 3H, OAc), 2.15 (s, 3H, OAc), 2.05 – 2.00 (m, 7H, H-4e, 2 OAc), 1.93 (t, J = 12.6 Hz, 1H, H-3'a), 
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1.88 (s, 3H, NHAc), 1.73 (m, 1H, H-6e), 1.53 (m, 1H, H-5), 1.28 (q, J = 11.4 Hz, 1H, H-2a), 0.94 (q, 

J = 12.2 Hz, 1H, H-6a), 0.87 (m, 1H, H-4a); 13C NMR (126 MHz, CDCl3): δ = 171.2, 170.8, 170.5, 

170.4, 170.3 (5 C=O), 169.1 (C-1'), 98.7 (C-2'), 75.8 (C-3), 72.5 (C-6'), 71.8 (C-1), 69.2 (C-4'), 68.3 

(C-8'), 67.7 (CH2O), 67.37 (C-7'), 67.36 (OCH2), 62.8 (C-9'), 52.8 (OMe), 51.0 (CH2N3), 49.6 (C-5'), 

41.0 (C-2), 38.4 (C-3'), 35.7 (C-5), 35.6 (C-6), 34.6 (C-4), 23.4 (NHAc), 21.3, 21.0, 20.9 (4C, 4 OAc); 

MS (ESI): m/z calcd for C29H44N4O15Si: 711.3 [M+Na]+; found: 711.2. 

 

(1S,3R,5S)-3-(2-Azidoethoxy)-5-(sulfonatooxymethyl)cyclohexyl (methyl 5-acetamido-4,7,8,9-

tetra-O-acetyl-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (18). 

To a solution of 17 (168 mg, 0.244 mmol) in dry DMF (12 mL), SO3·py (389 mg, 2.44 mmol) was 

added at 0 °C under argon. The reaction mixture was stirred for 5.5 h at rt and was then quenched 

with powdered NaHCO3. The suspension was stirred vigorously for 15 min, then filtered and 

concentrated in vacuo to give 18 (191 mg, 99 %). [𝛼]𝐷
20 = -14.5 (c = 0.06, DCM); 1H NMR (500 

MHz, CD3OD): δ = 5.45 (ddd, J = 9.6, 6.0, 2.7 Hz, 1H, H-8'), 5.31 (dd, J = 9.5, 2.4 Hz, 1H, H-7'), 

4.77 (ddd, J = 12.2, 10.2, 4.4 Hz, 1H, H-4'), 4.28 (dd, J = 12.4, 2.7 Hz, 1H, H-9'a), 4.17 (dd, J = 10.8, 

2.4 Hz, 1H, H-6'), 4.02 (dd, J = 12.4, 6.0 Hz, 1H, H-9'b), 3.96 (t, J = 10.5 Hz, 1H, H-5'), 3.87 (dd, J 

= 9.6, 6.0 Hz, 1H, CH2O), 3.84 – 3.79 (m, 4H, OMe, CH2O), 3.76 – 3.71 (m, 3H, H-1, OCH2), 3.56 

(tt, J = 11.3, 4.2 Hz, 1H, H-3), 3.37 – 3.32 (m, 2H, CH2N3), 2.62 (dd, J = 12.7, 4.6 Hz, 1H, H-3'e), 

2.48 (m, 1H, H-2e), 2.16, 2.11 (2 s, 6H, OAc), 2.08 (m, 1H, H-4e), 2.00, 1.98 (2 s, 6H, OAc), 1.83 

(s, 3H, NHAc), 1.78 (t, J = 12.4 Hz, 1H, H-3'a), 1.74 (m, 1H, H-6e), 1.68 (m, 1H, H-5), 1.20 (q, J = 

11.4 Hz, 1H, H-2a), 0.97 (q, J = 12.3 Hz, 1H, H-6a), 0.88 (q, J = 12.2 Hz, 1H, H-4a); 13C NMR (126 

MHz, CD3OD): δ = 173.5, 171.8, 171.72, 171.67 (4 C=O), 170.1 (C-1'), 100.2 (C-2'), 76.8 (C-3), 73.1 

(C-6'), 72.98 (CH2O), 72.97 (C-1), 70.7 (C-4'), 69.1 (C-8'), 68.7 (C-7'), 68.6 (OCH2), 63.8 (C-9'), 

53.3 (OMe), 51.8 (CH2N3), 50.1 (C-5'), 42.4 (C-2), 39.5 (C-3'), 36.6 (C-6), 35.5 (C-4), 34.2 (C-5), 

22.7 (NHAc), 21.3, 20.9, 20.69, 20.67 (4 OAc); MS (ESI): m/z calcd for C29H43N4NaO18S: 813.2 

[M+Na]+; found: 813.1. 

 

(1S,3R,5S)-3-(2-Azidoethoxy)-5-(sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-3,5-

dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (19). Compound 18 (185 

mg, 0.234 mmol) was dissolved in 0.1 M NaOH (13 mL) and stirred for 48 h. The solution was 

neutralized by addition of Amberlite IR 120, filtered and concentrated in vacuo. The crude product 

was purified by size-exclusion chromatography (P-2 gel, H2O) to yield 19 (124 mg, 84 %). [𝛼]𝐷
20 = -

2.1 (c = 0.8, H2O); 1H NMR (500 MHz, D2O): δ = 4.01 – 3.91 (m, 3H, H-1, CH2O), 3.92 – 3.83 (m, 

2H, H-7', H-9'a), 3.83 – 3.74 (m, 3H, H-5', OCH2), 3.71 – 3.65 (m, 3H, H-4', H-6', H-9'b), 3.62 (dd, 
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J = 9.0, 2.0 Hz, 1H, H-8'), 3.57 (tt, J = 11.4, 4.1 Hz, 1H, H-3), 3.50 – 3.45 (m, 2H, CH2N3), 2.77 (dd, 

J = 12.3, 4.7 Hz, 1H, H-3'e), 2.57 (m, 1H, H-2e), 2.13 (d, J = 9.8 Hz, 1H, H-4e), 2.05 (s, 3H, NHAc), 

1.91 (d, J = 10.5 Hz, 1H, H-6e), 1.82 (m, 1H, H-5), 1.66 (t, J = 12.1 Hz, 1H, H-3'a), 1.27 (q, J = 11.4 

Hz, 1H, H-2a), 1.09 (q, J = 12.2 Hz, 1H, H-6a), 1.00 (q, J = 12.2 Hz, 1H, H-4a); 13C NMR (126 MHz, 

D2O): δ = 176.0 (NHC=O), 174.5 (C-1'), 102.2 (C-2'), 76.8 (C-3), 73.8 (C-6'), 73.6 (CH2O), 73.2 (C-

7'), 73.0 (C-1), 69.2 (C-4'), 69.0 (C-8'), 67.7 (OCH2), 63.4 (C-9'), 52.7 (C-5'), 51.3 (CH2N3), 42.0 (C-

3'), 40.9 (C-2), 35.6 (C-6), 34.4 (C-4), 33.1 (C-5), 23.0 (NHAc); HR-MS (ESI): m/z calcd for 

C20H32N4Na2O14S: 653.1323 [M+Na]+; found: 653.1324. 

 

Di-flex-4 (20). A solution of 19 (15.2 mg, 24.0 µmol), 1,7-octadiyne (1.2 mg, 10.8 µmol), CuBr (0.7 

mg, 4.9 µmol) and TBTA (1.1 mg, 2.1 µmol) in MeCN/H2O (1:1, 1 mL) was stirred overnight at rt. 

QuadraSil MP resin was added and the mixture was stirred for 15 min, then the solution was filtered 

and directly applied to size exclusion chromatography (Sephadex LH-20, MeOH) to give 20 (2.8 mg, 

19 %). 1H NMR (500 MHz, D2O): δ = 7.80 (s, 2H, H-triazole), 4.55 (dd, J = 6.3, 4.5 Hz, 4H, CH2N), 

4.01 (m, 2H, OCH2), 3.95 (m, 2H, OCH2), 3.92 – 3.77 (m, 12H, H-1, CH2O, H-5', H-7', H-9'a), 3.68 

– 3.58 (m, 8H, H-4', H-6', H-8', H-9'b), 3.38 (m, 2H, H-3), 2.78 – 2.70 (m, 6H, H-3'e, L-1), 2.39 (d, J 

= 11.4 Hz, 2H, H-2e), 2.04 (s, 6H, NHAc), 1.90 (m, 2H, H-4e), 1.85 (d, J = 12.5 Hz, 2H, H-6e), 1.72 

– 1.66 (m, 6H, H-5, L-2), 1.63 (t, J = 12.1 Hz, 2H, H-3'a), 1.13 (q, J = 11.4 Hz, 2H, H-2a), 0.99 (q, J 

= 12.1 Hz, 2H, H-6a), 0.83 (q, J = 12.1 Hz, 2H, H-4a); 13C NMR (126 MHz, D2O): δ = 124.6 (CH-

triazole), 102.1 (C-2'), 77.0 (C-3), 73.8 (C-6'), 73.4 (CH2O), 73.3 (C-7'), 72.8 (C-1), 69.3 (C-4'), 69.0 

(C-8'), 67.4 (OCH2), 63.5 (C-9'), 52.8 (C-5'), 51.2 (CH2N), 42.0 (C-3'), 40.9 (C-2), 35.6 (C-6), 34.4 

(C-4), 33.1 (C-5), 28.8 (L-2), 25.0 (L-1), 23.0 (NHAc); HR-MS (ESI): m/z calcd for 

C48H74N8Na4O28S2: 1343.3753 [M-Na]-; found: 1343.3762. 

 

Di-flex-6 (21). A solution of 19 (14.9 mg, 24.0 µmol), alkyne S11 (1.5 mg, 10.9 µmol), CuBr (0.7 

mg, 4.9 µmol) and TBTA (1.2 mg, 2.3 µmol) in MeCN/H2O (1:1, 1 mL) was stirred overnight at rt. 

QuadraSil MP resin was added and the mixture was stirred for 15 min, then the solution was filtered 

and directly applied to size exclusion chromatography (Sephadex LH-20, MeOH) to give 19 (9.6 mg, 

63 %). 1H NMR (500 MHz, D2O): δ = 4.70 (s, 4H, L-1), 4.61 (t, J = 5.2 Hz, 4H, CH2N), 4.06 – 3.94 

(m, 4H, OCH2), 3.93 – 3.78 (m, 12H, H-1, CH2O, H-5', H-7', H-9'a), 3.74 – 3.62 (m, 10H, H-4', H-

6', H-9'b, L-2), 3.59 (dd, J = 8.9, 1.9 Hz, 2H, H-8'), 3.41 (td, J = 11.5, 5.7 Hz, 2H, H-3), 2.73 (dd, J 

= 12.3, 4.7 Hz, 2H, H-3'e), 2.40 (d, J = 11.7 Hz, 2H, H-2e), 2.04 (s, 6H, NHAc), 1.93 (d, J = 11.6 Hz, 

2H, H-4e), 1.87 (d, J = 11.1 Hz, 2H, H-6e), 1.73 (br s, 2H, H-5), 1.66 (t, J = 12.1 Hz, 2H, H-3'a), 1.15 

(q, J = 11.4 Hz, 2H, H-2a), 1.01 (q, J = 12.1 Hz, 2H, H-6a), 0.85 (q, J = 12.1 Hz, 2H, H-4a); 13C 
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NMR (126 MHz, D2O): δ = 176.0 (C=O), 174.1 (C-1'), 144.6 (q-C-triazole), 126.3 (CH-triazole), 

101.7 (C-2'), 76.9 (C-3), 73.8 (C-6'), 73.4 (CH2O), 73.1 (C-7'), 72.8 (C-1), 69.7 (L-2), 69.1 (C-4', C-

8'), 67.3 (OCH2), 63.9 (L-1), 63.6 (C-9'), 52.7 (C-5'), 51.4 (CH2N), 41.8 (C-3'), 40.8 (C-2), 35.6 (C-

6), 34.3 (C-4), 33.1 (C-5), 23.0 (NHAc); HR-MS (ESI): m/z calcd for C48H74N8Na4O30S2: 1377.3807 

[M+2H-Na]-; found: 1377.3774. 

 

Di-flex-8 (22). A solution of 19 (14.5 mg, 23.0 µmol), alkyne S12 (1.8 mg, 10.9 µmol), CuBr (0.2 

mg, 1.4 µmol) and TBTA (1.0 mg, 1.9 µmol) in MeCN/H2O (1:1, 1 mL) was stirred overnight at rt. 

QuadraSil MP resin was added and the mixture was stirred for 15 min, then the solution was filtered 

and directly applied to size exclusion chromatography (Sephadex LH-20, MeOH) to give 22 (8.8 mg, 

57 %). 1H NMR (500 MHz, D2O): δ = 8.05 (s, 2H, H-triazole), 4.66 (s, 4H, L-1), 4.63 – 4.58 (m, 4H, 

CH2N), 4.06 – 3.94 (m, 4H, OCH2), 3.93 – 3.77 (m, 12H, H-1, CH2O, H-5', H-7', H-9'a), 3.69 – 3.62 

(m, 6H, H-4', H-6', H-9'b), 3.62 – 3.55 (m, 6H, H-8', L-2), 3.42 (tt, J = 11.1, 4.2 Hz, 2H, H-3), 2.74 

(dd, J = 12.3, 4.7 Hz, 2H, H-3'e), 2.41 (m, 2H, H-2e), 2.04 (s, 6H, NHAc), 1.94 (d, J = 11.7 Hz, 2H, 

H-4e), 1.86 (d, J = 13.0 Hz, 2H, H-6e), 1.74 (m, 2H, H-5), 1.68 – 1.58 (m, 6H, H-3'a, L-3), 1.15 (q, 

J = 11.4 Hz, 2H, H-2a), 1.01 (q, J = 12.1 Hz, 2H, H-6a), 0.86 (q, J = 12.1 Hz, 2H, H-4a); 13C NMR 

(126 MHz, D2O): δ = 176.0 (C=O), 174.5 (C-1'), 145.0 (q-C-triazole), 126.4 (CH-triazole), 102.1 (C-

2'), 76.9 (C-3), 73.8 (C-6'), 73.4 (CH2O), 73.3 (C-7'), 72.8 (C-1), 70.8 (L-2), 69.2 (C-4'), 69.0 (C-8'), 

67.3 (OCH2), 63.6 (2C, C-9', L-1), 52.8 (C-5'), 51.3 (CH2N), 42.0 (C-3'), 40.9 (C-2), 35.6 (C-6), 34.4 

(C-4), 33.1 (C-5), 26.2 (L-3), 23.0 (NHAc); HR-MS (ESI): m/z calcd for C50H78N8Na4O30S2: 

1403.3964 [M-Na]-; found: 1403.3963. 

 

Di-flex-12 (23). A solution of 19 (14.9 mg, 23.6 µmol), alkyne S13 (2.5 mg, 11.2 µmol), CuBr (1.5 

mg, 10.1 µmol) and TBTA (1.1 mg, 2.1 µmol) in MeCN/H2O (1:1, 1 mL) was stirred overnight at rt. 

QuadraSil MP resin was added and the mixture was stirred for 15 min, then the solution was filtered 

and directly applied to size exclusion chromatography (Sephadex LH-20, MeOH) to give 23 (9.5 mg, 

57 %). 1H NMR (500 MHz, D2O): δ = 7.97 (s, 2H, H-triazole), 4.58 (s, 4H, L-1), 4.52 (t, J = 5.4 Hz, 

4H, CH2N), 3.98 – 3.86 (m, 4H, OCH2), 3.86 – 3.68 (m, 12H, H-1, CH2O, H-5', H-7', H-9'a), 3.62 – 

3.45 (m, 12H, H-4', H-6', H-8', H-9'b, L-2), 3.33 (tt, J = 11.4, 4.0 Hz, 2H, H-3), 2.65 (dd, J = 12.4, 

4.7 Hz, 2H, H-3'e), 2.34 (d, J = 11.3 Hz, 2H, H-2e), 1.95 (s, 6H, NHAc), 1.85 (d, J = 11.6 Hz, 2H, 

H-4e), 1.78 (d, J = 12.2 Hz, 2H, H-6e), 1.65 (br s, 2H, H-5), 1.59 – 1.50 (m, 6H, H-3'a, L-3), 1.25 – 

1.16 (m, 8H, L-4, L-5), 1.06 (q, J = 11.4 Hz, 2H, H-2a), 0.93 (q, J = 12.1 Hz, 2H, H-6a), 0.77 (q, J = 

12.1 Hz, 2H, H-4a); 13C NMR (126 MHz, D2O): δ = 176.0 (C=O), 174.5 (C-1'), 145.1 (q-C-triazole), 

126.4 (CH-triazole), 102.1 (C-2'), 76.9 (C-3), 73.7 (C-6'), 73.4 (CH2O), 73.3 (C-7'), 72.8 (C-1), 71.2 
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(L-2), 69.2 (C-4'), 69.0 (C-8'), 67.3 (OCH2), 63.53 (C-9'), 63.47 (L-1), 52.8 (C-5'), 51.3 (CH2N), 42.0 

(C-3'), 40.9 (C-2), 35.6 (C-6), 34.4 (C-4), 33.1 (C-5), 29.4 (L-3), 29.2 (L-4), 26.0 (L-5), 23.0 (NHAc); 

HR-MS (ESI): m/z calcd for C54H86N8Na4O30S2: 1459.4590 [M-Na]-; found: 1459.4586. 

 

Tri-bran (25). A solution of 19 (15.5 mg, 24.5 µmol), alkyne S14 (1.6 mg, 7.3 µmol), CuBr (0.3 mg, 

2.1 µmol) and TBTA (0.9 mg, 1.7 µmol) in MeCN/H2O (1:1, 1 mL) was stirred overnight at rt. 

QuadraSil MP resin was added and the mixture was stirred for 15 min, then the solution was filtered 

and directly applied to size exclusion chromatography (Sephadex LH-20, MeOH) to give 25 (6.8 mg, 

44 %). 1H NMR (500 MHz, D2O): δ = 8.03 (s, 3H, H-triazole), 4.66 – 4.57 (m, 12H, CH2N, L-1), 

4.05 – 3.94 (m, 6H, OCH2), 3.94 – 3.77 (m, 18H, H-1, CH2O, H-5', H-7', H-9'a), 3.70 – 3.54 (m, 18H, 

H-4', H-6', H-8', H-9'b, L-2), 3.44 (tt, J = 11.3, 4.1 Hz, 3H, H-3), 2.74 (dd, J = 12.4, 4.7 Hz, 3H, H-

3'e), 2.42 (dd, J = 9.8, 5.5 Hz, 3H, H-2e), 2.19 (td, J = 11.4, 10.8, 5.4 Hz, 3H, L-3), 2.04 (s, 9H, 

NHAc), 1.97 – 1.90 (m, 3H, H-4e), 1.87 (d, J = 12.5 Hz, 3H, H-6e), 1.74 (br s, 3H, H-5), 1.63 (t, J = 

12.1 Hz, 3H, H-3'a), 1.16 (q, J = 11.4 Hz, 3H, H-2a), 1.02 (q, J = 12.2 Hz, 3H, H-6a), 0.86 (q, J = 

12.1 Hz, 3H, H-4a); 13C NMR (126 MHz, D2O): δ = 176.0 (C=O), 174.5 (C-1'), 144.9 (q-C-triazole), 

126.4 (CH-triazole), 102.1 (C-2'), 76.9 (C-3), 73.7 (C-6'), 73.4 (CH2O), 73.3 (C-7'), 72.8 (C-1), 69.3 

(C-4'), 69.0 (C-8'), 68.9 (L-2), 67.3 (OCH2), 64.1 (L-1), 63.5 (C-9'), 52.8 (C-5'), 51.3 (CH2N), 43.0 

(C-3'), 40.9 (C-2), 40.0 (L-3), 35.7 (C-6), 34.4 (C-4), 33.1 (C-5), 23.0 (NHAc); HR-MS (ESI): m/z 

calcd for C73H112N12Na6O45S3: 2087.5501 [M-Na]-; found: 2087.5550. 

 

Tri-cycl (26). A solution of 19 (15.4 mg, 24.4 µmol), alkyne S15 (1.8 mg, 7.3 µmol), CuBr (0.6 mg, 

4.2 µmol) and TBTA (0.6 mg, 1.1 µmol) in MeCN/H2O (1:1, 1 mL) was stirred overnight at rt. 

QuadraSil MP resin was added and the mixture was stirred for 15 min, then the solution was filtered 

and directly applied to size exclusion chromatography (Sephadex LH-20, MeOH) to give 26 (9.5 mg, 

61 %). 1H NMR (500 MHz, D2O): δ = 8.06 (s, 3H, H-triazole), 4.75 (s, 6H, L-1), 4.62 (t, J = 5.3 Hz, 

6H, CH2N), 4.07 – 3.96 (m, 6H, OCH2), 3.96 – 3.75 (m, 18H, H-1, CH2O, H-5', H-7', H-9'a), 3.70 – 

3.57 (m, 15H, H-4', H-6', H-8', H-9'b, L-2), 3.44 (td, J = 11.7, 6.0 Hz, 3H, H-3), 2.74 (dd, J = 12.4, 

4.7 Hz, 3H, H-3'e), 2.54 (d, J = 11.0 Hz, 3H, H-2e), 2.43 (d, J = 11.0 Hz, 3H, L-3e), 2.03 (s, 9H, 

NHAc), 1.96 (d, J = 11.6 Hz, 3H, H-4e), 1.87 (d, J = 11.9 Hz, 3H, H-6e), 1.75 (m, 3H, H-5), 1.63 (t, 

J = 12.2 Hz, 3H, H-3'a), 1.30 – 1.11 (m, 6H, H-2a, L-3a), 1.02 (q, J = 12.0 Hz, 3H, H-6a), 0.87 (q, J 

= 11.8 Hz, 3H, H-4a); 13C NMR (126 MHz, D2O): δ = 176.0 (C=O), 174.5 (C-1'), 145.1 (q-C-triazole), 

126.4 (CH-triazole), 102.1 (C-2'), 76.9 (C-3), 73.9 (L-2), 73.8 (C-6'), 73.5 (CH2O), 73.3 (C-7'), 72.8 

(C-1), 69.3 (C-4'), 69.0 (C-8'), 67.3 (OCH2), 63.5 (C-9'), 61.7 (L-1), 52.8 (C-5'), 51.3 (CH2N), 42.0 
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(C-3'), 40.9 (C-2), 38.1 (L-3), 35.6 (C-6), 34.4 (C-4), 33.1 (C-5), 23.0 (NHAc); HR-MS (ESI): m/z 

calcd for C75H114N12Na6O45S3: 1045.2882 [M-2Na]2-; found: 1045.2897. 

 

Tri-arom (27). A solution of 19 (14.9 mg, 23.7 µmol), alkyne S16 (1.7 mg, 7.1 µmol), CuBr (2.3 

mg, 16.0 µmol) and TBTA (1.2 mg, 2.3 µmol) in MeCN/H2O (1:1, 1 mL) was stirred overnight at rt. 

QuadraSil MP resin was added and the mixture was stirred for 15 min, then the solution was filtered 

and directly applied to size exclusion chromatography (Sephadex LH-20, MeOH) to give 27 (9.0 mg, 

60 %). 1H NMR (500 MHz, D2O): δ = 8.12 (s, 3H, H-triazole), 6.44 (s, 3H, L-3), 5.27 (s, 6H, L-1), 

4.61 (t, J = 5.3 Hz, 6H, CH2N), 4.07 – 3.91 (m, 6H, OCH2), 3.92 – 3.76 (m, 18H, H-1, CH2O, H-5', 

H-7', H-9'a), 3.70 – 3.57 (m, 12H, H-4', H-6', H-8', H-9'b), 3.40 (ddt, J = 11.4, 8.4, 3.9 Hz, 3H, H-3), 

2.73 (dd, J = 12.4, 4.7 Hz, 3H, H-3'e), 2.41 (d, J = 11.3 Hz, 3H, H-2e), 2.03 (s, 9H, NHAc), 1.90 – 

1.83 (m, 6H, H-4e, H-6e), 1.71 (m, 3H, H-5), 1.63 (t, J = 12.1 Hz, 3H, H-3'a), 1.11 (q, J = 11.4 Hz, 

3H, H-2a), 0.99 (q, J = 12.1 Hz, 3H, H-6a), 0.76 (q, J = 12.0 Hz, 3H, H-4a); 13C NMR (126 MHz, 

D2O): δ = 176.0 (C=O), 174.5 (C-1'), 160.3 (L-2), 144.0 (q-C-triazole), 126.7 (CH-triazole), 102.1 

(C-2'), 97.4 (L-3), 76.9 (C-3), 73.7 (C-6'), 73.4 (CH2O), 73.3 (C-7'), 72.8 (C-1), 69.3 (C-4'), 69.0 (C-

8'), 67.2 (OCH2), 63.5 (C-9'), 62.2 (L-1), 52.8 (C-5'), 51.4 (CH2N), 42.0 (C-3'), 40.9 (C-2), 35.7 (C-

6), 34.2 (C-4), 33.1 (C-5), 23.0 (NHAc); HR-MS (ESI): m/z calcd for C75H108N12Na6O45S3: 

1042.2648 [M-2Na]2-; found: 1042.2666. 

 

Tetra-bran (24). A solution of 19 (15.7 mg, 24.9 µmol), alkyne S17 (1.6 mg, 5.5 µmol), CuBr (0.3 

mg, 2.1 µmol) and TBTA (0.6 mg, 1.1 µmol) in MeCN/H2O (1:1, 1 mL) was stirred overnight at rt. 

QuadraSil MP resin was added and the mixture was stirred for 15 min, then the solution was filtered 

and directly applied to size exclusion chromatography (Sephadex LH-20, MeOH) to give 24 (7.6 mg, 

49 %). 1H NMR (500 MHz, D2O): δ = 7.98 (s, 4H, H-triazole), 4.62 – 4.49 (m, 16H, CH2N, L-1), 

4.05 – 3.93 (m, 8H, OCH2), 3.92 – 3.77 (m, 24H, H-1, CH2O, H-5', H-7', H-9'a), 3.69 – 3.58 (m, 16H, 

H-4', H-6', H-8', H-9'b), 3.48 – 3.37 (m, 12H, H-3, L-2), 2.74 (dd, J = 12.3, 4.7 Hz, 4H, H-3'e), 2.42 

(d, J = 10.2 Hz, 4H, H-2e), 2.04 (s, 12H, NHAc), 1.93 (d, J = 10.2 Hz, 4H, H-4e), 1.88 (d, J = 11.7 

Hz, 4H, H-6e), 1.73 (m, 4H, H-5), 1.63 (t, J = 12.1 Hz, 4H, H-3'a), 1.15 (q, J = 11.4 Hz, 4H, H-2a), 

1.01 (q, J = 12.5 Hz, 4H, H-6a), 0.85 (q, J = 12.5 Hz, 4H, H-4a); 13C NMR (126 MHz, D2O): δ = 

176.0 (C=O), 174.6 (C-1'), 145.5 (q-C-triazole), 126.5 (CH-triazole), 102.1 (C-2'), 76.9 (C-3), 73.7 

(C-6'), 73.4 (CH2O), 73.3 (C-7'), 72.8 (C-1), 69.3 (C-4'), 69.1 (L-2), 69.0 (C-8'), 67.2 (OCH2), 64.5 

(L-1), 63.5 (C-9'), 52.8 (C-5'), 51.3 (CH2N), 42.0 (C-3'), 40.9 (C-2), 35.7 (C-6), 34.3 (C-4), 33.1 (C-

5), 23.0 (NHAc); HR-MS (ESI): m/z calcd for C98H149N15Na8O60S4: 913.2512 [M+H-3Na]3-; found: 

913.2506. 
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Hexa-bran (28). A solution of 19 (15.0 mg, 23.8 µmol), alkyne S18 (1.8 mg, 3.7 µmol), CuBr (1.1 

mg, 7.7 µmol) and TBTA (0.3 mg, 0.6 µmol) in MeCN/H2O (1:1, 1 mL) was stirred overnight at rt. 

QuadraSil MP resin was added and the mixture was stirred for 15 min, then the solution was filtered 

and directly applied to size exclusion chromatography (Sephadex LH-20, MeOH) to give 28 (7.9 mg, 

50 %). 1H NMR (500 MHz, D2O): δ = 7.97 (s, 6H, H-triazole), 4.64 – 4.48 (m, 24H, CH2N, L-1), 

4.03 – 3.92 (m, 12H, OCH2), 3.92 – 3.75 (m, 36H, H-1, CH2O, H-5', H-7', H-9'a), 3.73 – 3.57 (m, 

24H, H-4', H-6', H-8', H-9'b), 3.42 (m, 18H, H-3, L-2), 3.26 (d, J = 9.2 Hz, 6H, L-4), 2.74 (dd, J = 

12.4, 4.6 Hz, 6H, H-3'e), 2.42 (d, J = 10.4 Hz, 6H, H-2e), 2.04 (d, J = 2.0 Hz, 18H, NHAc), 1.96 – 

1.86 (m, 12H, H-4e, H-6e), 1.74 (br s, 6H, H-5), 1.65 (t, J = 12.1 Hz, 6H, H-3'a), 1.16 (q, J = 11.2 

Hz, 6H, H-2a), 1.01 (q, J = 12.1 Hz, 6H, H-6a), 0.85 (q, J = 11.5 Hz, 6H, H-4a); 13C NMR (126 MHz, 

D2O): δ = 175.9 (C=O), 174.5 (C-1'), 145.2 (q-C-triazole), 126.2 (CH-triazole), 102.0 (C-2'), 76.9 (C-

3), 73.7 (C-6'), 73.5 (CH2O), 73.2 (C-6'), 72.7 (C-7'), 69.4 (L-2), 69.3 (C-4'), 69.1 (C-8'), 67.2 (OCH2), 

64.6 (L-1), 63.5 (C-9'), 52.8 (C-5'), 51.3 (CH2N), 46.0 (L-3), 41.9 (C-3'), 40.9 (C-2), 35.8 (C-6), 34.4 

(C-4), 33.1 (C-5), 23.0 (NHAc); HR-MS (ESI): m/z calcd for C148H226N24Na12O91S6: 829.6286 [M-

5Na]5-; found: 829.6281. 

 

Hexa-cycl (29). A solution of 19 (20.0 mg, 31.6 µmol), alkyne S19 (1.9 mg, 4.7 µmol), CuBr (0.1 

mg, 0.7 µmol) and TBTA (0.6 mg, 1.1 µmol) in MeCN/H2O (1:1, 1 mL) was stirred overnight at rt. 

QuadraSil MP resin was added and the mixture was stirred for 15 min, then the solution was filtered 

and directly applied to size exclusion chromatography (Sephadex LH-20, MeOH) to give 29 (6.1 mg, 

31 %). 1H NMR (500 MHz, D2O): δ = 8.04, 7.96 (2 s, 2H, H-triazole), 5.09 (br s, 2H, L-1), 4.62 – 

4.40 (m, 4H, CH2N, L-1), 4.60 (br s, 2H, CH2N), 4.06 – 3.85 (m, 4H, OCH2), 3.94 – 3.66 (m, 12H, 

H-1, CH2O, H-5', H-7', H-9'a), 3.73 – 3.45 (m, 8H, H-4', H-6', H-8', H-9'b), 3.48 (br s, 1H, H-3), 3.43 

– 3.25 (m, 1H, H-3), 2.76 – 2.69 (m, 1H, H-3'e), 2.65 (dd, J = 12.4, 4.8 Hz, 1H, H-3'e), 2.44 – 2.36 

(m, 1H, H-2e), 2.34 (br s, 1H, H-2e), 2.03, 1.95 (2 s, 6H, NHAc), 1.94 – 1.71 (m, 4H, H-4e, H-6e), 

1.73, 1.65 (2 br s, 2H, H-5), 1.65 (t, J = 12.1 Hz, 1H, H-3'a), 1.56 (t, J = 12.0 Hz, 1H, H-3'a), 1.15 (q, 

J = 11.3 Hz, 1H, H-2a), 1.14 – 0.98 (m, 1H, H-2a), 1.00 (q, J = 12.2 Hz, 1H, H-6a), 0.98 – 0.83 (m, 

1H, H-6a), 0.85 (q, J = 11.6 Hz, 1H, H-4a), 0.83 – 0.63 (m, 1H, H-4a); 13C NMR (126 MHz, D2O): 

δ = 176.0 (C=O), 174.4 (C-1'), 146.1 (q-C-triazole), 120.5 (CH-triazole), 101.9 (C-2'), 76.8 (L-2a), 

76.9 (C-3), 73.8 (C-6'), 73.4 (CH2O), 73.2 (C-6'), 72.7 (C-7'), 71.5 (L-2e), 69.2 (C-4'), 69.1 (C-8'), 

67.3 (OCH2), 63.6 (C-9'), 52.8 (C-5'), 51.4 (CH2N), 41.9 (C-3'), 40.9 (C-2), 35.7 (C-6), 33.1 (C-4), 

31.2 (C-5), 23.0 (NHAc). 
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Hexa-arom (30). A solution of 19 (18.5 mg, 29.4 µmol), alkyne S20 (1.7 mg, 4.2 µmol), CuBr (0.4 

mg, 2.8 µmol) and TBTA (0.5 mg, 0.9 µmol) in MeCN/H2O (1:1, 1 mL) was stirred overnight at rt. 

QuadraSil MP resin was added and the mixture was stirred for 15 min, then the solution was filtered 

and directly applied to size exclusion chromatography (Sephadex LH-20, MeOH) to give 30 (3.7 mg, 

21 %). 1H NMR (500 MHz, D2O): δ = 8.04 (s, 6H, H-triazole), 5.09 (br s, 12H, L-1), 4.60 (br s, 12H, 

CH2N), 4.06 – 3.94 (m, 12H, OCH2), 3.94 – 3.75 (m, 12H, H-1, CH2O, H-5', H-7', H-9'a), 3.73 – 3.56 

(m, 24H, H-4', H-6', H-8', H-9'b), 3.48 (br s, 6H, H-3), 2.73 (m, 6H, H-3'e), 2.40 (m, 6H, H-2e), 2.03 

(s, 18H, NHAc), 1.94 – 1.82 (m, 12H, H-4e, H-6e), 1.73 (br s, 6H, H-5), 1.65 (t, J = 12.1 Hz, 6H, H-

3'a), 1.15 (q, J = 11.3 Hz, 6H, H-2a), 1.00 (q, J = 12.2 Hz, 6H, H-6a), 0.85 (q, J = 11.6 Hz, 6H, H-

4a); 13C NMR (126 MHz, D2O): δ = 175.9 (C=O), 175.1 (C-1'), 154.1 (L-2), 129.9 (CH-triazole), 

101.8 (C-2'), 76.9 (C-3), 73.8 (C-6'), 73.5 (CH2O), 73.1 (C-6'), 72.7 (C-7'), 69.2 (C-4'), 69.1 (C-8'), 

67.2 (OCH2), 65.3 (L-1), 63.5 (C-9'), 52.8 (C-5'), 51.3 (CH2N), 41.8 (C-3'), 40.9 (C-2), 35.8 (C-6), 

34.3 (C-4), 33.1 (C-5), 23.0 (NHAc); HR-MS (ESI): m/z calcd for C144H210N24Na12O90S6: 1022.7530 

[M-4Na]4-; found: 1022.7472. 

 

(1S,3R,5S)-3-(2-Aminoethoxy)-5-(sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-3,5-

dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (31). Compound 19 (30.5 

mg, 0.048 mmol) and Pd(OH)2/C (20 %, 16.9 mg) were suspended in H2O (5 mL). The mixture was 

hydrogenated (1 atm H2) and stirred at rt for 24 h. Then, the suspension was filtered over a pad of 

celite, and the celite was washed with water. The solvent was removed under vacuo, affording 

compound 31 (28.1 mg, 96 %). 1H NMR (500 MHz, D2O): δ = 4.00 – 3.88 (m, 4H, H-1, CH2O, H-

7'), 3.87 – 3.75 (m, 4H, H-5', H-9'a, OCH2), 3.69 – 3.61 (m, 3H, H-4', H-6', H-9'b), 3.58 (dd, J = 9.0, 

2.0 Hz, 1H, H-8'), 3.53 (tt, J = 11.3, 4.0 Hz, 1H, H-3), 3.19 (t, J = 5.2 Hz, 2H, CH2NH2), 2.76 (dd, J 

= 12.4, 4.7 Hz, 1H, H-3'e), 2.54 (br d, J = 8.7 Hz, 1H, H-2e), 2.12 (br d, J = 13.9 Hz, 1H, H-4e), 2.04 

(s, 3H, NHAc), 1.89 (m, 1H, H-6e), 1.80 (m, 1H, H-5), 1.64 (t, J = 12.1 Hz, 1H, H-3'a), 1.26 (q, J = 

11.4 Hz, 1H, H-2a), 1.08 (q, J = 12.0 Hz, 1H, H-6a), 1.00 (q, J = 12.0 Hz, 1H, H-4a); 13C NMR (126 

MHz, D2O): δ = 176.0 (C=O), 174.4 (C-1'), 102.2 (C-2'), 76.9 (C-3), 73.8 (C-6'), 73.5 (CH2O), 73.4 

(C-7'), 73.0 (C-1), 69.2 (C-8'), 69.1 (C-4'), 64.7 (OCH2), 63.7 (C-9'), 52.8 (C-5'), 42.0 (C-3'), 40.8 (C-

2), 40.3 (CH2NH2), 35.6 (C-6), 34.4 (C-4), 33.1 (C-5), 23.0 (NHAc); MS (ESI): m/z calcd for 

C20H34N2Na2O14S: 627.1 [M+Na]+; found: 627.0. 

 

(1S,3R,5S)-3-(2-(4-Mercaptobutanamido)ethoxy)-5-(sulfonatooxymethyl)cyclohexyl (sodium 5-

acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (32). To a 

solution of 31 (24.2 mg, 0.040 mmol) in H2O (150 µL) were added 1 M NaOH (4 µL), -
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thiobutyrolactone (35 µL, 0.404 mmol) and MeOH (200 µL). The reaction mixture was checked by 

TLC every 2 h, and additional 1 M NaOH (4 µL) was added until pH > 7.0. After 24 h, MeOH was 

removed under reduced pressure and the aqueous phase was washed with EtOAc (3 x 3 mL). After 

removal of insoluble material by centrifugation, lyophilization afforded the crude compound, which 

was purified by flash column chromatography (DCM/(MeOH/H2O, 10:1), 8:2 to 1:1) and size-

exclusion chromatography (P-2 gel, H2O) to afford 32 (12.8 mg, 45 %). 1H NMR (500 MHz, D2O): 

δ = 4.00 – 3.83 (m, 5H, H-1, CH2O, H-7', H-9'a), 3.81 (d, J = 10.2 Hz, 1H, H-5'), 3.74 – 3.58 (m, 6H, 

H-4', H-6', H-8', H-9'b, OCH2), 3.50 (tt, J = 11.3, 4.0 Hz, 1H, H-3), 3.42 – 3.32 (m, 2H, CH2N), 2.76 

(dd, J = 12.4, 4.7 Hz, 1H, H-3'e), 2.57 (t, J = 7.1 Hz, 2H, CH2S), 2.53 (m, 1H, H-2e), 2.40 (t, J = 7.4 

Hz, 2H, COCH2), 2.10 – 2.04 (m, 4H, H-4e, NHAc), 1.95 – 1.86 (m, 3H, H-6e, CH2CH2S), 1.81 (m, 

1H, H-5), 1.66 (t, J = 12.1 Hz, 1H, H-3'a), 1.24 (q, J = 11.4 Hz, 1H, H-2a), 1.08 (q, J = 12.2 Hz, 1H, 

H-6a), 0.98 (q, J = 12.2 Hz, 1H, H-4a); 13C NMR (126 MHz, D2O): δ = 177.2, 176.0 (2 C=O), 174.5 

(C-1'), 102.1 (C-2'), 76.6 (C-3), 73.7 (C-6'), 73.5 (CH2O), 73.3 (C-7'), 72.9 (C-1), 69.2 (C-4'), 69.0 

(C-8'), 67.2 (OCH2), 63.5 (C-9'), 52.8 (C-5'), 42.0 (C-3'), 41.0 (C-2), 40.3 (CH2N), 35.6 (C-6), 35.3 

(NCOCH2), 34.6 (C-4), 33.2 (C-5), 30.4 (CH2CH2S), 24.0 (CH2S), 23.0 (NHAc); MS (ESI): m/z calcd 

for C24H40N2Na2O14S2: 683.2 [M-Na]-; found: 683.1. 

 

Glycopolymer 33. To a solution of chloroacetylated L-polylysine400 (3.005 mg, 36.6 µmol) in DMF 

(145 µL) a solution of 32 [(5.266 mg, 7.452 µmol) in 24 µL of water], was added under argon. Then, 

1,8-diazabicyclo(5.4.0)undec-7-ene (2.19 µL, 14.6 µmol) was added. The reaction mixture was 

shaken in an Eppendorf tube at 25 °C for 1 h on an Eppendorf thermomixer at 300 rpm. Then, 

thioglycerol (3.8 µL, 43.9 µmol) and Et3N (6.12 µL, 43.9 µmol) were added and the mixture was 

shaken overnight. Next, the reaction mixture was dropped into a stirred solution of ethyl 

acetate/ethanol (1:1; 3.0 mL), leading to precipitation of the product. The precipitate was collected 

by centrifugation, washed with ethanol (3 x 3.0 mL), and then dissolved in water (3.0 mL). The 

aqueous solution was purified by ultracentrifugation using a Vivaspin centrifugal concentrator 

(Sartorius, Germany; 6 mL, MWCO 50 kDa, three times from 6.0 mL to 0.5 mL). The product was 

lyophilized from 1 mL aqueous solution within 6 h yielding product 33 as a white solid (7.15 mg, 91 

%, loading percentage based on 1H NMR: 44 %, for details see Supporting Information). 
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1.3 Determination of stereochemical purity of compound 7 

 

 

Scheme S1. a) Ac2O, DMAP, pyridine, rt, overnight (16 %); b) d) (R)-(-)-MTPA-Cl, DCM, 0 °C to rt. 

Methyl rac-cis-3-acetoxy-5-hydroxycyclohexane-1-carboxylate (rac-cis-7). Compound 6 (24.0 

mg, 0.14 mmol) and DMAP (16.2 mg, 0.16 mmol) were dissolved in pyridine (0.5 mL) under argon, 

and Ac2O (1.5 µL, 0.16 mmol) was added. The solution was stirred overnight at rt, then concentrated 

in vacuo. The crude product was purified by flash column chromatography (DCM/MeOH, 1:0 to 9:1) 

to give rac-cis-7 (4.2 mg, 16 %) which was directly used in the next step. 

 

Methyl rac-cis 5-acetoxy-3-((R)-(-)-α-methoxy-α-(trifluoromethyl)phenylacetoxy) cyclohexane-

1-carboxylate (rac-cis-8). To a solution of compound rac-cis-7 (4.2 mg, 0.019 mmol) in dry DCM 

(0.4 mL), DMAP (6.8 mg, 0.027 mmol) and (R)-(-)-MTPA-Cl (5 μL, 0.027 mmol) were added at 0 

°C. The reaction mixture was stirred at 0 °C for 15 min and then for 1 h at rt. The reaction mixture 

was diluted with Et2O (5.0 mL), washed twice with 1 M aq. HCl (5.0 mL), satd. aq. NaHCO3 (5.0 

mL) and water (5.0 mL), dried over Na2SO4, filtered, and concentrated in vacuo. The crude rac-cis-

8 was directly subjected to 1H NMR investigation without further purification. 

 

The 1H NMR spectra of crude compounds 8 and rac-cis-8 showed the presence of two distinct signals 

corresponding to the carboxylic esters CO2Me and OAc for the two diastereoisomers in rac-cis-8, 

while a single peak each was detected for pure 8, confirming the presence of a single enantiomer (ee 

> 99 %, Figure S1). 
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Figure S1. Enlargement overlays of 1H NMR spectra of Mosher ester 8 (maroon) and rac-cis-8 (teal) in regions 3.720 – 

3.660 (CO2Me signal) and 2.070 – 2.010 (OAc signal). 
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1.4. Synthesis of alkyne building blocks 

 

 

 

Scheme S2. a) Propargyl bromide, base, DMF, 0 °C to rt (5-90%). 

1,2-Ethanediol bis(2-propynyl) ether (S11). To a solution of 1,2-ethanediol (S1, 0.5 mL, 8.97 

mmol) in DMF (10 mL), NaH (60% in mineral oil, 1.48 g, 37.0 mmol) was added, and the mixture 

was stirred at 0 °C for 15 min under argon. Then propargyl bromide (80 % in toluene, 2.7 mL, 25.1 

mmol) was added, and the solution was stirred overnight allowing to reach rt. The solvent was 

evaporated, and the residue was diluted with H2O (20 mL), extracted with DCM (3 x 20 mL), dried 

over Na2SO4, filtered and concentrated in vacuo. The crude product was purified by flash column 

chromatography (petroleum ether/EtOAc, 8:2 to 7:3) to give S11 (620 mg, 50 %). 1H NMR (600 

MHz, CDCl3): δ = 4.21 (d, J = 2.4 Hz, 4H, CH2CCH), 3.72 (s, 4H, H-1), 2.43 (t, J = 2.4 Hz, 2H, 

CCH); 13C NMR (151 MHz, CDCl3): δ = 79.5 (CCH), 74.8 (CCH), 68.9 (C-1), 58.5 (CH2CCH); MS 

(ESI): m/z calcd for C8H10O2: 161.1 [M+Na]+, found: 161.0. 

 

1,4-Butanediol bis(2-propynyl) ether (S12). 1,4-Butanediol (S2, 502 mg, 5.57 mmol) and KOH 

(3.12 g, 55.6 mmol) were dissolved in DMF (10 mL) and stirred at 0 °C for 5 min under argon, then 

propargyl bromide (80 % in toluene, 3.0 mL, 27.8 mmol) was added dropwise, and the solution was 

stirred overnight allowing to reach rt. The solution was diluted with H2O (70 mL), extracted with 

EtOAc (4 x 50 mL), dried over Na2SO4, filtered and concentrated in vacuo. The crude product was 

purified by flash column chromatography (petroleum ether/EtOAc, 10:1 to 8:2) to give S12 (636 mg, 

69 %). 1H NMR (600 MHz, CDCl3): δ = 4.11 (d, J = 2.5 Hz, 4H, CH2CCH), 3.54 – 3.50 (m, 4H, H-

1), 2.40 (t, J = 2.4 Hz, 2H, CCH), 1.68 – 1.64 (m, 4H, H-2); 13C NMR (151 MHz, CDCl3): δ = 80.1 

(CCH), 74.2 (CCH), 69.8 (C-1), 58.1 (CH2CCH), 26.2 (C-2); MS (ESI): m/z calcd for C10H14O2: 

167.1 [M+H]+, found: 167.0. 

 

1,8-Octanediol bis(2-propynyl) ether (S13). 1,8-Octanediol (S3, 501 mg, 3.43 mmol) and KOH 

(2.01 g, 35.8 mmol) were dissolved in DMF (10 mL) and stirred at 0 °C for 5 min under argon, then 

propargyl bromide (80 % in toluene, 1.5 mL, 13.9 mmol) was added dropwise, and the solution was 

stirred overnight allowing to reach rt. The solution was diluted with H2O (70 mL), extracted with 

EtOAc (4 x 50 mL), dried over Na2SO4, filtered and concentrated in vacuo. The crude product was 

ROH RO
a)

S1-S10 S11-S20
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purified by flash column chromatography (petroleum ether/EtOAc, 10:1 to 8:2) to give S13 (646 mg, 

85 %). 1H NMR (600 MHz, CDCl3): δ = 4.10 (d, J = 2.5 Hz, 4H, CH2CCH), 3.47 (t, J = 6.6 Hz, 4H, 

H-1), 2.39 (t, J = 2.4 Hz, 2H, CCH), 1.56 (dq, J = 8.0, 6.6 Hz, 4H, H-2), 1.36 – 1.27 (m, 8H, H-3, H-

4); 13C NMR (151 MHz, CDCl3): δ = 80.1 (CCH), 74.1 (CCH), 70.3 (C-1), 58.1 (CH2CCH), 30.0 (C-

2), 29.4 (C-3), 26.1 (C-4); MS (ESI): m/z calcd for C14H22O2: 245.1 [M+H]+, found: 245.0. 

 

2-(Hydroxymethyl)-1,3-propanediol tris(2-propynyl) ether (S14). 2-Hydroxymethyl-1,3-

propanediol (S4, 250 mg, 2.35 mmol) and KOH (1.35 mg, 24.1 mmol) were dissolved in DMF (5 

mL) and stirred at 0 °C for 5 min under argon, then propargyl bromide (80 % in toluene, 1.5 mL, 13.9 

mmol) was added dropwise, and the solution was stirred overnight allowing to reach rt. The solution 

was diluted with H2O (40 mL), extracted with EtOAc (4 x 50 mL), dried over Na2SO4, filtered and 

concentrated in vacuo. The crude product was purified by flash column chromatography (petroleum 

ether/EtOAc, 10:1 to 9:1) to give S14 (258 mg, 50 %). 1H NMR (500 MHz, CDCl3): δ = 4.11 (d, J = 

2.4 Hz, 6H, CH2CCH), 3.56 (d, J = 6.0 Hz, 6H, H-1), 2.41 (t, J = 2.4 Hz, 3H, CCH), 2.19 (hept, J = 

5.8 Hz, 1H, H-2); 13C NMR (126 MHz, CDCl3): δ = 80.0 (CCH), 74.4 (CCH), 68.4 (CH2CCH), 58.5 

(C-1), 40.1 (C-2); MS (ESI): m/z calcd for C13H16O3: 243.1 [M+H]+, found: 242.9. 

 

cis,cis-1,3,5-Cyclohexanetriol tris(2-propynyl) ether (S15). To a solution of cis,cis-1,3,5-

cyclohexanetriol (S5, 496 mg, 3.75 mmol) in THF (14 mL), NaH (60 % in mineral oil, 921 mg, 23.0 

mmol) was added, and the mixture was stirred at 0 °C for 15 min under argon. Then propargyl 

bromide (80 % in toluene, 1.35 mL, 12.5 mmol) was added, and the solution was stirred overnight 

allowing to reach rt. The solution was diluted with H2O (20 mL), extracted with EtOAc (4 x 30 mL), 

dried over Na2SO4, filtered and concentrated in vacuo. The crude product was purified by flash 

column chromatography (petroleum ether/EtOAc, 10:1 to 8:2) to give S15 (47.7 mg, 5 %). 1H NMR 

(600 MHz, CDCl3): δ = 4.19 (d, J = 2.5 Hz, 6H, CH2CCH), 3.50 (tt, J = 11.5, 4.1 Hz, 3H, H-1), 2.44 

– 2.39 (m, 6H, H-2e, CCH), 1.21 (q, J = 11.6 Hz, 1H, H-2a); 13C NMR (151 MHz, CDCl3): δ = 79.9 

(CCH), 74.5 (CCH), 72.0 (C-1), 55.6 (CH2CCH), 37.5 (C-2); MS (ESI): m/z calcd for C15H18O3: 

269.1 [M+Na]+, found: 269.1. 

 

Benzene-1,3,5-triol tris(2-propynyl) ether (S16). Benzene-1,3,5-triol (S6, 500 mg, 3.97 mmol) and 

K2CO3 (1.67 g, 12.1 mmol) were dissolved in DMF (15 mL) and stirred at rt for 10 min under argon, 

then propargyl bromide (80 % in toluene, 1.5 mL, 13.9 mmol) was added dropwise, and the solution 

was stirred overnight allowing to reach rt. The solution was poured into ice-cold H2O (100 mL) and 

stirred to precipitate the product, which was purified by flash column chromatography (petroleum 
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ether/EtOAc, 10:1 to 8:2) to give S16 (860 mg, 90 %). 1H NMR (500 MHz, CDCl3): δ = 6.27 (s, 3H, 

H-2), 4.65 (d, J = 2.4 Hz, 6H, CH2CCH), 2.53 (t, J = 2.4 Hz, 3H, CCH); 13C NMR (126 MHz, CDCl3): 

δ = 159.5 (C-1), 95.6 (C-2), 78.4 (CCH), 75.9 (CCH), 56.1 (CH2CCH); MS (ESI): m/z calcd for 

C15H12O3: 263.1 [M+Na]+, found: 262.9. 

 

2,2-Bis(hydroxymethyl)propane-1,3-diol tetrakis(2-propynyl) ether (S17). Pentaerythritol (S7, 

508 mg, 3.73 mmol) and KOH (3.10 g, 55.3 mmol) were dissolved in DMF (10 mL) and stirred at 0 

°C for 5 min under argon, then propargyl bromide (80 % in toluene, 4.3 mL, 39.9 mmol) was added 

dropwise, and the solution was stirred overnight allowing to reach rt. The solution was diluted with 

H2O (70 mL), extracted with EtOAc (4 x 50 mL), dried over Na2SO4, filtered and concentrated in 

vacuo. The crude product was purified by flash column chromatography (petroleum ether/EtOAc, 

10:1 to 8:2) to give S17 (910 mg, 85 %). 1H NMR (600 MHz, CDCl3): δ = 4.11 (d, J = 2.5 Hz, 8H, 

CH2CCH), 3.52 (s, 8H, H-1), 2.40 (t, J = 2.4 Hz, 4H, CCH); 13C NMR (151 MHz, CDCl3): δ = 80.3 

(CCH), 74.2 (CCH), 69.1 (CH2CCH), 58.8 (C-1), 44.8 (C-2); MS (ESI): m/z calcd for C17H20O4: 

311.1 [M+Na]+, found: 311.1. 

 

2-[[3-Hydroxy-2,2-bis(hydroxymethyl)propoxy]methyl]-2-(hydroxymethyl)propane-1,3-diol 

hexakis(2-propynyl) ether (S18). Dipentaerythritol (S8, 503 mg, 1.98 mmol) and KOH (5.45 g, 97.1 

mmol) were dissolved in DMF (20 mL) and stirred at 0 °C for 5 min under argon, then propargyl 

bromide (80 % in toluene, 6.0 mL, 55.7 mmol) was added dropwise, and the solution was stirred 

overnight allowing to reach rt. The solution was diluted with H2O (50 mL), extracted with EtOAc (4 

x 50 mL), dried over Na2SO4, filtered and concentrated in vacuo. The crude product was purified by 

flash column chromatography (petroleum ether/EtOAc, 10:1 to 9:1) to give S18 (589 mg, 62 %). 1H 

NMR (500 MHz, CDCl3): δ = 4.11 (d, J = 2.4 Hz, 12H, CH2CCH), 3.51 (s, 12H, H-1), 3.38 (s, 4H, 

H-3), 2.41 (t, J = 2.4 Hz, 6H, CCH); 13C NMR (126 MHz, CDCl3): δ = 80.3 (CCH), 74.2 (CCH), 69.9 

(C-3), 69.3 (C-1), 58.8 (CH2CCH), 45.2 (C-2); MS (ESI): m/z calcd for C28H34O7: 485.2 [M+Na]+, 

found: 485.0. 

 

cis-Inositol hexakis(2-propynyl) ether (S19). cis-Inositol (S9, 25.0 mg, 0.14 mmol) and KOH (161 

mg, 2.87 mmol) were dissolved in DMF (0.5 mL) and stirred at 0 °C for 5 min under argon, then 

propargyl bromide (80 % in toluene, 0.19 mL, 1.76 mmol) was added dropwise, and the solution was 

stirred overnight allowing to reach rt. The solution was diluted with H2O (10 mL), extracted with 

EtOAc (4 x 10 mL), dried over Na2SO4, filtered and concentrated in vacuo. The crude product was 

purified by flash column chromatography (petroleum ether/EtOAc, 8:2 to 1:1) to give S19 (12.5 mg, 
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22 %). 1H NMR (500 MHz, CDCl3): δ = 4.54 (s, 6H, CH2CCHa), 4.42 (d, J = 11.9 Hz, 9H, H-e, 

CH2CCHb), 3.58 (s, 3H, H-a), 2.50 – 2.37 (m, 6H, CCH); 13C NMR (126 MHz, CDCl3): δ = 81.1 

(CCHa), 79.5 (CCHb), 76.2 (C-Ha), 75.3 (CCHa), 74.8 (CCHb), 72.1 (C-He), 59.1 (CH2CCHa), 56.0 

(CH2CCHb); MS (ESI): m/z calcd for C24H24O6: 431.1 [M+Na]+, found: 431.1. 

 

Benzenehexol hexakis(2-propynyl) ether (S20). Benzenehexol (S10, 444 mg, 2.55 mmol) and 

K2CO3 (2.75 g, 19.9 mmol) were dissolved in DMF (11 mL) and stirred at rt for 10 min under argon, 

then propargyl bromide (80 % in toluene, 2.5 mL, 23.2 mmol) was added dropwise, and the solution 

was stirred overnight allowing to reach rt. The solution was poured into ice-cold H2O (100 mL) and 

stirred to precipitate the product, which was purified by flash column chromatography (petroleum 

ether/EtOAc, 10:1 to 8:2) to give S20 (51.6 mg, 5 %). 1H NMR (500 MHz, CDCl3): δ = 4.80 (d, J = 

2.6 Hz, 12H, CH2CCH), 2.51 (t, J = 2.5 Hz, 6H, CCH); 13C NMR (126 MHz, CDCl3): δ = 141.6 (C-

1), 79.0 (CCH), 75.9 (CCH), 61.3 (CH2CCH); MS (ESI): m/z calcd for C24H18O6: 425.1 [M+Na]+, 

found: 425.0. 
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2. Determination of polymer 33 loading 

Loading of polymer 33 was calculated with the formula: 

 % loading =  
Ie

Ie  + It
 ·  100 % (S1) 

Where Ie and It are the integrals corresponding to 1H signals for epitope and thioglycerol moieties, 

respectively. Ie was calculated as the average of the integrals related to protons H-2e, L2, H-6a and 

H-4a, while for Ie + It the signal at δ = 2.79, corresponding to the protons H-3’e and A’, was selected. 

 

 

Figure S2. 1H NMR spectrum of 33. 
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3. Differential Scanning Fluorimetry 

 

Figure S3. NanoDSF analysis of multivalent ligands. The upper graph represents the ratio between the fluorescence 

measured at 350 and 330 nm, while the lower one depicts the related first derivatives are depicted. 

 

4. Isothermal Titration Calorimetry 

 

4.1. General methods. Isothermal titration calorimetry experiments were performed at 25 °C (or a 

specified different temperature) on an ITC200 (MicroCal, Northampton, USA) instrument set to 6 

µcal·s-1 reference power, 750 rpm stirring speed, feedback mode high, 2 s filter period). Protein 

solutions were dialyzed against ITC buffer (100 mM HEPES, 150 mM NaCl, pH 7.4) prior to the 

experiments and all samples were prepared using the dialysate buffer to minimize dilution effects. 

Protein concentrations were determined spectrophotometrically with the specific absorbance at 280 

nm employing an extinction coefficient of 33240 mol-1·cm-1. In a typical experiment, a 0.5-10 mM 

ligand solution was titrated to a solution containing 35-100 µM Siglec-8 to ensure more than 80 % 

saturation. For low c experiments, the stoichiometry parameter was constrained to 1. Baseline 

correction, peak integration, and non-linear regression analysis of experimental data were performed 

using the NITPIC (version 1.2.2.) [4] and SEDPHAT (version 12.1b) [5] software packages. 

Replicates were analyzed using global fitting, and the 68 % confidence intervals were calculated as 

an estimate of experimental error. 
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4.2. Thermodynamic data and errors 

 

Table S1. ITC results for oligovalent compounds. Error estimates resemble the 68 % confidence interval from global 

fitting of two or more independent experiments. n.d.: not determined. 

Compound 
KD 

[µM] 

∆G° 

[kJ·mol-1] 

∆H° 

[kJ·mol-1] 

-T∆S° 

[kJ·mol-1] 
N 

Monovalent 19 
229.9 

(226.4 – 233.4) 

-20.8 

(-20.8 – -20.7) 

-29.7 

(-30.0 – -29.5) 

8.9 

(8.7 – 9.2) 
1 (fixed) 

Di-flex-4 (20) 
52.9 

(45.2 – 62.7) 

-24.4 

(-24.8 – -24.0) 

-79.5 

(-101 – -66.6) 

55.1 

(41.8 – 77.4) 

2.6 

(2.3 – 3.2) 

Di-flex-6 (21) 
82.5 

(72.4 – 95.0) 

-23.3 

(-23.6 – -23.0) 

-88.5 

(-119 – -72.0) 

65.2 

(48.4 – 95.6) 

2.8 

(2.4 – 3.5) 

Di-flex-6 (22) 
75.2 

(70.2 – 80.9) 

-23.5 

(-23.7 – -23.4) 

-100.9 

(-117.9 – -88.9) 

77.4 

(65.2 – 94.5) 

3.2 

(2.9 – 3.7) 

Di-flex-12 (23) 
48.3 

(43.2 – 54.3) 

-24.6 

(-24.9 – -24.3) 

-80.4 

(-95.7 – -69.9) 

55.7 

(44.9 – 71.4) 

2.9 

(2.6 – 3.4) 

Tri-bran (25) 
25.4 

(23.1 – 28.0) 

-26.2 

(-26.5 – -26.0) 

-122.8 

(-136.4 – -112.3) 

96.6 

(85.8 – 110) 

4.2 

(3.9 – 4.5) 

Tri-cycl (26) 
30.0 

(24.5 – 37.6) 

-25.8 

(-26.3 – -25.3) 

-116.3 

(-161.0 – -93.6) 

90.5 

(67.3 – 136) 

4.1 

(3.5 – 5.2) 

Tri-arom (27) 
16.9 

(15.0 – 19.0) 

-27.2 

(-27.5 – -26.9) 

-111.1 

(-120.7 – -103.2) 

83.8 

(75.6 – 93.7) 

3.4 

(3.2 – 3.6) 

Tetra-bran (24) 
15.7 

(13.5 – 18.5) 

-27.4 

(-27.8 – -27.0) 

-132.3 

(-152.0 – -117.9) 

104.8 

(90.1 – 125.0) 

4.1 

(3.8 – 4.5) 

Hexa-bran (28) 
7.9 

(6.9 – 9.2) 

-29.1 

(-29.5 – -28.7) 

-154.0 

(-166.7 – -143.7) 

124.9 

(114.2 – 138.0) 

5.2 

(5.0 – 5.4) 

Hexa-cycl (29) 
8.1 

(7.4 -9.0) 

-29.0 

(-29.3 – -28.8) 

-173.6 

(-185.4 – -163.7) 

144.6 

(134.4 – 156.6) 

6.3 

(6.1 – 6.6) 

Hexa-arom (30) 
7.7 

(6.8 – 8.8) 

-29.2 

(-29.5 – -28.9) 

-150.4 

(-160.8 – -141.8) 

121.3 

(112.3 – 131.9) 

5.4 

(5.3 – 5.6) 

PLL-

glycopolymer 33 

0.042 

(0.023 – 0.079) 

-42.1 

(-43.6 – -40.5) 
n.d. n.d. n.d. 

 

Table S2. Normalized ITC results for oligovalent compounds. Parameters were calculated from the experimental ITC 

results with the formula ∆𝐗°𝐧𝐨𝐫𝐦 = ∆𝐗° 𝐍⁄ . Error estimates resemble the 68 % confidence interval from global fitting of 

two or more independent experiments. [a] Dissociation constants are calculated according to Kitov-Bundle model: 

𝑲𝐃 𝐧𝐨𝐫𝐦  =  𝑲𝐃 · 𝐍. 

Compound 
KD norm

[a] 

[µM] 

∆G°norm 

[kJ·mol-1] 

∆H°norm 

[kJ·mol-1] 

-T∆S°norm 

[kJ·mol-1] 

Monovalent 17 
229.9 

(226.4 – 233.4) 

-20.8 

(-20.8 – -20.7) 

-29.7 

(-30.0 – -29.5) 

8.9 

(8.7 – 9.2) 

Di-flex-4 (20) 
139.3 

(119.0 – 165.1) 

-9.3 

(-9.4 – -9.1) 

-30.2 

(-38.5 – -25.3) 

20.9 

(15.9 – 29.4) 

Di-flex-6 (21) 229.0 -8.4 -31.9 23.5 
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Compound 
KD norm

[a] 

[µM] 

∆G°norm 

[kJ·mol-1] 

∆H°norm 

[kJ·mol-1] 

-T∆S°norm 

[kJ·mol-1] 

(201.0 – 263.8) (-8.5 – -8.3) (-42.7 – -25.9) (17.4 – 34.4) 

Di-flex-6 (22) 
244.1 

(227.7 – 262.6) 

-7.3 

(-7.3 – -7.2) 

-31.1 

(-36.3 – -27.4) 

23.8 

(20.1 – 29.1) 

Di-flex-12 (23) 
142.2 

(127.2 – 159.6) 

-8.4 

(-8.5 – -.3) 

-27.3 

(-32.6 – -23.8) 

19.0 

(15.3 – 24.3) 

Tri-bran (25) 
106.3 

(96.6 – 117.2) 

-6.3 

(-6.3 – -6.2) 

-29.4 

(-32.6 – -26.9) 

23.1 

(20.5 – 26.4) 

Tri-cycl (26) 
121.9 

(99.6 – 117.2) 

-6.3 

(-6.5 – -6.2) 

-28.6 

(-39.6 – -23.0) 

22.2 

(16.5 – 33.4) 

Tri-arom (27) 
57.2 

(50.9 – 64.4) 

-8.0 

(-8.1 – -7.9) 

-32.8 

(-35.6 – -30.4) 

24.7 

(22.3 – 27.6) 

Tetra-bran (24) 
64.5 

(55.2 – 75.7) 

-6.7 

(-6.8 – -6.6) 

-32.2 

(-37.1 – -28.7) 

25.6 

(22.0 – 30.5) 

Hexa-bran (28) 
40.8 

(35.4 – 47.4) 

-5.7 

(-5.7 – -5.6) 

-29.9 

(-32.4 – -27.9) 

24.2 

(22.2 – 26.8) 

Hexa-cycl (29) 
51.5 

(46.7 – 57.0) 

-4.6 

(-4.6 – -4.6) 

-27.4 

(-29.3 – -25.9) 

22.8 

(21.2 – 24.7) 

Hexa-arom (30) 
42.1 

(37.2 – 47.8) 

-5.4 

(-5.4 – -5.3) 

-27.6 

(-29.5 – -26.0) 

22.3 

(20.6 – 24.2) 

 

Table S3. ITC experiments for the determination of ∆Cp. Error estimates resemble the 68 % confidence interval from 

global fitting of two or more independent experiments. n.d.: not defined. 

Compound 
T 

[°C] 

KD 

[µM] 

∆G° 

[kJ·mol-1] 

∆H° 

[kJ·mol-1] 

-T∆S° 

[kJ·mol-1] 
N 

Monovalent 19 15 
150.9 

(145.3 – 156.8) 

-21.8 

(-21.9 – -21.7) 

-22.2 

(-22.7 – -21.8) 

0.4 

(-0.1 – 1.0) 
1 (fixed) 

Monovalent 19 35 
345.3 

(337.0 – 354.6) 

-19.8 

(-19.8 – -19.7) 

-24.7 

(-25.1 – -24.3) 

4.9 

(4.5 – 5.4) 
1 (fixed) 

Tetra-bran (24) 15 
7.8 

(6.4 – 9.5) 

-29.2 

(-29.6 – -28.7) 

-109.5 

(-121.7 – -100.0) 

80.4 

(70.4 – 93.0) 

4.1 

(3.9 – 4.3) 

Tetra-bran (24) 35 
17.1 

(15.4 – 19.1) 

-27.2 

(-27.5 – -26.9) 

-121.0 

(-134.7 – -110.4) 

93.8 

(82.9 – 107.8) 

4.5 

(4.3 – 4.9) 

Hexa-bran (28) 21.2 
6.8 

(6.1 – 7.7) 

-29.5 

(-29.8 – -29.2) 

-145.3 

(-154.6 – -137.5) 

115.9 

(107.7 – 125.4) 

5.7 

(5.5 – 5.9) 

Hexa-bran (28) 32 
10.3 

(7.8 – 14.0) 

-28.5 

(-29.1 – -27.7) 

-162.0 

(-202.2 – -138.3) 

133.5 

(109.2 – 174.5) 

6.1 

(5.6 – 6.9) 
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4.3. Representative thermograms of ITC experiments 

Compound 19 Compound 20 Compound 21 

Compound 22 Compound 23 Compound 25 
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Compound 26 Compound 27 Compound 24 

Compound 28 Compound 29 Compound 30 

Compound 31 

  

Figure S3. Exemplifying ITC analysis. Thermograms and binding isotherms for analyzed oligovalent compounds. 
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The ITC thermograms show no inflection points, reflecting the low c experiment shape (Figure S3). 

In such a case, the fitting parameters n and ∆H° are strictly correlated to each other and usually cannot 

be determined. The correlation between the two parameters was checked for each experiment using 

two-dimensional error surface projection (2D ESP) of the Χ2 function (Figure S4). 

The 2D ESP for compound 19 showed no minimum, as the two parameters are strictly dependent on 

each other. For this compound, therefore, the N parameter was fixed to 1, indicating the formation of 

the 1:1 complex with the protein. For the oligovalent compounds, such as 28, a minimum region was 

found, together with the 68 % and 95 % confidence intervals, and so both n and ∆H° can be 

determined with the respective errors. Only for the polymer 31, this correlation could not be obtained 

with the used experimental conditions, and additional experiments with increased amount of protein 

would be necessary. 

Compound 19 Compound 28 

Figure S4. Examples of 2D ESP for compounds 19 and 28. Correlation between the fitting parameter n and the ∆H°. 

For compound 19, the two values are strictly dependent on each other, and no minimum for both can be determined. For 

compound 28, inner and outer confidence regions, corresponding to 68 and 95 % confidence thresholds, can be identified. 
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5. NMR and MS identification of target compounds 

Compound 19: 1H NMR (500 MHz, D2O) and 13C APT-NMR (126 MHz, D2O) 
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Compound 20: 1H NMR (500 MHz, D2O), 13C APT-NMR (126 MHz, D2O) and HR-MS (ESI). 
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Compound 21: 1H NMR (500 MHz, D2O), 13C APT-NMR (126 MHz, D2O) and HR-MS (ESI). 
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Compound 22: 1H NMR (500 MHz, D2O), 13C APT-NMR (126 MHz, D2O) and HR-MS (ESI). 
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Compound 23: 1H NMR (500 MHz, D2O), 13C APT-NMR (126 MHz, D2O) and HR-MS (ESI). 
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Compound 25: 1H NMR (500 MHz, D2O), 13C APT-NMR (126 MHz, D2O) and HR-MS (ESI). 
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Compound 26: 1H NMR (500 MHz, D2O), 13C APT-NMR (126 MHz, D2O) and HR-MS (ESI). 
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Compound 27: 1H NMR (500 MHz, D2O), 13C APT-NMR (126 MHz, D2O) and HR-MS (ESI). 
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Compound 24: 1H NMR (500 MHz, D2O), 13C APT-NMR (126 MHz, D2O) and HR-MS (ESI). 
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Compound 28: 1H NMR (500 MHz, D2O), 13C APT-NMR (126 MHz, D2O) and HR-MS (ESI). 
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Compound 29: 1H NMR (500 MHz, D2O) and 13C APT-NMR (126 MHz, D2O). 
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Compound 30: 1H NMR (500 MHz, D2O), 13C APT-NMR (126 MHz, D2O) and HR-MS (ESI). 
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2nd Generation of Siglec-8 ligands 

Manuscript 2: 2nd Generation Siglec-8 Ligands: Effects of Bioisosteric 

Modification at C-4 and C-9 

This manuscript describes the applied strategies for the synthesis of a second generation of ligands 

targeting Siglec-8. The lead molecule was previously identified (Paper 1) and served as starting point 

for ligands modified at different sites. This includes the introduction of bioisosteres for the 

carboxylate and the sulfate group, the synthesis of a small library of amides and sulfonamides at the 

C-9, as well as the modification of the C-4 of sialic acid. 

 

Contribution to the project: 

Gabriele Conti designed and performed the synthesis of the compounds. He expressed and purified 

Siglec-8 CRD, which he used in differential scanning fluorimetry, microscale thermophoresis and 

isothermal titration calorimetry assays. 
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2nd Generation Siglec-8 Ligands: Effects of Bioisosteric Modification at C-4 and 

C-9 

Gabriele Conti,[a],[b] Oliver Schwardt,[a] Roland J. Pieters,[b] and Beat Ernst[a] 

[a] Molecular Pharmacy Group, Department of Pharmaceutical Sciences, University of Basel, 

Klingelbergstrasse 50, 4056 Basel (Switzerland) 

[b] Chemical Biology and Drug Discovery Group, Department of Pharmaceutical Sciences, 

Utrecht University, Universiteitsweg 99, 3584 CG Utrecht (The Netherlands) 

Abstract 

Siglec-8 is an immunoreceptor with inhibitory functions expressed on eosinophils and mast cells. 

When Siglec-8 is activated via binding to antibodies or synthetic polymers, eosinophils apoptosis and 

inhibition of mast cell degranulation are triggered. Therefore, targeting Siglec-8 for treating 

eosinophil- and mast cell-associated diseases caused by overexpression of these cell types appears to 

be a promising strategy. An extensive study on the pharmacophores of the tetrasaccharide 6’-sulfo-

sialyl Lewisx (6'-S-sLex), the preferred Siglec-8 ligand identified via a glycan array approach, led to 

the identification of a glycomimetic sulfonamide with improved activity. Here, we present a study on 

modifications of different positions of a glycomimetic lead molecule, as well as the analysis of a 

second generation of sulfonamides. While the carboxylic acid and the sulfate group proved to be 

essential for binding, the C-4 proved to be a suitable site for modifications increasing the binding 

affinity. 

 

Introduction 

Siglecs are a family of I-type transmembrane lectins primarily expressed on immune cells, which 

are involved in numerous physiological and pathological conditions, with functions depending on 

their structure and cell type expressing them.1–6 Human siglecs are distinguished into conserved 

siglecs found in different species, and CD33-related siglecs, which are rapidly evolving proteins that 

share high sequence similarity. Among them, Siglec-8 is an inhibitory receptor present on eosinophils 

and mast cells, and to some extent on basophils.7–10 Its extracellular domain consists of an N-terminal 

V-set domain, called the carbohydrate recognition domain (CRD), and two C2-set domains, which 

intracellular present the inhibitory motifs ITIM and ITIM-like. When Siglec-8 binds to antibodies or 



2nd Generation of Siglec-8 ligands 

137 
 

synthetic polymers displaying Siglec-8 ligands, it triggers eosinophil cell death and inhibits mast cell 

degranulation.11–14 Thus, targeting Siglec-8 represents a promising strategy for the treatment of 

conditions resulting from huge overexpression of these cell types, like asthma and allergic 

inflammation.15,16 

Although the pharmacological relevance of Siglec-8 has already been proven, the development of 

small molecules targeting Siglec-8 is still at a very early phase.17 Indeed, the flatten and solvent-

exposed binding sites of lectins usually account for low affinities in the micromolar range. 

Additionally, carbohydrates are associated with poor drug-like properties, and tedious and long 

synthetic procedures with regio- and stereoselectivity issues that hamper the overall yield of the 

process. However, the development of glycomimetic structures proved to be a successful solution for 

a number of siglecs.18 Common ways to derive glycomimetics from their respective saccharides 

mostly rely on the replacement of carbohydrate moieties with non-carbohydrate ones, the use of 

bioisosteres and the introduction of new functionalities to target different protein residues. In this 

work, we describe the results of various modifications of the lead glycomimetic ligand for Siglec-8 

that was previously identified in our laboratory.17 

 

Results and discussion 

Our approach to identify a potent Siglec-8 ligand was recently published.17 Pharmacophore 

analysis of the tetrasaccharide 6’-sulfo-sialyl Lewisx (6’-sulfo-sLex), the preferred Siglec-8 ligand 

identified by a glycan array approach, allowed the development of glycomimetic structures with 

improve affinity. To achieve this, the tetrasaccharide structure was first shortened to the 

corresponding disaccharide Neu5Ac-Gal6S (GB30), which represents the minimal binding moiety. 

The replacement of the galactose ring with cyclohexane (→ GC10), together with the introduction of 

sulfonamide modification at C-9 of sialic acid provided GC35, a compound with improved affinity 

and drug-like properties (Figure 1). 

In this perspective, glycomimetic GC10 can be considered as the lead compound in the 

development of new high-affinity ligands for Siglec-8. Here we present further modifications 

including bioisosteres for the carboxylic acid and the sulfate, the modification of the C-4 position of 

sialic acid, as well as the introduction of different aromatic sulfonamides at C-9. 
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Figure 1. Development of a high-affinity sulfonamide ligand for Siglec-8. Pharmacophore analysis of the preferred 

tetrasaccharide 6’-sulfo-sLex led to the identification of disaccharide GB30 as minimal binding epitope, with a 2-fold loss 

affinity. Replacement of the galactose ring with cyclohexane allowed the glycomimetic GC10 with affinity similar to the 

tetrasaccharide. Additional modification by the introduction of a naphthalenesulfonamide moiety led to a further 

improvement of improved affinity.17 

Bioisosteres of the carboxylic acid and the sulfate group 

With bioisosteres of the carboxylate and the sulfate group of GB30, no affinity improvement was 

observed.17 In order to confirm this trend, a small series of amide bioisosteres, as well as a phosphate 

analogue of GC10 were synthesised and tested. The synthesis of amides was achieved via classic 

peptide synthesis from glycomimetic GC10, using HATU as activating agent, while the phosphate  

 

 

Scheme 1. Synthesis of amide and phosphate bioisosteres. a) RH, HATU, DIPEA, DMF, rt, (33 – 63 %); b) dibenzyl 

N,N-diisopropylphosphoramidite, 1,2,4-triazole, MeCN, 0 °C to rt, overnight; then tBuOOH, rt, 1 h (29 %); c) Pd/C, H2 

(1 atm), MeOH, rt, overnight; then NaOH (aq.), rt, 5 h (92 %). 
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derivative GC18 was obtained in two steps from compound GC0817 (Scheme 1). These compounds 

were then tested with differential scanning fluorimetry (Figure 2 and Table 1).  

When a ligand binds to Siglec-8, the stabilized complex exhibits a higher apparent melting 

temperature Tm. This was indeed the case of GC10, whose binding to Siglec-8 caused a ∆Tm of  

+ 2.9 °C. The amide and phosphate modifications of glycomimetic lead molecules elicited no 

significant difference in Tm, clearly indicating that no binding to Siglec-8 was taking place. These 

results were further confirmed by microscale thermophoresis (MST) and isothermal titration 

calorimetry (ITC) assays, as in both cases no binding for these compounds was detected. These results 

are in agreement with the previous findings that altering these functionalities in the disaccharide 

GB30 led to inactive compounds,17 confirming their key role in substrate recognition and supporting 

the idea of an identical binding mode between the glycomimetic GC10 and GB30. 

 

Figure 2. NanoDSF analysis of bioisosteres of GC10. The upper graph represents the ratio between the fluorescence 

measured at 350 and 330 nm, while the lower one depicts the related first derivatives are depicted. 
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Table 1. Tm and ∆Tm values for various ligands. Siglec-8-CRD was used with a concentration of 20 µM and incubated 

with 1 mM of each ligand. 

Compound Structure Tm (°C) ∆Tm (°C) 

Siglec-8  44.7 - 

Reference compound 

GC10 

 

47.6 + 2.9 

Carboxylic acid bioisosteres 

GC11 

 

44.7 + 0.0 

GC16 

 

44.8 + 0.1 

GC27 

 

44.9 + 0.2 

GC15 

 

44.8 + 0.1 

Sulfate bioisostere 

GC18 

 

45.1 + 0.4 

 

Modification of the 4-position of the Neu5Ac moiety. 

The development of compound GC10 starting from the natural ligand, tetrasaccharide 6’-sulfo-

sLex, was guided by rational design based on the available NMR solution structure.19 By keeping the 

important functionalities, and removing the moieties not essential for binding based on the NMR 

structure, first disaccharide GB30 and then its glycomimetic GC10 were obtained. In such an 

approach, where the binding epitope is not altered, no major changes in the binding pose between the 

compounds are expected. This is also supported by equal loss of affinity for the GC10- and the GB30-

series of bioisosteres. Finally, the docking pose of compound GC10 also provided additional proof 

that this compound binds similarly to 6’-sulfo-sLex (Figure 3). 
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Figure 3. Docking poses of 3-aminopropyl 6’-sulfo-sLex and GC10. 3-Aminopropyl 6’-sulfo-sLex (green), GC10 

(cyan). Structure preparation and docking studies were performed with Maestro suite,20 using the NMR solution structure 

2N7B as input. The figure was generated using Pymol.21 Colour code: N: blue, O: red, S: yellow. 

In this binding pose, the hydroxyl group at C-4 of Neu5Ac lays next to the amino group of Lys116, 

pointing towards a pocket limited by Asp38, Ser114, and Lys116. The introduction of a proper 

substituent at this position, which could establish new interactions with these residues, could possibly 

lead to an increase in binding enthalpy and thus improve affinity. In order to achieve this, the hydroxyl 

group was replaced by an azide, a useful strategy to open the route to different classes of compounds, 

such as amides, amines or triazole derivatives. 

Starting from the commercially available Neu5Ac, the synthesis of the 4-azido analogue of 

glycomimetic GC10 is achieved in 9 steps (Scheme 2). First, the sialic acid was subjected to 

methylation of the carboxylic acid and anomeric hydroxyl by treatment with methanol and Dowex 

50W X8 at 60 °C (→ GC50).22 Next, peracetylation with acetic anhydride in the presence of sulfuric 

acid yielded oxazoline GC46. The azido group was then inserted via SN2 opening of the oxazoline 

ring at C-4 with TMSN3 (→ GC51). Markovnikov addition of hydrogen chloride to the glycal GC51 

allowed the restoration of the original oxidation states of C-2 and C-3. The introduction of a chlorine 

leaving group (→ GC52), and conversion into the thio derivative GC54 by treatment with  

p-thiocresol was possible. Glycosylation of acceptor GC03 using NIS and TfOH as activators and 

MeCN and DCM as solvent, yielded compound GC92, however, only in a moderate yield of 16%. 

Finally, desilylation with HF (→ GC93) and sulfation of the deprotected hydroxyl (→ GC95), 

followed by ester hydrolysis with aqueous NaOH yielded the 4-azido analogue GC96. 
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Scheme 2. Synthesis of 4-azido analogue of glycomimetic lead. a) Dowex 50W X8, MeOH, 60 °C, 90 h (74 %);  

b) Ac2O, H2SO4, rt, 70 h (70 %); c) TMSN3, tBuOH, 80 °C, 16 h (95 %); d) HCl (g), LiCl, MS  3 Å, -30 °C to rt, 120 h 

(54 %); e) p-thiocresol, DIPEA, DCM, 0 °C to rt, 24 h (66 %); f) NIS, TfOH, MeCN, DCM, MS 3 Å, -40 °C, 24 h  

(16 %); g) HF·py, pyridine, 0 °C, 24 h (81 %); h) SO3·py, DMF, rt, 24 h (85 %); i) NaOH (aq.), rt, 120 h (80 %). 

Next, a small library of amides was synthesised (Scheme 3). First, the azido group was reduced to 

the primary amine via Pd-catalysed hydrogenation (→ GC106). Subsequent acylation with the 

corresponding carboxylic acids in the presence of HATU as activating agent afforded amides GC108, 

GC107 and GC109. 

 

Scheme 3. Synthesis of amide derivatives at C-4. a) Pd(OH)2/C, H2 (1 atm), H2O, rt, 24 h (97 %); b) RCO2H, HATU, 

DIPEA, DMF, rt, (37 – 63 %). 

These three amides, as well as the 4-amino and 4-azido compounds, were then tested with MST 

(Table 2). 

Lead glycomimetic GC10 showed a KD of 256 µM, which is in agreement with the reported result 

from ITC (259 µM).17 The replacement of the hydroxyl group by azide (→ GC96) improved the  
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Table 2. MST analysis of C-4 modified derivatives of GC10. 

Compound Structure KD [µM] 

GC10 

 

256 

GC96 

 

162 

GC106 

 

421 

GC108 

 

193 

GC107 

 

161 

GC109 

 

262 

 

affinity to 162 µM, i.e. 1.6-fold improvement. This result is an indication that the 4-OH of the sialic 

acid is not involved in key interactions with the protein, therefore its modification can indeed 

represent a valuable strategy to improve the affinity of Siglec-8 ligands. However, when the azide is 

converted into the primary amine (→ GC106) the KD dropped to 421 µM. This may be due to the 

energetic costs associated with the additional positive charge of the protonated amine at physiological 

pH. When the amine was converted to amides, small improvements were observed. The acetamide 

derivatives GC108 and GC107 showed affinities of 161 and 193 µM, respectively. The docking pose 

of these two compounds indicates the possible formation of an additional hydrogen bond between the 

oxygen of the new carbonyl group and Lys116. Interestingly, the amide made from the  

5-hydroxyindole-3-acetic acid (GC109) exhibited a KD of 262 µM, which is worse than the other two 

amides despite showing a better docking score. 
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Even if this small library of compounds was not based on proper computational studies, affinity 

enhancements of 1.6-fold compared to the lead glycomimetic GC10 were observed for both the azide 

and the benzylamide analogues. More in-depth computer-aided studies hopefully could provide 

valuable information regarding the amides to be tested. In addition, it would be interesting also to see 

whether other substitution patterns, such as triazole derivatives which are readily available through 

copper-catalysed azide-alkyne cycloaddition, could lead to ligands with improved affinity. 

Modification of the 9-position of the Neu5Ac moiety. 

The introduction of sulfonamide functionalities at the 9-position of sialic acid proved to be a 

valuable strategy to enhance the affinity of Siglec-8 ligands.17,23 The reported synthesis of the  

9-amino analogue of glycomimetic GC10, however, suffers from two low-yielding steps: the 

selective activation of the 9-hydroxyl group of the glycosyl donor, and the glycosylation reaction 

(Scheme 4). These two steps were described with 35 and 25 % yield, respectively, drastically 

diminished the overall yield. 

 

Scheme 4. Critical steps in the reported synthesis of 9-azido derivatives. a) TsCl, pyridine, 0 °C to rt, 16 h (35 %);  

b) NIS, TfOH, MeCN, DCM, MS 3 Å, -40 °C, 4 h (25 %). 

In attempts to improve the synthesis compound GC56, two different alternatives were explored. 

First, since GC74 was synthesised from the glycosyl donor GC06, also used for the synthesis of 

glycomimetic GC10, a 7-steps procedure was necessary. We envisaged that the same compound 

could be obtained in a shorter route from the same starting point, the commercially available Neu5Ac 

(Scheme 5). 

In this procedure, similar to the reported one, the sialic acid was first esterified to the methylester 

in presence of the acidic resin Amberlyst-15 (→ GC04). At this stage, however, the compound was 

treated with tosyl chloride for the selective activation of the primary alcohol, affording GC62, which 

was then immediately subjected to the next peracetylation without any workup procedure (→ GC68).  
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Scheme 5. Alternative synthesis of glycosyl donor GC74. a) Amberlyst-15, MeOH, rt, 120 h (98 %); b) TsCl, pyridine, 

0 °C to rt, on; c) Ac2O, pyridine, 0 °C to rt, 96 h (≈ 73 % from GC04); d) NaN3, DMF, 60 °C, on; e) p-thiocresol, 

BF3·Et2O, DCM, 0 °C to rt, 24 h (18 % from GC68). 

After introducing the azido group via reaction with NaN3 (→ GC69), the substitution of the anomeric 

acetate with p-thiocresol yielded the thiolyl glycosyl donor GC74, but only in 24 % yield. It needs to 

be specified that the goal of this alternative synthetic route was to obtain the modified glycosyl donor 

in high quantity. Therefore, tedious chromatographic purifications were avoided whenever possible, 

even if that meant carrying impurities along the steps, and only the final glycosyl donor GC74 was 

subjected to chromatography. In this procedure, which involves 5 steps instead of 7 for the reported 

procedure, the functionalization of the primary hydroxyl as tosyl group proceeded with a higher yield. 

This was most likely due to the higher purity of the tosyl chloride since in this case, the reagent was 

recrystallized immediately before use. An old batch of tosyl chloride can indeed contain impurities 

of p-toluenesulfonic acid and hydrochloric acid, which can eventually affect the outcome of the 

reaction. Unexpectedly, however, the introduction of the azido group did not proceed as expected, 

since the glycosyl donor GC74 was obtained only with a 24 % yield. Perhaps, chromatographic 

purification of the intermediate could lead to an improved yield, however, at the expense of synthetic 

practicality. 

In the final step, the glycosyl donor GC74 was reacted with acceptor GC03 for completing the 

synthesis of glycomimetics. However, this reaction is associated with various problems, from the α- 

or β-stereoselectivity to the formation of byproducts. The combination of thiotolyl as leaving group, 

NIS/TfOH as promoters, acetonitrile as solvent, and low temperature favours the formation of the  

α-stereoisomer. This selectivity is due to the formation of a kinetically favoured β-nitrilium ion after 

displacement of the leaving group, which eventually promotes α-product. Additionally, a glycal 

byproduct is generally formed in a competing elimination reaction, which diminishes the 

glycosylation efficiency (Scheme 6).24 

To avoid the formation of the undesired β-sialoside, it is important to perform the reaction at low  
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Scheme 6. Mechanism of sialylation in the presence of acetonitrile. After activation of the thiotolyl group as sulfonium 

iodide, the elimination of the leaving group forms a positively charge intermediate, which is attacked by acetonitrile. The 

kinetically favoured β-nitrilium ion is the predominant species at low temperature, therefore making the α-sialoside the 

major product of the reaction. Alternatively, the oxocarbenium intermediate can undergo H-elimination to form the sialyl 

glycal byproduct.  

temperature and with acetonitrile as solvent. However, when performing the glycosylation between 

donor GC74 and acceptor GC03, the solubility profile of the mixture was not compatible with the 

optimized experimental conditions (solvent, temperature and concentration) used before for the 

synthesis of glycomimetic GC10, as in this case, the mixture froze before reaching -40 °C. While 

higher temperature promotes the β-product, a lower concentration of the reagents could detrimentally 

favour the competing elimination reaction. Therefore, a combination of acetonitrile and DCM was 

used as solvent to allow the formation of the nitrilium species while increasing the solubility of the 

mixture to reach -40 °C. However, by change in the solvent composition alpha selectivity was still 

achieved, but for the price of reduced chemical yield. 

Since the formation of glycal byproduct anyway represented the major issue of the sialylation, we 

decided to introduce the azido group after the glycosylation with the C-9 unmodified sialyl donor 

(Scheme 7). 

In this procedure, GC0717 was deacetylated using Zemplén conditions to afford the glycomimetic 

GC78, which was then treated with freshly purified tosyl chloride to selectively activate only the  
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Scheme 7. Alternative synthesis of compound GC56. a) MeONa, MeOH, rt, 24 h (quant.); b) TsCl, pyridine, 0 °C to 

rt, overnight (71 %); c) NaN3, DMF, 70 °C, 24 h; d) Ac2O, pyridine, 0 °C to rt, 24 h (91 % from GC79). 

primary alcohol at the 9-position (→ GC79) in 71 % yield. Subsequently, the insertion of the azide 

moiety (→ GC83), followed by peracetylation proceeded smoothly to afford compound GC56. 

Overall, three different strategies to synthesise glycomimetic GC56 were explored (Scheme 8). 

 

Scheme 8. Overview of the different synthetic routes for the formation of compound GC56. 

The published procedure involved the synthesis of the glycosyl donor GC74 from compound 

GC06, and subsequent glycosylation (A + C + E). This route involved a total of 8 steps, with an 

overall yield of 5 %. The first alternative that was investigated here was to reduce the number of 

reactions to obtain the same glycosyl donor GC74 (B + E). In total, this alternative gave no yield 

improvement (5 %), but allowed to reduce the steps to 6. Finally, introducing the azide moiety after 

the glycosylation (A + D + F) proved to be the best alternative, with an overall yield of 40 % over 8 

steps. In summary, despite additional improvements for each synthetic pathway could be obtained, it 

appears that the best option is to perform the glycosylation reaction on the unmodified sialyl donor 

GC06, and introduce the azide moiety at later stages. Indeed, the glycosylation reaction, with the 

undesired β-glycoside and glycan byproducts, represents the major challenge in these routes, and it 

seems more convenient to employ the rather non-precious donor GC06, which can be easily obtained 

in large quantities. In this way, the glycosylation can be performed with an excess of GC06, allowing 
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to completely react the glycosyl acceptor GC03, even if a higher amount of glycan byproduct is 

formed. Additionally, the more hydrophobic character of compound GC07 entails easier handling of 

the compounds during workup and purification steps. 

The benefits of having a sulfonamide moiety at the C-9 position of sialic acid for Siglec-8 ligands 

were previously demonstrated.17,23 Indeed, the presence of a naphthalenesulfonamide made 

compound GC35 the most potent ligand in our first generation of Siglec-8 ligands, with a KD of  

15 µM. Obviously, a different binding pose between GC35 and Siglec-8 must be expected, since in 

the available NMR solution structure there is no space to allocate the naphthalene modification. 

Presumably, a protein conformational rearrangement opens a new pocket where the naphthalene 

moiety can establish new interactions. This means, however, that the available structural information 

is not suitable to perform computational studies aimed to choose the optimal sulfonamide 

substituents. Therefore, for our second generation of sulfonamide analogues, variations of the 

naphthalene moiety were selected to assess the influence of the electronic properties of the aromatic 

rings, a few different aromatic scaffolds were chosen (Scheme 9), and the ligands were tested with 

ITC (Figure 4 and Table 3). 

 

Scheme 9. Synthesis of C-9 modified sulfonamide Siglec-8 ligands. a) RSO2Cl, NaHCO3, DMF, H2O, rt, (29 – 62 %). 

 

Figure 4. Thermodynamic fingerprints of 2nd generation of C-9 sulfonamides. Error estimates resemble the 68 % 

confidence interval from global fitting of two independent experiments (for details see Experimental Part). 
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Table 3. Thermodynamic parameters of 2nd generation of C-9 sulfonamides. Error estimates resemble the 68 % 

confidence interval from global fitting of two independent experiments (for details see Experimental Part). 

Compound Structure 
KD 

[µM] 

∆G° 

[kJ·mol-1] 

∆H° 

[kJ·mol-1] 

-T∆S° 

[kJ·mol-1] 
N 

GC98 

 

14.4 -27.6 -24.1 -3.5 1.0 

GC99 

 

15.1 -27.5 -20.2 -7.3 1.1 

GC100 

 

50.9 -24.5 -20.0 -4.5 1.0 

GC101 

 

24.4 -26.3 -21.1 -5.3 1.1 

GC103 

 

64.2 -23.9 -11.8 -12.1 1.0 

GC102 

 

36.8 -25.3 -18.7 -6.7 1.1 

The introduction of an OMe electron donating group (→ GC98), or a Cl electron withdrawing 

group (→ GC99) at the 6-position of the naphthalene moiety did not induce any significant 

differences compared to reference compound GC35 (14.4 and 15.1 µM vs. 15 µM). However, it is 

important to have an extended conjugated aromatic system, since when the terminal ring is replaced 

by a tetrahydronaphthalene (→ GC100), the affinity suffered a 3.4-fold loss. When the naphthalene 

moiety was substituted by a biphenyl system (→ GC101), the affinity dropped to 24.4 µM. Two 

different heteroaromatic scaffolds, benzofuran (→ GC103) or dibenzofuran structures (→ GC102) 
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were synthesized. The former showed a KD of 64.2 µM, indicating a 4.3-fold loss of activity compared 

to the naphthalene derivative, while the affinity for the latter was 36.8 µM.  

To further confirm the importance of having the sulfonamide functionality for developing high-

affinity Siglec-8 ligands, the azido and amino precursors, as well as a small series of amides (Scheme 

10) were tested (Table 4). 

 

Scheme 10. Synthesis of C-9 amide Siglec-8 ligands. a) Pd(OH)2/C, H2 (1 atm), H2O, rt, 16 h; then NaOH (aq.), rt, 6 h 

(43 %); b) RCO2H, HATU, DIPEA, DMF, rt, (49 – 88 %). 

Table 4. Biological evaluation of C-9 modified derivatives of GC10. Dissociation constants were measured via MST 

and ITC (for details see Experimental Part). n.d.: not detected. [a] Data for GC10 and GC33 reported from Ref. [17]. 

Compound Structure 
KD [mM] 

(MST) 

KD [mM] 

(ITC) 

GC10 

 

256 259[a] 

GC65 

 

10.4 - 

GC66 

 

1.0 0.840 

MK18 

 

1.3 n.d. 

GC33[a] 

 

- n.d. 

GC53 

 

- n.d 
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GC104 

 

- n.d. 

The presence of only the azido group at the 9-position (→ GC65) led to a complete loss of activity, 

since only a KD of 10.4 mM was detected in MST. When the azide was converted to primary amine 

(→ GC66), a binding of 1.0 mM in MST and 840 µM in ITC was detected. In the case of the small 

acetamide (→ MK18), only weak binding was detected in MST, but not in ITC. In accordance with 

previous findings from Nycholat and coworkers, amide analogues are not active against Siglec-8, and 

this was exemplified by the benzylamide derivatives of GC10 (→ GC33).17,23 However, to exclude 

any potential influences of the amide substituent on this loss, the amide analogues of sulfonamides 

GC35 (→ GC53) and GC101 (→ GC104) were synthesised and tested. Not surprisingly, both 

compounds showed no activity in ITC experiments, confirming the crucial importance of the 

sulfonamide structure to achieve high affinity towards Siglec-8. 

Overall, the naphthalenesulfonamide moiety still represents the most convenient substitution, 

leading to compounds with an affinity of around 15 µM. However, other aromatic functionalities 

provided ligands with good activities, extending the variety of scaffolds that can be employed for the 

development of new Siglec-8 ligands. However, for an appropriate investigation of substitutions in 

the 9-position, new structural data are crucial, either by NMR experiment or X-ray. Information on 

the binding mode of these sulfonamides could allow proper computational studies allowing the 

identification of promising substituents. 

 

Conclusion 

The use of glycomimetics represents a valuable strategy for developing high-affinity ligands for 

lectins, among which Siglec-8. Here we present an extensive study starting from lead glycomimetic 

GC10 to identify favourable modifications in the 4- and 9-position. While the carboxylic acid and 

sulfate play a crucial role in binding and can not be replaced, modification of the hydroxyl group at 

C-4 of the sialic acid proved to be a suitable site for modifications. Additionally, we proved the 

importance of the sulfonamide moiety, by showing that amide analogues with the same aromatic 

substitution completely lost activity. Furthermore, different aromatic sulfonamides were synthesized 

and tested, widening the options for the design of new ligands. Future studies should focus on 
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obtaining new structural information regarding the binding mode of the sulfonamides, from which 

new generations of ligands could be designed with the help of computational studies.  

 

Experimental part 

Synthesis of Siglec-8 inhibitors 

General methods 

NMR spectra were recorded on Bruker Avance III 500 MHz, Bruker Ultrashield 600 MHz or 

Varian Mercury 400 mHz. Assignment of 1H and 13C NMR spectra was achieved using 2D methods 

(COSY, HSQC, HMBC). Chemical shifts are expressed in ppm using residual solvent signals (CHCl3, 

CHD2OD, HDO) as reference. Optical rotations were measured with a PerkinElmer polarimeter 341. 

Electrospray ionization mass spectrometry (ESI-MS) data were obtained on a Waters Micromass ZQ 

instrument. High resolution mass (HR-MS) analyses were done on an Agilent 1100 LC, equipped 

with a photodiode array detector and a Bruker QTOF I, equipped with a 4 GHz digital-time converter. 

Reactions were monitored by TLC using glass plates coated with silica gel 60 F254 (Merck) and 

visualized by using UV light and/or by charring with a molybdate solution (a 0.02 M solution of 

ammonium cerium sulfate dihydrate and ammonium molybdate tetrahydrate in 10 % aq. H2SO4). 

Flash chromatography was done on a CombiFlash Rf from Teledyne Isco (Lincoln, NE, USA) 

equipped with RediSep normal phase or RP-18 reversed-phase flash columns. Size exclusion 

chromatography was performed on Biogel P-2 (Bio-Rad Laboratories, Inc.). Commercially available 

reagents and dry solvents were purchased as reagent grade from Sigma-Aldrich, Alfa Aesar and Acros 

and used without further purification. Molecular sieves (3Å, 4Å) were activated under vacuum at  

500 °C for 0.5 h immediately before use. Compounds GC10, GC08, GC03, GC07, GC66 and MK10 

were prepared according to [17]. 

 

Synthesis of amide bioisosteres 

 

Scheme E1. a) RH, HATU, DIPEA, DMF, rt, (33 – 63 %). 
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (5-acetamido-3,5-dideoxy-D-glycero-α-D-

galacto-2-nonulopyranosylonamide) sodium salt (GC11) 

 

Compound GC10 (29.9 mg, 0.055 mmol) and HATU (34.5 mg, 0.091 mmol) were dissolved in 

dry DMF (200 μL) under argon. DIPEA (29 μL, 0.166 mmol) and NH3 (0.5 M in THF, 0.2 mL,  

0.100 mmol) were added and the mixture was stirred at rt overnight. The solvent was evaporated and 

the residue purified with RP-flash chromatography (RP-18, H2O/MeCN, 1:0 to 0:1) and size-

exclusion chromatography (P-2 gel, H2O) to afford GC11 (14.7 mg, 33 %). 

[𝛼]𝐷
20 = +6.7 (c = 1.0, H2O); 1H NMR (500 MHz, D2O): δ 3.84 – 3.64 (m, 6H, H-1, CH2O, H-5', 

H-7', H-9'a), 3.61 (d, J = 10.5 Hz, 1H, H-6'), 3.58 – 3.49 (m, 3H, H-4', H-8', H-9'b), 2.64 – 2.57 (m, 

1H, H-3'e), 1.93 – 1.84 (m, 4H, H-6e, NHAc), 1.81 (d, J = 11.7 Hz, 1H, H-2e), 1.71 – 1.57 (m, 3H, 

H-3, H-5e, H-3'a), 1.53 (d, J = 12.5 Hz, 1H, H-4e), 1.27 – 1.07 (m, 2H, H-5a, H-6a), 0.91 (q,  

J = 11.8 Hz, 1H, H-2a), 0.77 (q, J = 12.2 Hz, 1H, H-6a); 13C NMR (126 MHz, D2O): δ 175.8 (C=O), 

173.0 (C=O), 100.6 (C-2'), 75.1 (C-1), 74.24 (C-6'), 74.15 (CH2O), 72.0 (C-7'), 68.1 (C-4'/C-8'), 67.9 

(C-4'/C-8'), 63.4 (C-9'), 52.4 (C-5'), 39.8 (C-3'), 36.8 (C-3), 36.6 (C-2), 34.9 (C-6), 28.1 (C-4), 23.9 

(C-5), 22.8 (NHAc); HR-MS (ESI): m/z calcd for C18H31N2NaO12S: 545.1388 [M+Na]+, found 

545.1389; HPLC purity: 89 %. 

 

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (5-acetamido-3,5-dideoxy-N-methyl-D-glycero-α-

D-galacto-2-nonulopyranosylonamide) sodium salt (GC16) 

 

Compound GC10 (29.0 mg, 0.053 mmol) and HATU (30.8 mg, 0.081 mmol) were dissolved in 

dry DMF (200 μL) under argon. DIPEA (29 μL, 0.166 mmol) and MeNH2 (2 M in THF, 33 µL,  

0.066 mmol) were added and the mixture was stirred at rt overnight. The solvent was evaporated and 

the residue purified with RP-flash chromatography (RP-18, H2O/MeCN, 1:0 to 0:1) and size-

exclusion chromatography (P-2 gel, H2O) to afford GC16 (17.9 mg, 63 %). 

[𝛼]𝐷
20 = +13.7 (c = 1.0, H2O); 1H NMR (500 MHz, D2O): δ 3.96 – 3.80 (m, 6H, H-1, CH2O, H-5', 

H-7', H-9'a), 3.74 – 3.63 (m, 4H, H-4', H-6', H-8', H-9'b), 2.84 (s, 3H, NHMe), 2.79 (dd, J = 12.8,  
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4.5 Hz, 1H, H-3'e), 2.06 (s, 3H, NHAc), 1.99 (d, J = 12.3 Hz, 1H, H-6e), 1.90 – 1.73 (m, 4H, H-2e, 

H-3, H-5e, H-3'a), 1.67 (d, J = 12.3 Hz, 1H, H-4e), 1.40 – 1.22 (m, 2H, H-5a, H-6a), 1.05 (q,  

J = 11.9 Hz, 1H, H-2a), 0.92 (qd, J = 12.6, 3.6 Hz, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 175.1 

(C=O), 170.0 (C=O), 99.9 (C-2'), 74.0 (C-1), 73.45 (C-6'), 73.36 (CH2O), 71.3 (C-7'), 67.4 (C-4'/ 

C-8'), 67.1 (C-4'/C-8'), 62.9 (C-9'), 51.7 (C-5'), 39.1 (C-3'), 36.1 (C-3), 35.9 (C-2), 34.0 (C-6), 27.3 

(C-4), 25.6 (NHMe), 23.1 (C-5), 22.0 (NHAc); HR-MS (ESI): m/z calcd for C19H33N2NaO12S: 

559.1544 [M+Na]+, found 559.1544; HPLC purity: 99 %. 

 

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (5-acetamido-N-ciano-3,5-dideoxy-D-glycero-α-

D-galacto-2-nonulopyranosylonamide) sodium salt (GC27)  

 

Compound GC10 (28.2 mg, 0.052 mmol) and HATU (36.1 mg, 0.095 mmol) were dissolved in 

dry DMF (200 μL) under argon. DIPEA (38 μL, 0.218 mmol) and NH2CN (4.4 mg, 0.105 mmol) 

were added and the mixture was stirred at rt overnight. The solvent was evaporated and the residue 

purified with RP-flash chromatography (RP-18, H2O/MeCN, 1:0 to 0:1) and size-exclusion 

chromatography (P-2 gel, H2O) to afford GC27 (14.6 mg, 63 %). 

[𝛼]𝐷
20 = +11.3 (c = 1.0, H2O); 1H NMR (500 MHz, D2O): δ 3.98 – 3.78 (m, 6H, H-1, CH2O, H-5', 

H-7', H-9'a), 3.72 – 3.62 (m, 3H, H-4', H-6', H-9'b), 3.59 (dd, J = 8.8, 1.9 Hz, 1H, H-8'), 2.75 (dd,  

J = 12.5, 4.6 Hz, 1H, H-3'e), 2.05 – 1.98 (m, 4H, H-6e, NHAc), 1.85 (d, J = 12.0 Hz, 1H, H-2e), 1.82 

– 1.72 (m, 2H, H-3, H-5e), 1.71 – 1.63 (m, 2H, H-4e, H-3'a), 1.37 – 1.17 (m, 2H, H-5a, H-6a), 1.04 

(q, J = 11.9 Hz, 1H, H-2a), 0.91 (qd, J = 12.6, 3.6 Hz, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 181.4 

(C=O), 176.0 (C=O), 101.3 (C-2'), 75.3 (C-1), 74.4 (CH2O), 73.9 (C-6'), 73.0 (C-7'), 69.0 (C-8'), 68.8 

(C-4'), 63.4 (C-9'), 52.7 (C-5'), 41.6 (C-3'), 37.2 (C-3), 36.7 (C-2), 35.2 (C-6), 28.5 (C-4), 24.2 (C-5), 

23.0 (NHAc); HR-MS (ESI): m/z calcd for C19H30N3NaO12S: 570.1340 [M+Na]+, found 570.1341; 

HPLC purity: 85 %. 

 

 

 

 

O

HO

AcHN

HO

OH
OH

O

OSO3Na

H
NO

CN



2nd Generation of Siglec-8 ligands 

155 
 

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (5-acetamido-N-azetidino-3,5-dideoxy-D-

glycero-α-D-galacto-2-nonulopyranosylonamide) sodium salt (GC15)  

 

Compound GC10 (30.1 mg, 0.055 mmol) and HATU (32.4 mg, 0.085 mmol) were dissolved in 

dry DMF (200 μL) under argon. DIPEA (29 μL, 0.166 mmol) and azetidine (4 µL, 0.059 mmol) were 

added and the mixture was stirred at rt overnight. The solvent was evaporated and the residue purified 

with flash chromatography (DCM/(MeOH/H2O, 10:1), 1:0 to 1:1) and size-exclusion 

chromatography (P-2 gel, H2O) to afford GC15 (19.3 mg, 61 %). 

[𝛼]𝐷
20 = -8.1 (c = 1.0, H2O); 1H NMR (500 MHz, D2O): δ 4.60 – 4.46 (m, 2H, N-Az-a), 4.15 – 4.03 

(m, 2H, N-Az-b), 4.00 – 3.89 (m, 2H, H-1, CH2Oa), 3.91 – 3.78 (m, 5H, CH2Ob, H-4', H-5', H-7',  

H-9'a), 3.71 – 3.63 (m, 2H, H-6', H-9'b), 3.58 (dd, J = 9.1, 1.6 Hz, 1H, H-8'), 2.57 – 2.50 (m, 1H,  

H-3'e), 2.46 – 2.26 (m, 2H, Az), 2.06 – 1.99 (m, 4H, H-2e, NHAc), 1.96 (d, J = 11.4 Hz, 1H, H-6e), 

1.88 – 1.76 (m, 3H, H-3, H-5e, H-3'a), 1.66 (d, J = 12.0 Hz, 1H, H-4e), 1.41 – 1.22 (m, 2H, H-5a,  

H-6a), 1.16 (q, J = 11.9 Hz, 1H, H-2a), 0.93 (qd, J = 12.5, 3.6 Hz, 1H, H-4a); 13C NMR (126 MHz, 

D2O): δ 175.0 (C=O), 168.6 (C=O), 99.6 (C-2'), 73.7 (C-1), 73.4 (CH2O), 72.8 (C-6'), 71.0 (C-7'), 

68.0 (C-8'), 67.6 (C-4'), 62.9 (C-9'), 53.7 (N-Az-a), 51.8 (C-5'), 49.9 (N-Az-b), 38.3 (C-3'), 36.2  

(C-2), 36.1 (C-3), 33.8 (C-6), 27.2 (C-4), 23.1 (C-5), 22.0 (NHAc), 15.7 (Az); HR-MS (ESI): m/z 

calcd for C21H35N2NaO12S: 585.1701 [M+Na]+, found 585.1701; HPLC purity: 100 %. 

 

Synthesis of phosphate bioisostere 

 

Scheme E2. a) Dibenzyl N,N-diisopropylphosphoramidite, 1,2,4-triazole, MeCN, 0 °C to rt, overnight; then tBuOOH, rt, 

1 h (29 %); b) Pd/C, H2 (1 atm), MeOH, rt, overnight; then NaOH (aq.), rt, 5 h (92 %). 
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(1S,3R)-3-(bis(phenylmethoxy)phosphinyl)oxymethyl)cyclohexyl (methyl 5-acetamido-

4,7,8,9-tetra-O-acetyl-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) (GC14) 

 

To an ice-cooled solution of GC08 (127.0 mg, 0.210 mmol) and 1,2,4-triazole (60.0 mg, 0.869 

mmol) in dry MeCN (2.1 mL), dibenzyl N,N-diisopropylphosphoramidite (160 μL, 0.428 mmol) was 

added, and the mixture was stirred for 30 min at 0 °C and then overnight d at rt. Then,  

tert-butylhydroperoxide (120 μL, 0.867 mmol) was added and the solution was stirred for 1 h. The 

reaction was quenched with 1 M aq. Na2S2O3 and 1 M aq. NaHCO3, and the mixture was extracted 

with DCM (3 x 20 mL), dried over Na2SO4, and filtered. The solvents were removed with vacuo and 

the crude product was purified by flash column chromatography (toluene/acetone, 1:0 to 1:3) to afford 

GC14 (52.1 mg, 29 %). 

[𝛼]𝐷
20 = +18.3 (c = 0.2, DCM); 1H NMR (500 MHz, CDCl3): δ 7.38 – 7.30 (m, 10H, Ph), 5.35 

(ddd, J = 8.2, 5.6, 2.6 Hz, 1H, H-8'), 5.30 (dd, J = 8.5, 2.1 Hz, 1H, H-7'), 5.27 (d, J = 9.8 Hz, 1H, 

NH), 5.07 – 4.96 (m, 4H, CH2Ph), 4.81 (ddd, J = 12.4, 9.8, 4.7 Hz, 1H, H-4'), 4.29 (dd, J = 12.5, 2.6 

Hz, 1H, H-9'a), 4.10 – 4.00 (m, 3H, H-5', H-6', H-9'b), 3.79 – 3.74 (m, 2H, CH2O), 3.71 (s, 3H, OMe), 

3.70 – 3.63 (m, 1H, H-1), 2.57 (dd, J = 12.7, 4.7 Hz, 1H, H-3'e), 2.13 (s, 3H, OAc), 2.12 (s, 3H, OAc), 

2.04 – 1.99 (m, 7H, H-6e, 2 x OAc), 1.91 – 1.84 (m, 4H, H-3'a, NHAc), 1.78 – 1.70 (m, 1H, H-5e), 

1.67 – 1.54 (m, 3H, H-2e, H-3, H-4e), 1.35 (qt, J = 13.4, 3.5 Hz, 1H, H-5a), 1.19 (tdd, J = 12.8, 10.6, 

3.8 Hz, 1H, H-6a), 0.93 (td, J = 12.7, 10.9 Hz, 1H, H-2a), 0.78 (qd, J = 12.7, 3.8 Hz, 1H, H-4a);  

13C NMR (126 MHz, CDCl3): δ 171.1 (C=O), 170.7 (C=O), 170.4 (C=O), 170.3 (C=O), 170.0 (C=O), 

168.9 (C=O), 136.02 (i-Ph-a), 135.97 (i-Ph-b), 128.7 (Ph), 128.6 (Ph), 128.0 (Ph), 98.7 (C-2'), 73.8 

(C-1), 72.5 (C-6'), 72.1 (d, J = 6.2 Hz, CH2O), 69.33 (CH2Ph-a), 69.28 (CH2Ph-b), 69.26 (C-4’), 68.6 

(C-8'), 67.4 (C-7'), 62.6 (C-9'), 52.7 (OMe), 49.5 (C-5'), 38.6 (C-3'), 37.3 (d, J = 7.6 Hz, C-3), 35.7 

(C-2), 34.8 (C-6), 28.0 (C-4), 23.29 (NHAc), 23.23 (C-5), 21.2 (OAc), 20.97 (OAc), 20.96 (OAc), 

20.9 (OAc); MS (ESI): m/z calcd for C41H54NO17P: 886.3 [M+Na]+, found 886.3. 
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(1S,3R)-3-(disodium phosphinyl)oxymethyl)cyclohexyl (sodium 5-acetamido-3,5-dideoxy-D-

glycero-α-D-galacto-2-nonulopyranosylonate) (GC18) 

 

To a solution of GC14 (52.1 mg, 0.60 mmol) in MeOH (3.0 mL) Pd/C (10 %, 11.5 mg) was added. 

The reaction was stirred under H2 atmosphere overnight. Then, the suspension was filtered over celite 

and concentrated in vacuo. The residue was dissolved in 0.1 M NaOH (3 mL) and stirred for 5 h. 

Then, the solution was neutralized by addition of Amberlite IR 120, filtered and concentrated in 

vacuo. The crude product was purified by size-exclusion chromatography (P-2 gel, H2O) to yield 

GC18 (31.5 mg, 92 %). 

[𝛼]𝐷
20 = +7.5 (c = 1.0, H2O); 1H NMR (500 MHz, D2O): δ 3.95 – 3.77 (m, 4H, H-1, H-5', H-7',  

H-9'a), 3.73 – 3.58 (m, 6H, CH2O, H-4', H-6', H-8', H-9'b), 2.76 (dd, J = 12.4, 4.7 Hz, 1H, H-3'e), 

2.08 – 2.00 (m, 4H, H-6e, NHAc), 1.92 (d, J = 10.4 Hz, 1H, H-2e), 1.79 (dt, J = 12.9, 3.1 Hz, 1H,  

H-5e), 1.75 – 1.60 (m, 3H, H-3, H-4e, H-3'a), 1.36 – 1.17 (m, 2H, H-5a, H-6a), 0.99 (q, J = 11.8 Hz, 

1H, H-2a), 0.86 (qd, J = 13.0, 3.7 Hz, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 176.0 (C=O), 174.7 

(C=O), 101.9 (C-2'), 75.8 (C-1), 73.7 (C-6'), 73.1 (C-7'), 71.2 (CH2O), 69.3 (C4', C-8'), 63.5 (C-9'), 

53.0 (C-5'), 42.3 (C-3'), 38.3 (C-3), 36.9 (C-2), 35.4 (C-6), 28.7 (C-4), 24.4 (C-5), 22.9 (NHAc);  

HR-MS (ESI): m/z calcd for C18H29NNa3O13P: 590.0962 [M+Na]+, found 590.0964; HPLC purity: 

100 %. 
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Synthesis of C-4 modified Siglec-8 ligands 

 

Scheme E3. a) Dowex 50W X8, MeOH, 60 °C, 90 h (74 %); b) Ac2O, H2SO4, rt, 70 h (70 %); c) TMSN3, tBuOH, 80 °C, 

16 h (95 %); d) HCl (g), LiCl, MS  3 Å, -30 °C to rt, 120 h (54 %); e) p-thiocresol, DIPEA, DCM, 0 °C to rt, 24 h  

(66 %); f) NIS, TfOH, MeCN, DCM, MS 3 Å, -40 °C, 24 h (16 %); g) HF·py, pyridine, 0 °C, 24 h (81 %); h) SO3·py, 

DMF, rt, 24 h (85 %); i) NaOH (aq.), rt, 120 h (80 %); j) Pd(OH)2/C, H2 (1 atm), H2O, rt, 24 h (97 %); k) RCO2H, HATU, 

DIPEA, DMF, rt, (37 – 63 %). 

Methyl (methyl 5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) 

(GC50) 

 

To a solution of Neu5Ac (5.6898 g, 18.4 mmol) in MeOH (200 mL), Dowex 50W X8 (10.0454 g) 

was added. The reaction was stirred at 60 °C for 90 h. Then, the suspension was filtered over celite 

and concentrated in vacuo, affording GC50 (4.5810 g, 74 %). 
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[𝛼]𝐷
20 = -6.5 (c = 0.4, MeOH); 1H NMR (600 MHz, CD3OD): δ 4.08 – 4.03 (m, 1H, H-4), 4.01 (d, 

J = 10.5 Hz, 1H, H-6), 3.85 – 3.75 (m, 5H, H-5, H-9a, CO2Me), 3.73 – 3.68 (m, 1H, H-8), 3.67 – 3.61 

(m, 1H, H-9b), 3.49 (d, J = 8.9 Hz, 1H, H-7), 3.35 (s, 3H, OMe), 2.23 (dd, J = 12.9, 4.7 Hz, 1H,  

H-3e), 2.03 (s, 3H, NHAc), 1.88 (t, J = 12.1 Hz, 1H, H-3a); 13C NMR (151 MHz, CD3OD): δ 175.1 

(C=O), 171.9 (C-1), 96.6 (C-2), 72.0 (C-6), 71.6 (C-8), 70.1 (C-7), 67.8 (C-4), 64.8 (C-4), 54.2  

(C-9), 53.2 (CO2Me), 49.8 (OMe), 40.7 (C-3), 22.7 (NHAc); MS (ESI): m/z calcd for C13H23NO9: 

360.1 [M+Na]+, found 360.1. 

 

Methyl 7,8,9-tri-O-acetyl-2,3-didehydro-2,3,5-trideoxy-4',5'-dihydro-2'-methyloxazolo[5,4-

d]-D-glycero-D-talo-2-nonulopyranosylonate (GC46) 

 

To a solution of GC50 (4.5810 g, 13.6 mmol) in Ac2O (50 mL), H2SO4 (2.4 mL, 45.0 mmol) was 

added and the reaction was stirred at rt for 70 h. Then, the solution was added dropwise to a mixture 

of Na2CO3 (137.9 g of Na2CO3·10H2O), H2O (280 mL) and EtOAc (14 mL) at 0 °C. After 1.5 h, the 

mixture was extracted with EtOAc (2 x 300 mL). The combined organics were washed with satd. aq. 

NaHCO3 (200 mL), brine (200 mL), dried over Na2SO4, filtered and concentrated in vacuo, yielding 

GC46 (3.9710 g, 70 %). 

[𝛼]𝐷
20 = -13.5 (c = 1.1, CHCl3); 

1H NMR (600 MHz, CDCl3): δ 6.38 (d, J = 4.0 Hz, 1H, H-3), 5.63 

(dd, J = 6.0, 2.6 Hz, 1H, H-7), 5.44 (td, J = 6.2, 2.6 Hz, 1H, H-8), 4.82 (dd, J = 8.6, 4.0 Hz, 1H,  

H-4), 4.59 (dd, J = 12.5, 2.6 Hz, 1H, H-9a), 4.22 (dd, J = 12.5, 6.4 Hz, 1H, H-9b), 3.97 – 3.93 (m, 

1H, H-5), 3.81 (s, 3H, OMe), 3.42 (dd, J = 10.1, 2.6 Hz, 1H, H-6), 2.15 (s, 3H, OAc), 2.05 (s, 3H, 

OAc), 2.05 (s, 3H, OAc), 2.00 (s, 3H, Me); 13C NMR (151 MHz, CDCl3): δ 170.8 (C=O), 170.0 

(C=O), 169.8 (C=O), 167.4 (C-1), 162.0 (C-2), 147.3 (C=N), 107.7 (C-3), 77.0 (C-6), 72.4 (C-4), 

70.4 (C-8), 69.0 (C-7), 62.2 (C-5), 62.1 (C-9), 52.7 (OMe), 21.0 (OAc), 20.9 (OAc), 20.8 (OAc), 14.3 

(Me); MS (ESI): m/z calcd for C18H23NO10: 436.1 [M+Na]+, found 436.1. 
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Methyl 5-acetamido-7,8,9-tri-O-acetyl-4-azido-2,3-didehydro-2,3,4,5-tetradeoxy-D-glycero-

D-galacto-2-nonulopyranosylonate (GC51) 

 

To a solution of GC46 (3.6920 g, 8.93 mmol) in tBuOH (30 mL), TMSN3 (2.0 mL, 15.2 mmol) 

was added, and the reaction was stirred at 80 °C for 16 h. Then, the solution cooled at rt and diluted 

with EtOAc (100mL). Next, NaNO2 (1.19 g in 25 mL H2O) was added, and aq. HCl was added until 

pH 2. The two phases were separated, and the aqueous phase was extracted with EtOAc  

(50 mL). The combined organics were washed with H2O (2 x 25 mL), satd. aq. NaHCO3 (25 mL), 

H2O (25 mL), dried over Na2SO4, filtered and concentrated in vacuo, affording GC51 (3.9010 g, 95 

%). 

[𝛼]𝐷
20 = +109 (c = 0.9, CHCl3); 

1H NMR (600 MHz, CDCl3): δ 5.96 (d, J = 2.8 Hz, 1H, H-3), 5.45 

(dd, J = 5.3, 2.5 Hz, 1H, H-7), 5.31 (ddd, J = 6.7, 5.3, 2.8 Hz, 1H, H-8), 4.62 (dd, J = 12.4, 2.8 Hz, 

1H, H-9a), 4.49 (dd, J = 9.9, 2.5 Hz, 1H, H-6), 4.44 (dd, J = 8.8, 2.8 Hz, 1H, H-4), 4.18 (dd, J = 12.4, 

6.7 Hz, 1H, H-9b), 3.86 (dt, J = 9.8, 8.8 Hz, 1H, H-5), 3.80 (s, 3H, OMe), 2.12 (s, 3H, OAc), 2.06 (s, 

3H, OAc), 2.04 (s, 3H, OAc), 1.99 (s, 3H, NHAc); 13C NMR (151 MHz, CDCl3): δ 170.8 (2 x C=O), 

170.5 (C=O), 170.3 (C-1), 161.6 (C-2), 145.3 (NHC=O), 107.7 (C-3), 75.9 (C-6), 70.9 (C-8), 67.8 

(C-7), 62.1 (C-9), 57.7 (C-4), 52.7 (OMe), 48.7 (C-5), 23.5 (NHAc), 21.0 (OAc), 20.90 (OAc), 20.87 

(OAc); MS (ESI): m/z calcd for C18H24N4O10: 479.1 [M+Na]+, found 479.1. 

 

Methyl 5-acetamido-7,8,9-tri-O-acetyl-4-azido-2-chloro-2,3,4,5-tetradeoxy-D-glycero-D-

galacto-2-nonulopyranosylonate (GC52) 

 

To a solution of GC51 (3.9010 g, 8.55 mmol), LiCl (1.9422 g, 45.8 mmol), and MS 3 Å  

(9.4877 g) in dry degassed MeCN (100 mL), HCl (g) was bubbled for 20 min while keeping the 

temperature below -30 °C. Then, the reaction was stirred for 120 h at rt. Next, the mixture was filtered 

through celite and the filter washed with DCM. The solvents were removed with vacuo and the crude 

dissolved in DCM (200 mL). The organic phase was washed with ice-cold H2O (120 mL), ice-cold 

satd. aq. NaHCO3 (2 x 120 mL), and brine (100 mL), dried over Na2SO4, filtered and concentrated in 

vacuo, yielding GC52 (3.252 g, 54 %). 
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[𝛼]𝐷
20 = -10 (c = 1.0, CHCl3); 

1H NMR (600 MHz, CDCl3): δ 5.45 (dd, J = 7.1, 2.3 Hz, 1H, H-7), 

5.17 (ddd, J = 7.0, 5.8, 2.7 Hz, 1H, H-8), 4.50 – 4.46 (m, 1H, H-6), 4.40 (dd, J = 12.6, 2.7 Hz, 1H, 

H-9a), 4.23 – 4.14 (m, 1H, H-4), 4.08 (dd, J = 12.5, 5.8 Hz, 1H, H-9b), 3.86 (s, 3H, OMe),  

3.82 – 3.79 (m, 1H, H-5), 2.77 (dd, J = 14.2, 4.6 Hz, 1H, H-3e), 2.11 (s, 3H, OAc), 2.10 – 2.06 (m, 

1H, H-3a), 2.05 (s, 3H, OAc), 2.04 (s, 3H, OAc), 1.99 (s, 3H, NHAc); 13C NMR (151 MHz, CDCl3): 

δ 170.9 (C=O), 170.7 (C=O), 170.3 (C=O), 169.7 (C=O), 165.8 (C=O), 96.6 (C-2), 73.2 (C-6), 69.9 

(C-8), 67.2 (C-7), 62.2 (C-9), 57.7 (C-4), 53.9 (OMe), 50.0 (C-5), 40.9 (C-3), 23.4 (NHAc), 21.0 

(OAc), 20.89 (OAc), 20.87 (OAc); MS (ESI): m/z calcd for C18H25ClN4O10: 515.1 [M+Na]+, found 

515.1. 

 

p-Tolyl (methyl 5-acetamido-7,8,9-tri-O-acetyl-4-azido-2,3,4,5-tetradeoxy-2-thio-D-glycero-

D-galacto-2-nonulopyranosylonate) (GC54) 

  

To a solution of GC51 (3.2520 mg, 6.60 mmol) in DCM (33 mL), p-thiocresol (0.9014 mg,  

7.26 mmol) and DIPEA (1.35 mL, 7.92 mmol) were added at 0 °C. The solution was stirred for 24 h, 

allowing to reach rt. The solvent was evaporated and the residue purified with flash chromatography 

(DCM/MeOH, 1:0 to 95:5) to afford GC54 (2.0029 g, 66 %). 

[𝛼]𝐷
20 = 12.3 (c = 0.4, CHCl3); 

1H NMR (600 MHz, CDCl3): δ 7.35 (d, J = 8.1 Hz, 2H, Ph), 7.11 

(d, J = 7.5 Hz, 2H, Ph), 5.26 (dd, J = 7.0, 1.8 Hz, 1H, H-7), 5.22 (ddd, J = 7.1, 5.5, 2.5 Hz, 1H, H-8), 

4.38 (dd, J = 12.6, 2.6 Hz, 1H, H-9a), 4.23 (dd, J = 12.5, 5.5 Hz, 1H, H-9b), 4.07 – 4.02 (m, 1H,  

H-6), 3.84 – 3.79 (m, 1H, H-4), 3.78 (s, 3H, OMe), 3.36 (br s, 1H, H-5), 2.80 (dd, J = 13.2, 4.5 Hz, 

1H, Me), 2.34 (s, 3H, OAc), 2.13 (s, 3H, OAc), 2.03 (s, 3H, OAc), 2.02 (s, 3H, OAc), 1.94 (s, 3H, 

NHAc), 1.75 (t, J = 12.6 Hz, 1H, H-3a); 13C NMR (151 MHz, CDCl3): δ 170.81 (C=O), 170.77 

(C=O), 170.7 (C=O), 170.1 (C=O), 168.1 (C=O), 140.4 (Ph), 136.6 (Ph), 129.7 (Ph), 125.1 (Ph), 87.4 

(C-2), 73.7 (C-6), 70.0 (C-8), 68.2 (C-7), 62.0 (C-9), 58.3 (C-4), 52.8 (OMe), 51.4 (C-5), 38.3 (C-3), 

23.5 (NHAc), 21.4 (Me), 21.0 (OAc), 20.93 (OAc), 20.87 (OAc); MS (ESI): m/z calcd for 

C25H32N4O10S: 603.2 [M+Na]+, found 603.0. 
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(1S,3R)-3-(tert-butyldiphenylsilyloxymethyl)cyclohexyl (methyl 5-acetamido-7,8,9-tri-O-

acetyl-4-azido-3,4,5-trideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) (GC92) 

  

To a suspension of GC54 (483.6 mg, 0.833 mmol), GC06 (480.4 mg, 1.303 mmol) and MS 3Å 

(1.7235 g) in dry MeCN/DCM (3:1, 8 mL), N-iodosuccinimide (65.0 mg, 0.289 mmol) was added, 

followed by dropwise addition of TfOH (37 µL, 0.289 mmol) at -40 C under argon. The reaction 

mixture was stirred for 8 h and -40 °C, during which additional amounts of NIS (134.2 mg, 187.1 and 

386.5 mg) were added, and then allowed to reach rt over 16 h. The suspension was neutralized with 

Et3N, then filtered over a pad of celite. The solvent was evaporated, and the residue was dissolved in 

DCM (30 mL), washed with satd. aq. Na2S2O3 (2 x 20 mL) and H2O (20 mL), dried over Na2SO4, 

filtered and evaporated. The crude product was purified by flash column chromatography 

(toluene/acetone, 85:15 to 2:1) to give GC92 (172.1 mg, 16 %). 

[𝛼]𝐷
20 = -11.3 (c = 0.6, DCM); 1H NMR (500 MHz, CDCl3): δ 7.68 – 7.62 (m, 4H, Ph), 7.44 – 7.33 

(m, 6H, Ph), 5.62 (d, J = 8.9 Hz, 1H, NH), 5.38 (ddd, J = 7.8, 5.1, 2.5 Hz, 1H, H-7'), 5.31 (dd,  

J = 8.5, 2.1 Hz, 1H, H-8'), 4.30 (dd, J = 12.5, 2.4 Hz, 1H, H-9'a), 4.23 (dd, J = 10.7, 2.1 Hz, 1H,  

H-6'), 4.18 (dd, J = 12.5, 5.2 Hz, 1H, H-9'b), 3.81 – 3.68 (m, 5H, H-1, H-4', OMe), 3.54 – 3.44 (m, 

2H, CH2Oa, H-5'), 3.41 (dd, J = 9.8, 6.3 Hz, 1H, CH2Ob), 2.67 (dd, J = 13.0, 4.3 Hz, 1H, H-3'e), 2.17 

(s, 3H, OAc), 2.15 (s, 3H, OAc), 2.10 – 2.01 (m, 4H, H-6e, OAc), 1.97 (s, 3H, NHAc), 1.86 – 1.70 

(m, 3H, H-2e, H-5e, H-3'a), 1.60 (dt, J = 9.8, 4.6 Hz, 2H, H-3, H-4e), 1.39 (qt, J = 13.3, 3.3 Hz, 1H, 

H-5a), 1.28 – 1.15 (m, 1H, H-6a), 1.09 – 0.94 (m, 10H, H-2a, tBu), 0.82 (qd, J = 13.0, 3.6 Hz, 1H, 

H-4a); 13C NMR (126 MHz, CDCl3): δ 170.82 (C=O), 170.79 (C=O), 170.7 (C=O), 170.0 (NHC=O), 

168.7 (C-1'), 135.7 (Ph), 133.98 (i-Ph-a), 133.95 (i-Ph-b), 129.6 (Ph), 127.7 (Ph), 98.5 (C-2'), 74.6 

(C-1), 71.6 (C-6'), 68.8 (CH2O), 68.6 (C-7'), 67.9 (C-8'), 62.4 (C-9'), 57.5 (C-4'), 52.6 (OMe), 51.4 

(C-5'), 39.6 (C-3), 38.7 (C-3'), 36.6 (C-2), 35.2 (C-6), 28.4 (C-4), 27.0 (tBu), 23.7 (C-5), 23.6 

(NHAc), 21.2 (OAc), 21.0 (OAc), 20.8 (OAc), 19.4 (q-tBu); MS (ESI): m/z calcd for C41H56N4O11Si: 

847.3 [M+Na]+, found 847.1. 
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(1S,3R)-3-(hydroxymethyl)cyclohexyl (methyl 5-acetamido-7,8,9-tri-O-acetyl-4-azido-3,4,5-

trideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) (GC93) 

  

To a solution of GC92 (504.3 mg, 0.611 mmol) in dry pyridine (17 mL) in a Teflon container, 

HF·py (2. 3 mL) was added dropwise at 0 °C under argon. The reaction mixture was stirred for 24 h, 

then satd. aq. NaHCO3 (25 mL) was added to neutralize the reaction. The aqueous phase was extracted 

with DCM (4 x 25 mL), and the combined organic layers were dried over Na2SO4, filtered and 

evaporated. The crude product was purified by flash column chromatography (toluene/acetone, 3:1 

to 1:1) to afford GC93 (293.0 mg, 81 %). 

[𝛼]𝐷
20 = 0.0 (c = 0.1, DCM); 1H NMR (500 MHz, CDCl3): δ 5.97 (d, J = 8.9 Hz, 1H, NH), 5.35 

(ddd, J = 8.1, 5.5, 2.5 Hz, 1H, H-8'), 5.31 (dd, J = 8.2, 2.1 Hz, 1H, H-7'), 4.32 (dd, J = 12.4, 2.5 Hz, 

1H, H-9'a), 4.18 (d, J = 10.4 Hz, 1H, H-6'), 4.14 (dd, J = 12.4, 5.5 Hz, 1H, H-9'b), 3.79 (s, 3H, OMe), 

3.78 – 3.71 (m, 1H, H-1), 3.70 – 3.54 (m, 2H, H-4', H-5'), 3.46 (dd, J = 10.7, 6.1 Hz, 1H, CH2Oa), 

3.39 (dd, J = 10.7, 6.6 Hz, 1H, CH2Ob), 2.63 (dd, J = 13.0, 4.2 Hz, 1H, H-3'e), 2.15 (s, 6H, 2 x OAc), 

2.04 (s, 3H, OAc), 2.02 – 1.98 (m, 1H, H-6e), 1.97 (s, 3H, NHAc), 1.81 – 1.70 (m, 3H, H-2e, H-5e, 

H-3'a), 1.65 (d, J = 12.2 Hz, 1H, H-4e), 1.53 (ttq, J = 9.5, 6.4, 3.3 Hz, 1H, H-3), 1.38 (dddd, J = 16.8, 

13.3, 8.4, 3.5 Hz, 1H, H-5a), 1.28 – 1.18 (m, 1H, H-6a), 0.93 (q, J = 12.0 Hz, 1H, H-2a), 0.80 (qd,  

J = 12.7, 3.9 Hz, 1H, H-4a); 13C NMR (126 MHz, CDCl3): δ 170.9 (C=O), 170.8 (C=O), 170.6 (C=O), 

170.2 (NHC=O), 168.8 (C-1'), 98.4 (C-2'), 74.0 (C-1), 71.9 (C-6'), 68.8 (C-8'), 67.9 (CH2O), 67.8  

(C-7'), 62.4 (C-9'), 57.8 (C-4'), 52.7 (OMe), 51.0 (C-5'), 39.5 (C-3), 38.4 (C-3'), 36.3 (C-2), 34.9  

(C-6), 28.3 (C-4), 23.6 (C-5), 23.4 (NHAc), 21.2 (OAc), 20.9 (OAc), 20.8 (OAc); MS (ESI): m/z 

calcd for C25H38N4O12: 609.2 [M+Na]+, found 609.3. 

 

(1S,3R)-3-(sulfonatooxymethyl)cyclohexyl (methyl 5-acetamido-7,8,9-tri-O-acetyl-4-azido-

3,4,5-trideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (GC95) 

  

To a solution of GC92 (293.0 mg, 0.499 mmol) in dry DMF (30 mL), SO3·py (840.4 mg,  

5.28 mmol) was added at 0 °C under argon. The reaction mixture was stirred for 24 h at rt and was 

then quenched with powdered NaHCO3. The suspension was stirred vigorously for 15 min, then 
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filtered and concentrated in vacuo, and the crude product was purified by flash column 

chromatography (DCM/MeOH, 9:1 to 8:2) to give GC95 (293.8 g, 85 %). 

[𝛼]𝐷
20 = 0.0 (c = 0.1, DCM); 1H NMR (500 MHz, CD3OD): δ 5.37 (ddd, J = 8.2, 5.5, 2.7 Hz, 1H, 

H-8), 5.32 (dd, J = 9.0, 2.3 Hz, 1H, H-7), 4.30 (dd, J = 12.4, 2.7 Hz, 1H, H-9'a), 4.07 (dd, J = 10.7, 

2.3 Hz, 1H, H-6'), 4.03 (dd, J = 12.4, 5.5 Hz, 1H, H-9'b), 3.87 (t, J = 10.5 Hz, 1H, H-5'), 3.85 – 3.74 

(m, 6H, H-1, CH2O, OMe), 3.40 (ddd, J = 12.8, 10.4, 4.3 Hz, 1H, H-4'), 2.58 (dd, J = 13.0, 4.4 Hz, 

1H, H-3'e), 2.14 (s, 3H, OAc), 2.10 (s, 3H, OAc), 2.04 – 1.97 (m, 4H, H-6e, OAc), 1.91 (s, 3H, 

NHAc), 1.78 – 1.71 (m, 2H, H-2e, H-5e), 1.71 – 1.64 (m, 2H, H-3, H-4e), 1.60 (t, J = 13.0 Hz, 1H, 

H-3'a), 1.45 (qt, J = 13.4, 3.6 Hz, 1H, H-5a), 1.25 – 1.13 (m, 1H, H-6a), 1.00 – 0.83 (m, 2H, H-2a, 

H-4a); 13C NMR (126 MHz, CD3OD): δ 173.7 (C=O), 172.4 (C=O), 171.63 (C=O), 171.56 (C=O), 

169.9 (C-1'), 99.7 (C-2'), 74.8 (C-1), 73.51 (CH2O), 73.46 (C-6'), 69.4 (C-8'), 68.6 (C-7'), 63.5  

(C-9'), 60.1 (C-4'), 53.3 (OMe), 50.8 (C-5'), 39.4 (C-3'), 37.9 (C-3), 37.3 (C-2), 36.0 (C-6), 29.4  

(C-4), 24.4 (C-5), 22.8 (NHAc), 21.3 (OAc), 20.9 (OAc), 20.7 (OAc); MS (ESI): m/z calcd for 

C25H37N4NaO15S: 711.2 [M+Na]+, found 711.1. 

 

(1S,3R)-3-(sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-4-azido-3,4,5-trideoxy-D-

glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (GC96) 

  

Compound GC95 (89.1 mg, 0.129 mmol) was dissolved in 0.1 M NaOH (8 mL) and stirred for 

120 h. The solution was neutralized by addition of Amberlite IR 120, filtered and concentrated in 

vacuo. The crude product was purified by flash column chromatography (DCM/(MeOH/H2O, 10:1), 

8:2 to 1:1) to yield GC96 (59.7 mg, 80 %). 

[𝛼]𝐷
20 = -81.9 (c = 0.7, H2O); 1H NMR (500 MHz, D2O): δ 3.98 – 3.83 (m, 6H, H-1, CH2O, H-5', 

H-8', H-9'a), 3.80 (dd, J = 10.4, 2.1 Hz, 1H, H-6'), 3.71 – 3.62 (m, 2H, H-7', H-9'b), 3.58 (ddd,  

J = 12.5, 10.3, 4.6 Hz, 1H, H-4'), 2.78 (dd, J = 12.6, 4.5 Hz, 1H, H-3'e), 2.09 – 2.03 (m, 4H, H-6e, 

NHAc), 1.94 (dd, J = 9.5, 6.3 Hz, 1H, H-2e), 1.86 – 1.74 (m, 2H, H-3, H-5e), 1.73 – 1.62 (m, 2H,  

H-4e, H-3'a), 1.39 – 1.19 (m, 2H, H-5a, H-6a), 1.05 (q, J = 12.0 Hz, 1H, H-2a), 0.93 (qd, J = 12.7, 

3.8 Hz, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 175.4 (NHC=O), 174.0 (C-1'), 101.3 (C-2'), 75.4 

(C-1), 74.1 (CH2O), 73.6 (C-8'), 72.6 (C-6'), 68.6 (C-7'), 63.1 (C-9'), 60.1 (C-4'), 50.5 (C-5'), 38.5  

(C-3'), 36.8 (C-3), 36.2 (C-2), 34.8 (C-6), 28.1 (C-4), 23.8 (C-5), 22.6 (NHAc).; HR-MS (ESI): m/z 

calcd for C18H28N4Na2O12S: 593.1112 [M+Na]+, found 593.1113; HPLC purity: 89 %. 
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(1S,3R)-3-(sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-4-amino-3,4,5-trideoxy-D-

glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (GC106) 

 

Compound GC96 (119.2 mg, 0.209 mmol) and Pd(OH)2/C (20 %, 63.3 mg) were suspended in 

H2O (2.5 mL). The mixture was hydrogenated and stirred at rt for 24 h (1 atm H2). Then, the 

suspension was filtered over a pad of celite, and the celite was washed with water. The solvent was 

removed with vacuo, and the residue purified with size-exclusion chromatography (P-2 gel, H2O) to 

afford compound GC106 (107.3 mg, 97 %). 

[𝛼]𝐷
20 = -1.7 (c = 0.8, H2O); 1H NMR (500 MHz, D2O): δ 3.98 – 3.87 (m, 5H, H-1, CH2O, H-6', 

H-9'a), 3.85 (t, J = 10.2 Hz, 1H, H-5'), 3.77 (dd, J = 10.4, 2.0 Hz, 1H, H-8'), 3.71 – 3.63 (m, 2H,  

H-7', H-9'b), 2.99 (ddd, J = 12.4, 10.0, 4.3 Hz, 1H, H-4'), 2.73 (dd, J = 12.7, 4.3 Hz, 1H, H-3'e), 2.11 

– 2.06 (m, 4H, H-6e, NHAc), 1.97 – 1.90 (m, 1H, H-2e), 1.86 – 1.75 (m, 2H, H-3, H-5e), 1.70 (d,  

J = 13.1 Hz, 1H, H-4e), 1.65 (t, J = 12.5 Hz, 1H, H-3'a), 1.40 – 1.19 (m, 2H, H-5a, H-6a), 1.06 (q,  

J = 11.9 Hz, 1H, H-2a), 0.94 (qd, J = 12.7, 3.8 Hz, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 176.0 

(NHC=O), 174.5 (C-1'), 101.8 (C-2'), 75.7 (C-1), 74.4 (CH2O), 74.3 (C-6'), 73.0 (C-8'), 69.0 (C-7'), 

63.4 (C-9'), 51.6 (C-5'), 50.8 (C-4'), 40.4 (C-3'), 37.1 (C-3), 36.6 (C-2), 35.2 (C-6), 28.5 (C-4), 24.1 

(C-5), 23.0 (NHAc); HR-MS (ESI): m/z calcd for C18H30N2Na2O12S: 567.1207 [M+Na]+, found 

567.1209; HPLC purity: 91 %. 

 

(1S,3R)-3-(sulfonatooxymethyl)cyclohexyl (sodium 4,5-diacetamido-3,4,5-trideoxy-D-

glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (GC108) 

 

A solution of acetic acid (2.4 µL, 0.042 mmol), HATU (21.3 mg, 0.056 mmol) and DIPEA  

(14 μL, 0.080 mmol) in DMF (0.5 mL) was stirred for 10 min and then added to a solution of 

compound GC106 (15.5 mg, 0.028 mmol) in DMF (0.5 mL). The reaction was stirred for 15 h at rt. 

Then, the solvent was evaporated and the residue purified with flash chromatography 

(DCM/(MeOH/H2O, 10:1), 1:0 to 1:1) and size-exclusion chromatography (P-2 gel, H2O) to yield 

GC108 (6.2 mg, 37 %). 
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[𝛼]𝐷
20 = -17.6 (c = 1.2, H2O); 1H NMR (500 MHz, D2O): δ 3.96 – 3.80 (m, 8H, H-1, CH2O, H-4', 

H-5', H-6', H-8', H-9'a), 3.69 – 3.62 (m, 2H, H-7', H-9'b), 2.62 (dd, J = 12.7, 4.1 Hz, 1H, H-3'e), 2.10 

– 2.03 (m, 1H, H-6e), 1.98 (s, 3H, NHAc), 1.97 (s, 3H, NHAc), 1.91 (d, J = 12.1 Hz, 1H, H-2e), 1.84 

– 1.74 (m, 2H, H-3, H-5e), 1.74 – 1.62 (m, 2H, H-4e, H-3'a), 1.38 – 1.16 (m, 2H, H-5a, H-6a), 1.04 

(q, J = 12.1 Hz, 1H, H-2a), 0.92 (qd, J = 12.7, 3.7 Hz, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 174.6 

(2 x NHC=O), 173.5 (C-1'), 100.8 (C-2'), 74.8 (C-1), 73.5 (CH2O), 73.4 (C-6'), 72.1 (C-8'), 68.1  

(C-7'), 62.4 (C-9'), 49.8 (C-5'), 48.5 (C-4'), 38.4 (C-3'), 36.2 (C-3), 35.6 (C-2), 34.2 (C-6), 27.6  

(C-4), 23.2 (C-5), 21.88 (NHAc), 21.87 (NHAc); HR-MS (ESI): m/z calcd for C20H32N2Na2O13S: 

609.1313 [M+Na]+, found 609.1314; HPLC purity: 92 %. 

 

(1S,3R)-3-(sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-4-bezamido-3,4,5-trideoxy-

D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (GC107) 

 

A solution of benzoic acid (6.9 mg, 0.057 mmol), HATU (22.9 mg, 0.060 mmol) and DIPEA (14 

μL, 0.080 mmol) in DMF (0.5 mL) was stirred for 10 min and then added to a solution of compound 

GC106 (15.0 mg, 0.028 mmol) in DMF (0.5 mL). The reaction was stirred for 14 h at rt. Then, the 

solvent was evaporated and the residue purified with flash chromatography (DCM/(MeOH/H2O, 

10:1), 1:0 to 1:1) and size-exclusion chromatography (P-2 gel, H2O) to yield GC107 (11.2 mg,  

63 %). 

[𝛼]𝐷
20 = -5.8 (c = 2.2, H2O); 1H NMR (500 MHz, D2O): δ 7.73 – 7.67 (m, 2H, o-Ph), 7.66 – 7.59 

(m, 1H, p-Ph), 7.56 – 7.50 (m, 2H, m-Ph), 4.19 (ddd, J = 12.7, 10.5, 4.3 Hz, 1H, H-4'), 4.07 (t,  

J = 10.5 Hz, 1H, H-5'), 3.99 – 3.86 (m, 6H, H-1, CH2O, H-6', H-8', H-9'a), 3.72 – 3.65 (m, 2H, H-7', 

H-9'b), 2.73 (dd, J = 12.7, 4.3 Hz, 1H, H-3'e), 2.12 – 2.05 (m, 1H, H-6e), 1.97 – 1.88 (m, 4H, H-2e, 

NHAc), 1.88 – 1.74 (m, 3H, H-3, H-5e, H-3'a), 1.69 (d, J = 10.8 Hz, 1H, H-4e), 1.38 – 1.18 (m, 2H, 

H-5a, H-6a), 1.05 (q, J = 12.1 Hz, 1H, H-2a), 0.92 (qd, J = 12.7, 3.7 Hz, 1H, H-4a); 13C NMR (126 

MHz, D2O): δ 174.4 (NHC=O), 170.8 (PhC=O), 167.6 (C-1'), 133.6 (i-Ph), 132.2 (p-Ph), 128.8  

(m-Ph), 127.0 (o-Ph), 101.2 (C-2'), 74.8 (C-1), 73.5 (CH2O), 73.4 (C-6'), 72.2 (C-8'), 68.1 (C-7'), 62.5 

(C-9'), 49.8 (C-5'), 49.4 (C-4'), 38.3 (C-3'), 36.2 (C-3), 35.6 (C-2), 34.3 (C-6), 27.6 (C-4), 23.2 (C-5), 

21.8 (NHAc); HR-MS (ESI): m/z calcd for C25H34N2Na2O13S: 671.1469 [M+Na]+, found 671.1469; 

HPLC purity: 86 %. 
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(1S,3R)-3-(sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-3,4,5-trideoxy-4-(5-

hydroxyindole-3-acetamido)-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt 

(GC109) 

 

A solution of 5-hydroxyindole-3-acetic acid (8.4 mg, 0.044 mmol), HATU (22.5 mg, 0.059 mmol) 

and DIPEA (14 μL, 0.080 mmol) in DMF (0.5 mL) was stirred for 10 min and then added to a solution 

of compound GC106 (15.0 mg, 0.028 mmol) in DMF (0.5 mL). The reaction was stirred for 15 h at 

rt. Then, the solvent was evaporated and the residue purified with flash chromatography 

(DCM/(MeOH/H2O, 10:1), 1:0 to 1:1) and size-exclusion chromatography (P-2 gel, H2O) to yield 

GC109 (11.0 mg, 56 %). 

[𝛼]𝐷
20 = -9.1 (c = 2.2, H2O); 1H NMR (500 MHz, D2O): δ 7.38 (d, J = 8.9 Hz, 1H, H-7-In), 7.25 

(s, 1H, H-2-In), 6.98 (d, J = 2.3 Hz, 1H, H-4-In), 6.83 (dd, J = 8.8, 2.4 Hz, 1H, H-6-In), 3.98 – 3.72 

(m, 8H, H-1, CH2O, H-4', H-5', H-6', H-8', H-9'a), 3.71 – 3.59 (m, 3H, H-9'b, CH2-In), 3.56 – 3.50 

(m, 1H, H-7'), 2.64 (dd, J = 12.8, 4.4 Hz, 1H, H-3'e), 2.06 – 1.99 (m, 1H, H-6e), 1.83 – 1.69 (m, 3H, 

H-2e, H-3, H-5e), 1.69 – 1.62 (m, 2H, H-4e, H-3'a), 1.52 (s, 3H, NHAc), 1.35 – 1.11 (m, 2H, H-5a, 

H-6a), 1.05 – 0.95 (m, 1H, H-2a), 0.95 – 0.83 (m, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 174.9 

(C=O-In), 174.1 (NHC=O), 173.7 (C-1'), 148.9 (C-5-In), 131.5 (C-7a-In), 127.2 (C-3a-In), 125.8  

(C-2-In), 112.7 (C-7-In), 111.8 (C-6-In), 107.0 (C-3-In), 102.5 (C-4-In), 100.6 (C-2'), 74.8 (C-1), 

73.52 (C-6'), 73.50 (CH2O), 72.0 (C-8'), 68.1 (C-7'), 62.4 (C-9'), 49.4 (C-5'), 48.4 (C-4'), 38.3 (C-3'), 

36.1 (C-3), 35.6 (C-2), 34.2 (C-6), 32.6 (CH2-In), 27.5 (C-4), 23.2 (C-5), 21.2 (NHAc); HR-MS (ESI): 

m/z calcd for C28H37N3Na2O14S: 740.1684 [M+Na]+, found 740.1684; HPLC purity: 93 %. 
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Alternative synthesis of C-9 modified glycosyl donor GC74 

 

Scheme E4. a) Amberlyst-15, MeOH, rt, 120 h (98 %); b) TsCl, pyridine, 0 °C to rt, overnight; c) Ac2O, pyridine, 0 °C 

to rt, 96 h (≈ 73 % from GC04); d) NaN3, DMF, 60 °C, overnight; e) p-thiocresol, BF3·Et2O, DCM, 0 °C to rt, 24 h  

(18 % from GC68). 

Methyl 5-acetamido-3,5-dideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate (GC04) 

 

To a solution of Neu5Ac (50.02 g, 161.7 mmol) in MeOH (1000 mL), Amberlyst-15 (26.16 g) was 

added. The reaction was stirred at rt for 120 h. Then, the suspension was filtered over celite and 

concentrated in vacuo, affording GC04 (50.98 g, 98 %). 

[𝛼]𝐷
20 = -22.4 (c = 2.0, H2O); 1H NMR (500 MHz, CD3OD): δ 4.07 – 4.02 (m, 1H, H-4), 4.00 (dd, 

J = 10.5, 1.5 Hz, 1H, H-6), 3.85 – 3.78 (m, 2H, H-5, H-9a), 3.78 (s, 3H, OMe), 3.70 (ddd, J = 8.9, 

5.6, 2.9 Hz, 1H, H-8), 3.62 (dd, J = 11.3, 5.8 Hz, 1H, H-9b), 3.48 (dd, J = 9.2, 1.5 Hz, 1H, H-7), 2.22 

(dd, J = 13.0, 4.9 Hz, 1H, H-3e), 2.02 (s, 3H, NHAc), 1.89 (dd, J = 12.9, 11.4 Hz, 1H, H-3a);  

13C NMR (126 MHz, CD3OD): δ 175.2 (NHC=O), 171.8 (C-1), 96.6 (C-2), 72.0 (C-6), 71.6 (C-8), 

70.0 (C-7), 67.8 (C-4), 64.7 (C-9), 54.2 (C-5), 53.2 (OMe), 40.6 (C-3), 22.6 (NHAc); MS (ESI): m/z 

calcd for C12H21NO9: 346.1 [M+Na]+, found 346.0. 

 

Methyl 5-acetamido-3,5-dideoxy-9-O-tosyl-D-glycero-α-D-galacto-2-nonulopyranosylonate 

(GC62) 

 

To a solution of GC04 (50.98 g, 157.7 mmol) in pyridine (750 mL), tosyl chloride (31.22 g,  

163.8 mmol) was added at 0 °C. The reaction was stirred at rt overnight, then directly subjected to 

the next step. 
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1H NMR (500 MHz, CD3OD): δ 7.79 (d, J = 8.4 Hz, 2H, Ph), 7.44 (d, J = 8.4 Hz, 2H, Ph), 4.28 

(dd, J = 10.0, 2.2 Hz, 1H, H-9a), 4.07 – 3.98 (m, 2H, H-4, H-9b), 3.93 (dd, J = 10.5, 1.5 Hz, 1H,  

H-7), 3.90 – 3.82 (m, 2H, H-5, H-8), 3.77 (s, 3H, OMe), 3.43 (dd, J = 9.2, 1.5 Hz, 1H, H-6), 2.46 (s, 

3H, Me), 2.20 (dd, J = 13.0, 4.9 Hz, 1H, H-3e), 2.01 (s, 3H, NHAc), 1.86 (dd, J = 13.0, 11.3 Hz, 1H, 

H-3a). 

 

Acetyl (methyl 5-acetamido-4,7,8-tri-O-acetyl-3,5-dideoxy-9-O-tosyl-D-glycero-α-D-galacto-

2-nonulopyranosylonate) (GC68) 

 

To the reaction solution of GC62 in pyridine, Ac2O (150 mL, 1.574 mol) was added at 0 °C. The 

reaction was stirred for 96 h, during which additional amounts of Ac2O (2 x 50 mL) were added. 

Then, MeOH (100 mL) was added at 0 °C and the reaction stirred for 30 min, after which the solvent 

was evaporated. The residue was dissolved in DCM (500 mL), washed with 1 M HCl (500 mL), satd. 

aq. Na2S2O3 (500 mL) and brine (500 mL), dried over Na2SO4, filtered and evaporated, affording 

crude GC68 (73.89 g, 73 % over two steps from GC04). 

[𝛼]𝐷
20 = -24.9 (c = 1.0, DCM); 1H NMR (500 MHz, CDCl3): δ 7.75 (d, J = 8.4 Hz, 2H, o-Ph), 7.31 

(d, J = 8.5 Hz, 2H, m-Ph), 5.66 (d, J = 9.6 Hz, 1H, NH), 5.37 (dd, J = 4.7, 2.2 Hz, 1H, H-7), 5.22 

(ddd, J = 11.4, 9.9, 4.9 Hz, 1H, H-4), 5.02 – 4.97 (m, 1H, H-8), 4.51 (dd, J = 11.2, 2.8 Hz, 1H,  

H-9b), 4.13 – 4.01 (m, 3H, H-5, H-6, H-9a), 3.73 (s, 3H, OMe), 2.50 (dd, J = 13.4, 5.1 Hz, 1H, H-

3e), 2.41 (s, 3H, Me), 2.10 (s, 3H, OAc), 2.06 (s, 3H, OAc), 2.00 (s, 3H, OAc), 1.99 – 1.97 (m, 1H, 

H-3a), 1.96 (s, 3H, OAc), 1.85 (s, 3H, NHAc); 13C NMR (126 MHz, CDCl3): δ 170.9 (C=O), 170.5 

(C=O), 170.3 (C=O), 170.1 (C=O), 168.3 (C=O), 166.4 (C-1), 144.8 (i-Ph), 133.1 (p-Ph), 129.9  

(o-Ph), 128.0 (m-Ph), 97.4 (C-2), 72.8 (C-6), 71.0 (C-8), 68.3 (C-4), 67.7 (C-7), 67.6 (C-9), 53.2 

(OMe), 49.2 (C-5), 36.0 (C-3), 23.2 (NHAc), 21.7 (Me), 20.9 (OAc), 20.8 (OAc), 20.77 (OAc), 20.75 

(OAc); MS (ESI): m/z calcd for C27H35NO15S: 668.2 [M+Na]+, found 668.1. 

 

 

 

 

O

CO2MeTsO

AcHN

AcO

OAc
OAc

OAc



2nd Generation of Siglec-8 ligands 

170 
 

Acetyl (methyl 5-acetamido-4,7,8-tri-O-acetyl-9-azido-3,5,9-trideoxy-D-glycero-α-D-galacto-

2-nonulopyranosylonate) (GC69) 

 

To a solution of GC68 (14.60 g, 22.61 mmol) in DMF (220 mL), NaN3 (2.4421 g, 37.56 mmol) 

was added. The reaction mixture was stirred overnight at 70 °C. Then, the suspension was filtered 

through celite and the filter was washed with MeOH. The solvent was removed with vacuo, then the 

residue was dissolved in H2O (100 mL) and extracted with EtOAc (4 x 100 mL). The combined 

organics were dried over Na2SO4, filtered and evaporated, affording crude GC69, which was used in 

the next step without purification. 

1H NMR (500 MHz, CDCl3): δ 5.72 (d, J = 9.5 Hz, 1H, NH), 5.37 (dt, J = 4.0, 2.0 Hz, 1H, H-7), 

5.22 (ddd, J = 11.4, 10.2, 5.0 Hz, 1H, H-4), 4.88 (dt, J = 7.9, 2.8 Hz, 1H, H-8), 4.18 – 4.04 (m, 2H, 

H-5, H-6), 3.82 – 3.79 (m, 1H, H-9a), 3.78 (s, 3H, OMe), 3.36 (dd, J = 13.6, 7.9 Hz, 1H, H-9b), 2.50 

(dd, J = 13.4, 5.0 Hz, 1H, H-3a), 2.13 (s, 3H, OAc), 2.12 (s, 3H, OAc), 2.06 (s, 3H, OAc), 2.01 (s, 

3H, OAc), 1.86 (s, 3H, NHAc); 13C NMR (126 MHz, CDCl3): δ 171.1 (C=O), 170.8 (C=O), 170.6 

(C=O), 170.4 (C=O), 168.5 (C=O), 166.5 (C-1), 97.3 (C-2), 73.7 (C-8), 73.3 (C-6), 68.5 (C-4), 68.4 

(C-7), 50.2 (C-9), 49.1 (C-5), 36.3 (C-3), 23.2 (NHAc), 21.0 (OAc), 20.93 (OAc), 20.87 (OAc), 20.8 

(OAc); MS (ESI): m/z calcd for C20H28N4O12: 539.2 [M+Na]+, found 539.0. 

 

p-Tolyl (methyl 5-acetamido-4,7,8-tri-O-acetyl-9-azido-2,3,5,9-tetradeoxy-2-thio-D-glycero-

α-D-galacto-2-nonulopyranosylonate) (GC74) 

 

To a solution of crude GC69 in DCM (55 mL), p-thiocresol (5034.1 mg, 40.53 mmol) was added, 

followed by dropwise BF3·Et2O (8 mL, 64.82 mmol) at 0 °C. The solution was stirred for 24 h, 

allowing to reach rt. The solution was filtered over celite, and the filter washed with DCM (100 mL). 

Then, satd. aq. NaHCO3 (100 mL) was added, and the mixture was stirred for 30 min. Next, the 

organic phase was separated and washed with satd. aq. NaHCO3 (150 mL) and brine (150 mL), dried 

over Na2SO4, filtered and evaporated. The residue was purified with flash chromatography 

(PE:acetone, 1:0 to 0:1) to afford GC74 (2.6700 g, 18 % over two steps from GC68). 

[𝛼]𝐷
20 = -89.4 (c = 0.2, DCM); 1H NMR (500 MHz, CDCl3): δ 7.30 (d, J = 8.1 Hz, 2H, Ph), 7.19 

(d, J = 7.9 Hz, 2H, Ph), 5.49 (d, J = 10.2 Hz, 1H, NH), 5.43 (m, 1H, H-7), 5.37 (m, 1H, H-4), 4.76 
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(m, 1H, H-8), 4.58 (dd, J = 10.5, 2.4 Hz, 1H, H-6), 4.12 (m, 1H, H-5), 3.68 (s, 3H, OMe), 3.63 (dd, 

J = 13.4, 2.4 Hz, 1H, H-9a), 3.31 (dd, J = 13.4, 9.4 Hz, 1H, H-9b), 2.67 (dd, J = 13.8, 4.8 Hz, 1H,  

H-3e), 2.35 (s, 3H, Me), 2.15 – 2.10 (m, 4H, H-3a, OAc), 2.09 (s, 3H, OAc), 2.04 (s, 3H, OAc), 1.90 

(s, 3H, NHAc); 13C NMR (126 MHz, CDCl3): δ 171.5 (C=O), 171.3 (C=O), 170.7 (C=O), 170.6 

(C=O), 168.6 (C=O), 141.2 (Ph), 136.3 (Ph), 130.5 (Ph), 124.8 (Ph), 88.8 (C-2), 74.9 (C-8), 73.3  

(C-6), 69.2 (C-4), 69.1 (C-7), 53.1 (OMe), 50.0 (C-9), 49.6 (C-5), 37.5 (H-3), 23.5 (NHAc), 21.6 

(Me), 21.4 (OAc), 21.2 (OAc), 21.1 (OAc); MS (ESI): m/z calcd for C25H32N4O10S: 603.2 [M+Na]+ 

found: 603.0 

 

Alternative synthesis of C-9 modified GC56 

 

Scheme E5. a) MeONa, MeOH, rt, 24 h (quant.); b) TsCl, pyridine, 0 °C to rt, overnight (71 %); c) NaN3, DMF, 70 °C, 

24 h; d) Ac2O, pyridine, 0 °C to rt, 24 h (91 % from GC79). 

(1S,3R)-3-(tert-butyldiphenylsilyloxymethyl)cyclohexyl (methyl 5-acetamido-3,5-dideoxy-D-

glycero-α-D-galacto-2-nonulopyranosylonate) (GC78) 

  

To a solution of GC07 (4547.1 mg, 5.40 mmol) in MeOH (50 mL), NaOMe (25 % w/V in MeOH, 

0.5 mL, 2.18 mmol) was added, and the solution was stirred for 24 h. The solution was neutralized 

by addition of Amberlyst-15, filtered and concentrated with vacuo. The crude product was purified 

by flash column chromatography (DCM/MeOH, 1:0 to 9:1) to yield GC78 (3735.6 mg, quant.). 

1H NMR (500 MHz, CDCl3): δ 7.63 – 7.54 (m, 4H, Ph), 7.41 – 7.29 (m, 6H, Ph), 3.88 – 3.79 (m, 

2H, H-6', H-9'a), 3.76 – 3.67 (m, 6H, H-1, H-5', H-8', OMe), 3.53 – 3.41 (m, 3H, CH2Oa, H-4',  

H-9'b), 3.41 – 3.35 (m, 1H, CH2Ob), 3.32 (dt, J = 10.4, 2.1 Hz, 1H, H-7'), 2.72 (dd, J = 13.0, 4.7 Hz, 

1H, H-3'e), 2.00 – 1.94 (m, 4H, H-6e, NHAc), 1.83 – 1.75 (m, 1H, H-3'a), 1.75 – 1.67 (m, 2H, H-2e, 
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H-5e), 1.62 – 1.48 (m, 2H, H-3, H-4e), 1.27 – 1.13 (m, 2H, H-5a, H-6a), 1.03 – 0.92 (m, 10H, H-2a, 

tBu), 0.78 (qd, J = 12.6, 4.7 Hz, 1H, H-4a); MS (ESI): m/z calcd for C35H51NO10Si: 696.3 [M+Na]+, 

found 696.3.  

 

(1S,3R)-3-(tert-butyldiphenylsilyloxymethyl)cyclohexyl (methyl 5-acetamido-3,5-dideoxy-9-

O-tosyl-D-glycero-α-D-galacto-2-nonulopyranosylonate) (GC79) 

 

To a solution of GC78 (1128.6 mg, 1.67 mmol) in pyridine (20 mL), tosyl chloride (324.2 mg, 

1.70 mmol) was added at 0 °C. The reaction was stirred at rt overnight. Then, the solvents were 

evaporated under reduced pressure and the crude product was purified by flash column 

chromatography (DCM/MeOH, 1:0 to 9:1) to give GC79 (989.9 mg, 71 %). 

1H NMR (500 MHz, CDCl3): δ 7.79 (d, J = 8.4 Hz, 2H, Tol), 7.64 – 7.61 (m, 4H, Ph), 7.43 – 7.33 

(m, 8H, Ph, Tol), 6.22 (d, J = 7.9 Hz, 1H, NH), 4.32 (dd, J = 10.1, 2.4 Hz, 1H, H-9'a), 4.21 (dd,  

J = 10.1, 5.1 Hz, 1H, H-9'b), 4.01 (ddd, J = 7.6, 5.1, 2.5 Hz, 1H, H-8'), 3.81 – 3.68 (m, 5H, H-1,  

H-5', OMe), 3.67 – 3.60 (m, 1H, H-4'), 3.51 (d, J = 9.0 Hz, 1H, H-7'), 3.48 – 3.44 (m, 1H, CH2Oa), 

3.42 – 3.36 (m, 2H, CH2Ob, H-6'), 2.77 (dd, J = 13.0, 4.7 Hz, 1H, H-3'e), 2.44 (s, 3H, Me), 2.06 (s, 

3H, NHAc), 1.97 – 1.91 (m, 1H, H-6e), 1.82 (dd, J = 13.0, 11.7 Hz, 1H, H-3'a), 1.77 – 1.69 (m, 2H, 

H-2e, H-5e), 1.64 – 1.49 (m, 2H, H-3, H-4e), 1.27 – 1.14 (m, 2H, H-5a, H-6a), 1.05 – 0.94 (m, 10H, 

H-2a, tBu), 0.80 (tt, J = 16.2, 8.1 Hz, 1H, H-4a); MS (ESI): m/z calcd for C42H57NO12SSi: 850.3 

[M+Na]+, found 850.2.  

 

(1S,3R)-3-(tert-butyldiphenylsilyloxymethyl)cyclohexyl (methyl 5-acetamido-9-azido-3,5,9-

trideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) (GC83) 

 

To a solution of GC79 (989.9 mg, 1.20 mmol) in DMF (20 mL), NaN3 (419.8 mg, 6.46 mmol) 

was added. The reaction mixture was stirred for 24 h at 70 °C. Then, the suspension was filtered 

through celite and the filter was washed with MeOH. The solvents were removed with vacuo, then 

the residue was dissolved in H2O (200 mL) and extracted with EtOAc (4 x 200 mL). The combined 
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organics were dried over Na2SO4, filtered and evaporated, affording GC83, which was used in the 

next step without purification. 

1H NMR (500 MHz, CDCl3): δ 7.68 – 7.58 (m, 4H, Ph), 7.45 – 7.32 (m, 6H, Ph), 4.00 (tt, J = 6.4, 

3.3 Hz, 1H, H-8'), 3.94 – 3.78 (m, 1H, H-5'), 3.78 – 3.69 (m, 4H, H-1, OMe), 3.65 (dd, J = 13.2, 2.2 

Hz, 1H, H-9'a), 3.61 – 3.53 (m, 1H, H-4'), 3.53 – 3.35 (m, 5H, CH2O, H-6', H-7', H-9'b), 2.80 (dd, J 

= 12.7, 4.6 Hz, 1H, H-3'e), 2.06 (s, 3H, NHAc), 2.03 – 1.93 (m, 1H, H-6e), 1.90 – 1.69 (m, 3H, H-

2e, H-5e, H-3'a), 1.65 – 1.52 (m, 2H, H-3, H-4e), 1.31 – 1.19 (m, 2H, H-5a, H-6a), 1.09 – 0.96 (m, 

10H, H-2a, tBu), 0.92 – 0.73 (m, 1H, H-4a); MS (ESI): m/z calcd for C35H50N4O9Si: 721.3 [M+Na]+, 

found 721.2.  

 

(1S,3R)-3-(tert-butyldiphenylsilyloxymethyl)cyclohexyl (methyl 5-acetamido-4,7,8-tri-O-

acetyl-9-azido-3,5,9-trideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) (GC56) 

 

To a solution of crude GC83 in pyridine (13 mL), Ac2O (1.3 mL, 13.75 mmol) was added at 0 °C. 

The reaction was stirred for 24 h allowing to reach rt. Then, the solvent was evaporated affording 

GC56 (1003.9 mg, 91 % over two steps from GC79). 

[𝛼]𝐷
20 = -1.2 (c = 0.3, DCM); 1H NMR (500 MHz, CDCl3): δ 7.66 – 7.60 (m, 4H, Ph), 7.42 – 7.35 

(m, 6H, Ph), 5.33 – 5.26 (m, 2H, H-6’, H-8’), 5.21 (d, J = 10.1 Hz, 1H, NH), 4.81 (m, 1H, H-4’), 4.11 

(m, 1H, H-5’), 4.01 (m, 1H, H-7’), 3.75 (s, 3H, OMe), 3.71 (m, 1H, H-1), 3.61 (dd, J = 13.5, 2.9 Hz, 

1H, H-9’a), 3.45 – 3.39 (m, 2H, CH2O), 3.28 (dd, J = 13.5, 6.4 Hz, 1H, H-9’b), 2.62 (dd, J = 12.7, 

4.6 Hz, 1H, H-3’e), 2.18 (OAc), 2.16 (OAc), 2.02 (OAc), 2.00 (m, 1H, H-6e), 1.93 (t, J = 12.5 Hz, 

1H, H-3’a), 1.87 (s, 3H, NHAc), 1.81 – 1.74 (m, 2H, H-2e, H-5e), 1.62 – 1.56 (m, 2H, H-3, H-4e), 

1.40 (m, 1H, H-5a), 1.25 (m, 1H, H-6a), 1.04 (s, 9H, tBu), 0.99 (m, 1H, H-2a), 0.82 ppm (m, 1H,  

H-4a); 13C NMR (126 MHz, CDCl3): δ 171.5 (C=O), 170.67 (C=O), 170.66 (C=O), 170.5 (C=O), 

169.1 (C-1’), 135.8 (Ph), 134.0 (Ph), 129.8 (Ph), 127.9 (Ph), 98.9 (C-2’), 74.7 (C-1), 73.1 (C-7’), 70.5 

(C-6’), 69.3 (C-4’), 68.8 (CH2O), 68.3 (C-8’), 53.0 (OMe), 51.0 (C-9’), 49.5 (C-5’), 39.7 (C-3), 38.7 

(C-3’), 36.7 (C-2), 35.4 (C-6), 28.5 (C-4), 27.1 (tBu), 23.5 (C-5), 23.5 (NHAc), 21.4 (OAc), 21.24 

(OAc), 21.22 (OAc), 19.6 (q-tBu); MS (ESI): m/z calcd for C41H56N4O12Si: 847.4 [M+Na]+; found: 

847.2. 
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Synthesis of C-9 modified sulfonamide Siglec-8 ligands 

 

Scheme E6. a) RSO2Cl, NaHCO3, DMF, H2O, rt, (29 – 62 %). 

(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-3,5,9-trideoxy-9-(6-

methoxynaphthalene-2-sulfonamido)-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium 

salt (GC98) 

 

Compound GC66 (12.7 mg, 0.023 mmol), NaHCO3 (9.5 mg, 0.113 mmol) and  

6-methoxynaphthalene-2-sulfonyl chloride (9.8 mg, 0.038 mmol) were dissolved in DMF/H2O (2:1, 

1.5 mL) and the solution was stirred at rt overnight. The solution was evaporated to dryness. The 

residue was purified by flash chromatography on silica (DCM/(MeOH/H2O, 10:1), 8:2 to 1:1) and 

size-exclusion chromatography (P-2 gel, H2O) to afford GC98 (7.1 mg, 40 %).  

[𝛼]𝐷
20 = +10.3 (c = 1.0, H2O); 1H NMR (500 MHz, D2O): δ 8.43 (d, J = 2.1 Hz, 1H, H-1-Np), 8.02 

– 7.98 (d, 2H, H-4-Np, H-8-Np), 7.83 (dd, J = 8.7, 2.0 Hz, 1H, H-3-Np), 7.43 (d, J = 2.6 Hz, 1H,  

H-5-Np), 7.32 (dd, J = 9.1, 2.5 Hz, 1H, H-7-Np), 3.99 (s, 3H, OMe), 3.79 – 3.75 (m, 2H, CH2O), 3.75 

– 3.68 (m, 2H, H-5', H-8'), 3.65 – 3.56 (m, 3H, H-1, H-4', H-6'), 3.53 – 3.46 (m, 2H, H-7', H-9'a), 

3.12 (dd, J = 14.3, 8.2 Hz, 1H, H-9'b), 2.68 (dd, J = 12.4, 4.7 Hz, 1H, H-3'e), 2.01 (s, 3H, NHAc), 

1.74 (m, 2H, H-2e, H-6e), 1.56 (t, J = 12.1 Hz, 1H, H-3'a), 1.42 – 1.30 (m, 3H, H-3, H-4e, H-5e), 

0.95 – 0.82 (m, 2H, H-2a, H-6a), 0.78 – 0.62 (m, 2H, H-4a, H-5a); 13C NMR (126 MHz, D2O):  

δ 176.0 (NHC=O), 174.5 (C-1'), 160.4 (C-6-Np), 137.5 (C-4-Np), 134.9 (C-2-Np), 132.0 (C-8-Np), 

129.5 (C-4-Np), 128.7 (C-1-Np), 128.4 (C-8a-Np), 123.2 (C-3-Np), 121.1 (C-7-Np), 107.4 (C-5-Np), 

102.0 (C-2'), 75.7 (C-1), 74.3 (CH2O), 73.5 (C-6'), 71.9 (C-8'), 70.5 (C-7'), 69.2 (C-4'), 56.5 (OMe), 

52.8 (C-5'), 46.4 (C-9'), 42.1 (C-3'), 36.8 (C-3), 36.4 (C-2), 35.0 (C-6), 28.4 (C-4), 23.8 (C-5), 22.9 

(NHAc); HR-MS (ESI): m/z calcd for C29H38N2Na2O15S2: 787.1401 [M+Na]+; found: 787.1402; 

HPLC purity: 94 %. 
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-9-(6-chloronaphthalene-2-

sulfonamido)-3,5,9-trideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt 

(GC99) 

 

Compound GC66 (12.5 mg, 0.023 mmol), NaHCO3 (10.6 mg, 0.126 mmol) and  

6-chloronaphthalene-2-sulfonyl chloride (12.0 mg, 0.046 mmol) were dissolved in DMF/H2O (2:1, 

1.5 mL) and the solution was stirred at rt overnight. The solution was evaporated to dryness. The 

residue was purified by flash chromatography on silica (DCM/(MeOH/H2O, 10:1), 8:2 to 1:1) and 

size-exclusion chromatography (P-2 gel, H2O) to afford GC99 (10.2 mg, 58 %).  

[𝛼]𝐷
20 = +2.4 (c = 0.9, H2O); 1H NMR (500 MHz, D2O): δ 8.51 (d, J = 2.3 Hz, 1H, H-1-Np), 8.10 

– 8.01 (m, 3H, H-4-Np, H-5-Np, H-8-Np), 7.91 (dd, J = 8.9, 2.0 Hz, 1H, H-3-Np), 7.66 (dd, J = 8.7, 

2.1 Hz, 1H, H-7-Np), 3.82 – 3.76 (m, 2H, CH2O), 3.75 – 3.66 (m, 2H, H-5', H-8'), 3.65 – 3.55 (m, 

3H, H-1, H-4', H-6'), 3.53 – 3.45 (m, 2H, H-7', H-9'a), 3.13 (dd, J = 14.3, 8.2 Hz, 1H, H-9'b), 2.68 

(dd, J = 12.4, 4.7 Hz, 1H, H-3'e), 2.01 (s, 3H, NHac), 1.79 – 1.69 (m, 2H, H-2e, H-6e), 1.56 (t,  

J = 12.1 Hz, 1H, H-3'a), 1.43 – 1.28 (m, 3H, H-3, H-4e, H-5e), 0.97 – 0.81 (m, 2H, H-2a, H-6a),  

0.77 – 0.65 (m, 2H, H-4a, H-5a); 13C NMR (126 MHz, D2O): δ 176.0 (NHC=O), 174.5 (C-1'), 137.6 

(C-2-Np), 136.3 (C-8a-Np), 135.5 (C-4a-Np), 132.0 (C-8-Np), 131.3 (C-6-Np), 130.0 (C-4-Np), 

129.5 (C-7-Np), 128.8 (C-1-Np), 127.6 (C-5-Np), 123.6 (C-3-Np), 101.9 (C-2'), 75.6 (C-1), 74.3 

(CH2O), 73.5 (C-6'), 71.9 (C-8'), 70.4 (C-7'), 69.2 (C-4'), 52.8 (C-5'), 46.4 (C-9'), 42.1 (C-3'), 36.9 

(C-3), 36.4 (C-2), 35.0 (C-6), 28.3 (C-4), 23.9 (C-5), 22.9 (NHAc); HR-MS (ESI): m/z calcd for 

C28H35ClN2Na2O14S2: 791.0906 [M+Na]+; found: 791.0907; HPLC purity: 95 %. 
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-3,5,9-trideoxy-9-(5,6,7,8-

tetrahydronaphthalene-2-sulfonamido)-D-glycero-α-D-galacto-2-nonulopyranosylonate) 

sodium salt (GC100) 

 

Compound GC66 (12.6 mg, 0.023 mmol), NaHCO3 (10.6 mg, 0.126 mmol) and  

5,6,7,8-tetrahydronaphthalene-2-sulfonyl chloride (11.2 mg, 0.048 mmol) were dissolved in 

DMF/H2O (2:1, 1.5 mL) and the solution was stirred at rt overnight. The solution was evaporated to 

dryness. The residue was purified by flash chromatography on silica (DCM/(MeOH/H2O, 10:1), 8:2 

to 1:1) and size-exclusion chromatography (P-2 gel, H2O) to afford GC100 (7.2 mg, 42 %).  

[𝛼]𝐷
20 = +1.1 (c = 0.3, H2O); 1H NMR (500 MHz, D2O): δ 7.62 (d, J = 2.1 Hz, 1H, H-1-Np), 7.59 

(dd, J = 8.1, 2.1 Hz, 1H, H-3-Np), 7.35 (d, J = 8.1 Hz, 1H, H-4-Np), 3.91 – 3.84 (m, 2H, CH2O),  

3.82 – 3.73 (m, 3H, H-1, H-5', H-8'), 3.67 – 3.59 (m, 2H, H-4', H-6'), 3.50 (dd, J = 8.5, 2.0 Hz, 1H, 

H-7'), 3.34 (dd, J = 13.8, 2.7 Hz, 1H, H-9'a), 3.04 (dd, J = 14.0, 7.7 Hz, 1H, H-9'b), 2.85 (dt, J = 6.7, 

4.0 Hz, 4H, H-5-Np, H-8-Np), 2.75 – 2.70 (m, 1H, H-3'e), 2.03 (s, 3H, NHAc), 1.96 – 1.90 (m, 1H, 

H-6e), 1.87 (d, J = 11.7 Hz, 1H, H-2e), 1.81 (dq, J = 6.9, 3.3 Hz, 4H, H-6-Np, H-7-Np), 1.73 – 1.63 

(m, 3H, H-3, H-4e, H-5e), 1.61 (t, J = 12.1 Hz, 1H, H-3'a), 1.19 – 1.07 (m, 2H, H-5a, H-6a), 0.99 (q, 

J = 12.0 Hz, 1H, H-2a), 0.93 – 0.83 (m, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 176.0 (NHC=O), 

174.6 (C-1'), 144.9 (C-4a-Np), 140.1 (C-8a-Np), 136.4 (C-2-Np), 131.2 (C-4-Np), 128.1 (C-1-Np), 

124.2 (C-3-Np), 102.0 (C-2'), 75.8 (C-1), 74.4 (CH2O), 73.5 (C-6'), 71.7 (C-8'), 70.3 (C-7'), 69.2  

(C-4'), 52.8 (C-5'), 46.1 (C-9'), 42.1 (C-3'), 37.1 (C-3), 36.5 (C-2), 35.2 (C-6), 30.0 (C-5-Np/C-8-Np), 

29.8 (C-5-Np/C-8-Np), 28.6 (C-4), 24.1 (C-5), 23.2 (C-6-Np/C-7-Np), 23.1 (C-6-Np/C-7-Np), 23.0 

(NHAc); HR-MS (ESI): m/z calcd for C28H40N2Na2O14S2: 761.1609 [M+Na]+; found: 761.1608; 

HPLC purity: 93 %. 
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-9-(biphenyl-4-

sulfonamido)-3,5,9-trideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt 

(GC101) 

 

Compound GC66 (12.8 mg, 0.024 mmol), NaHCO3 (12.2 mg, 0.145 mmol) and  

4-biphenylsulfonyl chloride (12.9 mg, 0.051 mmol) were dissolved in DMF/H2O (2:1, 1.5 mL) and 

the solution was stirred at rt overnight. The solution was evaporated to dryness. The residue was 

purified by flash chromatography on silica (DCM/(MeOH/H2O, 10:1), 8:2 to 1:1) and size-exclusion 

chromatography (P-2 gel, H2O) to afford GC101 (5.8 mg, 32 %).  

[𝛼]𝐷
20 = +7.8 (c = 0.3, H2O); 1H NMR (500 MHz, D2O): δ 7.99 (d, J = 8.7 Hz, 2H, H-3-Bp,  

H-5-Bp), 7.93 (d, J = 8.7 Hz, 2H, H-2-Bp, H-6-Bp), 7.83 – 7.78 (m, 2H, H-2'-Bp, H-6’-Bp),  

7.61 – 7.56 (m, 2H, H-3'-Bp, H-5’-Bp), 7.53 – 7.49 (m, 1H, H-4'-Bp), 3.77 – 3.57 (m, 7H, H-1, CH2O, 

H-4', H-5', H-6', H-8'), 3.52 – 3.44 (m, 2H, H-7', H-9'a), 3.12 (dd, J = 14.2, 8.1 Hz, 1H, H-9'b), 2.70 

(dd, J = 12.4, 4.7 Hz, 1H, H-3'e), 2.02 (s, 3H, NHAc), 1.83 – 1.75 (m, 2H, H-3e, H-6e), 1.62 – 1.51 

(m, 3H, H-3, H-5e, H-3'a), 1.47 (d, J = 11.7 Hz, 1H, H-4e), 1.07 – 0.91 (m, 2H, H-5a, H-6a), 0.87 (q, 

J = 12.2 Hz, 1H, H-2a), 0.67 – 0.57 (m, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 176.0 (NHC=O), 

174.4 (C-1'), 146.3 (C-1-Bp), 139.8 (C-1'-Bp), 138.9 (C-4-Bp), 130.2 (C-3'-Bp, C-5’-Bp), 129.8  

(C-4'-Bp), 128.8 (C-3-Bp, C-5-Bp), 128.3 (C-2'-Bp, C-6’-Bp), 128.1 (C-2-Bp, C-6-Bp), 102.1 (C-2'), 

75.9 (C-1), 74.3 (CH2O), 73.5 (C-6'), 71.8 (C-8'), 70.4 (C-7'), 69.2 (C-4'), 52.7 (C-5'), 46.5 (C-9'), 

42.2 (C-3'), 36.9 (C-3), 36.4 (C-2), 35.0 (C-6), 28.2 (C-4), 24.0 (C-5), 23.0 (NHAc); HR-MS (ESI): 

m/z calcd for C30H38N2Na2O14S2: 783.1452 [M+Na]+; found: 783.1452; HPLC purity: 94 %. 
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-9-(1-benzofuran-2-

sulfonamido)-3,5,9-trideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt 

(GC103) 

 

Compound GC66 (13.6 mg, 0.025 mmol), NaHCO3 (10.4 mg, 0.124 mmol) and 1-benzofuran-2-

sulfonyl chloride (10.3 mg, 0.048 mmol) were dissolved in DMF/H2O (2:1, 1.5 mL) and the solution 

was stirred at rt overnight. The solution was evaporated to dryness. The residue was purified by flash 

chromatography on silica (DCM/(MeOH/H2O, 10:1), 8:2 to 1:1) and size-exclusion chromatography 

(P-2 gel, H2O) to afford GC103 (5.3 mg, 29 %).  

[𝛼]𝐷
20 = +7.6 (c = 0.4, H2O); 1H NMR (500 MHz, D2O): δ 7.63 (d, J = 7.8 Hz, 1H, H-4-Bf), 7.48 

(d, J = 8.7 Hz, 1H, H-7-Bf), 7.42 – 7.35 (m, 2H, H-3-Bf, H-6-Bf), 7.24 (t, J = 6.6 Hz, 1H, H-5-Bf), 

3.69 – 3.61 (m, 3H, CH2O, H-8'), 3.61 – 3.50 (m, 2H, H-1, H-5'), 3.49 – 3.38 (m, 2H, H-4', H-6'), 

3.38 – 3.31 (m, 2H, H-7', H-9'a), 3.01 (dd, J = 14.2, 7.8 Hz, 1H, H-9'b), 2.51 (dd, J = 12.4, 4.4 Hz, 

1H, H-3'e), 1.82 (s, 3H, NHAc), 1.74 – 1.66 (m, 1H, H-6e), 1.62 (d, J = 12.1 Hz, 1H, H-2e),  

1.45 – 1.28 (m, 4H, H-3, H-4e, H-5e, H-3'a), 0.89 – 0.79 (m, 2H, H-5a, H-6a), 0.74 (q, J = 11.4, 10.7 

Hz, 1H, H-2a), 0.64 – 0.53 (m, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 176.1 (NHC=O), 174.7  

(C-1'), 156.7 (C-7a-Bf), 150.4 (C-2-Bf), 129.1 (C-6-Bf), 126.9 (C-3a-Bf), 125.5 (C-5-Bf), 124.5  

(C-4-Bf), 113.5 (C-3-Bf), 113.2 (C-7-Bf), 102.0 (C-2'), 75.9 (C-1), 74.4 (CH2O), 73.6 (C-6'), 72.1 

(C-8'), 70.3 (C-7'), 69.3 (C-4'), 52.8 (C-5'), 46.4 (C-9'), 42.2 (C-3'), 37.0 (C-3), 36.5 (C-2), 35.2  

(C-6), 28.5 (C-4), 24.1 (C-5), 23.0 (NHAc); HR-MS (ESI): m/z calcd for C26H34N2Na2O15S2: 

747.1088 [M+Na]+; found: 747.1086; HPLC purity: 90 %. 
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-9-(dibenzofuran-2-

sulfonamido)-3,5,9-trideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt 

(GC102) 

 

Compound GC66 (13.8 mg, 0.025 mmol), NaHCO3 (9.8 mg, 0.117 mmol) and dibenzofuran-2-

sulfonyl chloride (14.3 mg, 0.054 mmol) were dissolved in DMF/H2O (2:1, 1.5 mL) and the solution 

was stirred at rt overnight. The solution was evaporated to dryness. The residue was purified by flash 

chromatography on silica (DCM/(MeOH/H2O, 10:1), 8:2 to 1:1) and size-exclusion chromatography 

(P-2 gel, H2O) to afford GC102 (12.1 mg, 62 %).  

[𝛼]𝐷
20 = +2.0 (c = 0.4, H2O); 1H NMR (500 MHz, D2O): δ 8.51 (d, J = 2.0 Hz, 1H, H-1-Db), 8.03 

(dt, J = 7.8, 1.1 Hz, 1H, H-9-Db), 7.97 (dd, J = 8.7, 2.0 Hz, 1H, H-3-Db), 7.72 (d, J = 8.7 Hz, 1H,  

H-4-Db), 7.64 (dt, J = 8.2, 0.9 Hz, 1H, H-6-Db), 7.59 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H, H-7-Db), 7.45 

(td, J = 7.3, 1.1 Hz, 1H, H-8-Db), 3.77 – 3.68 (m, 4H, CH2O, H-5', H-6'), 3.67 – 3.56 (m, 3H, H-1, 

H-4', H-8'), 3.52 – 3.44 (m, 2H, H-7', H-9'a), 3.13 (dd, J = 14.1, 8.0 Hz, 1H, H-9'b), 2.68 (dd,  

J = 12.4, 4.6 Hz, 1H, H-3'e), 2.00 (s, 3H, NHAc), 1.79 – 1.71 (m, 2H, H-2e, H-6e), 1.55 (t, J = 12.1 

Hz, 1H, H-3'a), 1.45 – 1.32 (m, 2H, H-3, H-5e), 1.29 (d, J = 12.4 Hz, 1H, H-4e), 0.98 – 0.74 (m, 3H, 

H-2a, H-5a, H-6a), 0.59 (qd, J = 12.7, 3.7 Hz, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 176.0 

(NHC=O), 174.5 (C-1'), 158.8 (C-4a-Db), 157.5 (C-5a-Db), 134.8 (C-2-Db), 129.7 (C-7-Db), 126.8 

(C-3-Db), 125.6 (C-9b-Db), 124.7 (C-8-Db), 123.6 (C-9a-Db), 122.3 (C-9-Db), 121.1 (C-1-Db), 

113.4 (C-4-Db), 112.9 (C-6-Db), 102.0 (C-2'), 75.6 (C-1), 74.2 (CH2O), 73.5 (C-6'), 71.8 (C-8'), 70.4 

(C-7'), 69.2 (C-4'), 52.8 (C-5'), 46.4 (C-9'), 42.1 (C-3'), 36.7 (C-3), 36.4 (C-2), 35.0 (C-6), 28.2  

(C-4), 23.9 (C-5), 22.9 (NHAc); HR-MS (ESI): m/z calcd for C30H36N2Na2O15S2: 797.1245 [M+Na]+; 

found: 797.1245; HPLC purity: 94 %. 

 

Synthesis of aliphatic C-9 modified amide Siglec-8 ligand 

 

Scheme E7. a) Pd(OH)2/C, H2 (1 atm), H2O, rt, 16 h; then NaOH (aq.), rt, 6 h (43 %). 
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5,9-diacetamido-3,5,9-trideoxy-D-

glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (MK18) 

 

Compound MK10 (30.0 mg, 0.044 mmol) and Pd(OH)2/C (20 %, 13.1 mg) were suspended in 

H2O (1.1 mL). The mixture was hydrogenated and stirred at rt for 16 h (1 atm H2). Then, the 

suspension was filtered over a pad of celite, and the celite was washed with water. The solvent was 

removed with vacuo, and the residue purified by flash chromatography on silica (DCM/MeOH, 1:0 

to 4:1). Then, the solid was dissolved in 0.1 M NaOH (3 mL) and stirred for 6 h. The solution was 

neutralized by addition of Amberlite IR 120, filtered and concentrated with vacuo. The crude product 

was purified by flash column chromatography (DCM/(MeOH/H2O, 10:1), 1:0 to 1:1) and size-

exclusion chromatography (P-2 gel, H2O) to give MK18 (11.0 mg, 43 %). 

[𝛼]𝐷
20 = +75.6 (c = 1.0, H2O); 1H NMR (500 MHz, D2O): δ 3.95 – 3.85 (m, 4H, H-1, CH2O, H-8'), 

3.81 (t, J = 10.1 Hz, 1H, H-5'), 3.75 – 3.62 (m, 2H, H-4', H-6'), 3.59 (dd, J = 14.1, 3.0 Hz, 1H, H-9'a), 

3.50 (dd, J = 8.9, 2.1 Hz, 1H, H-7'), 3.30 (dd, J = 14.1, 7.7 Hz, 1H, H-9'b), 2.75 (dd, J = 12.3, 4.6 Hz, 

1H, H-3'e), 2.09 – 1.99 (m, 7H, H-6e, 2 x NHAc), 1.93 – 1.86 (m, 1H, H-2e), 1.84 – 1.72 (m, 2H,  

H-3, H-5e), 1.72 – 1.60 (m, 2H, H-6e, H-3'a), 1.38 – 1.13 (m, 2H, H-5a, H-6a), 1.04 (q, J = 11.9 Hz, 

1H, H-2a), 0.92 (qd, J = 12.9, 4.0 Hz, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 176.2 (NHC=O), 

175.6 (NHC=O), 175.0 (C-1'), 102.2 (C-2'), 76.0 (C-1), 74.7 (CH2O), 73.8 (C-6'), 71.5 (C-8'), 71.0 

(C-7'), 69.5 (C-4'), 53.0 (C-5'), 43.3 (C-9'), 42.3 (C-3'), 37.4 (C-3), 36.8 (C-2), 35.5 (C-6), 28.8  

(C-4), 24.5 (C-5), 23.2 (NHAc), 23.0 (NHAc); HR-MS (ESI): m/z calcd for C20H32N2Na2O13S: 

609.1313 [M+Na]+; found: 609.1317; HPLC purity: 95 %. 

 

Synthesis of aromatic C-9 amide Siglec-8 ligands 

 

Scheme E8. a) RCO2H, HATU, DIPEA, DMF, rt, (49 – 88 %). 
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-3,5,9-trideoxy-9-

(naphthalene-2-amido)-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (GC53) 

 

A solution of 2-naphthoic acid (13.7 mg, 0.080 mmol), HATU (21.3 mg, 0.056 mmol) and DIPEA 

(20 μL, 0.115 mmol) in DMF (0.5 mL) was stirred for 10 min and then added to a solution of 

compound GC66 (20.2 mg, 0.037 mmol) in DMF (0.5 mL). The reaction was stirred overnight at rt. 

Then, the solvent was evaporated and the residue purified with flash chromatography 

(DCM/(MeOH/H2O, 10:1), 1:0 to 1:1) and size-exclusion chromatography (P-2 gel, H2O) to yield 

GC53 (22.8 mg, 88 %). 

[𝛼]𝐷
20 = -19.0 (c = 0.7, H2O); 1H NMR (600 MHz, D2O): δ 8.22 (s, 1H, Np), 7.96 – 7.91 (m, 3H, 

Np), 7.73 (d, J = 8.4 Hz, 1H, Np), 7.65 – 7.57 (m, 2H, Np), 4.06 (td, J = 8.2, 2.9 Hz, 1H, H-8'),  

3.92 – 3.86 (m, 1H, H-1), 3.86 – 3.78 (m, 4H, CH2O, H-5', H-9'a), 3.77 – 3.72 (m, 1H, H-6'), 3.66 

(ddd, J = 11.5, 9.7, 4.6 Hz, 1H, H-4'), 3.61 – 3.56 (m, 2H, H-7', H-9'b), 2.75 (dd, J = 12.3, 4.6 Hz, 

1H, H-3'e), 2.04 (d, J = 10.6 Hz, 1H, H-6e), 1.99 (s, 3H, NHAc), 1.87 (d, J = 12.4 Hz, 1Hm H-2e), 

1.70 – 1.61 (m, 3H, H-3, H-5e, H-3'a), 1.53 (d, J = 12.9 Hz, 1H, H-4e), 1.25 – 1.12 (m, 2H, H-5a,  

H-6a), 1.00 (q, J = 11.9 Hz, 1H, H-2a), 0.83 (qd, J = 12.5, 3.8 Hz, 1H, H-4a); 13C NMR (151 MHz, 

D2O): δ 176.0 (C=O), 174.7 (C=O), 171.9 (C=O), 135.5 (Np), 133.1 (Np), 131.9 (Np), 129.8 (Np), 

129.4 (Np), 129.1 (Np), 128.7 (Np), 128.6 (Np), 128.0 (Np), 124.4 (Np), 101.9 (Np), 75.7 (C-1), 74.4 

(CH2O), 73.6 (C-6'), 71.7 (C-8'), 70.8 (C-7'), 69.2 (C-4'), 52.8 (C-5'), 43.6 (C-9'), 42.1 (C-3'), 37.1 

(C-3), 36.5 (C-2), 35.3 (C-6), 28.4 (C-4), 24.2 (C-5), 22.9 (NHAc); HR-MS (ESI): m/z calcd for 

C29H36N2Na2O13S: 721.1626 [M+Na]+, found 721.1627; HPLC purity: 98 %. 
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(1S,3R)-3-(Sulfonatooxymethyl)cyclohexyl (sodium 5-acetamido-9-(biphenyl-4-amido)-

3,5,9-trideoxy-D-glycero-α-D-galacto-2-nonulopyranosylonate) sodium salt (GC104) 

 

A solution of biphenyl-4-carboxylic acid (9.6 mg, 0.048 mmol), HATU (13.1 mg, 0.034 mmol) 

and DIPEA (12 μL, 0.069 mmol) in DMF (0.5 mL) was stirred for 10 min and then added to a solution 

of compound GC66 (12.7 mg, 0.023 mmol) in DMF (0.5 mL). The reaction was stirred overnight at 

rt. Then, the solvent was evaporated and the residue purified with flash chromatography 

(DCM/(MeOH/H2O, 10:1), 1:0 to 1:1) and size-exclusion chromatography (P-2 gel, H2O) to yield 

GC104 (8.3 mg, 49 %). 

[𝛼]𝐷
20 = 3.1 (c = 0.2, H2O); 1H NMR (500 MHz, D2O): δ 7.59 (d, J = 7.8 Hz, 2H, H-3-Bp,  

H-5-Bp), 7.48 (d, J = 8.1 Hz, 2H, H-2-Bp, H-6-Bp), 7.43 (d, J = 7.6 Hz, 2H, H-2'-Bp, H-6'-Bp),  

7.33 – 7.27 (m, 2H, H-3'-Bp, H-5'-Bp), 7.28 – 7.21 (m, 1H, H-4'-Bp), 3.86 (t, J = 8.3 Hz, 1H, H-8'), 

3.72 – 3.58 (m, 5H, H-1, CH2O, H-5', H-9'a), 3.56 (d, J = 10.4 Hz, 1H, H-6'), 3.46 (td, J = 11.9, 10.8, 

4.5 Hz, 1H, H-4'), 3.42 – 3.31 (m, 2H, H-7', H-9'b), 2.55 (dd, J = 12.3, 4.3 Hz, 1H, H-3'e), 1.89 – 1.78 

(m, 4H, H-6e, NHAc), 1.68 (d, J = 11.6 Hz, 1H, H-2e), 1.54 – 1.37 (m, 3H, H-3, H-5e, H-3'a), 1.34 

(d, J = 13.4 Hz, 1H, H-4e), 1.07 – 0.90 (m, 2H, H-5a, H-6a), 0.81 (q, J = 11.7 Hz, 1H, H-2a), 0.64 

(q, J = 11.9 Hz, 1H, H-4a); 13C NMR (126 MHz, D2O): δ 176.0 (NHC=O), 174.8 (C-1'), 171.7 

(BpC=O), 145.1 (C-1-Bp), 140.4 (C-1'-Bp), 133.3 (C-4-Bp), 130.2 (C-3'-Bp, C-5'-Bp), 129.4  

(C-4'-Bp), 128.8 (C-3-Bp, C-5-Bp), 128.1 (C-2-Bp, C-6-Bp, C-2'-Bp, C-6'-Bp), 101.9 (C-2'), 75.8 

(C-1), 74.4 (CH2O), 73.7 (C-6'), 71.7 (C-8'), 70.9 (C-7'), 69.3 (C-4'), 52.8 (C-5'), 43.6 (C-9'), 42.1  

(C-3'), 37.1 (C-3), 36.6 (C-2), 35.3 (C-6), 28.5 (C-4), 24.3 (C-5), 23.0 (NHAc); HR-MS (ESI): m/z 

calcd for C31H38N2Na2O13S: 747.1782 [M+Na]+, found 747.1782; HPLC purity: 94 %. 

 

Protein expression and purification 

Protein expression was performed in Escherichia coli strain Rosetta-gami B (DE3), which were 

transfected as previously described.17 Cells were initially cultivated overnight in 15 mL Terrific Broth 

medium substituted with 0.1 mg/mL ampicillin at 37 °C and then transferred into 1 L Terrific Broth 

medium substituted with 0.1 mg/mL ampicillin. Cells were incubated for 5 h at 37 °C and 160 rpm, 

then Siglec-8 expression was induced by addition of 1.0 mM IPTG. After 16 h, cells were harvested 

O

CO2Na
H
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AcHN

HO

OH
OH

O

OSO3Na
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by centrifugation (5000 rpm, 30 min, 4 °C), resuspended in 20 mL lysis buffer (50 mM Tris·HCl,  

10 mM MgCl2, 0.1 % Triton X100, pH 7.5), and lysed by addition of 1.0 mg/mL lysozyme, incubating 

on ice for 4 h. The cell lysate was centrifuged (11000 rpm, 15 min, 4 °C), the supernatant discarded, 

and the precipitated material was washed three times with 25 mL washing buffer (50 mM Tris·HCl, 

4 M urea, 500 mM NaCl, pH 8.0). The purified inclusion bodies were dissolved in 20 mL of 

denaturation buffer (6 M guanidine hydrochloride, 100 mM Tris·HCl, 1 mM DTT, pH 8.0) for 1 h at 

37 °C. After ultracentrifugation (22000 rpm, 30 min, 4 °C), the denatured protein was refolded by 

slow dilution into 100 mL refolding buffer (100 mM Tris·HCl, 1 M L-arginine, 150 mM NaCl,  

120 mM sucrose, pH 8.0). The mixture was stirred for 2 d at 4 °C and dialyzed against binding buffer 

(50 mM NaH2PO4, 20 mM Imidazole, 300 mM NaCl, pH 8.0). Precipitated protein was removed by 

ultracentrifugation (22000 rpm, 30 min, 4 °C) and the refolded soluble protein was purified by affinity 

chromatography on a Ni-NTA column (50 mM NaH2PO4, 250 mM Imidazole, 300 mM NaCl, pH 

8.0). The fractions containing 6His-Siglec-8-CRD were pooled and dialyzed against assay buffer  

(100 mM HEPES, 150 mM NaCl, pH 7.4). The purity of the protein was verified by non-reducing 

SDS-PAGE. 

 

Differential scanning fluorimetry 

Differential scanning fluorimetry assays were performed using a Prometheus NT.48 (Nanotemper, 

Munich, Germany) instrument set to 50 % excitation power and 1.0 °C/min temperature slope. The 

Nanotemper Pr.ThermControl software suite was employed for analysis of experimental data. In a 

typical experiment, a 20 µM solution of Siglec-8-CRD was incubated alone or with 1 mM solution 

of ligand and measured over a temperature range from 20 to 80 °C. 

 

Microscale thermophoresis 

Microscale thermophoresis experiments were performed using a Monolith NT.115 (Nanotemper, 

Munich, Germany) instrument set to 25 °C, 50 – 70 % excitation power, and 40 % MST power. The 

Nanotemper MO. Affinity Analysis software suite was employed for analysis and nonlinear fitting of 

experimental data. In a typical experiment, a serial ligand dilution starting at 10 – 50 mM was 

incubated with an equal volume of 200 nM FITC labelled Siglec-8 and measured directly using the 

green channel of the instrument. 
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Compound GC10

 

Compound GC96

 

Compound GC106

 

Compound GC108
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Compound GC107

 

Compound GC109

 

Figure E1. MST results for C-4 derivatives. Results and errors are given from the global fitting of two or more 

independent experiments. 
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Compound GC65

 

Compound GC66

 

Compound MK18

 

 

Figure E2. MST results for C-9 derivatives. Results and errors are given from the global fitting of two or more 

independent experiments. 
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Isothermal Titration Calorimetry 

Isothermal titration calorimetry experiments were performed at 25 °C on an ITC200 (MicroCal, 

Northampton, USA) instrument set to 6 µcal·s-1 reference power, 750 rpm stirring speed, feedback 

mode high, 2 s filter period). Protein solutions were dialyzed against ITC buffer (100 mM HEPES, 

150 mM NaCl, pH 7.4) prior to the experiments and all samples were prepared using the dialysate 

buffer to minimize dilution effects. Protein concentrations were determined spectrophotometrically 

with the specific absorbance at 280 nm employing an extinction coefficient of 33240 mol-1·cm-1. In 

a typical experiment, a 1 – 50 mM ligand solution was titrated to a solution containing 35 – 100 µM 

Siglec-8 to ensure more than 80 % saturation. For low c experiment, the stoichiometry parameter was 

constrained to 1. Baseline correction, peak integration, and non-linear regression analysis of 

experimental data were performed using the NITPIC (version 1.2.2.)25 and SEDPHAT (version 

12.1b)26 software packages. Replicates were analysed using global fitting, and the 68 % confidence 

intervals were calculated as an estimate of experimental error. 

 

Table E1. ITC results for C-9 derivatives. Error estimates resemble the 68 % confidence interval from global fitting of 

two independent experiments. [a] Result corresponding to a single experiment. 

Compound 
KD 

[µM] 

∆G° 

[kJ·mol-1] 

∆H° 

[kJ·mol-1] 

-T∆S° 

[kJ·mol-1] 
N 

GC98 
14.4 

(13.5 – 15.5) 

-27.6 

(-27.8 – -27.5) 

-24.1 

(-25.3 – -23.5) 

-3.5 

(-4.3 – -2.2) 

1.0 

(1.0 – 1.0) 

GC99 
15.1 

(13.0 – 17.5) 

-27.5 

(-27.9 – -27.2) 

-20.2 

(-21.7 – -18.9) 

-7.3 

(-9.0 – -5.4) 

1.1 

(1.1 – 1.2) 

GC100 
50.9 

(38.6 – 79.3) 

-24.5 

(-25.2 – -23.4) 

-20.0 

(-25.8 – -17.3) 

-4.5 

(-7.9 – 2.4) 

1.0 

(1.0 – 1.2) 

GC101 
24.4 

(20.1 – 29.3) 

-26.3 

(-26.8 – -25.9) 

-21.1 

(-24.9 – -18.2) 

-5.3 

(-8.6 – -1.0) 

1.1 

(1.0 – 1.3) 

GC103 
36.8 

(28.0 – 48.9) 

-25.3 

(-26.0 – -24.6) 

-18.7 

(-25.9 – -15.4) 

-6.7 

(-10.6 – 1.3) 

1.1 

(1.0 – 1.4) 

GC102 
64.2 

(46.0 – 83.8) 

-23.9 

(-24.8 – -23.3) 

-11.8 

(-13.7 – -10.3) 

-12.1 

(-14.4 – -9.6) 

1.0 

(1.0 – 1.1) 

GC66[a] 
840 

(772 – 914) 

-17.6 

(-17.8 – -17.3) 

-21.9 

(-22.8 – -21.0) 

4.3 

(3.2 – 5.5) 
1 (fixed) 
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Compound GC98 Compound GC99 Compound GC100 

Compound GC101 Compound GC103 Compound GC102 

Compound GC66 

  

Figure E2. Exemplifying ITC analyses. Thermograms and binding isotherms for analysed C-9 analogues. 
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Summary and outlook 

Siglec-8 is an inhibitory immunoreceptor expressed on eosinophils and mast cells, which can 

effectively promote apoptosis of the former and inhibition of degranulation for the latter, upon 

binding with antibodies or synthetic glycopolymer. Therefore, it represents a promising 

pharmacological target for dealing with eosinophil- and mast cell-associated disorders. 

This thesis describes a medicinal chemistry approach for the development of small molecules to 

target Siglec-8. Starting from the preferred tetrasaccharide 6’-sulfo-sLex, a glycomimetic structure 

was synthesized, while the introduction of a sulfonamide moiety at its C-9 position provided 

additional binding benefits. Further exploration of the different functionalities of Neu5Ac showed 

that amides in the C-4 position enhance affinity. Additionally, substituted aromatic sulphonamides at 

C-9 will allow in the future to generate new compounds libraries. It would be interesting to combine 

the best modifications at C-4 and C-9, as well as changes at the C-5 which are under investigation in 

our group, to see if additive effects will lead to further affinity improvements. However, structural 

information from co-crystallizing the best ligands with Siglec-8 could guide the proper selection of 

promising extensions leading to new, high-affinity compounds. 

Additionally, the effects of multivalent presentation of Siglec-8 ligands were studied. The 

thermodynamic fingerprints of their binding were analysed and dissected in the various components, 

providing insight into the enthalpy-entropy compensation observed with multivalent ligands. Further 

studies on these compounds, as well as additional structures with the same valency but much different 

central scaffolds, could lead to a better understanding of how the multivalent scaffold influence 

binding affinities. Finally, one glycomimetic was also attached to a polymer, providing a compound 

able to bind Siglec-8 with nanomolar affinity and to trigger an intracellular response in a surrogate 

cellular model. Additional studies with natively expressing cells could provide more accurate 

information on the biological effects of Siglec-8 binding with polymer structures or with small 

molecules. 

To conclude, this thesis provides the first evidence that our glycomimetic structures can effectively 

bind Siglec-8 on cells and trigger a biological response, confirming the potential use of such 

molecules as future pharmacological treatments for eosinophil- and mast cell-related diseases.
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