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Abstract 

Cells possess glycans at the interface between the environment and the cell 

membrane. The specific recognition of glycans amongst glycan binding 

proteins (GBP) triggers many crucial functions, especially in infectious 

processes, immune responses and inflammation. Siglecs, sialic 

immunogloblin type lectins, are GBPSs that hold critical functions, acting 

as immune checkpoints through its specific binding with sialic acid.  

This PhD dissertation tackles some inhibitory Siglecs that downregulates 

the immune cell activation. In detail, Siglec-7, Siglec-9 and Siglec-10, 

which all contain a V-set domain, one or several C2-Ig domains and their 

critical tyrosine-based inhibition motifs (ITIMs), have been investigated in 

the context of disease and therapeutic targets, focusing on their ability to 

interact with both endogenous and exogenous ligands. Siglec-7, expressed 

on NK cells, was studied through a multidisciplinary approach, including 

ligand and protein NMR experiments, fluorescence, ELISA and 

computational techniques to successfully elucidate the structural and 

mechanistic aspects of the interactions with pathogenic exogenous ligands. 

Siglec-9, expressed on leukocytes, primarily engages with endogenous 

ligands, holding an important role in inflammation and autoimmune 

diseases. It has been studied through a first comprehensive approach based 

on computational analysis, to set the basis for a novel therapeutic target for 

the control of autoimmunity, by engaging immune tolerance.   Finally, 

Siglec-10, expressed on B and dendritic cells, was analyzed in the context 

of a potential therapeutic target through the study with synthetic and 

glycomimetics, mimicking natural sialic acids by a first computational 

approach. Therefore, the molecular details of different Siglecs amongst 

both endogenous and exogenous ligands have been detailed  provide novel 

insights for the understanding and design of future therapeutic approaches 

targeting different human diseases. 

Keywords: Computational chemistry, sialoglycans, Siglecs, Molecular recognition, NMR. 
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I. Introduction 

1.1 Glycans and their biological roles 

Glycans, often called carbohydrates, are complex molecules composed of 

monosaccharide units linked by glycosidic bonds. They are one of the four 

fundamental macromolecules of life, alongside proteins, lipids, and nucleic 

acids. Glycans can be simple monosaccharides or complex 

polysaccharides, often existing as glycoconjugates—molecules where 

glycans are covalently attached to proteins (glycoproteins) or lipids 

(glycolipids).1 They hold an enormous structural diversity, arising from the 

variety of monosaccharide building blocks where, differently to proteins 

and nucleic acids, they can be linear or even branched.2 Another 

characteristic that contributes to their heterogeneicity is the different types 

of glycosidic linkages that connect the different aglycon substitutions they 

may have such as: acetyl, sulphate groups or even with peptides and lipids. 

This high structural diversity creates a plethora of different functions where 

they can be involved, playing indeed crucial roles in several biological 

processes. 3 

Glycans and glycoconjugates are often found in the cell-wall/extracellular 

matrix (ECM), or in vesicles in transit to/from the cell surface. Those  

present on the cell surface are mainly involved in cell recognition and 

signaling processes with glycoproteins and glycolipids on the plasma 

membrane serving as recognition sites for other cells, pathogens, and 

molecules.4 This recognition is critical for the immune response and 

cellular interactions.5,6 Glycosylation, the process of adding glycans to 

proteins, is essential for proper protein folding and stability, affecting 

protein solubility, resistance to proteases, and overall functionality through 

N-linked and O-linked glycosylation. Therefore, glycans play a pivotal role 

in the immune system, modulating the effector functions of antibodies, and 

recognizing unique glycan patterns on pathogens, thereby triggering an 
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immune response.7 Several glycan-protein interactions play a crucial role 

in maintaining the delicate balance between immune tolerance and a robust 

immune response. Throughout evolution, the glycocalyx has developed the 

ability to distinguish between endogenous (self) and exogenous (non-self) 

components. The innate non-specific response serves as the first line of 

defense against non-self, foreign microorganisms.8 In this process, proteins 

expressed by innate immune cells—such as macrophages, dendritic cells, 

neutrophils, monocytes, and epithelial cells—known as Pattern 

Recognition Receptors (PRRs), are activated against microbial organisms. 

These include microbe-associated molecular patterns (MAMPs), mainly 

composed of bacterial glycoconjugates, danger-associated molecular 

patterns (DAMPs), and cell death-associated molecular patterns (CDAMs). 

These interactions activate cellular mechanisms that trigger 

proinflammatory cytokines and stimulate adaptive immunity.9 During 

development, glycan structures can also change dynamically, influencing 

cell differentiation and organogenesis, acting as markers for different cell 

types and developmental stages.10 

In addition to their role in immune responses, glycans are also implicated 

in tumor progression. Tumor cells often exhibit altered glycosylation 

patterns, which can promote cancer cell proliferation, invasion, and 

metastasis. These altered glycan structures can modulate the immune 

response, helping tumor cells in evading immune detection and destruction. 

By interacting with various glycan-binding proteins, such as lectins, these 

glycans can influence cell signaling pathways and the tumor 

microenvironment, further contributing to tumor progression and immune 

escape.11 

1.2 The structure of glycoconjugates and their classification 

Glyconjugates are found at the extracellular surface of eukaryotic and 

prokaryotic cells conforming, together with different glycans, the 

glycocalyx. The composition and structure of the glycocalyx is 

heterogeneous among cell types and species. It forms a gel-like meshwork 
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that has several roles in the immune system and among them, some 

remarkable ones are the control of the vascular permeability, since it 

creates a barrier between the cell and its surrounding.12 It also serves to 

inhibit leukocyte-endothelial interactions, additionally capable of dampen 

coagulation factors at the endothelial surface as a mediator for cell-cell 

interactions.13 

Glycosylation is largely present on lipids and proteins on the surface of 

cell, and several studies have demonstrated that glycans can also be present 

in nucleic acids. The glycosylation process occurs between the 

endoplasmatic reticulum (ER) and the Golgi apparatus through the 

combination of a set of glycosyl transferases and glycosidases of a given 

biological system.14,15 

Among all the previously mentioned biological functions involving 

glycans and glycoconjugates, they can be divided into two categories: i) 

intrinsic functions and ii) extrinsic functions. The intrinsic functions 

include structural and modulatory activities of glycans. In contrast, the 

extrinsic functions encompass interactions of glycans with other receptors, 

including lectins, and even involve immune evasion mechanisms 

developed by pathogens.  

Lectins, a type of proteins that specifically bind to glycans, play a crucial 

role in mediating these extrinsic interactions, influencing various cellular 

processes and pathogen recognition. This thesis focused on the extrinsic 

functions of glycans and particularly their interactions with lectins and 

their implications for immune evasion by pathogens. 16 

Understanding conformation and structural properties of glycoconjugates 

17 is crucial to acknowledge information at the fundamental level to be able 

to further develop new promising applications in the prevention, diagnosis 

and target therapies for the future. Typically, they consist in glycolipids 

and glycoproteins.  Glycolipids form stable micelles in aqueous solutions 

due to their amphiphilic nature. There are different types, but mammals 

have two big groups: 
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i) Glycosphingolipids: they consist of a glycan moiety linked to a 

ceramide, which is a lipid composed of sphingosine and fatty 

acids. Glycosphingolipids are primarily involved in cell-cell 

interactions and cell adhesion events. (Figure 1.1) 

ii) Glycoglycerolipids: comprising glycerol, lipids and 

carbohydrates, these glycolipids play different structural roles, 

such as the maintenance of the membrane bilayer stability, serving 

as the precursors for complex membrane components, therefore 

serving also as the anchorage of different proteins to cell 

membranes.  

 

In glycoproteins, glycans are linked to different proteins as a critical post-

translational modification produced in mammals.18 They are formed by the 

attachment of the carbohydrate portion through an N-glycosidic linkage to 

an asparagine residue, forming N-glycans, or also to a serine of threonine 

residue through an O-glycosidic linkage, thus forming O-glycans. 

 

Figure 1.1 Schematic representation of glycolipids and glycoproteins in the cell 

membrane. Glygoproteins can be synthesized as N-glycans and/or O-glycans. 

Glycolipids are divided into glycosphingolipids and glycerolipids. 
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N-glycosylation initiates with the addition of N-acetyl glucosamine 

(GlcNAc) to the asparagine side, this attachment occurs through 

recognition of a specific sequence motif, Asn-X-Ser/Thr, where X 

represents any amino acid except proline. N-glycans structures hold a 

common (GlcNAc)2(Man)3 core to which different glycans can be linked 

afterwards, including Mannose (Man), GlcNAc (GlcNAc), Galactose 

(Gal), Fucose (Fuc) and Sialic acid (Neu5Ac)19 through different type of 

glycosidic linkages, arriving to even bi- tri or tetra-antennary structures. 

In a subsequent stage of glycosylation, referred to as trimming, the core 

region of the N-glycan undergoes modifications involving the removal of 

three glucose residues and one mannose20 from the chain by specific 

glycosidases. This process facilitates the translocation of the glycoprotein 

to the Golgi apparatus. Within the Golgi, the glycoprotein undergoes 

further modifications mediated by specific glycosidases and 

glycosyltransferases tailored to its intended biological functions.21 These 

modifications contribute significantly to the heterogeneity observed in N-

glycan structures. 

Therefore, N-glycans are classified into three main groups, all share a 

chitobiose core composed of three Man and two GlcNAc, one of which is 

covalently linked to the Asn residue. These groups are known as: i) high-

mannose, ii) complex-type, and iii) hybrid. (Figure 1.2A) 

In the O-glycosylation process, the initial step involves adding N-

acetylgalactosamine (GalNAc) to the free hydroxyl group of a serine or 

threonine side chain. This modification can lead to the formation of 

various structures, classified into four primary glycan core structures, with 

an additional alternative core structure based on the presence of the sialyl-

T antigen (Figure 1.2B). These O-glycans exhibit significant 

heterogeneity. The attachment of GalNAc requires the involvement of 

several enzymes and constitutes a post-translational modification. Despite 

protein synthesis occurring in the endoplasmic reticulum, the attachment 

of GalNAc residues occurs in the Golgi apparatus.22 The subsequent 
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elongation and termination is carried out by several glycosyltransferases. 

Its cellular distribution determines the outcome of the O-glycan 

biosynthesis. O-linked glycans termination often includes Gal, GlcNAc, 

GalNAc, Fucose or sialic acid. O-glycans are commonly known as mucin-

type O-glycans due to their prevalent occurrence in mucins, which are 

extensively studied glycoproteins. These mucin-type O-glycans are 

predominantly linear and play crucial roles in inflammation processes and 

cell signalling events, as mucin glycoproteins are primary components of 

mucus, serving as a barrier against pathogen invasion.  

 

Figure 1.2 Classification of N-glycan structures and O-glycans cores. 

 

1.3 Sialic acid and Molecular mimicry of host glycans 

Sialic acids (Sias) belong to the α-keto aldonic acids. They hold a nine-

carbon backbone, and they decorate the outermost part of the N-glycans, 

O-glycans and glycosphingolipids. (Figure 1.3) Hundreds of sialylated 

glycan structures have been identified and among them, the N-

acetylneuraminic acid (Neu5Ac, 5-(Acetylamino)-3,5-Dideoxy-D-

glycero-D-galacto-2-nonulosonic Acid), N-glycolylneuraminic acid 

(Neu5Gc) and 2-keto-3-deoxy-D-glycero-D-galacto-nononic acid, (KDN) 

are, by far, the most abundant naturally occurring Sias.23,24 Their anomeric 

position is located at the C-2 and they are usually linked with an α-(2,3), 

or α-(2,6) linkages to the hydroxyl group to galactose or N-
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acetylgalactosamine residues, forming typical sialylated glycans. Some 

enzymes called sialyltranferases can also form disialyl core structures that 

are commonly known as gangliosides. They are characterized by the 

existence of at least two sialic acid residues that can be attached to each 

other by α-(2,3) α-(2,6) or α-(2,8) glycosidic linkages.25 

 

 

Figure 1.3 Sialic acid structure. As shown, this nine-carbon sugar possess α- 

configuration. On the right, there are represented the most common sialic acid 

structures in mammals: the acetylated (Neu5Ac) and the glycolylated (Neu5Gc) 

neuraminic acids.  

 

This unit is biosynthesized by an enzymatic addition of a hydroxyl group 

to an N-acetyl moiety at the 5’-position of Neu5Ac, being catalyzed by a 

hydroxylase enzyme, commonly known as cytidine monophospho-N-

acetyl neuraminic acid hydroxylase. Differently to other mammals like 

chimpazees, humans have lost the glycolylated form of sialic acid, 

Neu5Gc due to the inactivation of the genomic mutation in the CMAH 

(Figure 1.4), that provoked the gene loss in the human-lineage. 26 However, 

even though humans have the inability to synthetize the Neu5Gc, it can be 

assumed by diet, i.e. from red meat and cow’s milk, and then metabolically 

introduce it following the Neu5Ac biochemical pathway (Figure 1.4). 

Different studies often associate the presence of Neu5Gc with carcinoma. 
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It is present in tumours like melanoma, retinoblastoma, colon cancer and 

breast cancer. This makes sialylated glycans as target for the study and 

design of innovative therapeutic strategy for cancer and autoimmune 

diseases. 27 

 

Figure 1.4 Loss of the glycolylated neuraminic acid, Neu5Gc, in humans. 

 

5’-Acetylated sialic acids, Neu5Ac, are highly expressed on the outer 

counterparts of cell membranes. Their negative charge and hydrophilic 

properties permitted them to have roles in both normal and pathological 

processes. With their attachment to different glycans, they affect the 

structure of glycoconjugates being the most suitable ligands for lectins, 

antibodies and different enzymes. Sialic acids (Sias) are linked to 

macromolecules by labile ketosidic bonds, and they are usually found 

attached to galactose, N-galactosamine, N-acetylgalactosamine, via α-2,3 

or α-2,6 linkage or as homopolymers, with α-2,8 or α-2,9 linkages.  They 

can also contribute to biological functions, as ligand for different 

molecules like hormones, immune proteins, but can also form part of 

viruses and bacteria as part of the molecular mimicry process to evade 

immune mechanisms.28 

 



 

 
9 

1.4 Glyconconjugates on bacterial cell wall from gram 

negative bacteria.  

Microbial cell wall glycoconjugates are essential in mediating host-guest 

interactions, significantly impacting both health and disease states.29 

 

Figure 1.5 Structural arrangement of cell membranes from Gram-positive (left) 

and Gram-negative bacteria (right). Difference is based on the thickness of the 

peptidoglycans. 

  

In bacteria, cell wall components such as lipopolysaccharides, 

peptidoglycans, and teichoic acids serve as crucial virulence factors. These 

glycoconjugates, recognized as PAMPs30 (Pathogen-Associated Molecular 

Patterns), have the unique ability to trigger the host's immune response due 

to their inflammatory properties. By activating innate immunity, they play 

a pivotal role in the body's defense mechanisms. However, these 

interactions also facilitate immune evasion and suppression strategies 

employed by pathogens, complicating infection outcomes and contributing 

to chronic disease states. Understanding these processes is vital for 

developing targeted therapies and improving infection management.  

Apart from the peptidoglycan contained in the bacterial cell wall we can 

encounter different components divided by: 

I) Gram negative bacterial cell-wall glycoconjugates 

The primary component of the outer membrane in Gram-negative 

bacteria is undoubtedly, the lipopolysaccharides (LPS). These are highly 
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acylated glycolipids, and they play a crucial role in maintaining the 

membrane permeability, acting as a protective barrier. They also have the 

ability to stimulate innate or natural immunity due to their significant 

involvement in host-pathogen interactions. (Figure 1.6) The structure of 

LPS varies across bacterial strains, defining their immunological 

function. LPS is an amphiphilic (both hydrophobic and hydrophilic) 

macromolecule composed of three distinct regions: lipid A, the core 

oligosaccharide (core OS), and a polysaccharide portion (O-chain). The 

complete form of LPS is known as smooth-type LPS (S-LPS), while 

some LPS terminate at the core oligosaccharide and are referred to as 

rough-type LPS (R-LPS) or lipooligosaccharide (LOS) (Figure 1.7). The 

hydrophobic lipid A is the anchor of the LPS to the outer bacterial 

membrane and serves as the endotoxin portion, responsible for its 

immunostimulatory potential. It can trigger the release of 

proinflammatory mediators through Toll-like receptor 4 (TLR4)-

dependent signaling in macrophages31 and endothelial cells, leading to 

various biological effects, including sepsis and septic shock. Lipid A32 

consists of two β-(1→6)-linked D-glucosamine units, which are variably 

acylated by fatty acids of different lengths and phosphorylated at the 

anomeric position of the reducing (GlcNI) unit and the 4’ position of the 

non-reducing (GlcNII) residue. The inner core OS contains characteristic 

monosaccharides such as heptoses (L-glycero-D-manno heptose or D-

glycero-D-manno heptose) and Kdo (3-deoxy-D-manno-octulosonic 

acid), the latter being a marker of all Gram-negative bacteria and 

covalently linked to the GlcN II of lipid A.33 The outer core OS is usually 

composed of hexoses, deoxyhexoses, uronic acids, and aminosugars. The 

external portion of LPS consists of the hydrophilic O-polysaccharide, a 

polymer of saccharide repeating units (up to eight sugars) which can be 

repeated up to 50 times. The O-chain is highly variable and 

heterogeneous, being linear or branched, homo- or heteropolymeric, and 

may include non-carbohydrate substituents. 



 

 
11 

 

Figure 1.7 Representation of LPS structure on Gram-negative membrane. The 

main components of LPS are: lipid A, core and O-antigen. Structures lacking O-

antigen consist of LOS. On the right, an example of Kdo-α-(2→4)-Kdo (in purple) 

connected to β-(1→6)-linked D-glucosamine residues (GlcN I and II, in 

acquamarine) of a general LPS structure. 

 

1.5 Bacterial capsular polysaccharides (CPS) 

Capsular polysaccharides (CPS) are complex carbohydrates structures that 

can form a protective layer, called capsule, that surrounds the cell wall of 

certain bacteria. This capsule plays a crucial role in the pathogenicity and 

immune evasion mechanism of these bacteria. The understanding of 

structure and functions of CPS is key in microbiology, immunology, and 

vaccine development.34,35 

They are composed of long polysaccharides chains; their specific 

composition can vary widely among different bacteria species and strains. 

The most common sugars found in CPS include Glc, Gal, Man, Rha, 

glucuronic acid (GlcA) and sialic acid (Sia).36 

They play different roles in biological systems. On the one hand, they 

serve as protection from host defence, since the capsule can act as a 

physical barrier by protecting the bacterial cell form the phagocytosis of 

immune cells like macrophages and neutrophils. This allows pathogens to 

evade the host’s immune response, improve resistance to antimicrobial 
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peptides by the penetration of these molecules, enhancing the bacterial 

survival. Moreover, there are capsules able to prevent dehydrating 

processes, by retaing water.  

The pathogenic role of capsules is one of the most studied nowadays in 

this field.37 They are considered virulence factors due to the immune 

evasion and survival mechanisms in the host. The bacterial capsules are 

often more virulent than the species and strains that lack the capsule 

counterparts. They are abundant in species like: Streptococcus 

pneumoniae, causing pneumonia and meningitidis, Haemophilus 

influenzae type b leading to meningitis, epiglottitis and other serious 

infections often seen in children; Neisseria meningitidis, as responsible of 

bacterial meningitis and septicemia and even some strains of Escherichia 

coli, causing urinary tract infections.38 

 

-Sialylated Capsular Polysaccharides 

The sialylated capsular polysaccharides are a subset of CPS that contain 

the sialic acid attached to their polysaccharide chains39,40 

Host receptors that are able to recognize sialylated capsular 

polysaccharides are typically involved in cellular communication and 

immune regulation. These are receptors that bind specifically sialic acids, 

so bacterial capsules facilitate the pathogen to perform adhesion and 

immune evasion mechanisms.41 Within these receptors are found different 

proteins like: Siglecs (sialic acic-binding immunoglobulin-type lectins), 

selectins, Siglec-like, complement factor H and DC-SIGN, among others.  

 

1.6 Immune regulators – lectins: Siglecs and their role 

The interactions between glycans and receptors are vital for cellular 

mechanisms crucial for both health and disease. Glycan-binding proteins 

(GBPs) are the specific receptors that interact with glycans, including 

lectins, toxins, microbial adhesins, antibodies, and enzymes. 42 Each GBP 

has a unique glycan recognition domain that ensures selective glycan 
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binding, paired with other domains that translate this binding into a 

functional biological response. These receptors can be either intrinsic or 

extrinsic. Intrinsic GBPs are involved in direct cell-to-cell interactions and 

glycan binding within the same cell. The most representative lectins are 

classified into C-type lectins, I-type lectins, P-type lectins, and S-type 

lectins or galectins, which are present on the surface of immune cells and 

classified according to their structure.43 They play crucial roles in 

immunity, including inflammation and immunomodulation, by initiating 

intracellular signaling and binding to cell surface targets to trigger specific 

immune responses (Figure 1.8).44,45 

 

Figure 1.8. Classifications of lectins. C-type lectins bind sialoglycans by being 

calcium-dependent; I-type lectins contain an immunoglobulin-like carbohydrate 

recognition domain (CRD); P-type lectins are specific to glycoproteins containing 

mannose 6-phosphate; galectins are thiol-dependt soluble proteins and specific to 

B-galactosides; C-type lectin CRD (CL), galectin CRD (GL), P-type lectin CRD 

(MP), I-type lectin CRD (IL), EFG-like domain (EG), immunoglobulin C2-set 

domain (IG2), complement regulatory repeat (C3) transmembrane region (TM) 
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Siglecs: Structure and Function 

Siglecs are transmembrane I-type receptors that exhibit diversity in their 

sequence length and specificity for various sialic acid-containing ligands.46 

To date, 15 human Siglecs and 9 murine Siglecs have been identified, as 

shown in Figure 1.9. Human Siglecs are categorized based on sequence 

homology and conservation across orthologs into "evolutionary 

conserved" and "CD33/Siglec-3 related" sub-categories.,47 Siglecs-1, -2, -

4, and -15, which display low sequence similarity but a high degree of gene 

preservation in mammalian species, belong to the evolutionary conserved 

group. Siglecs with high homology (above 50%) to Siglec-3, including 

Siglecs 5 to 16, belong to the CD33 related group.48 

 

Figure 1.9 Scheme of human Siglecs. Siglecs family divided in “evolutionary 

conserved” and CD33 related. The biological functions of Siglecs depend on the 

nature of the cytoplasmic tails and the transmembrane domain features that are 

able to distuinguish between activatory and inhibitory proteins.  

 

Structurally, these receptors are composed of an extracellular N-terminal 

V-set (Ig-V) domain responsible for binding different sialoglycans. This 

V-set domain is directly connected to one to 16 C2-set Ig domains through 

disulfide bridges (Figure 1.10). The extracellular portion is followed by a 
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single-pass transmembrane domain that connects to a variable number of 

cytosolic tails, strongly influencing the biological function of Siglecs49. In 

their cytoplasmic region, Siglecs contain one or multiple immunoreceptor 

tyrosine-based inhibitory motifs (ITIMs) capable of triggering cellular 

signaling. These ITIMs can inhibit immune cell stimulation through 

binding and activation of SH-2 domain-containing protein tyrosine 

phosphatases such as SHP-1 and SHP-2. Interestingly, a few Siglecs, 

including Siglec-14, Siglec-15, and Siglec-16, display activating 

signalling properties.  

 

Figure 1.10. 3D representation on the details of a general Siglec structure. 

Represented in grey stick and balls is the membrane. In blue cartoon the ITIM; 

surfaced in lightorange and green the C2-set domain, and in pink surface the V-

set domain. 

 

The extracellular N-terminal V-set domain (Ig-like) consists of nine β-

strands (named A to G) arranged in a distinctive topology.50 This domain 

shows close sequence homology to the Ig V regions and specifically 

accommodates sialic acid from sialoglycans in the F-β strand. The primary 

interaction with sialic acid is through a salt bridge formed between its 

carboxylate group and the guanidinium moiety of a conserved arginine 



 

 
16 

residue, common to all Siglecs. A structural feature is the presence of an 

intra-sheet disulfide bond between the B and E β-strands, which increases 

the separation between the β-sheets and allows greater exposure of two 

aromatic residues in conserved positions on the A and G strands. These 

residues interact with the protons of the lateral glycerol chain and the N-

acetyl group of the sialic acid. Recognition also involves the CC-loop of 

Siglecs, which outlines the F-G strand of the binding site. This loop 

displays variable sequences among Siglecs and plays a significant role in 

the specificity of recognition of different sialylated ligands. This 

specificity is achieved through a conformational change (from open to 

closed) upon interaction with sialic, as observed on the complex of the 

GT1b ganglioside containing Neu5Ac-α-2,8-Neu5Ac and Siglec-7. 

Siglecs and sialic acid interactions can regulate immune signalling, 

thereby contributing to fundamental mechanisms in cell signalling, cell-

cell, and host-pathogen interactions.51, 

Recognition between Siglecs and sialogylcans 

Siglecs are able to recognize glycans exposed on the surface of the same 

cells (cis interactions) or with sugars from different cells (trans 

interactions)  interactions, as depicted in Figure 1.11. 
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Figure 1.11 Siglec-sialoglycan binding mode. Siglecs are able to interact with a 

ligand express on the same cell (cis) or a different cell surface (trans) 

 

There is an equilibrium between cis and trans mechanisms of Siglec 

interactions, depending on ligand affinity and the availability of Siglecs. 

Due to the high local concentration of sialylated glycans on immune cell 

surfaces, Siglec binding pockets are generally masked by cis interactions, 

outcompeting trans ones (Figure 1.12).52 Siglec-1 is an exception, as it 

possesses a long and extended structure that avoids cis interactions 

because its V-set domain is too far from the cellular membrane. 

Additionally, the action of membrane sialidases, cellular activation, or 

plasma membrane domain reorganization can facilitate interactions with 

trans ligands by "unmasking" Siglecs. It is noteworthy that "self" 

endogenous ligands (cis interactions) may not harness the trans 

interactions on adjacent cells due to their relatively low affinity compared 

to the high avidity of multivalent sialylated probes or higher-density trans 

ligands on sialylated pathogens and tumors. As a result, this can trigger 

stronger inhibitory signals compared to those (mainly in cis) delivered by 

self-endogenous ligands, shifting from cis to trans interactions. Overall, 

the binding between Siglecs and cis ligands has a significant impact on the 

regulation of main cellular functions, preventing non-specific cell-cell 

interactions that might stimulate unnecessary signaling. This type of cis 

signaling may be produced by inhibitory Siglecs that are able to promote 

or exclude the association with an activating receptor. 

The modulation of the immune response by Siglecs is directly correlated 

with their ability to discriminate between "self" (endogenous) and "non-

self" (exogenous) ligands. Due to this, some human pathogens like Group 

B Streptococcus (GBS), certain Neisseria species and Campylobacter 

jejuni, have matured the capability to evade immune mechanisms by 

covering their outer cell surfaces with sialic acid. These exogenous 

molecules mimic the self-associated molecular pattern (SAMP) structures 



 

 
18 

such as sialylated capsular polysaccharides (CPS) or lipooligosaccharides 

(LOS) and are mistakenly recognized as "self" host molecules, hence 

avoiding immune response activation and promoting host colonization. 53 

 

Figure 1.12 Schematic representation on the Siglec axis interacting with 

exogenous ligands. 

In addition, some overexpressed tumoral cells promote the tumorigenesis 

thus, enhancing the tumor growth by covering their outer surface with 

sialylated glycans. For these reasons, both pathogenic and tumoral 

progressions, the Siglecs have been considered as targets for the design of 

therapeutic agents, like antibodies or glycomimetics for the treatment of 

several inflammatory, autoimmune, pathogenic and tumoral diseases. 

 

1.6.1 Siglec - 7  

Siglec-7 is a member of the human CD-33 related inhibitory Siglec 

receptors, which means that it acts as negative regulator of the innate 

immune system. It is mainly expressed on Natural Killer cells, and also 

found in T cells, eosinophils, monocytes and dendritic cells. The 

extracellular domain of Siglec-7 is mainly characterized by an N-terminal 
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V-set domain common of all Siglecs and two C2 Ig domains.54 It has a 

preference for α-2,8 linked disialylated ligands that are present in many 

gangliosides as their terminal portions. The crystal structure of the Siglec-

7 V-set domain was the first to be solved among the CD33-related Siglecs 

and it has been widely studied in complex with different sialylated ligands. 

It has been demonstrated through mutagenesis studies, that the key residue 

through the recognition process is the conserved Arg124 (Figure 1.13), 

establishing always a stable salt-bridge with the carboxylate moieties of 

sialylated ligands. As mentioned before, Siglec-7 shows a preference for 

α-2,8 sialic acid linkages, and it provokes a significant conformational 

change of the CC’ (Arg67-Trp78) upon the binding of the GT1b 

ganglioside, that contains this Neu5Ac linkage.55 Moreover, recent studies 

have shown that Siglec-7 contains actually a second binding site, 

Yamawaka et al have proven comprising Arg67 as the anchorage to a 

binding event. Indeed, the conformational changes upon the CC-loop due 

to its flexibility seem to be the potential control of binding on these 

different pockets.56 

Siglec-7 is mainly involved in the suppression of the NK cell activation, 

therefore preventing unwanted damage to normal healthy cells. Its 

function is key in the maintenance of the immune homeostasis and 

preventing abnormal autoimmune responses. Some recent studies have 

demonstrated the potential involvement in cancer and infectious diseases. 

The inhibitory signaling is exploited by sialylated tumorigenic and 

pathogen cells and through the recognition with Siglecs are able to escape 

and evade immune mechanisms. For this reason, it is an important target 

of interest for immunotherapy strategies. Even though it has a central role 

in cancer, Siglec-7 is also involved in other diseases and pathologies, such 

as HIV-1, obesity, hepatitis, as emerged over the last years.  Interestingly, 

GQ1b-like epitopes, containing LOS of Campylobacter jejuni,57 involving 

Guillain-Barré syndrome (GBS) can be recognized by Siglec-7, leading to 

the modulation of host-pathogen binding. It has been shown to interact 
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with capsular polysaccharides (CPS) from pathogens like Neisseria 

meningitidis, E. coli and Group B Streptococcus. Moreover, the presence 

of sialylated lipopolysaccharide on certain Fusobacterium nucleatum 

58strains, oncogenic pathogen in different human tissues, may also induce 

the activation of Siglec-7, causing immunosuppression that may promote 

its carbinogenic behavior. 

 

 

Figure 1.13 3D representation of Siglec-7 with protein surface colored by strand 

and loops, as indicated in the figure: the strands involved in the recognition are 

colored by type: F-β strand in yellow, BC’-loop in cyan and CC’-loop in green. 

Conserved residues on the binding site are highlighted with sticks and tagged with 

its residue number. 

1.6.2 Siglec - 9  

Siglec-9 is a member of the human CD33-related inhibitory Siglec 

receptors, acting as a negative regulator of the innate immune system. It is 

mainly expressed on neutrophils, monocytes, and subsets of T cells and B 
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cells. The extracellular domain of Siglec-9 is characterized by an N-

terminal V-set domain, common to all Siglecs, and two C2 Ig domains. 

59Siglec-9 shows a prevalence for α-2,3 and α-2,6-linked sialylated 

glycans, which are commonly present in different cell surface 

glycoproteins and glycolipids.60 The crystal structure of the Siglec-9 V-set 

domainreveals important insights into its ligand interactions. (Figure 1.14) 

Similar to other Siglecs, Siglec-9 recognizes sialylated ligands through a 

conserved arginine residue, Arg120, that forms a crucial salt bridge with 

the carboxylate group of sialic acid.61 This interaction is essential for its 

ability to bind to sialylated structures on host cells and pathogens. Studies 

have shown that the binding of Siglec-9 to its ligands can induce 

conformational changes in its extracellular domain, particularly in the CC 

loop region, which play a role in fine-tuning its binding specificity and 

affinity. Siglec-9 shows not only preference for α-2,3 and α-2,6 ligands, 

but also for sulphated glycans, which act as an anchorage through the 

interaction with different lysines and arginines present on the Siglec-9’s 

binding site. 

Siglec-9 plays a critical role in modulating immune responses by inhibiting 

the activation of immune cells, thus preventing excessive inflammation 

and autoimmune reactions. It is particularly involved in the regulation of 

neutrophil lifespan and the resolution of inflammation. The inhibitory 

signaling mediated by Siglec-9 is exploited by sialylated tumor cells and 

pathogens to evade immune detection. Tumor cells often overexpress 

sialylated ligands that engage Siglec-9, leading to the suppression of anti-

tumor immune responses and promoting tumor growth and metastasis. As 

a result, Siglec-9 has emerged as a potential target for cancer 

immunotherapy.62 

In addition to its role in cancer, Siglec-9 is also involved in other diseases. 

For instance, its interaction with sialylated structures on certain bacteria 

and viruses like HBV, HIV-1 and even COVID-19 can modulate immune 

responses during infections when the interaction with Siglec-9 takes place. 
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Some researchers have also linked Siglec-9 to chronic inflammatory 

conditions and autoimmune diseases like rheumatoid arthritis, where 

dysregulation of its signaling pathways may contribute to disease 

pathogenesis.63 Understanding the role of Siglec-9 in these contexts 

continues to be an area of active research, with implications for developing 

novel therapeutic strategies targeting this receptor.64 

 

 

Figure 1.14 3D representation of Siglec-9 with protein surface colored by strand 

and loops, as indicated in the figure: the strands involved in the recognition are 

colored by type: F-β strand in yellow, BC’-loop in cyan and CC’-loop in green. 

Conserved residues on the binding site are highlighted with sticks and tagged with 

its residue number. 

 

 

1.6.3 Siglec – 10 

Siglec-10 possess one ITIM domain in its cytosolic tail that defines it as a 

inhibitory siglec from the CD-33 related Siglec family like Siglec-7 ad 



 

 
23 

Sigec-9, mentioned above.65 Is mainly expressed on B cells surface, but 

can also be found on dendritic cells and on subsets of human leukocytes, 

like neutrophils and macrophages.66 In a similar way as Siglec-9, Siglec-

10 can recognize both α-2,6 and α-2,3 sialylated ligands. The crystal 

structure of this inhibitory Siglec has not been published yet, but we’ve 

performed homology modelling from the Siglec-10 published sequence to 

obtain a 3D model of human Siglec-10. 67 Structurally, it was observed that 

differently from other CD-33 related Siglecs, the CC-loop from Siglec-10 

tends to point outside to the binding residues, elongating the binding site 

so different shapes and lengths of sialylated glycans can be 

accommodated. It has been demonstrated that Arg119 is the key residue to 

establish the salt-bridge in the recognition events. (Figure 1.15) 

Siglec-10 is associated to several patho-physiological processes. It can 

bind CD24 cells.68  In fact, high expression of Siglec-10/CD24 has been 

associated with poor prognosis in ovarian and breast cancers, suggesting 

that Siglec-10/CD24 axis is a key mechanism through which cells promote 

tumor evasion. Siglec-10 has also been associated with autoimmune 

diseases like Systemic Lupus Erythematosus (SLE); neurodegenerative 

diseases like Alzheimer’s, where Siglec-10 is highly expressed on 

microglia and inflammatory processe like sepsis.69,70 
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Figure 1.15. 3D representation of Siglec-10 with protein surface colored by strand 

and loops, as indicated in the figure: the strands involved in the recognition are 

colored by type: F-β strand in yellow, BC’-loop in cyan and CC’-loop in green. 

Conserved residues on the binding site are highlighted with sticks and tagged with 

its residue number. 
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II. Deciphering the molecular intricacies on the 

protein –ligand interactions: different advanced 

techniques. 

 

As discussed previously, many of the roles that glycoconjugates display 

are crucial in health and disease and they are mediated by binding proteins 

that are able to decode the glycome’s information content through the 

recognition with specific glycans. Therefore, the determination of the 

three-dimensional structure of protein-ligand complexes that are present 

in biological systems is an essential precondition for the research and 

development of new therapeutic strategies for the structure-based drug 

design. The plethora of non-covalent interactions that may occur in 

solution form the basis of the recognition events defining the protein-

ligand interface and contribute to the complex formation. The low affinity 

and the high degree of complexity that is present in glycans makes the 

unravelling of the interactions a challenging task. Thus, employing a 

combination of a wide range of complementary techniques can be the most 

effective strategy to elucidate the interactions that take place. 

There are many methods that are used to evaluate the protein-glycan 

interaction affinity and/or thermodynamics, including isothermal titration 

calorimetry (ITC), surface plasmon resonance (SPR), enzyme-linked 

immunoassays (ELISA), fluorescence titrations. These methods, in 

combination with structural data, provide structure-activity relationships. 

The depiction of the structural biology techniques mainly involves X-ray 

crystallography, nuclear magnetic resonance (NMR) and the emerging 

cryogenic electron microscopy (cryo-EM), and allow the characterization 

of the three-dimensional structure and physicochemical properties of 

glycan-receptor complexes. The intricacies surrounding these structural 
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techniques come from the challenges on the preparation of appropriate 

systems to analyse, such as difficult crystallizations processes and 

problems related to obtain isotopically labelled proteins for NMR. So, 

complementary computational techniques are employed to partially 

overcome these limitations and gather molecular insights on the glycan-

protein interactions. The present chapter is focused on the description of 

the principal techniques that have been used or are important for the thesis 

scopes, thus putting special focused on the implementation of molecular 

modelling together with ligand-based NMR techniques.71 

 

2.1 Nuclear Magnetic Resonance NMR Spectroscopy 

Nuclear Magnetic Resonance spectroscopy is an effective tool for the 

characterization of structure, conformation, geometry and dynamic of 

organic molecules and more specifically carbohydrate ligands. This 

dissertation will not get only into the NMR fundamentals, but most 

focused on the main methodologies that are currently used to dissect 

glycans structure and behavior in solution as well as upon receptor binding 

with different proteins.72,73 

2.2 Ligand-Based NMR approaches 

NMR spectroscopy is a widely used technique for elucidating the 

recognition processes between ligands and receptors74, with the recent 

application on the dissection of protein-glycoconjugate interactions. The 

equilibrium between a small molecule (L) and a protein (P), leading to the 

formation of a complex (PL), follows a bimolecular association reaction 

with second-order kinetics. 75 

 

𝐿 + 𝑃 ↔ 𝑃𝐿   [2.1] 

As observed in the equation above, kon and koff represent the association 

and dissociation constants, respectively, whose ratio (koff/kon) determines 

the rate constant, KD, defined as follows:  
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𝐾𝐷 =  
[𝐿][𝑃]

[𝐿𝑃]
=  

𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
  [2.2] 

Depending on the KD value, two cases may occur: slow or fast chemical 

exchange between the free and bound states. In the case of slow chemical 

exchange (KD ≈ 10⁻⁵ M), the lifetime of the complex is longer than the time 

scale of the chemical shift difference between the free and bound states, 

resulting in two distinct NMR signals in the spectrum. On the other hand, 

in the fast exchange regime (KD around 10⁻⁸ M), the exchange process is 

faster than the time scale of the chemical shift difference, causing the 

signals to merge into a single peak that represents the average chemical 

shift of the free and bound forms. 

Certain NMR techniques depend on the chemical exchange regime of a 

protein-ligand complex, so the selection of the appropriate NMR 

experiment to decipher the protein-glycoconjugate interaction becomes 

crucial. Table 2.1 outlines the applicability of some NMR techniques that 

are used to describe these interactions and will be employed in the 

following paragraphs.  

 

Table 2.1 Range of the applicability of the main NMR techniques that 

study protein-ligand interactions. 

 KD [M] Target 

MW 

[kDa] 

Protein 

ligand 

ratio 

Target 

labelled 

is 

required 

Descript

ion of 

target 

binding 

site 

Ligand 

epitope 

mappin

g 

Ligand 

selectivit

y in a 

mixture 

Tr-NOE 10-6 -10-3 No limit 1:5/1:50 No No No Yes 

STD 

NMR 

10-6-10-3 >15 1:50/1:2

00 

No No Yes Yes 

Water 

LOGSY 

10-6-10-3 No limit 1:5/1:50 No No Yes Yes 

Diffusio

n 

experim

ents 

10-6-10-3 No limit 1:1/!:20 No No Yes Yes 

CSP 10-9-10-3 <100 1:1/1:10 Yes Yes No No 
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In the ligand-based NMR techniques commonly used for protein-

glyconconjugate interactions, the first step is the ligand NMR assignment, 

and can be accomplished through a combination of mono and 

bidimensional NMR spectra. 1H and 13C NMR experiments are useful to 

define the monosaccharide composition, the linkage α or β  configuration, 

the possible substitution pattern and the nature of its non-sugar 

substituents. Specifically, 1H NMR experiments give valuable information 

about signal multiplicity, scalar interactions between vicinal and geminal 

nuclei, which are propagated through the electrons that are involved in the 

bond, measured by coupling constants (J). These characteristics are 

essential for obtaining detailed structural information about the glycan. 

 

Table 2.2 Typical 1H and 13C chemical shifts of glycan molecules. 

δ (ppm) 1H 

8.5 – 7.5 Amide resonance 

5.5 – 4.2 Anomeric protons 

4.5 – 2.8  Sugar ring protons 

2.6 – 1.8  α- methylene protons of deoxy sugars 

1.0 – 2.0 Methyl protons of 6-deoxy sugars and also acetyl groups. 

δ (ppm) 13C 

160 – 180  Carbonyl carbons 

95 – 105  Anomeric carbons 

60 – 80  Sugar ring carbons 

45 – 60  Nitrogen bearing carbon signals 

~ 30  Aliphatic methylene carbons of deoxy sugars 

20 – 17  Methyl carbon of deoxy sugars and acetyl groups 

 

Additionally, the distinctive values of the coupling constants 1JC1, H1 and 

3JH1, H2 can discriminate between the anomeric orientation of the sugar 

units. In fact, for pyranose rings with gluco or galacto configuration (H-2 

Axial), a 3JH1, H2 above 8 Hz is indicative of a β configuration at the 

anomeric carbon, and below 3 Hz we face an α- configured anomer. In 

contrast, for manno configuration (H2- equatorial) a 3JH1, H3 below 3 Hz is 
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typical. The configuration at the anomeric position can also be analyzed 

through the 1JC1, H1, giving typical couplings at 165 Hz for β and 170 Hz 

for α, respectively.  

Homonuclear through-bond 2D experiments, such as COSY (Correlation 

Spetroscopy) and TOCSY (Total Correlation Spectroscopy) spectra, 

measure the correlation of the protons within the same monosaccharide 

unit and do not provide details about the monosaccharide connection. 

Nuclear Overhauser Spectroscopy (NOESY)76 is a homonuclear through-

space experiment that identifies spins undergoing cross-relaxation by 

measuring the rates of the cross-relaxation. This process allows for the 

transfer of magnetization to protons that are spacially close to one another. 

With respect to the heteronuclear 2D carbon-proton correlation, HSQC 

(Heteronuclear Single Quantum Correlation) relates directly the coupled 

13C and 1H, HMBC (Heteronuclear Multiple Bond Correlation) uses 

multiple-bond couplings over two or three bonds (J=2-15 Hz) for the 

determination of the long-range 1H-13C connectivity.  (Figure 2.1) 

 

Figure 2.1 Representation of the correlations observable by different 2D 

NMR experiments. 

 

Following ligand assignment, ligand-based NMR methods are then 

performedLigand-based NMR experiments require a fast chemical 

exchange transfer of the bound state to the free state. This regime is 

characterized by a range of KD > 100 μM in the medium-low affinity range, 
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dissociation rate constants in the range of 1000 < koff < 100 000 s-1 and use 

of large ligand molar excesses.  

 

2.3 Transferred – NOESY 

NOE (Nuclear Overhauser Effect) effects are fundamental for determining 

the 3D structure of molecules in solution. The transferred NOE effect 

employs the different behaviors of a ligand in its free versus bound states, 

allowing the detection and characterization of ligand binding and its 

bioactive conformation. For low to medium molecular weight moieties 

(less than 2 kDa), such as disaccharides or trisaccharides, fast tumbling in 

solution leads to short correlation times. As a result, NOE intensities may 

be close to zero, making ROESY (Rotating-frame Overhauser Effect 

Spectroscopy) experiments, where NOEs are measured under spin-locked 

conditions, a suitable alternative to NOESY. NOE correlations provide 

valuable information about the sugar units present and the configuration 

of the anomeric center. For example, in β-configured sugars like Glc, Gal, 

or Man, the H-1 proton shows strong intra-residue NOE correlations with 

H-3 and H-5. In contrast, in α-configured sugars, H-1 primarily correlates 

with H-2.  

 

Figure 2.2 The NOESY experiment pulse sequence 

Additionally, NOE spectra can reveal correlations between the anomeric 

proton and protons in adjacent sugar moieties. These inter-residual 

contacts are crucial for determining the sugar. 

These effects are due to homonuclear dipolar interactions, which decrease 

rapidly with increasing inter-nuclear separation. Consequently, NOE 

interactions are detectable between nuclei that are within 5-6 Å of distance 
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of each other. The intensity and sign of NOE contacts depend on the 

molecular tumbling rates in solution, which are characterized by the 

parameter   0tc, where tc is the correlation time and  0 is the Larmor 

precession frequency. As showed in Figure 2.3, small molecules with rapid 

and random rotation in solution exhibit positive NOE contacts with 

maximum values around 0.5, whereas molecules with slower tumbling 

show negative NOE contacts with maximum values around -1. 

. 

 

Figure 2.3. Schematic representation of NOE effects. In the free state, 

small molecules exhibit positive NOEs (cross-peaks with opposite sign to 

the diagonal peaks in the NOESY spectrum); in the bound state, small 

molecules adopt negative NOEs, behaving as the large protein, as shown 

in the tr-NOESY spectrum. 

 

It is noteworthy that the small molecules binding to a receptor protein can 

exhibit transferred NOE (tr-NOE), behaving as part of the macromolecule. 

The ligand, freely and rapidly exchanges between the bound and free 

states, thereby retaining the NMR properties of the protein and providing 

information about the bound state. Discrimination of NOEs between the 

free and bound state can be also achieved by the analysis of the build-up 
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rate, which is the time required to achieve maximum intensity of NOE. 

The maximum NOE is a function of molecular tumbling rates, defined by 

0 and tc, 0 being the spectrometer observation frequency and tc the 

rotational correlation time, connected directly to the molecular size. The 

maximum enhancement for tr-NOEs is observed at significantly shorter 

mixing times, tmix in range of 50 to 100 ms) than for unbound ligands (4 to 

10 times longer).  

The analysis of NOE-derived inter-atomic protons distances allows us to 

detect conformational changes upon binding, enabling the determination 

of the bioactive conformation adopted by the ligand in the presence of the 

receptor while it gets in the bound state. The construction of the NOE 

build-up accurately determines 1H-1H nuclear distances. By integrating of 

the NOEs of spectra acquired at different mixing times, the build-up curves 

can be fitted to a double exponential function: 

𝑓 = 𝑎 (𝑒−𝑐𝑡)(1 − 𝑒−𝑏𝑡)                 [2.3] 

 

Where f is the cross-peaks integral, a b and c are adjustable parameters and 

t is the mixing time. The initial slope is determined from the first derivative 

at time t=0. 

𝑓(0)  = 𝑎 𝑥 𝑏  [2.4] 

From the initial slope, the inter-atomic proton distances are derived and 

calculated by the use of the isolated spin-pair approximation: 

𝑟𝑖𝑗 =  𝑟
𝑟𝑒𝑓    √

𝜎𝑟𝑒𝑓

𝜎𝑖𝑗

6
   [2.5] 

Where rij is the distance we want to calculate, rref is a known reference 

distance, σref is the cross-relaxation rate and σij is the cross-relaxation time 

that gives the desired distances. In conclusion, the tr-NOE allows fast 

screening of possible ligands respect to a specific target receptor and, at 

the same time, the knowledge of the recognized conformation of the ligand 

bound to the receptor, which has considerable implication for a rational 

structure-based drug design.77 
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2.4 Saturation Transfer Difference  

Saturation transfer difference (STD) NMR spectroscopy is a powerful 

technique for detecting and characterizing epitope mapping on ligand 

when is complexed with a receptor in solution.78 Based on magnetization 

transfer from the protein to the ligand, the protons by spin diffusion and 

intermolecular NOE, the STD allows to verify the interaction process and 

investigate it at a molecular level, providing the ligand epitope mapping. 

STD NMR is acquired as a pseudo- 2D experiment, resulting from the 

subtraction of two mono-dimensional NMR spectra.79  1) the off-

resonance; in this step a region far  from protein and ligand signals (usually 

at around 40 ppm) is irradiated to detect the reference spectrum, and 2) the 

on-resonance; here, the protein signals are saturated (typically in the 

aromatic or aliphatic spectral region) by applying a selective low power 

radio frequency pulse train in the range of seconds (this is called saturation 

time).80 The saturation is transferred from the receptor to the interacting 

ligand during its residence time in the protein binding pocket due to 

intermolecular saturation transfer and a rapid chemical exchange. During 

the on-resonance, the enthalpic relaxation (R1) of the free ligand is slower 

than the koff.  

 

Figure 2.4 The 1H STD-NMR pulse sequence. 

This leads to an accumulation of saturated free ligand in the bulk of the 

solution, causing a decrease in signal intensities of the protons that receive 

magnetization from the receptor. Since the STD is obtained by subtracting 

of the off and on-resonance spectra, ligand protons closer to the protein 

binding site will receive a higher degree of magnetization through 

intermolecular 1H-1H cross relaxation pathways, resulting in higher STD 



 

 
36 

signals. On the other hand, ligand protons that are found at a higher 

distance from the protein, will receive little to no saturation, giving as a 

result a lower or absence on STD signals. The STD intensities can be 

calculated as follows:  

 

𝐼𝑆𝑇𝐷 =  
𝐼0− 𝐼𝑠𝑎𝑡

𝐼0
   [2.6] 

Where I0 is the intensity of a signal in the off-resonance experiment, Isat is 

the intensity of the signal in the on-resonance experiment. Depending on 

the degree of saturation of the protons, it is possible to map the interacting 

epitope of the ligand. Once set the most intense STD signals as 100%, all 

the other protons can be normalized to obtain the % of STD values.  

 

Figure 2.5. Schematic representation of STD NMR technique. In the off-

resonance spectrum, acquired by irradiating far from both protein and 

ligand signals, ligand signals (Ha-Hb-Hc-Hd-He) do not show a decrease 

in their intensities. In the on-resonance spectrum, the receptor is 

selectively saturated with RF pulses and the magnetization is transferred 

to the ligandm protons by intermolecular NOE. Only the ligand signals 

involved in the binding process will show STD signals in the spectrum. 
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To overcome potential artifacts related with the relaxation times, STD 

NMR spectra can be recorded at different saturation times (tsat is usually 

from 0.5 to 5s) to generate the STD build-up curves. 81 

The initial growth rates are obtained by the derivation of the STD 

intensities close at the limit of zero saturation time, where no ligand-

rebinding or relaxation takes place. STD-build up curves are calculated 

from the STD amplification factor (ASTD) following the equation 

𝐴𝑆𝑇𝐷 =  
𝐼0− 𝐼𝑠𝑎𝑡

𝐼0
∗

[𝐿]0

[𝑃]0
=  

𝐼𝑆𝑇𝐷

𝐼0
∗ 

[𝐿]0

[𝑃]0
  [2.7] 

Where ISTD/I0 is the relative STD effect at total ligand ([L]0) and protein 

[P]0 concentrations. ASTD is calculated for each proton involved in the 

interaction at each saturation time. Data is fitted to the following mono-

exponential function: 

STD (tsat) = STD max * (1 – exp(-ksat * tsat)) [2.8] 

Where STD (tsat) is the observed STD intensity, STDmax represents the 

asymptotic maximum of the build-up curve, tsat is the saturation time and 

ksat is the rate constante related to the relaxation properties of a given 

proton, measuring the speed of the STD build-up. The parameter STDfit 

represents the slope of the curve when the time zero and depends on the 

proximity of the ligand to the protein. To obtain the ligand’s epitope map 

, the STD fit values are normalized with respect to the highest one that is 

set to 100%. 

Therefore, STD NMR is a useful technique to obtain information on the 

binding epitope of a ligand when is interacting with a macromolecule, 

which is particularly useful, for example, in the development of new 

therapeutic approaches, such as small drugs or mimetics (Figure 2.5). 

Notably, a sample containing a low concentration of macromolecule (in 

the μM range) is enough, but a large molar excess of the ligand is a 

requirement (tipiycally an excess from 1:10 ratio to 1:1000). As mentioned 

above, STD NMR technique is only applicable to protein-ligand systems 

in rapid exchange, with a medium to weak affinity to the receptor, 
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exhibiting dissociation constants generally in the millimolar to micromolar 

range (KD 10-6 – 10-3 M). 

 

2.5 Protein-Based NMR Approaches  

In previous sections, we discussed ligand-based NMR methods that 

elucidate a ligand's structure both in its free state and when complexed 

with receptors (bound state). These methods also describe the ligand's 

bioactive conformation, and the epitope mapping of the protons involved 

in the recognition process. Protein-based NMR methods involve several 

techniques that allow the direct observation of receptor signals, which can 

characterize interactions with cognate ligands and help identify the 

receptor binding site, even when it is unknown.82,83 

For these NMR experiments, prior assignment of the protein resonances in 

the absence of the ligand is required. This involves using a soluble, non-

aggregated, isotope-labeled protein (e.g., 13C, 15N, 2H). The protein must 

be expressed, purified, and characterized through specific 3D NMR 

experiments to assign the protein backbone and side chains. (Figuree 2.6) 

 

Figure 2.6. Representation of 3D NMR experiment used for the backbone 

resonances assignment. Each 3D experiment correlates HN resonances of 

each amino acid to the chemical shifts of CO, Cα and Cβ belonging to the 

same and preceding amino acid. 
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A limitation of protein-based techniques is that the macromolecule size 

should not be less than 50 kDa. Molecular weight affects relaxation times, 

which can result in low quality 15N-HSQC spectra for large molecules. To 

address it, several methologies have been developed in the last decades. 

One approach is the minimization of signals overlap, which can be 

accomplished by the reduction of spin-spin relaxation, using the triple 

labelling protein expression (15N, 13C and 2H), where deuteration 

considerable extends the T2 relaxation times, resulting in narrower lines 

in NMR spectra. Another solution is the TROSY (Transverse Relaxation 

Optimixed SpectroscopY) implementation of triple resonance 

experiments, which selects a single component of different relaxation T2 

mechanisms (due to dipole-dipole interactions and chemical shift 

anisotropy) leading to a single, sharp peak in the spectrum.  

Chemical Shift Perturbation 

Chemical shift perturbation (CSP), also known as chemical shift mapping 

(CSM), is a common protein-based NMR experiment employed to map the 

interaction between a 15N labelled protein when and a ligand.84 This 

technique involves the monitorization of the changes on the chemical 

shifts of the protein’s aminoacids when it is titrated with the ligand.85 If 

the interaction occurs, the chemical shifts of the aminoacids involved in 

the complex formation with the ligand are subjected to perturbation. To 

perform CSP analysis of a protein-/ligand complex, the acquisition of the 

15N-HSQDC spectrum of the uncomplexed protein, or apoprotein as 

reference is required. Then, it is followed by sequential 15N-HSQC spectra 

that are performed upon the addition of increasing amounts of ligand 

concentrations until the protein binding site is completely saturated.  
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Figure 2.7. Chemical shift perturbation in protein-based NMR experiments. By 

adding amounts of ligand to the protein, the chemical shift can vary in the 15N 

HSQC spectrum, depending on the protein-ligand exchange regime. 

For the CSP analysis, it is essential is that both the protein and the ligand 

are dissolved in the same buffer, and that all the measurements during the 

titration are acquired under identical conditions. This is crucial because the 

chemical shifts, especially amide protons, are very sensitive to differences 

in temperature pH and buffer composition.  

The chemical shift perturbation depends on the protein-ligand exchange 

regime: in the rapid exchange limit, the chemical shift represents the 

population-averaged value between the free and the bound forms of the 

protein, and the peak moves linearly by adding different amounts of ligand 

(Figure 2.7). On the contrary, in the slow exchange limit, a decrease in 

intensity of the peaks are affected by the interaction observed and in some 

cases and at large excess of ligand it can be possible to see the appearance 

of new cross peaks. When the ligand binds to multiple protein binding sites 

with different affinities, the chemical shift does not move linearly in the 

15N-HSQC spectra.  

Although most peaks in a CSP experiment are affected by a variation of 

the chemical shift that helps in the determination of the binding site of the 

protein which is able to accommodate the ligand, conformational changes 

of the aminoacids can also lead to differences in the resonance frequencies. 
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Therefore, a shift in a signal is not always indicative of the vicinity to the 

binding interface. It can also give information about allosteric changes in 

the protein structure when a ligand is bound. Such conformational changes 

often happen to protein residues that are buried in the 3D structure or 

located distant from the binding pocket. 

In section II, we described the advanced techniques that employ nuclear 

magnetic resonance (NMR) to unravel the intricacies between ligand-

protein interactions. These techniques include elucidating the structure of 

the ligand, mapping the protons involved in the recognition process and 

depicting the bioactive conformation through ligand-based NMR methods. 

Additionally, to acknowledge the aminoacids involved in the interaction, 

the description of the binding pocket and conformational changes that may 

occur with the protein, can be revealed through protein-NMR based 

techniques. The following paragrpahs will explore complementary 

techniques that are used to confirm these experimental data and to add new 

interesting information about the recognition processes. 

 

2.6 Computational Methods  

During the last decade, computational methods applied in chemistry have 

gained success due to the several hardware and software improvements 

and the creation of high-performance computing and cloud computing 

systems. Computational chemistry has become one of the principal 

techniques in drug design, allowing for the rapid identification of 

promising drug candidates and the design of novel materials with tailored 

properties. Through the solving of several calculations, it prooved to be 

also key in the elucidation of structural and conformational features of 

complex and simple carbohydrate structures. Furthermore, the 

combination of molecular modelling with experimental techniques such 

as NMR spectroscopy methods have demonstrated to be extremely 

valuable in the determination of the conformational and dynamic 

properties of the free and bound state glycan structures. 86 
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Typical techniques on computational chemistry involve: 

A) Ab initio, Quantum Mechanics (QM) (2.6.1) 

B) Molecular Mechanics (MM) (2.6.2) 

C) Molecular Dynamics (MD) (2.6.3) 

This thesis dissertation will be focused on the application of molecular 

mechanics and molecular dynamics to compliment with experimental 

data in the study of protein-glycan recognition processes. The following 

techniques will be described in this section.  

2.6.1 Quantum Mechanics and Molecular Mechanics QM/MM  

From the latin ab initio: “from the start”. These are methods that are 

based on the resolution of the Schrodinger equation.87,88 A base on the 

extension of the molecular orbital theory where electron-electron 

repulsions are not specifically taken into account is employed; but 

electron’s average effect is used on the calculation. It gives as a result 

energy and a wavefunction, which is a mathematical function that can be 

used to calculate the electron distribution. This electron distribution 

gives useful information acknowledging the places on a molecule which 

are likely to be attacked by nucleophiles or electrophiles. However, 

solving the Schrodinger equation is noy an easy task, and can’t solve 

molecules with more than one electron.  

Ĥ𝛹 = 𝐸𝛹 

 

Where Ĥ is the Hamiltonian (specifies its total energy—i.e., the sum of 

its kinetic energy (that of motion) and its potential energy (that of 

position), 𝛹 is the wave function and E the energy of the system. 

 

Obviously, approximations were derived from the main equation to 

calculate the energy of the molecule, like Born-Oppenheimer or Hückel, 

but of course, it increases the computer power and time. Thus, ab initio 

calculations are relatively slow, and they are mainly used for the 

development of the commonly known force fields89, that will be 



 

 
43 

afterwards applied in different calculations or simulations. 90Forcefields 

contain information about the molecular geometries, energies, 

vibrational frequencies, spectra, ionization energies and electron 

affinities, and properties like dipole moments which are connected with 

electron distribution. 

The different approaches of ab initio methods is divided into: Hartree 

Fock (HF), Post-Hartree Fock (PHF) and Quantum Monte Carlo. 

 

2.6.2 Molecular Docking  

From the application of the Schrodinger equation,by the employment of 

classical mechanics (harmonic oscillator) in approximations like the 

Born-Oppenheimer one, Molecular Mechanics was born. The 

combination of the calculations previously taken from Quantum 

Mechanics91,and applied to classical mechanics has given the 

development of the force fields (Figure 2.8).They contain the energies of 

bonded (stretching, bending, torsions) and non-bonded contributions of 

the molecules and it is widely used for Molecular Dynamic simulations, 

and it is part of the scoring of the here explained Molecular Docking. 

Molecular Mechanics is a useful part of the computational chemistry 

where the minimum of the potential energies of certain compounds are 

calculated. It is used to optimize known structures, to minimize systems 

before running molecular dynamics, to search conformational analysis in 

glycans or peptides and even to predict protein folding.  
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Figure 2.8 Classic mechanics where the fundamentals of Molecular 

Mechanics is developed: from the harmonic potential, the bonded and 

non-bonded molecule contributions are calculated. 

Conformational search of glycans 

In the context of carbohydrates molecules as ligands interacting with 

certain receptors, MM calculations are applied to get insights into the 

conformational behavior in solution of glycan molecules, alone and in 

complex with the biological target. The conformational analysis is 

crucial to determine the three-dimensional features, especially in the 

carbohydrate field as it allows to correlate a molecule with its real 

biological behavior.92 

The conformational search aims to find the minimum local energy for a 

given molecule by rotating single bonds causing the rearrangement of 

atoms in space. The relative energies are then evaluated to find the lower 

energy conformer. The resulting structure can be afterwards compared to 

experimental data such the provided through NMR. For example, the 

NOE derived proton distances, to obtain a reliable 3D topology of 

glycans of interest. Indeed, the combination of modelling/NMR 

protocols is extremely useful to deduce conformational and dynamic 

properties of free and bound carbohydrate molecules and thus obtain the 

3D complex of the system under study.93 
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The 3D structure of carbohydrates is characterized by the sugar 

composition and the glycosidic linkage, parameters that allow to describe 

shape. The ring shapes can be defined in terms of reference 

conformations: chair (C), twist (T), boat (B), envelope (F) and skew (S). 

Glycans are not only complex and diverse in their composition and 

substitution patterns, but the variety in linkage types and the spatial 

distribution of their monosaccharide units generate numerous 

conformers. These conformers can rearrange in three-dimensional space, 

leading to a wide array of structural possibilities that significantly 

influence their biological functions. The glycan conformations are 

mainly described by the glycosidic torsion angles called φ (H1-C1-Ox’-

Cx’), ψ (C1-Ox’-Cx’-Hx’) and for some linkages a higher degree of 

freedom, like 1-6 type, there is also the ω (Cx’-Ox’-O5’-C5’) torsion, 

which is considered as the one providing the highest flexibility on the 

molecule, as depicted in Figure 2.9. Sampling the values of the w torsion 

has been described by means of the populations of gauche-gauche (gg), 

gauche-trans (gt) and trans-gauche (tg) rotamers (Figure 2.10).  

 

Figure 2.9. Representation of a sugar torsion angles 

This additional flexibility of α-1,6, α-2,6 in case of sialylated glycans, 

makes it a challenging task to determine the preferential conformation in 

solution of the oligosaccharides containing theses type of linkages. The 

three cases of staggered rotamers are represented here below as Newman 

projections.  
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Figure 2.10 Newman projections of staggered rotameric states of the 

omega torsion anglealong the C6-C5 bond: gg (gauche-gauche), gt 

(gauche-trans) and tg (trans-gauche). 

Several methods exist on the calculation of the principal torsion angles. 

These calculations define the energy profiles of the linkages, and it is 

generally applied grouping by disaccharides containing in the whole 

glycan chain. To run it, it is applied first a molecular mechanics 

calculation, MM3* force field,94 to calculate local minima and flexibility 

of glycosidic torsions. Therefore, the potential energy surface shows the 

conformational energy for each torsion and is plotted on adiabatic energy 

maps, representing energy graphs similar to the Ramachandran plots 

used for the peptidic linkages, that show the energetically favorable 

conformations of a carbohydrate dimer. 

 

Molecular Docking for protein-glycan interactions 

Molecular Docking leverages the principles of Molecular Mechanics to 

predict how a small molecule like a glycan or a drug candidate interact 

with larger biological molecules, typically a protein.95 In the docking, the 

ligand’s ability to fit into the receptor’s binding site is evaluated by 

generating different possible orientations and conformations (known as 

poses) of the ligand within the binding site. The success of this prediction 

largely depends on the scoring functions to assess these poses. The 

scoring functions often incorporates force fields that have been derived 

from Molecular Mechanics, through the evaluation of  the bonded and 
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non-bonded interaction, as explained above, between the ligand an the 

receptor, Molecular Docking can estimate the binding affinity and 

stability of the complex. Essentially the force fields calculate the 

interaction energies ensuring that the process accurately reflects the 

molecular behavior as described by classical mechanics (Figure 2.11). 

The main diversity between the Docking programs relies on the 

algorithm used for the computational search and the nature of the scoring 

function applied to rank the docked conformations. 96 

Moreover, if the ligands are glycans, the main diversity relies on the 

torsions of the linkages, which entails different numbers of rotatable 

bonds on this ligand, and therefore its accuracy and computational cost. 

There are three types of algorithms for this conformational ligand search: 

shape matching, systematic search and stochastic algorithms.  

The shape matching considers the geometrical overlapping between two 

molecules identifying the possible binding sites of a protein by a 

macromolecular surface search. The systematic search is often used for 

flexible-ñigand docking, and all the possible binding conformations are 

generated by the exploration of all the degrees of freedom of the ligand. 

The most time efficient are the stochastic algorithms, such as Monte 

Carlo (MC) method and evolutionary programming (EP), where random 

changes on the ligand bonded and non-bonded contributions are 

executed. Regarding the energy evaluation, three scoring functions can 

be classified: force-field based, knowledge-based and empirical-based 

scoring functions.  As previously explained, and more used, the force 

fields employ the non-bonded terms of the classical mechanism to 

compute direct interaction energies, considering van der Waals and 

electro-static energies as well as the stretching, bending and torsional 

energies. The knowledge-based are based on a statistical analysis of the 

interacting contacts from protein-ligand complexes identified from 

structure databases. And last, the empirical scoring functions make use 

of several intermolecular interaction terms, such as hydrogen bond and 
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hydrophobic interactions for pose and affinity prediction so that fitted 

theoretical values are as close as possible to the experimental data.  

To perform a docking calculation, the 3D structure of the protein is 

required, and it can be provided through experimental techniques such as 

X-ray crystallography or NMR spectroscopy. It can also be derived from 

homology modelling methods or prediction such as AlphaFold. It is 

noteworthy that the more we know about the binding site of our receptor, 

the more accurate the calculation will be. In AutoDock4, which is the 

software used for the Docking calculations in this thesis, the information 

on the binding site helps to build the AutoGrid grid box, which is the grid 

volume where the ligand has been providen free rotation.97 If the binding 

pocket is unknown, a bigger grid volume is required so the grid can cover 

the protein surface and ligand rotates freely around it. Of course, this 

implicates a bigger computational cost and less accuracy. In this cases, 

preliminary docking experiments can be performed to investigate if some 

regions of the receptor are preferred by the ligand, in a process that is 

known as “blind docking”. 98In this way, a second round of docking 

calculations allows to choose a smaller grid where the ligand can move 

around the protein.99  

 

Figure 2.11 Schematic illustration of docking a small molecule ligand to a 

protein target. 
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AutoDock100 uses evolutionary programming (EP) algorithm, where 

computational models are treated as evolutionary biological processes. 

101In particular, Autodock uses the Lamarckian Genetic Algorithm, an EP 

based on the combination of genetic algorithm (GA) and local search 

(LS) method that tries to find the closest conformation of the global 

energy minimum.102,103 In this hybrid method, the ligand variables 

(translation, orientation and conformation) are considered as “gene” that 

characterizes a “genotype” (ligand’s state), while the atomic coordinates 

correspond to “phenotype”. Genotypic space is characterized by 

mutation and crossover, whereas phenotypic space is established by the 

energy function to be optimized. Individual conformations search their 

local minima, inheriting the information to later generations (Lamarckian 

aspect). As force-field, this software currently employs semi-empirical 

free energy to score the docked binding conformations of small 

molecules to macromolecular targets, creating a set of docked 

conformations with the sum of their intermolecular and internal energy 

components. The pose with the lowest docked energy could be 

considered as “best” docking result.  

2.6.3 Molecular Dynamic Simulation  

Molecular Dynamic (MD) simulations often naturally follow Molecular 

Docking, to refine and validate of the previously predicted binding poses. 

While Molecular Docking only provides static snapshots of the different 

conformations on the ligand-receptor interactions, the MD simulations 

allow the exploration of the dynamic behavior of the formed complex 

over time (Figure 2.12). 104 This is done by the solving of Newton’s 

equations of motion for the atoms involved; given the atom “I”, with mas 

“mi”, and cartesian position “xi”, Fxi represents the force acting on the 

atom during the deriving time t: 

𝑑2𝑥𝑖

𝑑𝑡2
=

𝐹𝑥𝑖

𝑚𝑖
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MD simulation is a widely spread technique since it allows and enables 

the whole complex (receptor + ligand) to explore the potential landscape, 

which in this case is defined by both classical and non-classical 

interactions within the molecular system. The energy profile is 

characterized by the possession of multiple minima, each corresponding 

to different conformational states of the system. As the simulation 

progresses in a time-dependant manner, this system can move from one 

minimum to other, exploring in this way several conformations that 

might not be accessible through Molecular Docking calculations. It is 

based on the hand-glove model, where both ligand and protein suffer 

conformational changes when the interaction takes place. The classical 

MD contains several s teps. The first step is an energy minimization in 

which, from a higher initial energy state, the search for the first minimum 

in the energy profile of a system is performed. The most common method 

applied in MD is the steepest gradient, by executing the geometry 

optimization until it reaches the local minimum. This method depends on 

the starting geometry and is suitable for a quicker optimization. During 

this step, the solvent environment is key. There are three different 

methods that can be applied to treat it. In this in vacu simulation ,a 

distance-dependent solvent is used, and they are firstly divided into 

explicit or implicit solvents. If it is considered implicit, two models can 

be applied: Generalized Born (GB) and Poisson-Boltzmann (PB). If it is 

explicit instead, the simulation takes place into a box of a defined shape 

and dimension where the solvent molecules surroung the simulated 

complex. In this case, periodic boundary conditions (PBC) may be 

applied to avoid surface artifacts. Different water models have been 

developed, but the most common and that will also be used during this 

thesis is the TIP3P model.  

After the first step on solvation and minimization of the complex is 

completed, the following step consists in heating up the system, aiming 

to remove the unforable contqacts, such as steric clashes and donor/donor 
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or acceptor/acceptor bonds, between solvent and solute. Thus enhancing 

the atoms spped through a defined scheme of temperature increase. The 

resulting velocities are calculated by means of standard temperature-

dependant Maxwell-Boltzmann distributions. A third step consists in the 

equilibration of the system, by controlling the energy through the 

temperature, pressure and volume conditions. Last, but not least, we face 

the production step, which actually starts and produces the trajectories of 

the simulation, that will be time-dependent.  

 

 

Figure 2.12 Graphical representation of the Newton’s equation used for the 

production of timesteps on Molecular Dynamic Simumlation. Centered in the 

coordinate axis (x, y, and z) is found the protein complexed with a ligand. 

 

As described, the simulation provides the energy profile of the system, 

and it is is given by the sum of the energies provided by the already 

known explained in this dissertation, force fields, that can be obtained 

through ab initio calculations or semi -empirical quantum mechanics 

(QM). The choice of the force field is, again, the key point on the 

validation of any Molecular Dynamic simulation.105 So, prior to the 

actual performance of the MD, the coice of the correct force field is the 

crucial step. This election relies on the nature of the molecules to 

simulate as highly accurate force fields for specific systems have already 

been developed. AMBER106,107 package, our chosen softwares, contains 
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force field108 optimized for lipids (to date Lipid21109), for sugars 

(GLYCAM06)110, for proteins, nucleic acids and water molecules 

(ff14SB)111,112 and for organic molecules (GAFF and GAFF2). 

Focusing on carbohydrates structures, there are known two major force 

fields: from Amber/GLYCAM as mentioned above, and from 

CHARMM-GUI.113 Both of these cover the majority of common 

monosaccharides and contain different glycosidic linkages. GLYCAM06 

is suitable for D and L enantiomers, mono and oligosaccharides and for 

all glydosidic linkages, including the N-glycosilation.114 It is the only 

force field with the same atom type (Cg at the anomeric carbon (C1) is 

assigned in both anomers, α and β, facilitating the simulation on ring-

flipping and having equilibrium between conformers with axial and 

equatorial substituents at the anomeric center. 
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III. Results and Discussion 

3. Depiction of the recognition pattern of Siglec – 7 and Exogenous 

Ligands 

The recognition pattern of Siglec-7 and its interactions with exogenous ligands 

are fundamental to understanding immune regulation and cellular interactions. 

Siglec-7, a member of the sialic acid-binding immunoglobulin-like lectins 

(Siglecs), is crucial in modulating immune responses and maintaining self-

tolerance. Its binding to sialylated exogenous ligands can influence a range of 

immune processes, from controlling inflammation to regulating immune cell 

activation. Exploring these interactions provides deep insights into immune 

system function. The next sections will discuss different binding events 

between Siglec-7 and exogenour glycans from pathogens, aiming to enhance 

our comprehension of immune evasion mechanisms employed by various 

pathogens. This investigation not only advances our fundamental knowledge of 

immune regulation but also offers potential tools and pathways for developing 

targeted therapeutic strategies against diseases where immune modulation is 

key. 

3.1 Molecular Recognition of Siglec – 7 and Serogroup Y CPS from 

Neisseria meningitidis 

3.1.1 Introduction 

As mentioned above, Siglecs represent an important family of 

immunomodulatory receptors primarily present on immune cells. The human 

genome encodes multiple Siglec members, possessing different ligand-binding 

specificties and intracellular signaling motifs; for this reason, there are Siglecs 

that have inhibitory or activatory immune responses. They are known for their 

ability to bind sialic acid residues that can be found on glycoproteins and 

glycolipids on the cell surface. In the introduction chapter, in the section 1.3, 

sialic acids have been introduced as a group of nine-carbon sugars, that decorate 

the ends of glycan chains on cell surfaces and secreted proteins, playing pivotal 
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roles in cellular functions like intercellular communication, signalling, and 

immune recognition.  

In fact, this can be exploited by both tumour and pathogens including bacteria 

and viruses, with the aim to evade immune detection and clearance. Indeed, 

these pathogens can mimic host cell glycans by expressing sialic acid 

containing molecules on their surfaces, thereby interacting with Siglecs and 

evading immune surveillance: this evasion mechanism is crucial since it leads 

to the infectious diseases spreading as well contribute to cancer development.  

Siglec-7, is a member of human C33-related inhibitory Siglecs, so it works as 

a negative regulator of the innate immune system. It is mainly expressed on 

Natural Killer (NK) cells115 and structurally consists of an extracellular N-

terminal V-set sialic acid binding domain which is followed by two C2-type Ig-

like domains, that outdistance the carbohydrate binding region from the cellular 

surface.116 It contains an immunoreceptor tyrosine-based inhibiton motif 

(ITIM) in its cytosolic region (Figure 3.1). This receptor is considered a novel 

glyco-immune checkpoint and occurs in the context of several diseases 

including cancer, infection and autoimmune disorders.  
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Figure 3.1. 3D representation of the full length of Siglec-7. V-sest domain is 

represented as yellow cartoon; C2-set domain in blue cartoon; ITIM domain in pink 

cartoon. 

Neisseria meningitidis (Nm) is a Gram-negative human pathogen and 

etiological agent of the meningococcal meningitis, which can lead to potentially 

deadly infections, affecting membranes surrounding the brain and spinal cord 

in human host and can produce large epidemics.117 The capsular 

polysaccharides (CPS) surrounding Nm cell envelope represent their major 

virulence factors, playing a crucial role in N. meningitidis pathogenicity, 

making them the main component of meningococcal vaccines as CPS or as 

protein-conjugate vaccines. 118, 119 

Nm holds thirteen serogroups, categorized on the basis of their CPSs into three 

pairs: Men-A and Men-X, whose CPSs are composed of phosphodiester 

polymers of aminosugars; Men-B and Men-B, whose CPSs consist of α-2,8 and 

α-2,9 sialic acid homopolymers, respectively; Men-Y and Men-W, containing 
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CPSs build-up of sialic acid (Neu5Ac) containing with 4)-α-Neu5Ac-(26)-α-

Glc-(1]n and [4)-α-Neu5Ac-(26)-α-Gal-(1]n repeating units 

respectively.120  

Table 1. Virulence factors as serogroups divided by repeating unit from 

Neisseria meningitidis. 

 

Recently, the USA Centers for Disease Control and Prevention issued a health 

advisory to alert for an increase in invasive meningococcal cases, mainly due 

to MenY. In addition, the neuronal damage happening during bacterial 

meningitis, could be correlated to the appearance of neurodegenerative diseases 

and the study of the molecular interactions and pathways linking infections with 

neuronal damage remain mostly unexplored.121 

Given the significance of sialic acids in immune evasion, as previously 

discussed, it is possible that Neisseria meningitidis, particularly sialylated 

serogrops, may exploit similar mechanisms evading immune detection by the 

interaction with Siglec-7. The presence of sialic acid in serogroups like Men-

B, Men-C, Men-Y and Men-W, suggests that this pathogen may engage Siglec 

receptors on immune cells. 
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This chapter will focus on several Neisseria serogroups having this binding 

potential to Siglec-7 through the interaction between their sialic acid-rich CPS. 

We aim to deepen on novel aspects of Neisseria meningitidis pathogenesis by 

means of a detailed analysis on the structural features of Nm CPS and binding 

to Siglecs, to provide a comprehensive understanding on the role of both 

receptor and pathogen, with potential implications for both vaccine 

development and therapeutic strategies. 

3.1.2 Biophysical techniques for the depiction of Siglec-7 and sialylated 

ligands 

Deciphering the interactions between Siglecs and sialylated glycans from 

pathogens at the atomic level is crucial for understanding immune recognition 

mechanisms. A multitechnique approach involving experimental and 

computational methods provides a comprehensive view of these molecular 

interactions.  

By combination of NMR, computational and biophysical approaches, the 

evaluation of the factors that govern the selective binding of Siglec-7 to 

serogroup Y (MenY) of Neisseria meningitidis were studied in detail, 

unravelling the basis of this interaction. (Figure 3.2) 

 

Figure 3.2. Repeating unit of the serogroup Y CPS from Neisseria meningitidis. 

Schematic representation on the techniques employed in this chapter. 
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3.1.3 Fluorescence titrations, ELISA immunological assays for the 

binding Serogroup Y and Siglec-7. 

Solid-phase enzyme immunoassay (ELISA) between serogroups from 

Neisseria meningitidis and Siglecs. Different recombinant soluble forms of 

Siglecs (Siglec-5, Siglec-7 and Siglec-9) and human C-type lectins (DC-SIGN, 

Langerin, MGL and MR) were used with the full extracellular region fused to 

the Fc region of the human Ig1. As showed in the Figure 3.3, the ability of 

Siglec-7 to recognize Men-Y and no other serogroups was demonstrated, 

indicating that Siglec-7 possesses different affinities towards two structurally 

similar sialylated CPS, Y and W. 

 

Figure 3.3 ELISA solid-phase assay performed between different C-type lectins and Siglecs-Fc. 

Men-Y CPS showed a strong and selective binding to Siglec-7 compared to Men-W. 

Polyacrylamide polymers (PAA) coated with different glycans were used as positive controls. 

Wells were coated with the reported CPS and the binding to different C-type lectins and Siglecs 

was evaluated. The experiment has been performed three times in duplicate with similar results. 
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Data are normalized over binding signal from the positive controls used for each lectin (set as 

100% of binding). Error bars indicate standard deviations. OD: Optical density. Below the 

schematic representation of the MenY and MenW serogroups. 

After the ELISA, subsequent steady-state fluorescence analysis was performed 

to determine the binding affinity between MenY and Siglec-7.  Addition of 

increasing concentrations of Men-Y CPS allowed to build the curve, recording 

the emission between 310 and 450 nm, whilst through non-linear regression the 

binding constant Kb was obtained.122 We obtained a KD of 62 in the micromolar 

range (Figure 3.4).  This result confirms the ability of Siglec-7 to interact with 

MenY from Neisseria meningitidis with relatively high affinity.123 

 

Figure 3.4. Fluorescence titration of Siglec-7 upon the addition of increasing 

concentrations of Men-Y. The emission spectra were recorded by using an excitation 

wavelength of 295 nm and a temperature of 25ºC. 

3.1.4 Depolymerization and purification of Serogroup Y from Neisseria 

meningitids CPS 

Dr. Fabrizio Chiodo provided us the capsular polysaccharide (CPS) serogroup 

Y, MenY, from Neisseria meningitidis. In order to successfully determine its 

recognition pattern by Siglec-7, we first depolymerized the oligosaccharide, 
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that was around 35-50 kDa, to perform ligand-based NMR (Figure 3.5).

 

Figure 3.5 Schematic representation on the workflow on the experimental procedures 

for MenY depolymerization and purification. 

Depolymerization was carried out through a mild acid hydrolysis in acetate 

buffer, pH=4.3, followed by a purification step on gel filtration 

chromatography, TSK40, as indicated in the Figure 3.6 below. 
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Figure 3.6. TSK40 gel filtration column peaks obtained from the purification of the 

depolymerized portions of MenY CPS. They represent from left two right lower to 

higher molecular weight. Peaks 6 and 7 represent the salts purified from the mixture. 

The fractions were analyzed through NMR (Figure 3.7), achieving successfully 

oligomers from 1 to 3 repeating units. (1-Mer to 3-Mer). They were afterwards 

used for binding studies. 
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Figure 3.7 1H-NMR before and after depolymerization of Men-Y CPS from Neisseria 

meningitidis, obtaining different lengths of oligomer: 2-Mer and 3-Mer. 

3.1.5 STD NMR and tr-NOESY analysis of the molecular binding 

between Siglec-7 and Serogroup Y – NMR  

Once proved that Siglec-7 can bind MenY, we used NMR to map the recognised 

epitope with STD NMR and the achieved bioactive conformation thanks to 

trNOESY experiments.124, 125 We initially studied the conformational behavior 

of MenY oligomers in the free state. The flexibility of α-2,6 sialoglycans 

depends on the torsion angles around the Neu5Ac-Glc glycosidic linkage, 

namely φ, (C1-C2-O-C6’), ψ (C2-O-C6’-C5’) and ω (O6’-C6’-C5’-O5’)126 
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where this last torsion is the one providing further rotation freedom to the 

ligand, as indicated in Figure 3.8. The different conformations existing for -

2,6 sialoglycans come from the different values of the  torsion: gg (-60º), gt 

(+60º) and tg (180º).127 

 

Figure. 3.8 Representation of the three staggered rotamers from the torsional angles 

described for the linkage α-Neu5Ac-(2,6)-α-Glc: φ, ψ and ω. Where the ω have as main 

values -60, 60֯ and 180֯ namely gg, gt and tg respectively around the C5-C6 bond. 

The structure of the 2-mer and 3-mer of Men-Y oligosaccharide portions was 

determined by analysing NMR data Kuttel et al128  reported that this serogroup 

possesses a di-OAc at position 7 and 9 position of sialic acid glycerol chain, 

whereas we clearly observed only shifts on the chemical environment for 9-OH 

of sialic acid, and CPS was acetylated on the O9 of the sialic acid on a 

percentage below the 30% (Figure 3.9). 
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Figure 3.9 1H-13C- HSQC spectrum of the depolymerized 2-Mer Men-Y CPS from 

Neisseria meningitidis  

NOESY experiments were conducted to acknowledge its conformation in the 

free state, where we could observe a mixture of gg and gt conformations (Figure 

3.10). STD NMR experiments were acquired the Siglec-7 and 2-Mer from 

MenY CPS, permitting to map the interacting epitope when this ligand is 

accommodated into the Siglec-7 binding pocket.  Therefore, the crucial role of 

the sialic acid K) in mediating the interaction with Siglec-7 was elucidated; 

interestingly STD-NMR analysis, the internal sialic acid (Neu5Ac, residue K) 

was the key residue and showed high relative STD percentages in the binding 

epitope, as depicted in Figure 3.10. The highest STD enhancements were 

observed for the acetyl group of the central Neu5Ac and K6, the other STD 

values were normalized accordingly. Discrete STD effects were observed for 

the other protons of Neu5Ac moieties (K and K’), together with protons at 

position 6 of the internal Glc (G). The anomeric proton and H6 of the terminal 
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Glc (tG) exhibited a lower contribution to the binding. No STD signals were 

observed for the isolated protons H2, H3 and H4 of the glucose moieties (tG 

and G), indicating that they were solvent exposed. Analogously, no STD 

contribution from the O-acetylated diastereotopic protons at position 9 of Sia 

was observed.  

 

 

Figure 3.10. STD NMR analysis of Siglec-7 and Men-Y 2-Mer with the ligand epitope 

mapping calculated by (I0 – Isat)/I0, where (I0 – Isat) was the signal intensity in the STD-

NMR spectrum (black) and I0 was the peak intensity of the off-resonance spectrum 

(black). The highest signal was set to 100% and the other protons were normalized 

accordingly. On the right: the bioactive conformation of Men-Y 2-Mer as obtained by 

NMR; the ligand surface was colored according to the STD effects as well as the 

protons of the ChemDraw structure of Men-Y 2-Mer. 
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Through the tr-NOESY experiments (Figure 3.11), the bioactive conformation 

was obtained, giving the most representative conformers displayed by the 2-

Mer CPS from Neisseria meningitidis when bound to Siglec-7. The multiplicity 

of the diastereotopic protons at the position 6 of glucose, G, together with the 

vicinal coupling constant between protons H5 and H6, gave a value of 3J5,6 < 3 

Hz, indicating a preferred conformation, based on the of ω (O6’-C6’-C5’-O5’), 

corresponding to the gg rotamer, where ω=-60º.  

 

Figure 3.11. tr-NOESY of the 2-Mer in its bound state with Siglec-7 at 400 ms.  

 

3.1.6 Protein-based NMR analysis of the binding between Siglec-7 and 

Serogroup Y CPS 

To unveil the molecular intricacies of the interaction between Siglec-7 and 

Men-Y, protein-based NMR was also employed. This technique allowed the 

analysis of the changes on the chemical shifts that suffer the aminoacids of a 

protein when it forms a complex within a ligand. Aliquots of Men-Y CPS were 

sequentially added to [15N] labelled Siglec-7 CRD and 1H-15N HSQC NMR 
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spectra were acquired. As expected, during the NMR titration some of the 

protein signals experienced chemical shift perturbation (CSP) as explained in 

Chapter II section 2.5 (Protein-based NMR experiments). We could observe 

that, as shown in Figure 3.12, some residues, in particular those located in the 

canonical binding site, such Arg124 and Lys131, together with residues in the 

BC’ and CC’ loops, including Asn55 and Ala76, experienced decrease in signal 

intensity, as depicted in the Figure 3.1.6.1, suggesting their involvement in the 

interaction with Men-Y CPS.  

These changes also involved Ala76 from the CC-loop that seemed to play a 

pivotal role, disappearing upon binding, resulting in the highest variation when 

values were normalized.129  Analysis of the CSP showed similar results, 

particularly in the signals located near the canonical Arg124, including Tyr26 

and Ser27. In fact, it was demonstrated that several signals affected by CSP 

were located near to and on the GG-loop, including Lys131, Trp132 and 

Tyr136, Glu137 and Q138, also conserved residues among Siglecs binding 

sites. These amino acids are indeed generally involved in the establishment of 

hydrophobic interactions with sialic acids residues, helping the ligands to the 

stabilization of the complex. Other CSP effects were attributed to Arg92, Phe95 

and His96, which suggest the formation of the second binding pocket of Siglec-

7, indicating thus an extended binding mode for longer oligosaccharides.  
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Figure 3.12. A. Diagram of the % intensity decrease of aa of 100 μM Siglec-7 in the 

presence of 1 mg CPS from MenY. The % intensity decrease effects were evaluated 

from the of variation of chemical shift heights between the protein in apo form and 

bound to CPS, then normalized to the maximum value. A threshold (dotted line) was 

set to 0.35. The residues experiencing the largest signal intensity decrease were Q55, 

R92, F95, N105, L108, S116, R124, K131. B. Diagram of the chemical shift 

perturbation (CPS) of aa of 100 μM Siglec-7 in the presence of 1 mg CPS from MenY. 

The CSP effects were evaluated with the formula CSP =  
1

2
√∆𝛿𝐻

2 + (∆𝛿𝑁 5⁄ )2 and a 

threshold of 0.015 (dotted line) was set. The residues experiencing the largest CSP were 

Y26, S27, F48, N55, R92, F95, H96, K131, W132, Y136, D137, Q138. C. 3D structure 

of Siglec-7 (PDB 2HRL) evidencing the most perturbed amino acids in signal intensity 

decrease (teal spheres) and CSP (salmon spheres). 

 

3.1.7 Computational analysis of the molecular binding between Siglec-7 

and Serogroup Y 

The experimental data obtained through fluorescence, ELISA, ligand-based 

NMR and protein-based NMR was complemented with computational studies. 

The approach was to study the 2-Mer and also different lengths of the 

oligosaccharide in its free and bound state.  
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The conformational behavior of Men-Y in its free state was evaluated. We 

began building first the disaccharides to know the most populated conformers 

of the α2,6 linkage for the Neu5Ac-Glc oligomer. Previous studies and 

adiabatic energy maps (Figure 3.13) performed with MM3*, showed that φ 

could explore two predominant torsion values of -60֯ and 180֯ while ψ assumes 

almost stably a value of 180֯.  On the other hand, the ω torsion is the one 

displaying the highest flexibility, adopting three different values in the free state 

corresponding to -60֯/60֯/180֯ (gg/gt/tg) rotamers, with a preference for the 

values around -60֯ gg and 60֯ gt on the Neu5Ac-Glc α-2,6 linkage. 

  

Figure 3.13. Adiabatic energy maps of the two different glycosidic linkages present in 

the serogroup Men-Y, illustrating the φ, ψ and ω torsions of the Neu5Ac-Glc linkage. 

It was also performed the adiabatic energy maps for the α-1,4 Glc-Neu5Ac 

linkagewith one possible energy minimum allowed, thus possessing only one 

conformations  with  φ=-60º and for ψ=-30º, respectively. (Figure 3.14) 
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Fig. 3.14. Adiabatic energy map for the φ and ψ torsions or the α-Glc-(1,4)-α-Neu5Ac 

bond. 

Then we could build the 3D structure of the 2-Mer from Men-Y with 

GLYCAM130 forcefield. To checked which of the conformers were populated, 

or which were more representative, several Molecular Dynamic simulations 

(MD simulations) on the free state were carried out with different timescales, 

from 100 ns to 500 ns. Through the analysis of the results, we obtained a 

mixture of the three staggered rotamers gg/gt/tg (60%/30%/10%) for α-2,6 

linkage on Neu5Ac-Glc. The stability of the structure was also monitored 

through RMSD (Root Mean Square Deviation), as shown in the figure below. 

Given the potential biological role of the acetylation at position 9 of Neu5Ac, 

we computationally explored the binding and conformational features of 

different acetylation patterns for the oligomers (Figure 3.15). We took in 

consideration all the possibilities for the 2-Mer: K and K’ both acetylated, only 

K’, only K, and none of them. In agreement with the previous NMR results in, 

we did not observe differences in the population of different conformations 

based on the position of the acetyl group. This feature will further be studied in 

complex with Siglec-7.  In the next studies we selected K, internal Neu5Ac 

sialic acid residue, as the only residue acetylated in its 9 position, computational 

studies were performed starting with the crystal structure (2HRL) of the Siglec-
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7 and GT1b ganglioside, that acted as a template for the orientation of the 2-

Mer from MenY CPS in the binding pocket of Siglec-7. 

 

 

Figure 3.15. Different acetylation patterns for Men-Y MD simulation in the free state. 

The behaviour of φ, ψ and ω torsion angles during MD simulations of 2-Mer oligomers 

are reported. Stability of the ligand is represented by the RMSD, plotted in red. 

 The complex was refined and docking calculations of the tetramer, 2-Mer, 

inside the Siglec-7 (PDB:2HRL)131 binding site were performed with 

AutoDock4.2.The best docked poses were selected, according to their ability to 

represent STD and NOESY data. The chosen complexes were submitted to MD 

simulations in explicit solvent and the interactions between sialic acids the 

binding pocket residues were monitored. In agreement with STD-NMR and tr-
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NOESY data, we obtained a reliable 3D complex where the  torsion angle was 

restrained at -60º, gg conformation, while other torsion angles were sampled 

along the simulations. MD analysis have revealed that φ mainly adopted a value 

around -60º, occasionally sampling 180º, while the ψ torsion remained 

consistently constant at 180º among all the different simulations, as expected. 

The stability of the complex formation was demonstrated by RMSD analysis, 

confirming the stable positioning of the ligand in the Siglec-7 binding pocket. 

(Figure 3.16) 

 

Figure 3.16. RMSD trajectory and dihedral angles around the glycosidic linkage of -

Mer monitored along MD simulation in the bound state. A restriction of ω at -60° was 

applied, according to NMR results. 

The interactions were thoroughly mapped between the 2-Mer and Siglec-7, and 

thanks to this we could describe the molecular intricacies of the binding in a 3D 

structure. (Figure 3.17) The analysis of the key contacts mainly involved 

electrostatic and hydrogen bonds interactions, most of them were retained along 

the MD simulation.  

This network of polar interactions was established with highly conserved 

residues conserved on the B-strand, F, surrounding the canonical Arg124, and 

on the g-B strand, in which typical amino acids of Siglec-7, like Lys131 and 

Asn133 are located. In detail, the highly conserved Arg124 established a stable 

salt bridge with the carboxylate group of the internal Neu5Ac (K) via its 

guanidinium group. This result is in line with STD-NMR, and in full agreement, 
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we could also observe that the glycerol moiety of Neu5Ac, K, was involved in 

hydrogen bonds between the 8’-OH position with the Asn133 and Lys131, both 

located on the G-strand that it is mentioned above. Conversely, the acetyl group 

at position 9 did not interact with Siglec-7 and remained solvent-exposed 

through the entire time of the MD simulation. Almost all the protons of both 

internal (G) and terminal (tG) glucose units were solvent exposed, except those 

at positions 1 and 6 of tG and G residues, respectively. The hydroxyl group of 

O6 of tG established a single interaction with the side chain of Asn129, inside 

the binding pocket of the protein. The model further predicted H-bonds between 

Lys75 and Asn133 with the carboxyl and acetyl moieties of the reducing sialic 

acid, K’. 

 

Figure 3.17 3D complex with protein surface colored by strand and loops, as indicated 

in the figure: the strands involved in the recognition are colored by type: F-β strand in 

yellow, BC’-loop in cyan and CC’-loop in green. The ligand surface was colored 

according to the STD edit code. 

Therefore, MD analysis was in line with the findings of STD-NMR and 

trNOESY, emphasizing the primary involvement of Neu5Ac, K, in the 

recognition and binding event, and showing the minor role of the reducing K 

and glucose residues G and tG in the interaction. By the integration of the 

analysis of the contacts observed in MD simulations, the epitope mapping and 
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its bioactive conformation derived from NMR data, a comprehensive depiction 

of Siglec-7 and Men-Y 2-Mer model was attained.  

To further investigate the impact of the non-stoichiometric acetylation pattern 

at the C-9 of Neu5Ac on the conformational behavior of 2-Mer from Men-Y, 

we computationally investigated the corresponding de-acetylated oligomer, 

where no significant changes were predicted. Worthy, the absence of the acetyl 

group allowed to esblish a novel H-bond with Asn133, already involved in the 

interaction. (Figure 3.18) These findings fully agreed the STD NMR 

experiments, from which we could observe only STD effects from the non-

acetylted protons at position 9 of Neu5Ac. 
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Figure 3.18. A. 3D views of the Siglec-7/ Men-Y 2-Mer complex: the strands involved 

in the recognition are colored by type: F-β strand in yellow, BC’-loop in cyan and CC’-

loop in green. B. 2D plot of the interactions occurring at the Siglec-7 and 2-Mer’s from 

Men-Y interface. C. Different views highlighting the H-bonds monitored by MD 

simulation were shown. Ligand 2-Mer is represented following SNFG color-code 

 

Longer oligomers were built and faced with Siglec-7, obtaining similar results, 

since the protein-based NMR experiments were performed on the full-length 

capsular polysaccharide, as shown in Figure 3.19. The data obtained through 

MD simulations resulted in good agreement with the protein-based 

experiments. In this case, we decided to use a complete de-acetylated structure, 

due to the null involvement with the binding pocket. Again, internal sialic acid 

was the moiety primarily recognized by the protein, interacting with its 

carboxylate group and the conserved Arg124. The longer oligomer permitted 

further accommodation of the ligand in the binding pocket of Siglec-7, 

observing novel interactions, like the presence of Tyr26 and Asp53, in 

agreement to the previous protein-based NMR studies.  

Some other interactions were predicted, including the reducing hydroxyl and 

Arg120, which helped the stabilization of the ligand in the pocket. Side 

interactions were also observed like the glucose unit G’’ and Ile72, and Gly69. 

Therefore, we obtained a similar accommodation for 2-Mer and the longer 4-

Mer, having the internal sialic acid establishing the key salt bridge with Arg124. 
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Figure. 3.19. 3D model of the Siglec-7 and Men-Y 4-Mer complex. Different views 

highlighting the H-bonds monitored by MD simulation were shown. The strands 

involved in the recognition are colored by type: F-β strand in yellow, BC-loop in cyan, 

CC’-loop in green and GG-loop in pink. Ligand 4-Mer is represented following SNFG 

color-code. Also, represented in surface the 3D model of Siglec-7/4-Mer complex. 

Preliminary immunological studies were also conducted. A first evaluation of 

the ability of Men Y CPS to affect the host immune response was explored by 

investigating the effects of low and high doses of MenY on U937-derived 

macrophages cells that express Siglec-7 on their surface,  and THP-1 derived 

magrophages that we used as control, having a lower Siglec-7 expression as 

previously described. The inflammatory response of macrophages is 

characterized by an increased the secretion of many pro-inflammatory and 

chemotacticcytokines; we chose to analyze TNF  and IL-8 as pro-

inflammatory cytokines and CXCL10 expression as chemotactic cytokine. The 

treatment of THP-1-derived macrophages induced a weak but significant pro-

inflammatory and chemotactic response to 0.1 μg/ml of MenY treatment as 

evidenced, respectively by IL-8 and CXCL10 upregulation. This response was 

even more amplified after treatment with 1 μg/ml of MenY, as displayed by the 

very strong upregulation of the three genes, especially for CXCL10. On the 

other hand, U937-derived macrophages appeared indifferent to both doses of 
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the CPS of MenY, as the expression of TNF  and IL-8 cytokines and CXCL10 

chemokine was comparable to non-treated cells, indicating that this capsular 

polysaccharide was not able to activate the immune response, due also thanks 

to the interaction with Siglec-7, which inhibits the immune response by its 

ITIM domain. This evidence was further confirmed by treating both U937- and 

THP-1-derived macrophages with same amounts of LPS. As showed in Figure 

6, both cells could efficiently induce a pro-inflammatory response already after 

0.1 μg/ml of LPS treatment, and this response was of increased magnitude at 1 

μg/ml. 

This evidence was confirmed by treating both U937 and THP-1 derived 

macrophages with the same amounts of LPS. (Figure 3.20) 

 

 

Figure 3.20. Semi-quantitative analysis on the production of the proinflammatory 

cytokines from U937 derived macrophages cell-line (A) and THP-1 derived 

macrophages cell-line (B) after the stimulation with Men-Y CPS. LPS was used as a 

positive control. 
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3.1.8 Discussion 

The specific recognition of sialylated CPS from Neisseria meningitidis 

serogroup Y (Men-Y) by Siglec-7 has been demonstrated. The preliminary 

immunological studies found that the CPS selectively binds Siglec-7, respect 

with other human lectins, and induces a significant pro-inflammatoyry and 

chcemotactic response, suggesting that Siglec-7 interaction inhibits the immune 

response by the interaction with MenY. To dissect the binding features and 

unravel the molecular basis of the recognition process, a multidisciplinary 

approach was used, combining fluorescence titrations studies, ligand and 

protein- based NMR, in silico analysis and biological assays. The carbohydrate 

recognition domain (CRD) of Siglec-7 in E. coli  and the amino acids resonance 

were assigned to provide the protein fingerprint and perform the binding 

studies. The extracellular domain FED of Siglec-7 was produced in HEK293S 

cells as glycosylated protein for the binding studies. The depolymerization of 

Men-Y CPS allowed to obtain oligosaccharides with repeating units of 

increasing length, enabling a detailed evaluation of their binding interactions 

with Siglec-7.  Through NMR spectroscopy we could detail the structure of 

Men-Y CPS, confirming an acetylation pattern of the Neu5Ac O-9 below the 

30%.  Fluorescence titrations provided a KD in the micromolar range. STD-

NMR provided the epitope mapping and highlighted the role of the internal 

sialic acid K in the binding event, particularly with its acetyl group and glycerol 

chain. Computational studies, including MD simulations allowed to describe 

the interactions at the Siglec-7/2-Mer interface, occurring primarily hydrogen 

bonds and electrostatic interactions, showing the crucial role of the salt bridge 

between the conserved Arg124 and the internal Neu5Ac, K carboxylate. Indeed, 

this was the key interaction, that together with Asn133 and Lys131 were in 

complete accordance with the STD NMR experiments.  

This chapter provided insights in the importance of capsular polysaccharides 

from Neisseria meningitidis, since they are crucial virulence factors currently 

used in a plethora of glycoconjugate vaccines. We here demonstrated that 
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sialylated CPS have gained particular interest for the interaction with inhibitory 

host receptors, like Siglec-7 to evade immune surveillance. This understanding 

offered vision into the mechanism used by Neisseria meningitidis to manipulate 

the host immune responses thereby paving the way for the development of new 

targeted interventions to mitigate its impact on human health.  

To this aim, the comprehensive analysis developed in this work provides a full 

view of the specific recognition Neisseria Men-Y by Siglec-7. In particular, 

preferential binding, representative interactions and role of the conformational 

flexibility around the α-2,6 sialylated glycans, offering high complexity and 

specificity on host-pathogen interactions. 

.  
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3.2 Molecular Recognition of Siglec – 7 and other sialylated CPS 

from Neisseria meningitidis 

3.2.1 Introduction 

In section 3.1, we used a multitechnique approach to study how at a molecular 

level the recognition mechanism between Siglec-7 and serogroup Y CPS from 

Neisseria meningitidis. 

This chapter will instead focus on the investigation of the recognition between 

Siglec-7 with other sialylated serogroups of the same pathogen, specifically 

serogroups W and B.  In the one hand, serogroup W, an oligomer composed by 

[4)-α-Neu5Ac-(26)-α-Gal-(1]n  has been associated with an increase in 

invasive meningococcal disease in the last years. And, on the other hand 

Serogroup B which is a homopolymer of sialic acid with α-2,8 linkages, offers 

a unique challenge to vaccine development due to its molecular similarity to 

host neural tissues since they express polysialic acid, a feature that we are sure 

that will also impact Siglec-7 recognition.  

The investigation on the interaction of Siglec-7 with these pathogenic 

serogroups can give a deep insight into the high specificity of Siglec-7 among 

serogroups, not only by linkage type, but also through conformation. This can    

provide new information for the design of therapeutic strategies targeting 

Siglec-mediated immune modulation in meningococcal infections.  

3.2.2 Molecular details of Serogroup W and Siglec-7 

In the previous chapter, it has been described the interaction between Serogroup 

Y of Neisseria meningitidis and Siglec-7, providing a comprehensive 

understanding, at a molecular level, of the structural and biophysical aspects 

that contribute to the binding event. Serogroup Y, while structurally similar to 

Serogroup W, displayed distinct affinity patterns toward Siglec-7, which was 
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highlighted through ELISA assays. We also focused on Serogroup W132,133  to 

understand and elucidate why these two capsular polysaccharides (CPS), 

despite their structural similarities (Figure 3.21), exhibit very different binding 

affinities to Siglec-7. 

 

Figure 3.21. Schematic representation of Serogroup W CPS from Neisseria 

meningitidis.  

Serogroup W contains Neu5Ac-Gal units, with a α-2,6 sialyl linkage and Gal 

α-1,4 linked. It is known for its significant pathogenicity and global impact on 

the meningitis disease and its increase worldwide.  

While the structural similarities between Serogroups Y and W suggest that they 

should bind similarly to Siglec-7, our data revealed differences in their affinity, 

which suggest that this could be due to subtle structural variances in their 3D 

disposition. We deepen into the molecular dynamics of Serogroup W and 

Siglec-7 interaction by a combination of fluorescence techniques and 

computational analysis that helped to elucidate the binding mode of this 

particular CPS. The fluorescence titrations helped to explore the affinity with 

Siglec-7, and computational modelling allowed to visualize the molecular 

details in the binding pocket of Siglec-7. This assessed how these small 

structural differences between Serogroups Y and W influenced their receptor-

binding behavior.  
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Fluorescence titrations and ELISA immunological assays for the binding 

Serogroup W and Siglec-7. 

ELISA assays  between Neisseria meningitidis serogroups and Siglecs different 

recombinant soluble forms of Siglecs (Siglec-5, Siglec-7 and Siglec-9) and 

human C-type lectins (DC-SIGN, Langerin, MGL and MR)) were ( Figure 3.22) 

showed that Siglec-7 showed low affinity against Men-W (Neu5Ac-Gal) 

compared to the very similar serogroup Men-Y (Neu5Ac-Glc), only differing 

in the 4’ hydroxyl position being equatorial for glucose, and axial for galactose. 

It seems that these differences will induce a difference in the 3D arrangement 

that affects the recognition events.  Steady-state fluorescence analysis was 

performed to determine the binding affinity between MenW and Siglec-7. We 

obtained a KD of 132 M result that confirms the ability of Siglec-7 to interact 

with MenW from Neisseria meningitidis with a low affinity. The 

conformational features that govern these different binding preferences 

between MenW and MenY were thoroughly studied through computational 

studies in the next paragraphs. 
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Figure 3.22. A.  ELISA solid-phase assay performed between different C-type lectins 

and Siglecs-Fc. Men-W CPS showed a low binding to Siglec-7 compared to Men-Y. 

Polyacrylamide polymers (PAA) coated with different glycans were used as positive 

controls. Wells were coated with the reported CPS and the binding to different C-type 

lectins and Siglecs was evaluated. The experiment has been performed three times in 

duplicate with similar results. Data are normalized over binding signal from the positive 

controls used for each lectin (set as 100% of binding). Error bars indicate standard 

deviations. OD: Optical density. Fluorescence titration of Siglec-7 upon the addition of 

increasing concentrations of Men-W The emission spectra were recorded by using an 

excitation wavelength of 295 nm and a temperature of 25ºC. 

Computational analysis of the molecular binding between Siglec-7 and 

Serogroup W 

The three-dimensional disposition of sialoglycans with α-2,6 linkage depends 

on the ω torsion (O6’-C6’-C5’-O5’), which possess three main values which 
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confer the conformer names gg, gt, and tg, respectively. The adiabatic energy 

maps were calculated by confronting first, φ and ψ linkages. (Figure 3.2.2.3) 

Since the ψ, as expected, remained constant with one possible value at -180º, 

the ω torsion was  analysed. We obtained, as shown in Figure 3.23 three 

staggered conformations defined by the ω torsion of α-2,6 linkages: gt, gg and 

tg. Several reports have demonstrated that Neu5Ac-Gal linkages rarely 

populate the gg conformation.134 So, for the Neu5Ac-Gal linkages the main 

rotamers expected will be gt and tg for this specific sialoglycan bond. In the 

case with galactose, it has been shown in previous studies that the gt is one of 

the preferred ones. So this starting 3D conformation was used to build our 

MenW oligomer, (as 2-Mer, 3-Mer). 

 

Figure 3.23. Adiabatic energy maps of the two different glycosidic linkages present in 

the serogroup Men-Y, illustrating the φ, ψ and ω torsions of the Neu5Ac-Glc linkage. 

Below, the representation of the three staggered rotamers from the torsional angles 

described for the linkage α-Neu5Ac-(2,6)-α-Glc: φ, ψ and ω. Where the ω have as main 

values -60, 60֯ and 180֯ namely gg, gt and tg respectively around the C5-C6 bond  
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MD simulations in explicit solvent were run in the free state; we obtained a 

preferred conformer for the α-2,6 torsion on Neu5Ac-Glc, at ω=+60º, known 

as gauche-trans, or gt. (Figure 3.24) The stability of the structure was also 

monitored through RMSD (Root Mean Square Deviation), as shown in the 

figure below. MenW was also reported to be acetylated in the 9 position of the 

Neu5Ac, so given its potential biological importance, we computationally 

explored the binding and conformational features of different acetylation 

patterns for the oligomers. We took in consideration two possibilities for the 2-

Mer of MenW:  both sialic acids acetylated and none of them. After an intense 

analysis where RMSD was gave high, and torsion values were sampled, no 

observed differences in the population of different conformations were 

observed based on the position of the acetyl group.  

 

Figure 3.24 The behaviour of φ, ψ and ω torsion angles during MD simulations of the 

2-Mer of MenW oligomer are reported. Stability of the ligand is represented by the 

RMSD, plotted in red and the glycosidic torsion of the α-2,6 Neu5Ac-Gal linkage 
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sampled. Below, most representative poses for the MD simulation on the free state of 

the 2-Mer for MenW. 

Free state computational analysis permitted to define gt as the most 

representative conformer of this serogroup. We also studied the conformational 

behavior on longer oligosaccharides, such as the 3-Mer, obtaining analogous 

results. With this, the 3D model of Siglec-7 and MenW was built. Analogously 

to the MenY bound state, crystal structure 2HRL of Siglec-7 was used as a 

template for the 3-Mer of Men-W CPS (gt rotamer).  We used a longer 

oligosaccharide to be able to do a fair comparison within the MenY results. So, 

first, the structure was refined and docking calculations of the hexamer, 3-Mer 

inside the Siglec-7 binding site were performed with AutoDock4.2. The chosen 

complexes from Docking were submitted to MD simulations in explicit solvent 

and the interactions between sialic acids the binding pocket residues were 

monitored. We obtained a reliable 3D complex where the ω torsion angle 

adopted a prevalent value of 180º, gt conformation, differently from the free 

state, wher the only rotamer was gt. Further analysis has revealed that φ mainly 

adopted a value around -60º, while the ψ torsion remained consistently constant 

at 180º among all the different simulations, as expected. The stability of the 

complex was demonstrated by RMSD analysis, confirming the positioning of 

the ligand in the Siglec-7 binding pocket. (Figure 3.25) 

 

Figure 3.25. RMSD trajectory and dihedral angles around the glycosidic linkage of 2-

Mer monitored along MD simulation in the bound state.  
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The interactions were mapped between the 2-Mer of MenW and Siglec-7, and 

thanks to this we could describe the molecular details of the binding event with 

the 3D structure. The analysis of the key contacts mainly involved electrostatic 

and hydrogen bonds interactions, most of them were retained along the MD 

simulation. This network of polar interactions was established with conserved 

residues conserved on the β-strand, F, surrounding the canonical Arg124, and 

on the G-β strand, in which typical amino acids of Siglec-7, like Lys135 and 

Asn129 are located. In detail, the highly conserved Arg124 established a stable 

salt bridge with the carboxylate group of the internal Neu5Ac via its 

guanidinium group, as shown in the Figure 3.26. This result is the expected, 

since it is behaving in a similar way like MenY did. We could also observe that 

the glycerol moiety of Neu5Ac, was involved in hydrogen bonds with the 

Asn129 and Lys135, both located on the G-strand that it is mentioned above. 

Analyzing the role of the acetyl at position 9, it did not interact with Siglec-7 

and remained solvent-exposed throughout the MD simulation, as expected. 

Almost all the protons belonging to both internal (Gal) and terminal (tGal) 

galactose units remained solvent exposed, except those at positions 3 of tGal.  
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Figure 3.26 Different views highlighting the H-bonds monitored by MD simulation 

were shown. Ligand 2-Mer is represented following SNFG color-code.  

 

By comparing the 3D model before and after simulation, we could definitively 

see a shift on the reducing part of the Siglec-7, moving from the CC-loop 

(before MD) to the BC-loop (after MD), as decpited in the Figure 3.27. 

 

Figure 3.27 3D complex with protein surface colored by strand and loops, as indicated 

in the figure: the strands involved in the recognition are colored by type: F-β strand in 

yellow, BC’-loop in cyan and CC’-loop in green. The ligand surface was colored 

according to: 3-Mer before simulation in yellow and 3-Mer after MD simulation in 

violet purple. 

The spatial rearrangement of MenW seemed to be induced by the value of its ω 

torsion, since the initial 3D structure was based on the free state results, which 

showed a unique value of ω=60º, gt conformer. The conformational change 

from gt to tg, ω=180º provoked a different accommodation of MenW inside the 

binding pocket of Siglec-7. 
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Discussion 

The recognition of sialylated CPS from Neisseria meningitidis serogroup W 

(Men-W) by Siglec-7 has been demonstrated. Preliminary ELISA studies found 

that the CPS binds Siglec-7 with a lower affinity respect with the other its 

structurally similar serogrou colleague, MenY.  To dissect the binding features 

and unravel the molecular basis of the recognition process to understand the 

difference of these affinities, a multi-disciplinary approach was used, 

combining fluorescence titrations studies, in silico analysis and biological 

assays. Repeating units of increasing length were evaluated for the 

conformational behavior and after building of the 3D structure, enabling a final 

detailed analysis of their binding interactions with Siglec-7.  The fluorescence 

titrations provided the KD in the micromolar range for the system of Siglec-7 

Men-W. Computational studies, including MD simulations allowed to describe 

the difference between the conformation performed by MenW in the free and 

bound state. In the free state + gt rotamer was the only value for the  torsion 

of this serogroup. Conversely, once it interfaced the Siglec-7, a conformational 

change occurred obtaining as main conformation the tg. This shift provoked a 

3D rearrangement of the 3-Mer MenW inside the Siglec-7 binding pocket.  

The comprehensive analysis developed in this work provides a full view of the 

specific recognition Neisseria Men-W by Siglec-7. Notably, this study exhibits 

the difference in the binding affinities of MenY (Neu5Ac-Glc) and MenW 

(Neu5Ac-Gal), due to the different values acquired by the ligands on their ω 

torsions, confirming the high complexity and specificity on host-pathogen 

interactions.  

 

 3.2.3 Molecular Recognition of Siglec – 7 and Serogroup B CPS from 

Neisseria meningitidis 

Neisseria meningitidis holds thirteen CPS surrounding cell envelope Nm and 

representing their major virulence factors, playing a crucial role in N. 
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meningitidis pathogenicity, making them the main component of 

meningococcal vaccines as CPS or as protein-conjugate vaccines. Between the 

thirteen serogroups, six of them are the cause of the invasive meningococcal 

disease, (A, B, C, X, Y, W). Serogroup B has become the major cause of this 

infection, being reported by the health authorities from America, Europe, South 

America and Australia.135 PolySia is mainly present in the nervous system, 

particularly in microglia.136 It can cause neuronal damage during this bacterial 

infection, and it could be correlated to the appearance of neurodegenerative 

disease. The study of the molecular interactions and pathways linking infections 

with neuronal damage remain mostly unexplored.Apart from the α-2,6 linkage, 

Siglec-7 possesses even higher affinity for α-2,8 endogenous ligands. Unlike 

other capsular polysaccharides, Serogroup B CPS is the only from N. 

meningitiis holding a α-2,8 polysialic acid (PolySia), likely binding Siglec-7. 

The molecular intricacies of Serogroup B and Siglec-7 interaction was assessed 

through a combination of fluorescence techniques, ligand-based NMR and 

computational analysis, definitively key to elucidate the binding mode of this 

particular CPS. The fluorescence titrations helped to explore the affinity with 

Siglec-7, ligand-based NMR to describe epitope mapping and preliminary 

results on bioactive conformation, and computational modeling allowed to 

visualize the molecular details that happen in the binding pocket of Siglec-7.  

Characterizacion on the Free State of Serogroup B from Neisseria 

meningitids  

MenB was extracted and purified from the dried cells of Neisseria meningitidis 

MC58 strain. In parallel, oligomers containint MenB repeating units were 

furnished by Prof. Hiromune Ando from the Gifu University in Japan (Figure 

3.28). 
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Figure 3.28. Schematic representation of 5-Mer from MenB. 

PolySia contains α-2,8 linkages also present in terminal sialic acid from 

gangliosides, We can observe high conformational flexibility, due to the 

presence of three  torsions, known as ω7, ω8 and ω9, as depicted in the Figure 

3.29. 

 

Figure 3.29. Representation of the three staggered rotamers from the torsional angles 

described for the linkage α-Neu5Ac-(2,8)-α-Neu5Ac φ, ψ , ω7, ω8 and ω9, respectively. 

The free state NMR spectra of the 5-Mer were analysed, confirming five sialic 

acid residues and a protected galactose moiety. So, computational calculations 

were performed to help to depict the conformational behavior of MenB in its 

free state (Figure 3.30). 
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Figure 3.30. NMR experiments for the conformational analysis of 5-Mer of MenB CPS 

Neisseria meningitidis in the free state. A. 1H-1H COSY and 1H-1H TOCSY on the upper 

part. Below, the 1H-13C HSQC spectrum. 

The conformational behavior of 5-Mer from Men-B CPS was evaluated in its 

free state via computational analysis. The disaccharide of Neu5Ac-(2,8)-

Neu5Ac unit was built to describe the most populated conformers for the α-2,8 

linkage in MenB oligomer. (Figure 3.31) Through a molecular mechanics 

approach, employing MM3*, we obtained the adiabatic energy maps that 

provided the φ, ψ and the different ω7, ω8, and ω9 values. Minima for this 

linkage were first based on the φ and ψ torsions, which acquired φ= -80º and ψ 

at 60º, and also secondaty φ= -60º and ψ at 110º. Then we confronted φ with 



 

 
95 

each ω torsion, ω7, ω8, and ω9, respectively. Even though it is a highly flexible 

linkage, many studies suggest that the inter-hydrogen bonds that the molecule 

acquires on the PolySia137,138provokes a clear preference on the formation of a 

helicoidal structure, providing unique value for each conformation. ω9 torsion 

mainly adopted a value of 60º as preferred, ω8, being the only one having more 

than one rotamer, defined by its values of -60º or 60º, and lastly, a unique 

conformer for the ω7 of 60º has been shown. 

 

Figure 3.31 Adiabatic energy maps for the α-Neu5Ac-(2,8)-α-Neu5Ac linkage. 

Once each α-2,8 linkage for MenB was set to its minimum, the 3D structure 

was built employing the GLYCAM forcefield and database. In order to 

comprehend which was the most representative conformer of MenB, Molecular 

Dynamic simulations (MD simulations) on the free state were carried out on 
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100 ns timescales. The stability of the structure was also monitored through 

RMSD (Root Mean Square Deviation), as shown in the Figure 3.32 below. 

 

 

Figure 3.32. The behaviour of φ, ψ and ω7, ω8 and ω9 torsion angles during MD 

simulations of the 5-Mer of MenB oligomer are reported. Stability of the ligand is 

represented by the RMSD, plotted in red and the glycosidic torsion of the α-2,8 

Neu5Ac-Neu5Ac linkage sampled. 
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Looking at the 3D structure of the 5-Mer, it was observed an helicoidal-like 

disposition of the sialic acids, through the formation of internal hydrogen bonds 

that stabilized this orientation. (Figure 3.33) 

 

Figure 3.33. 3D representation of the spatial arrangement of the 5-Mer of MenB from 

Neisseria meninigitidis in its free state after a 100 ns of simulation. 

Fluorescence titrations for the molecular binding of Serogroup B and Siglec-

7 

Fluorescence analysis was performed to determine the binding affinity between 

MenB 5-Mer and Siglec-7.  
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Figure 3.34. Fluorescence titration of Siglec-7 upon the addition of increasing 

concentrations of Men-B The emission spectra were recorded by using an excitation 

wavelength of 295 nm and a temperature of 25ºC. 

We obtained a KD of 36,1 in the micromolar range.  This result confirms the 

high affinity of Siglec-7 towards α-2,8 sialylated ligands. (Figure 3.34) 

STD NMR and tr-NOESY analysis of the molecular binding between Siglec-

7 and Serogroup B – NMR  

STD NMR experiments were acquired on Siglec-7 and 5-Mer from MenB CPS 

from Neisseria meningitidis complex, permitting to obtain a preliminary 

interacting epitope when this ligand is accommodated into the Siglec-7 binding 

pocket. Due to the high complexity of the oligomer, STD enhancements were 

detected for sialic acid, denominated as K, with the highest STD effects 

belonging to its acetyl group, AcK. The other STD values were normalized 

accordingly. (Figure 3.35) Lower STD effects were observed for the other 

protons on the glycerol chains of K, and no STD responses were  observed for 

protons at position 4 of sialic acids or internal protons from galactose residue, 

indicating the position of these groups towards the solvent.  
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Figure.3.35. STD NMR analysis of Siglec-7 and Men-B 5-Mer with the ligand epitope 

mapping calculated by (I0 – Isat)/I0, where (I0 – Isat) was the signal intensity in the STD-

NMR spectrum (blue) and I0 was the peak intensity of the off-resonance spectrum (red). 

The highest signal was set to 100% and the other protons were normalized accordingly. 

On the right: the bioactive conformation of Men-B 5-Mer as obtained by NMR; the 

ligand surface was colored according to the STD effects as well as the protons of the 

ChemDraw structure of Men-B 5-Mer. 

 

trNOESY and trROESY experiments were performed to define the bioactive 

conformation. In this case, the most important peaks that we could define to 

acknowledge this conformation came out overlapped, as observed in the Figure 

3.36 
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Figure 3.36. tr-NOESY (left) and trROESY (right) of the 5-Mer MenB in its bound 

state with Siglec-7 at 400 ms and 600 MHz.  

 

Computational analysis of the molecular binding between Siglec-7 and 

Serogroup B 

Docking calculations of the 5-Mer inside the Siglec-7 binding site (PDB:2HRL) 

were performed with AutoDock4.2.  The chosen complexes from Docking were 

submitted to MD simulations in explicit solvent and the interactions between 

sialic acids and Sige-7 binding pocket were monitored. We obtained a reliable 

3D complex where the values for the different torsion angles adopted   on the 

sialic acids interacting with Siglec-7, as indicated in the Figure 3.37, we 

observed that the sialic acid attached to the galactose might be too far away to 

be successfully recognize by the binding pocket of Siglec-7. In fact, it gets 

positioned towards the solvent, indicating that in   Siglec-7, only three sialic 

acids residues get fully recognized.    

 

Figure 3.37. RMSD trajectory and dihedral angles around the glycosidic linkage of 5-

Mer monitored along MD simulation in the bound state.B. Different views highlighting 

the H-bonds monitored by MD simulation were shown. The strands of of the protein 

involved in the recognition are colored by type: F-β strand in yellow, BC’-loop in cyan 

and CC’-loop in green Ligand 5-Mer is represented following SNFG color-code 
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The analysis of the key contacts mainly involved electrostatic and hydrogen 

bonds interactions, most of them were retained along the MD simulation. This 

network interactions were established with conserved residues conserved on the 

β-strand, F, surrounding the canonical Arg124, and on the G-β strand, in which 

typical amino acids of Siglec-7, like Lys135 and Asn129 are located. In detail, 

the highly conserved Arg124 established a stable salt bridge with the 

carboxylate group of the internal Neu5Ac via its guanidinium group.  

It was also observed that the N-Ac moiety of the adjacent internal Neu5Ac 

(linkage 2) was involved in hydrogen bonds with the Asn129 and Lys135, both 

located on the G-strand that it is mentioned above. 

3.3.6 Discussion 

The specific recognition of sialylated CPS from Neisseria meningitidis 

serogroup B (Men-B) by Siglec-7 has been demonstrated.  

Fluorescence titrations provided the KD in the micromolar range for the system 

of Siglec-7 Men-B. Computational studies, including MD simulations allowed 

to describe the difference between the conformation acquired by MenB in the 

free and bound state. We showed the difference in the binding affinities of 

different serogroups MenB > MenY > MenW. It was also revelead the 

importance of the flexible omega torsions on the 3D disposition of these ligands 

towards a certain receptor, since the achievement of a bioactive conformation 

is key and is due to the different values acquired by the ligands on their omega 

torsions, confirming the high complexity and specificity on host-pathogen 

interactions.  
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3.4 Molecular Recognition of Siglec – 7 and OPS from 

Fusobacterium nucleatum ATCC 51191 

3.4.1 Introduction 

Fusobacterium nucleatum is an anaerobic Gram-negative bacterium, one of the 

most significant components of the oral microbiota.139,140   

 

Figure 3.38. Microbioma division in the oral cavity. 

However, it has been demonstrated that several disorders are directly related to 

the presence of F. nucleatum inside or outside the human oral cavity, 

positioning it as a potential pathosymbiont.  Firstly, it is involved in the 

progression of periodontitis, specifically in the oral epithelium141.    Due to this 

duality, and the fact that through the oral cavity can arrive to the digestive 

system and bloodstream, it highly contributes to the etiology of other infections 

and diseases (Figure 3.38). For example, the case of the intrauterine infections, 

provocking preterm birth miscarriages and neonatal sepsis. Fusobacterium 

strains contribute to severe throat infections, to Lemierre’s142 syndrome, as well 

as to gastrointestinal diseases, like inflammatory intestine disease, appendicitis 

and colorectal cancer. 143,144 
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Bacterial Lipopolysaccharide (LPS) are main component of the bacterial outer 

membrane (Figure 3.39) and are potent activator of the host innate immune 

response primarly through interaction with TLR4/MD2 receptorial complex.  

The LPS from F. nucleatum ATCC 51191 O-antigen was characterized, leading 

to the identification of several glucuronic acids as well as a fucose residue as 

components of the  repeating unit.145 The structure is reported below. 

 

Figure 3.39. Schematic representation of the structure of the OPS from 

Fusobacterim nucleatum ATCC 51191. 

 Recently, Siglec-7 has been shown to mediate the immumodulation by 

interacting with lipopolysaccharides (LPS) and OMVs of colorectal cancer 

associated Fusobacterium nucleatum strains. (Figure 3.4.1.3) through the 

induction of a pro-inflammatory profile in human monocyte-derived dendritic 

cells (moDCs) and the tumour associated profile in human monocyte-derived 

macrophages (moMfs), that was followed by the F. nucleatum Siglec-7 

interaction. 146  

 



 

 
104 

Figure 3.40 Schematic representation of the interaction between F. nucleatum and 

immune cells in the context of colorectal cancer. 

For this reason, we dissected the molecular basis of the recognition of the LPS 

from F. nucleatum 51191 by Siglec-7, through ligand-based NMR techniques, 

and in silico methodologies, to propose a structural model of the interaction. 

Globally, the acquired results allowed to determine preliminarily the elements 

of F. nucleatum LPS binding by Siglec-7, thus improving the knowledge on the 

mechanism of action of this opportunistic oncopathogen. 

3.4.2 F. nucleatum ATCC 51191 OPS and Siglec-7 binding studies 

through STD NMR  

First, the LPS of F. nucleatum was extracted from 51191 strain by hot aqueous 

phenol method and purified as described in the experimental section. Then, the 

O-polysaccharide was isolated from the lipid A portion upon mild acid 

hydrolysis The chemical structure of the OPS, showed the presence of [→4)-β-

d-GlcpNAcA-(1→4)-β-d-GlcpNAc3NAlaA-(1→3)-α-d-FucpNAc4NR-(1. A 

partial acetylation (around 30%) of the α-N-Acetyl-Fucose-NHR was observed.   

Once the OPS was isolated and purified, the recognition binding events 

between the F. nucleatum 51191 and Siglec-7 was explored by STD NMR 

experiments. From STD NMR, it was possible to qualitatively assess the 

recognition of the OPS. Particularly, the involvement of the three residues 

comprising the OPS:  B, C and A, respectively, was detected. It seemed to have 

a higher involvement on residues B and A, but it is challenging task to 

distinguish between some proton signals of B and C.  
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Figure 3.41. STD NMR analysis of Siglec-7 and OPS from F. nucleatum ATCC 51191. 

STD-NMR spectrum (red) the off-resonance spectrum (blue).  

Starting from the protons of C and B, the pyranose ring was embedded in the 

binding pocket of Siglec-7, since many of their protons gave STD 

enhancements.  

1Characterization performed by Pilar García-Vello. 
2STD-NMR experiment performed by Ferran Nieto Fabregat. 

 

3.4.3 Computational analysis: free and bound state of OPS F. nucleatum 

51191 and Siglec-7 

The investigation of the binding features between OPS from Fusobacterium 

nucleatum ATCC 51191 and Siglec-7 was also studied through computational 

analyses, so new insights could be added to the recognition process. No N-
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acetylated, or substituted glucuronic acids were available within this database. 

So, for this reason, the aim has become the parametrization of the building 

blocks that are present in this OPS (Figure 3.42). To do so, old protocols and 

new libraries of forcefields were taken into account for the development of a 

new protocol that allowed us not only to parametrize new ligands, to use with 

GLYCAM forcefields.  

 

Figure 3.42. Building blocks conforming the OPS from F. nucleatum ATCC 51191 for 

the construction of its 3D structure. Each residue is represented in sticks colored with 

SNFG color coding (Fucose, A: red, Glucuronic acids, B and C: blue) 

Once parametrised, molecular mechanics were applied to calculate the linkage 

properties of this oligosaccharide, to calculate the glycosidic torsions that 

govern their 3D disposition, divided in pairs.  The adiabatic energy maps were 

calculated as it follows: B-C, B-A and A-C linkages, respectively as shown in 

Figure 3.43 
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Figure 3.43. Adiabatic energy maps for the:  B-C GlcNAcA -(1,4)- β-GlcNAcA-3Ala 

β-; B-A β-GlcNAcA-3Ala-(1,3)-α-FucNAc-NHR; A-C α-FucNAc-NHR-(1,4)- β-

GlcNAcA, respectively. 

Minima for these linkages are based exclusively on the φ and ψ torsions, which 

acquired the following values: for the B-C linkage, a minimum of φ= 60º and a 

value of ψ at 180º, and another possible minimum at φ= 60º and   ψ at -80º were 

found. Then, B-A linkage gave as possible minimum a unique value for each 

torsion of φ= 60º and a value of ψ at 60º. Lastly, the only α- configured linkage, 

A-C, also had one unique value for each torsion, being the value at φ= -60º and 

ψ at 60º its minima.  With this information, the 3D structure of one repeating 

unit of OPS from F. nucleatum 51191 ATCC was built, and its conformational 

behavior was furtherly studied through MD simulations on its free state. The 

stability was also monitored through RMSD (Root Mean Square Deviation), 

and torsions (φ, ψ) for each linkage were sampled along the simulation, as 

shown in the Figure 3.44 No conformational changes were observed during the 

MD simulation. 
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Figure 3.44. The behaviour of φ, ψ during MD simulations of the different linkages of 

1-Mer of OPS from F. nucleatum 51191 are reported. Stability of the ligand is 

represented by the RMSD, plotted in red and the glycosidic torsions are sampled and 

divided into C-B, A-C and B-A, as it corresponds 

It is noteworthy that this oncopathogen is able to produce an OPS that gets 

recognized by a Siglec without possessing a sialic acid in its core. So, the 

molecular details to take into account are based on the “molecular mimicking” 

of the glucuronic acid of the sialic acid, in order to fit into the binding pocket 

of Siglec-7.  We decided to use first one repeating unit and also longer 

oligosaccharide lengths. So, first, the structure was refined and docking 

calculations of the 1-Mer (with caps, as a pentasaccharide), inside the Siglec-7 

binding site (PDB:2HRL) were performed with AutoDock4.2. In this case we 

can have B interacting with Arg124, or residue C interacting. Due to the 

ambiguous STD-NMR results, since both of them establish interactions with 

some residues of the binding site, we decided to use both and simulate the best 

result among all. The chosen complexes from Docking were submitted to MD 

simulations in explicit solvent and the interactions between sialic acids the 

binding pocket residues were monitored. Residue B, the GlcNAcA-3Ala, was 

the first docked and establishing the key salt bridge with conserved residue 

Arg124 and submitted to MD simulations in explicit solvent. The stability of 
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the complex was monitored through the RMSD, and as depicted in Figure 3.45, 

it goes up to 7.5 A, demonstrating this was not a reliable complex. Nevertheless, 

the interactions that were governing the complex were mainly polar contacts 

with other conserved residues of the binding pocket, apart from the salt-bridge 

between B residue and Arg124. Indeed, A and C established hydrogen bonds 

with amino acids from the F such Asn129, and from the G-strand like Lys131 

and Lys135. Hydrophobic interaction from the Trp132 located on the CC-loop 

interaction and B was also observed.  

 

Figure 3.45. RMSD trajectory of 1-Mer monitored along MD simulation in the bound 

state. B residue is the one stablishing a salt-bridge with R124. Different views 

highlighting the H-bonds monitored by MD simulation were shown. The strands of the 

protein involved in the recognition are colored by type: F-β strand in yellow, BC’-loop 

in cyan and CC’-loop in green Ligand 1-Mer OPS is represented following SNFG color-

code 

Therefore, Docking calculations with the C residue establishing a salt bridge 

with the key conserved residue Arg124 were performed. The most 
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representative poses were afterwards submitted to MD simulations in explicit 

solvent and the interactions between OPS from F. nucleatum 51191 and 

binding pocket residues from Siglec-7 were monitored, as depicted in Figure 

3.4.6 

  

Figure 3.46. RMSD trajectory of 1-Mer monitored along MD simulation in the bound 

state. C residue is stablishing a salt-bridge with R124.Different views highlighting the 

H-bonds monitored by MD simulation were shown. The strands of the protein involved 

in the recognition are colored by type: F-β strand in yellow, BC’-loop in cyan and CC’-

loop in green Ligand 1-Mer OPS is represented following SNFG color-code. 

Analogous interactions were found, but is noteworthy that the RMSD gave 

lower values with an average of 3A, demonstrating that C residue (β-GlcNAcA) 

from the OPS of F. nucleatum 51191 seems to be the main character on the 

recognition event with Siglec-7, by establishing a key salt-bridge with Arg124, 

and other polar contacts with conserved residues such Lys135, Trp132 and 

Asn129, help stabilizing the complex along the simulation. 
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3.4.4 Discussion 

The specific recognition of the OPS from Fusobacterium nucleatum ATCC 

51191 by Siglec-7 has been described. The finding that Siglec-7 can bind 

ligands that mimic sialoglycans has been demonstrated by a combination of 

NMR techniques and computational analysis.  Repeating units of F. nucleatum 

51191 OPS were evaluated for their conformational behavior after 

parametrization of their specific force fields in order to build the 3D structure. 

This enabled a final and detailed analysis of their binding interactions with 

Siglec-7.  The computational studies, including MD simulations allowed to 

describe the selectivity by Siglec-7 between β-GlcNAc-3Ala (B) and β-

GlcNAcA (C) in the complex formation by its RMSD. It demonstrated that 

Siglec-7 shows selectivity for terminal residues, like C, to allow the recognition 

event happens.  
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4. Unveiling the recognition pattern of Siglec – 9 and 

Endogenous Ligands 

 Siglecs interaction with endogenous sialoglycan ligands—those present on 

host cells—remains a crucial, yet underexplored aspect in this dissertation. 

Those are essential for maintenance of immune homeostasis, as they prevent 

unnecessary immune activation by recognizing "self" sialylation patterns. 

Through this, Siglecs contribute to the self-tolerance, reducing the risk of 

autoimmune reactions and ensuring an equilibrated immune response. The 

inhibitory signaling pathways activated by endogenous ligands, such as those 

mediated by the immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in 

some Siglecs, are key to this regulatory function. Within this framework, we 

aim to describe in the following sections the intricacies and specificities 

between endogenous sialylalted ligands and Siglec-9. 

4.1 The role of Siglec – 9 in binding the Ganglioside GDa-α and its 

sulphated cognate 

4.1.1 Introduction 

Sialic acid immunoglobulin-type 9 -Siglec-9, a CD-33 related Siglec, is an 

immune checkpoint receptor broadly expressed on leukocytes, specifically in 

monocytes, neutrophils, dendritic cells, and in lower levels, macrophages and 

natural killers.147,148  CD-33 related Siglec-9 shows a preference for binding α-

2,3 and α-2,6 sialoglycans, specially gangliosides with multiple terminal α-2,3 

linkages. Several glycan arrays showed a prevalence for the binding with sialyl 

Lewis X (SLex, α-Neu5Ac-(2,3)- β-Gal-(1,4)-α-Fuc-(1,3)-β-GlcNAc) and 6-

sulphated sialyl Lewis X glycans. Differently from other Siglecs, it also showed 

a high affinity for non-sialylated ligands, since it was demonstrated the binding 

between hyaluronic acid and this receptorv (β-GlcNAc- (1-4)-β-GlcA-

(1,3))n.
149 The concentration of Siglec-9 is higher in the neonatal period of host 
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and its ligands expression is upregulated in chronic airway inflammation 

demonstrated by its binding to airway mucin MUC5B.150 It has also been found 

to recognize several sialoglycans expressed by some human cancers due to the 

hyper-sialylation and hyper-glycosilations on mucins. Within this framework, 

Siglec-9 is becoming an important immune checkpoint and tumor 

immunotherapy development in the last years. 151,152 

Highlighting that Siglec-9 shares 84% identity in the coding sequence with 

Siglec-7, and both share 8 potential N-glycosylation sites – sialic acid binding 

sites – and their V-set domain shares over 98% similarity in their proteins, it is 

important to study this receptor together with its “sister” Siglec-7. These two 

immune checkpoints are potential immune checkpoints to cancer and immune 

therapy.  The ability of Siglec-9 to bind sulphated ligands creates an interesting 

research field to decipher at a molecular level how this interaction take place, 

and which are the amino acids on its V-set domain to be in charge of this 

recognition event, and we aim to offer some insights into this novel receptor.153 

4.1.2 Computational analysis: free and bound state of GD1a-α and 

Siglec-9 

The crystal structure of Siglec-9 has not been solved yet. For this reason, the 

AlphaFold prediction for this receptor has been the one used during this section 

(AlphaFold ID: Q9Y336) with Human Siglec-9. The structure that was 

obtained by AlphaFold holds a 90% confidence in the model prediction on the 

V-set domain, so we chose to refine this structure dynamically through MD 

simulations. (Figure 4.1) This approach allowed the protein structure to arrive 

to one of their conformations minima by employing simulations on the protein 

by itself, and then with a well-known ligand, such siallyl-lactosamine (α-

Neu5Ac-(2,3)-β-Gal-(1,4)-β-GlcNAc)154 to check binding site, and possible 

conformational changes that may occur in the CC-loop and F-β strand of the 

receptor.  
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Figure 4.1 3D representation of Siglec-9 and the amino acids contained on the V-set 

domain from AlphaFold prediction.  

The stability of this protein was monitored through RMSD (Root Mean Square 

Deviation) and RMSF (Root Mean Square Fluctuation). The RMSF allowed to 

depict which were the amino acids implicated in the conformational changes 

and the fluctuation in Angstroms that have received during the simulation. 

Together with RMSD, helped to select the most stable structure of Siglec-9 

during the calculation timescale. Surprisingly, no big conformational changes 

were observed during the calculations, except for the BC and CC-loop, which 

was expected due to its high flexibility, as shown in Figure 4.2. 

 

Figure 4.2. RMSD and RMSF graphics from the MD simulation of Siglec-9 protein  
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After obtaining a reliable result on the stability of Siglec-9 protein, its binding 

site was checked with a known ligand: siallyllactosamine (3’SLN), α-Neu5Ac-

(2,3)-β-Gal-(1,4)-β-GlcNAc, by using it with a template of Siglec-7 and Siglec-

10, to build the Siglec-9-3’SLN 3D model. First, the complex was refined and 

docking calculations of the 3’SLN inside the Siglec-9’s binding site were 

performed with AutoDock4.2. The chosen complexes from Docking were 

submitted to MD simulations in explicit solvent and the interactions between 

sialic acids the binding pocket residues were monitored. 

 

Figure 4.3. RMSD trajectory of 3’SLN monitored along MD simulation in the bound 

state. Sialic acid residue is stablishing a salt-bridge with R124. Different views 

highlighting the H-bonds monitored by MD simulation were shown. The protein 

involved in the recognition are colored grey cartoon. Ligand 3’SLN is represented 

following SNFG color-code. 

By comparing the results of the amino acids implicated in the binding pocket 

with those published, we concluded we obtained a reliable model of Siglec-9.  

Located on the F-β-strand, conserved key residue Arg120 (Figure 4.3) is the 

main character on the recognition event, by salt-bridging the carboxylate of the 

sialic acid on the 3’SLN. Other polar contacts, such the ones implicating Asp69, 

Asn67, Lys127 and Asn129 helped to accommodate the α-2,3 sialylated glycan 
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inside the binding pocket. Within this information, we now have a reliable 

structure for Siglec-9 to be studied among other ligands.  GD1a ganglioside 

family, in particular GD1a-α, is a complex glycosphingolipid that is found on 

the outer leaflet of cell membranes, specifically in neurons and other cell types 

in the nervous system. Gangliosides are characterized by a ceramide backbone 

that can be linked to one or even more sialic acid residues. GD1a-α contains 

two branched sialic acid residues contained in a carbohydrate chain.  

 

Figure 4.4 Schematic representation of the chemical structure of sulphated-GD1a-a. 

It is involved in cell recognition, modulating synaptic transmission. The α-2,3 

and α-2,6 linkages, and the abundance of sulphated, as shown in Figure 4.4 

Gd1a-α, makes this ganglioside a potential ligand for binding Siglec-9. The 

complex formation between this receptor and GD1a- can trigger immune 

activation, relating this with certain cancers and inflammation by the 

upregulation with Siglec-9.  To decipher the possible engagement between this 

ligand and Siglec-9, a computational approach has been performed. 3D 

structure of GD1a-α, in its free and bound state was first performed. Through 

molecular mechanics simulation, the adiabatic energy maps were calculated. 

(Figure 4.5) Since ψ, as expected, remained constant with one possible value at 

-180º Fig 4.1.2.5, the three staggered conformations defined by the ω torsion of 

α-2,6 linkage: gt, gg and tg were evaluated Several reports have demonstrated 
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that Neu5Ac-Gal linkages rarely populate the gg conformation.  So, for the 

Neu5Ac-Gal linkages the main rotamers expected will be gt and tg. In the case 

with galactose, it has been shown in previous studies that the gt is the preferred 

one. In α-2,3 linkages, a minor flexibility was  present, with only two main 

conformers: -g and t,   φ at  -60º or 100º and a  ψ at  0º, respectively.  

 

Figure 4.5. Adiabatic energy maps of the two different glycosidic linkages present in 

the GD1a-α sialyl linkages illustrating the φ, ψ and ω torsions of the Neu5Ac-GalNAc 

linkage. Below, the representation of the three staggered rotamers from the torsional 

angles described for the linkage α-Neu5Ac-(2,6)-α-GalNAc: φ, ψ and ω. Where the ω 

have as main values -60, 60֯ and 180֯ namely gg, gt and tg respectively around the C5-

C6 bond; and α-Neu5Ac-(2,3)-α-GalNAc, φ, with main values of -60º or -100º, and ψ 

with a 0º torsion value, respectively. 
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Docking calculations with GD1a-α and Siglec-9 were performed, and the most 

representative complexes were submitted to MD simulations. Due to the 

presence of two sialic acids, both were considered for binding to Siglec-9.   

First, the case of α-2,3 linkage facing Siglec-9 was submitted to MD 

simulations in explicit solvent. Through the analysis of the results, we examined 

the stability of GD1a-α   by sampling the torsion values for each linkage. We 

obtained a preferred conformer for the α-2,3 on Neu5Ac-Gal, which was the 

one that held   φ =-60º,  -g and a  value of ψ of 0º (Figure 4.6).155 Instead, the 

α-2,6 gave φ value of -60º and ψ of 180º, and different rotamers populated the 

ω torsion, being the most representative the tg and the gt, with values of 180º 

and +60º, respectively. The stability of the complex was also monitored through 

RMSD (Root Mean Square Deviation), as shown in the figure below, showing 

high stability of the protein with no conformational changes observed during 

the timescale of the simulation, corroborating a reliable 3D complex of GD1a-

α and Siglec-9. 
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Figure 4.6 The behaviour of φ, ψ and even ω during MD simulations of the different 

linkages of GD1a-α are reported. Stability of the ligand is represented by the RMSD, 

plotted in red and the glycosidic torsions are sampled and divided into the different 

linkages, as it corresponds.  

The interactions taking place in the binding pocket of Siglec-9 were also 

monitored, as depicted in Figure 4.7. Through this computational analysis we 

observed that the sialic acid attached to the galactose with the α-2,3 linkage is 

successfully recognized. The analysis of the key contacts mainly involved 

electrostatic and hydrogen bonds interactions, most of them retained along the 

MD simulation. In detail, the highly conserved Arg120 established a stable salt 

bridge with the carboxylate group of the internal Neu5Ac via its guanidinium 
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group. The network interactions were established with conserved residues 

conserved on the β-strand, F, surrounding, like the canonical Arg120, the G-

βstrand, in which typical amino acids of Siglec-9, like Lys135 and Asn129 are 

located, and also involved interactions with the CC-loop such as hydrogen 

bonds with Asp69 and Ala67. 

 

Figure 4.7 A. 3D model of the Siglec-9 and GD1a-α in complex with the protein in 

surfaced colored by loop and strand. CC-loop in green, F-β strand in paleyellow and 

BC loop in cyan. B. 2D plot of the interactions occurring at the Siglec-9 and GD1a-α 

from lgand interface. C. Different views highlighting the H-bonds monitored by MD 

simulation were shown. Ligand Gd1a-α is represented following SNFG color-code. 

 

The description of the ability to bind sulphated ligands by Siglec-9 remains 

crucial in the underlying of the molecular mechanisms taking place to improve 

the binding. GD1a-α has been found also with a sulphate moiety in the GalNAc 
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in the 3’OH position.  MD simulations on the 3D model of the complex between 

Siglec-9 and sulphated GD1a-a were submitted in explicit solvent. Through the 

analysis of key contacts, no big differences were observed as shown in Figure 

4.8, only the sulphate group is anchored through the Lys135, helping to 

accommodate the ligand in the binding site of the protein. Within this, more 

studies will be conducted within this project through experimental techniques 

that can complement these data. 

 

Figure 4.8. 3D model comparison of the Siglec-9 - sulphated GD1a-α and the classic 

GD1a-α in complex with the protein in surfaced colored by loop and strand. CC-loop 

in green, F-β strand in paleyellow and BC loop in cyan. Classic GD1a-α is colored in 

lightpink sticks, and uslphated GD1a-α in light orange sticks. On the right different 

views highlighting the H-bonds monitored by MD simulation were shown. Ligand 

sulphated Gd1a-α is represented following SNFG color-code. 

 

4.1.3 Discussion 

The 3D model of Siglec-9 was defined with AlphaFold. The refining with well-

known recognized ligands like 3’SLN has been also shown. Within this, the 

specific recognition of the GD1a-α classic and sulphated ganglioside by Siglec-

9 has been described. Siglec-9 can bind sulphated ligands has been 

demonstrated by computational analysis. The computational studies, including 
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MD simulations allowed to describe the selectivity by Siglec-9 with α-2,3 and 

α-2,6 linkages by the monitorization of its RMSD and its torsion values within 

3’SLN and GD1a-α ganglioside host ligands. 
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5. Siglec – 10 and Synthetic Glycomimetics –a cancer 

immunotherapy target 

5.1 Introduction  

  Siglec-10 belongs a to   inhibitory Siglecs’family. Is mainly expressed on 

dendritic cells, macrophages and B cells.156 Structurally, it is constituted by five 

extracellular domains and three tyrosine-based motifs in its cytoplasmic tails, 

being also a CD-33 related Siglecs. It is able to dampen autoimmune responses 

upon recognition of α-2,6 and α-2,3 sialoglycans, and only modulates these 

responses to DAMPS, suggesting its exclusive role in mediating sensing of 

infection vs tissue injuries in the immune system through dendritic cells.157 

Interaction between CD-24, a DAMPs, and Siglec-10 can dampen the 

activation of Toll Like Receptor 4 (TLR4), leading to a downregulation on the 

inflammatory response.158,159  Siglec-10 is associated to several patho-

physiological processeslike  ovarian and breast cancers, suggesting is the key 

mechanism through which cells promote tumor evasion. Siglec-10 has also 

been associated with autoimmune diseases like Systemic Lupus Erythematosus 

(SLE); neurodegenerative diseases like Alzheimer’s, where Siglec-10 is highly 

expressed on microglia and inflammatory processe like sepsis.   

  As part of the GLYTUNES   project, a   the crystal structure of Siglec-10 has 

been solved in   CIC-Biogune in   Jesús Jiménez Barbero group, where they 

experimented problems due to the difficulty on the crystallization, as the CC-

loop is lacking on the solved structure. Conversely, ICENI diagnostics have 

synthesized some glycomimetics that could work as inhibitors for Siglec-10. 

Within this framework, collaborative research was established and possible 

ligands against this receptor were evaluated with molecular docking.   

5.2 Modelling Siglec-10 CC-loop 

Provided by the CIC-BIOGUNE, the 3D model of the V-set domain of Siglec-

10 was incomplete on the CC-loop. Due to this, the set of aminoacids lacking 

on the structure were taking from UNIPROT (ID: Q96LC7) where these 
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residues were taken and submitted to structural refinement. Using as template 

Siglec-7, and a model built in our group by R. E Forgione et al,67 the 3D model 

of the V-set of Siglec-10 was constructed. Checking for conformational 

changes, this PDB was submitted to several MD simulations on the protein 

uncomplexed and complexed with well-known ligands, such the 3’ 

siallyllactosamine, 3’SLN. Stability of the apoprotein was monitored through 

RMSD and comparison with the complexed V-set domain was also performed, 

giving as result a RMSD between structures of 1,104 Å, and an average on the 

timescale of 1,5Å as shown in Figure 5.1. Thus, a reliable 3D model to use for 

the building of 3D complex for Docking calculations. 

 

Figure 5.1 Stability of the V-set domain of Siglec-10 is plotted in red through its 

RMSD. Comparison between the complexed and un-complexed protein shows great 

stability and no particular conformational changes observed. 

5.3 Molecular Docking on a glycomimetics library targeting Siglec-10 

Glycomimetics, being fully synthetic or semi-synthetic molecules, have 

emerged as promising therapeutic agents in the field of immunology, targeting 

infectious diseases, autoimmune disorders and cancer. It has been shown a 

particular interest on Siglecs. The specific binding between these immune 
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receptors and glycomimetics aims to modulate the receptor’s activity by 

restoring in this way the proper immune function.160 

Some semi-synthetic glycomimetics have been suggested through the 

collaboration with ICENI Diagnostics, as part of the project of the ITN.   

(Figure 5.2) Three glycomimetics   with a biphenyl sulphonate substitute on the 

9’ OH position of the glycerol moiety of a sialic acid residue were proposed. 

This biphenyl moiety is planar and inside the binding pocket may potentially 

interact with hydrophobic residues on the F and G- strand of Siglec-10. 

Conversely, glycomimetics   with a carbamate linked to a triazol and an 

adamantane counteraprts, also connected on the 9’th OH position of the 

glycerol moiety of the terminal sialic acid were proposed.  . 

 

Figure 5.2. Structures of the ligands docked into the binding pocket of Siglec-10. 

Ligands 1, 2, and 3 feature a biphenyl-sulfonate group at the 9' position of the glycerol 

chain of sialic acid, while ligands 4 and 5 have an amide linkage at the same position, 

connecting a carbamate and triazole modified with an adamantane moiety. All docking 

studies were conducted using AutoDock 4.2, with α-2,3’ sialyllactosamine serving as 

the template. 

After the minimization and refinement of the 3D structure of Siglec-10, with 

Siglec-7 (PDB:2HRL) as template for the positioning of the different ligands, 
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several molecular Dockings were performed. Analysing the most representative 

binding poses obtained with Autodock, we observed that the carboxylate group 

of sialomimetics 1 and 4, established stable salt-bridges with the guanidinium 

moiety of Arg119, the conserved key residue for the recognition process with 

Siglec-10. The sulphate group present on the 6’position of the lactose (Gal-

GlcNAc) core in 1 and 4, played a key role in establishing of novel hydrogen 

bonds contacts with other conserved residues from Siglec 10, such as Lys54 

and Tyr128. Also, the sulphonate moiety directly linked to the biphenyl 

functional group present on ligands 1, 2 (Figure 5.3) and 3 (Figure 5.4), 

established novel contacts with conserved Asn129 residue. Interestingly, 

ligands 2 and 5 were accommodated in the binding pocket but the salt-bridge 

was lacking, excluding them primarily as possible candidates for Siglec-10. 

 

 

Figure 5.3. Binding Interactions Between Siglec-10 and Ligands 1 and 2: A 

Demonstration of Pattern Recognition. Ligand 1, shown on the left as green sticks, 

forms a salt bridge with the canonical Arg119 and and hydrogen bonds with Asn129 

through the sulfonate moiety of the biphenyl from Sialic acid. It also establishes another 

hydrogen bond between the 6’-sulfate group of the galactose moiety and the Lys54 

present in the CC-loop. In contrast, ligand 2, represented on the right as orange sticks, 

lacks the 6’-sulfate group on the galactose residue, resulting in poorer accommodation 
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of the ligand in the binding site. Consequently, Lys54 and Asn129 are not involved in 

the recognition of ligand 2. 

Additionally, the sulphonate moiety directly linked to the biphenyl functional 

group present on ligand 1 and 5 seems to be a necessary group, since it can 

establish novel contacts with conserved Asn129 and additional Arg80. Ligand 

3 is an interesting case, as it demonstrated the highest movement inside the 

binding pocket of siglec-10, flipping the molecule completely where its 

biphenyl faces towards the CC-loop, losing completely the salt bridge between 

the carboxylic moiety of the sialic acid and the guanidinium group of conserved 

Arg119.  

 

Figure 5.4. Binding interactions between lead 3 and Siglec-10 after Docking 

calculations. The ligand has given a 180º flip inside the binding pocket losing the salt-

bridge between the carboxylate of sialic acid and Arg119, positioning its byphenyl 

towards the CC-loop and the sulphate to the F-β and G-β strands where conserved 

Arginines are present.  

The lack of the sulphate group on the lactose residue 2 and 5 leads to the 

destabilization in the recognition event with Siglec-10. Ligand 4 gave 

interesting results, with a bifurcated salt-bridge with two arginine residues. On 

the one hand, one oxygen established a hydrogen bond with Arg127, and on the 

other with canonical Arg119, anchoring in this way the ligand in the binding 

site. Adamantane established a slight hydrophobic interaction with Val127 and 
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the sulphate on the 6’position of the galactose established a novel contact with 

Arg80, as shown in the Figure 5.5. Moreover, even though ligands 4 and 5 are 

recognized, the adamantane and a triazol moieties do not accommodate as well 

as the biphenyl moiety present in ligands 1,2,3 in the binding site of Siglec-10.  

 

Figure 5.5. Binding interactions between lead 4 and 5 with Siglec-10 after Docking 

calculations. Ligand 4 established bifurcated salt-bridge between the carboxylate of 

sialic acid, Arg119 and Arg127 establishing nice anchorage on the binding site of siglec-

10. Conversely on the right, Ligand 5, lacking a sulphate on the galactose receives a 

flip of 180º that pushes the adamantane towards CC-loop, losing the salt-bridge and 

leading a bad recognition. 

5.4 Discussion 

With the previous 3D Siglec-10 structure, Molecular Docking with several 

glycomimetics have been performed. Within this, the specific recognition of 

these semi-synthetic leads has been described, as demonstrated by 

computational analysis.  The results   showed that the preferred leads are those 

with a sulphate on the galactose residue, that seems to be key in the 

development of glycomimetics for Siglec-10. Among these, those with a 

biphenyl group established a better recognition in the binding site due to less 

steric hinderance with respect to the adamantane moiety.  
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General conclusions: 

Glycans are essential regulators of living organisms due to their biological 

roles, including structural and modulatory functionalities, molecular mimicry 

and specific recognition by glycan-binding proteins. In particular, sialic acid, 

located on mammalian cell surfaces, considered as an effective marker of “self” 

ligand by the host, acting as key regulator of the immune system by its 

interaction with some particular GBPs, Siglecs, as extensively described during 

this PhD dissertation gained importance during the last decades. From only 

being an endogenous, “self” ligand, sialic acid turned into a target for molecular 

mimicry performed by bacteria and some cancer cells. This information 

constituted a step on the deep comprehension of Siglec relevance in health and 

diseases. These “non-self”, exogenous interactions cause serious diseases 

between allergies, autoimmuninity, pathogenic diseases and cancer. For this 

reason, Siglecs are nowadays considered as checkpoints in human diseases, 

becoming a target for the design of therapeutic agents for the treatment of these 

relevant diseases. 

With this context this thesis work aimed to offer new insights into 

understanding the Siglec-sialoglycan molecular binding processes within 

different biological events that have been provided setting the basis for the 

design of novel therapeutic and diagnostic treatments. In this framework, a 

crucial step is the detailed description of the molecular interaction process, here 

achieved by an ensemble of advanced NMR techniques, biophysical methods, 

and more extensively in this dissertation, through computational studies. This 

approach allowed to delve different Siglecs in different contexts.  Siglec-7 in 

the context of the recognition events with pathogenic exogenous sialylated 

ligands such as those CPS produced by Neisseria meningitidis or the sialic acid 

mimicry of the LPS from Fusobacterium nucleatum. Then, the description of 

Siglec-9 aiming to set the basis for the understanding of the downregulation of 

several diseases such as Guillen-barre syndrome, the recognition process 
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between this receptor and host endogenous ligand was described. Lastly for 

inhibitory immune checkpoints, we deepened the context of Siglec-10 and 

some glycomimetics that are potential leads for the drug design was deepened 

through computational techniques. 

We here demonstrated that nowadays computational tools are essential not only 

comeplementing experimental data, but also for laying a basis for research by 

providing novel insights. By this approach, applying computational analysis in 

the beginning of a multidisciplinary investigation, we showed that many 

experimental procedures can be simplified going to direct experiments from the 

acquired data. This results in time and resource saving without compromising 

the depth and accuracy of new experimental findings and underscores the 

growing and importance of computational approaches in the modern molecular 

biology research field. 
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IV: Side Projects: 

6. Dimerization of the Toll-Like Receptor 2/1 and Toll-

Like Receptor 1/6 

6.1 Introduction  

Toll-like receptors (TLRs) constitute a family of pattern recognition receptors 

(PRRs) that have a critical role in the innate immune system. TLRs are 

constituted by 12 members, identified to date in mammals, and they can 

recognize Gram-positive and Gram-negative bacteria. Through the interaction 

with the respective ligands, they dampen signalling molecules to the 

intracellular domain, dimerizing with the complement factor MyD58, 

activating the secretion of pro-inflammatory cytokines. 161 Each TLR seems to 

recognize a different type of pathogen; TLR 4162 is in charge of the recognition 

with LPS from Gram-negative bacteria, TLR 5 the bacterial flagellin and so on. 

Conversely, TLR 2163 seems to be more heterogeneous in its binding with 

different pathogens, such as peptidoglycan from bacteria, lipoteichoic acid, 

lipoporoteins, among others.164 It has been demonstrated that this ability to bind 

diverse ligands is lead from the unique ability to heterodimerize with TLRs 1165 

and TLR s 6166. This heteromer has mainly being studied with bacterial 

lipoproteins. Dimer TLR 2/1 can recognize diactylated lipoproteins, and TLR 

2/6 triacylated ones. The heterodimerization and the 3D behavior of the full-

length model is not yet known. As part of my PhD period abroad, in the Prof. 

Sonsoles Martín Santamaría group, at the CSIC – Madrid, I enrolled to depict 

the heterodimerization of the TLR2/1 and TLR2/6 on its extracellular domain 

and transmembrane domain embebbed in a realistic membrane by the 

employing of novel computational techniques.  

Within this framework, it is aimed to describe at a molecular level the 

extracellular domain of both dimers TLR2/1 and TLR2/6 that may influence 

the arrangement of the transmembrane domain, which also dimerizes. As a last 
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part of the project is the intracellular domain within all its possibilities, focusing 

on the development of the full-length 3D model of these heterodimers. (Figure 

6.1) 

 

Figure 6.1 Schematic 3D representation of the three domains componing a TLR. On 

the outer portion of the membrane, the extracellular domain (ECD), embebbed in a 

liquid-ordered or liquid-disorered membrane the transmembrane domain (TM), and 

lastly the intracellular domain, responsible for the pro-inflammatory cascade activator 

(IM). 

6.2 Computational studies on the Extracellular Domains of TLR2/1 and 

TLR2/6 heterodimers. 

ECD of the heterodimer TLR2/TLR1 apoprotein and complexed with 

PAM3CSK4 lipopeptide. 

From a previous protein-protein Docking calculation, the apoprotein dimer 

TLR2/1 and complexed with PAM3CSK4 counterparts were submitted to 

different MD simulations.  The 3D structure complex has been taken from the 

published X-ray structure 2Z7X, missing terminal region LCRRT has been 

modelled to complete the amino acidic sequence. The stability of the proteins 

has been monitored through RMSD and RMSF, as decpited in Figure 6.2., and 
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interactions at the interface of the dimerization and upon ligand binding have 

been analysed.  

 

Figure 6.2.A. RMSD monitored through the MD simulation, as plotted in green for the 

heterodimer TLR2/1 in green complexed with PAM3CSK4 lipopeptide and depicted in 

pink for the TLR2/1 ECD uncomplexed. B. RMSF along the timescale of the simulation 

of both TLR1 and TLR2 complexed and uncomplexed. C. Surface representation of the 

TLR2/1 heterodimer after 500 ns of simulation. D. Graphical RMSF performed through 

Chimera. Red indicates high flexibility, white 1,5 A and blue stable non-flexible 

counterparts. 

A reliable ECD for the TLR-2/1 heterodimer was obtained, only showing some 

conformational changes on the TLR1. This is due to the dimerization, that 

provokes an accommodation of the amino acids from 90 to 150 to interface the 

of TLR2 dimerization site.   TLR2 contains a binding site able to hold a 

diacylated ligand, conversely to the only acyl chain binding site from TLR1, 

meaning that it can interact with tri-acylated lipopeptides like, PAM3CSK4, the 

natural ligand for this heterodimer. After the submission of this complex to MD 

simulations, the contacts at the interface of both proteins and among the ligand 

were monitored. In this section the only interactions that will be analysed are 

those at the ligand-protein interface. From the TLR1 point of view, hydrophobic 

contacts are expected, involving residues like Phe306, Val332, Phe330 or 
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Gln293 holding the hydrophobic counterparts of the ligand, and Asp308, 

Tyr304 interacting with carbonyl and NH from PAM3CSK4 (Figure 6.3). 

Instead, from the TLR2 point of view, the diacyl chain interacted with 

hydrophobic residues like Thr862, Phe854, Phe881 and Leu882, as reported by 

Kang et al.170 This ligand showed an important role in maintaining the interfaces 

between both dimers interacting between each-other, provocking a 

conformational change where the Leucine rich-domain LCRRT from both 

TLRs interacts, keeping the complex in place.  

 

Figure 6.3 Details of the average interactions between ligand PAM3CSK4 (purple) and 

TLR2/TLR1 dimer. (PDB 2Z7X). Represented in cartoon, TLR2 is represented in 

brightorange and TLR1 in green. Ligand is represented as purple sticks. 

 

ECD of the heterodimer TLR2/TLR6 apoprotein and complexed with 

PAM3CSK4 lipopeptide 

Analogously as the previous heterodimer, TLR-2/6 was submitted to several 

MD simulations and the stability of the heterodimerization between the TLR2 

and TLR6 was monitored through RMSD and RMSF along the timescale of the 

simulation, as shown in Figure 6.4 
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Figure 6.4 A. RMSD monitored through the MD simulation, as plotted in green for the 

heterodimer TLR2/2 in green uncomplexed and in pink complexed with PAM2CSK4 

lipopeptide. B. RMSF along the timescale of the simulation of both TLR2 and TLR6 

complexed. C. Cartoon representation of the TLR2/6 heterodimer after 500 ns of 

simulation, TLR2 is represented in yellow and TLR6 in blue. D. Graphical RMSF 

performed through Chimera. Red indicates high flexibility, white 1,5 A and blue stable 

non-flexible counterparts. 

Stability of this TLR-2/6 heterodimerization was even higher than the TLR-2/1, 

as almost non-conformational changes are present. Observing how it behaves 

on the timescale of the simulation, it is noteworthy to say that it remains in the 

same position as “a rock”.  As for the interactions, in this case the TLR6 does 

not contain a hydrophobic pocket for one of the acyl-chains of the PAM2CSK4, 

indicating that almost all the contacts will be held on the TLR2. However, in 

contrast of the the ligand interacts with TLR2 and less with TLR6, the stability 

of the dimer depends almost exclusively on the interaction happening at the 

interfaces of both proteins; specifically, on the LCRRT domain. 

With this information, the extracellular domains have been built and submitted 

to many computational analyses to check stability of both ligand-protein and 

protein-protein interactions, obtaining a realiable 3D complex. 
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6.3 Computational studies on the Transmembrane Domains of TLR2/1 

heterodimer. 

As far as it goes, many of the transmembrane proteins that are published on the 

PDB lack the TM domain, since they coexist with the lipidic bilayers. These 

lipidic bilayers are a challenging task for the obtaining of a pseudocrystal, due 

to its flexibility and low solubitility, making it difficult to achieve 

experimentally. This section will assess the construction of a membrane bilayer 

with computational techniques, by the employment of CHARMM-GUI since it 

covers most lipid types. It is important to develop a membrane with the proper 

dimensions and characteristics for the protein that is going to be studied 

embebbed on it. This can determine the different dimerizations on the 

transmembrane domain and the consequent disposition of the intracellular 

counterparts, which is the key biological point on the whole TLR. (Figure 6.5) 

With this, the aim is to achieve a reliable 3D model on the TM of TLR-2/1 

dimer. Apart from the TM, TLRs possess a juxtamembrane domain (JM) that 

address flexibility to that α-helix, creating a kick-elbow on the dimers that allow 

the best disposition of the intracellular domain. The different variables existing 

for this JM + TM, allowed to create a chart with all the possibilities on 

dimerization between these domains from TLR-2/1. The average 3D structure 

of TM+JM is published and performed through NMR with PDB code: 8AR0. 

Stability was monitored on the formed dimer, on the TM by itself and on the 

JM to select the best possible model.  
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Figure 6.5 A. Schematic representation on the possible dimerization of the 

transmembrane domains from TLR2 and TLR1. B. Representation of one of the most 

plausible solutions obtained from different MD simulations on the TLR-2/1 TM+JM 

interface. 

This study continues with the construction, docking and possible dimerizations 

on the intracellular domains. Once all is achieved, next step is to study the full-

length of both dimers.  

 

 

 

 

 



 

 



 

 

 

 

 

 

 

 

Chapter V: 

 

 

Materials and Methods 

 

  



 

 

 

 



 

 145 

 

V. Materials and Methods  

8.1 Partial Neisseria meningitidis Serogroup-Y CPS 

depolymerization (Related to Chapter III: Section 3.1) 

Dr. Fabrizio Chiodo provided the Serogroup Y CPS, and it was depolymerized 

in acetate buffer (pH of 4,5) for 8h at 90º, the solution was then neutralized with 

NaOH 1M and lyophilized. The depolymerized sample was then separated on 

size exclusion chromatography column TSK-40, obtaining different lengths of 

oligosaccharide.  

8.2 Ligand-based NMR experiments (Related to Chapter III Section 

3 and 4) 

 NMR spectra were acquired on a Bruker 600-MHz Avance Neo instrument 

equipped with a cryo probe. NMR samples were dissolved in 50 mM deuterate 

water and [D4] (trimethylsilyl)propionic acid, sodium salt (TSP, 10 μM) was 

used as internal reference to calibrate all the spectra. Data acquisition and 

processing were analyzed using TOPSPIN 4.4 software. Homonuclear 2D 1H-

1H NOESY experiments were carried out by using data sets of 4096x900 points 

and mixing times of 100-300 ms.  2D homonuclear spectra were recorded with 

data sets of 4096x900 (t1 x t2) points and the data matrix processed with zero-

filling in the F1 dimension up to 4096x2048 points. To improve the resolution, 

a cosine-bell function was used before Fourier transformation in both 

dimensions. Heteronuclear single quantum coherence (HSQC) experiments 

were carried out with setting data points of 2048x600. 

8.2.1 STD-NMR  

A protein- ligand ratio of 1:40-100 and a saturation time of 2 s were used with 

the on-resonance pulse at 7.5 ppm and the off-resonance at 40 ppm. By using 
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these conditions, no STD signals were observed in the control STD NMR 

spectrum of the ligand alone. A train of 50 ms (field strength of 21 Hz) Gaussian 

shaped pulse with an attenuation of 60db has been used to saturate the protein. 

The epitope mapping of the partially depolymerized CPS Men-Y was achieved 

by the calculation of the ratio (I0 – Isat)/I0, where (I0 – Isat) is the intensity of 

the signal in the STD NMR spectrum and I0 is the peak intensity referred to the 

unsaturated reference spectrum (off-resonance). 

8.2.2 Tr-NOESY/ROESY analysis (Related to Chapter III: Section 3.1) 

Protein/ligand molar ratios varied from 1:10 to 1:20. Homonuclear 2D 1H-1H 

NOESY/ROESY experiments were carried out by using data sets of 2048x512 

points and mixing times of 600-700 ms for the free states and of 300 ms and 

400 ms for the bound states. 

Proton – proton cross relaxation rates were measured integrating the NOE/ROE 

cross peaks of interest. The raw data of each cross peak were normalized against 

the corresponding diagonal peak and the 1H-1H distances were calculated using 

the following equation (Equation  2.5 from Chapter II). 

𝑟𝑖𝑗 =  𝑟
𝑟𝑒𝑓    √

𝜎𝑟𝑒𝑓

𝜎𝑖𝑗

6
 

 

8.4 NMR protein assignment (Related to Chapter III: Section 3.1) 

Triple resonance experiments for protein NMR assignment HNCA, HNCACB, 

HNCO and CBCAcoNH were recorded at 298 K on a Bruker’s AvanceTM 

NEO 900 MHz spectrometer, equipped with TCI cryo-probe. 3D HNcaCO was 

recorded at 298 K on a Bruker’s AvanceTM 500 MHz spectrometer. 93 % of 

the amino acid sequence from Y26 to T147 was assigned, excluding the 5 

proline residues. Data acquisition and processing was performed on TOPSPIN 
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4.1.1 software and spectra were analyzed by using CARA (Computer Aided 

Resonance Assignment) software. 

 

8.4.1 Protein-based NMR experiments (related to Chapter III: section 3.1) 

 For ligand binding studies, 2D 1H-15N HSQC NMR experiments were recorded 

on samples of 200 μM [U-15N] Siglec-7 CRD in 200 μL of aqueous buffered 

solution (20 mM potassium phosphate, pH 7.4, 50 mM NaCl, 0.01% NaN3, 1 

mM of protease inhibitors, 10% D2O in a 3 mm NMR tube. Experiments were 

acquired on a Bruker's Avance NEO 600 MHz spectrometer, equipped with 

triple resonance cryo-probe. The spectra were acquired using 32 scans with 

2048 data point in t2, 128 increments in the indirect dimension (t1), a recycle 

delay of 1.2 seconds, and the temperature was kept at 298 K. The interaction of 

Siglec-7 CRD with the ligands was investigated by adding increasing amounts 

ligands 1, 2 or 3, to three different tubes containing Siglec-7 CRD, to reach 

ligand concentrations of 12.5, 25, 50, 100, 200, 400, 800, 1600 and 3200 μM. 

2D 1H-15N HSQC spectra were added upon the addition of each ligand aliquot. 

Data acquisition and processing were performed with TOPSPIN 4.1.1 software 

and the spectra were analyzed using CARA.  

8.5 Immunoarrays: ELISA (Related to Chapter III: Section 3.1 and 

3.2) 

C-type lectins ELISA. A solution of 50 uL of from Men-Y and Men-W CPS 

from Neisseria meningitidis isolates (Neu5Ac-Glc) and Neu5Ac-Gal 50 ug/mL 

in PBS (10mM, pH= 7.4) provided by Finlay Institute Cuba were used to coat 

the Nunc MaxiSorp plate 2h at room temperature. After discarding and washing 

(2x150µL) with calcium and magnesium-containing buffer TSM [20 mM 

tris(hydroxymethyl)aminomethane (Tris)-HCl, pH 8.0; 150 mM NaCl; 1 mM 

CaCl2; 2 mM MgCl2], the wells were blocked with 100 µL of 1% BSA (Sigma-

Aldrich, lyophilized powder, ≥96%, agarose gel electrophoresis) in TSM at 
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37°C for 30 min. The blocking solution was discarded and 50µL of the different 

C-type-lectins human-Fc at 1 µg/mL in assay buffer (TSM, 0.5% BSA) were 

added to the wells. After 1h at room temperature, the wells were washed with 

TSM (2x150µL) and then 100 µL of anti-human horseradish peroxidase (0.3 

µg/mL, Goat anti-Human IgG-HRP from JacksonImmuno) were added. After 

30 min at room temperature, the wells were washed with TSM (2x150µL). 

Finally, 100 µL of substrate solution (3,3′,5,5′-Tetramethylbenzidine, TMB, in 

citric/acetate buffer, pH=4, and H2O2) were added and after max 15 min 

incubation at room temperature the reaction was stopped with 50 µL of H2SO4 

(0.8 M) and the optical density (OD) was measured at 450 nm in an ELISA 

reader. Polyacrylamide polymers (PAA), at  functionalized with different 

glycans were purchased from Lectinity, MW approx. 20 KDa, Carbohydrate 

content around 20% mol. Galβ1-4(Fucα1-3)GlcNAcβ-OCH2CH2CH2NH2 

0044-PA (PAA-LeX, positive control for DC-SIGN), and GalNAcα-

OCH2CH2CH2NH2 0030-PA (PAA-Tn, positive control for MGL), we used a 

concentration of 40μg/mL PAA-glyco-conjugates to coat the ELISA wells. The 

experiment has been performed three times in duplicate with similar results. 

Data were normalized over binding signal from the positive controls used for 

each C-type lectin (set as 100% of binding). Siglecs-ELISA: A solution of 50 

uL of from Men-Y and Men-W CPS from Neisseria meningitidis isolates 

(Neu5Ac-Glc) and Neu5Ac-Gal 50 ug/mL in PBS (10mM, pH= 7.4) provided 

by Finlay Institute Cuba were used to coat the Nunc MaxiSorp plate 2h at room 

temperature. After discarding and washing (2x150µL) with Hanks’ Balanced 

Salt solution (Gibco™ HBSS) the wells were blocked with 200 µL of carbo-

free blocking solution (Vector Laboratories, catalog No.NC9977573) at 37°C 

for 30 min. The blocking solution was discarded and 50µL of the different 

human Siglecs-Fc constructs (recombinant human chimera purchased from 

R&D Systems Netherlands) at 5 µg/mL (for Siglec-9 100ng/mL) in assay buffer 

(carbo-free solution) were added to the wells. After 2h at room temperature, 

under gentle shaking (150 rot/min), the wells were washed with HBSS 

(2x150µL) and then 100 µL of anti-human horseradish peroxidase (0.3 µg/mL, 
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Goat anti-Human IgG-HRP from JacksonImmuno) were added. After 30 min at 

room temperature, the wells were washed with HBSS (2x150µL). Finally, 100 

µL of substrate solution (3,3′,5,5′-Tetramethylbenzidine, TMB, in citric/acetate 

buffer, pH=4, and H2O2) were added and after max 15 min incubation at room 

temperature the reaction was stopped with 50 µL of H2SO4 (0.8 M) and the 

optical density (OD) was measured at 450 nm in an ELISA reader. 

Polyacrylamide polymers (PAA) functionalized with different glycans were 

purchased from Lectinity, MW approx. 20 KDa, Carbohydrate content around 

20% mol. Neu5Acα6`Lac-C2-PAA 0063a-PA (PAA-Sia 2,6), Neu5Acα3`Lac-

Gly-PAA 0060-PA (PAA-Sia 2,3), we used a concentration of 40μg/mL PAA-

glyco-conjugates to coat the ELISA wells. The experiment has been performed 

three times in duplicate with similar results. Data were normalized over binding 

signal from the positive controls used for each Siglec (set as 100% of binding).  

8.6 Fluorescence titrations (Related to Chapter III) 

Stationary-state fluorescence spectra were collected on a Fluoromax-4 

spectrophotometer (Horiba, Edison, NJ, USA). Emission spectra were recorded 

in the range of 310 to 450 nm with excitation at 295 nm. The slit widths were 

set to 5 nm for excitation and to 5 nm for emission wavelength. A quartz cuvette 

with a pathlength of 1 cm and a volume of 0.2 mL was used. The starting 

solution of Siglec-7 CRD protein, prepared at a fixed concentration of 4 μM in 

PBS buffer (pH 7.4), was titrated by adding small aliquots of a stock solution 

of 100 μM of the ligands Men-Y and Men-W capsular polysaccharides from 

Neisseria meningitidis, already depolymerized and purified. The experiments 

were carried out at 25°C. For all ligands analyzed, the fluorescence intensity 

was quenched. The binding curve was obtained by fitting the data using 

nonlinear regression with a 1:1 binding model using the function described by 

Ribeiro et al.  (plotting the ratio between the fluorescence intensity at each 

addition of ligand (F) and the fluorescence intensity of the protein in absence 

of ligand (F0) against the to the total ligand concentration [L] in µM. 
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∆𝐼𝑓

𝐼0
=  

∆𝐼𝑚𝑎𝑥

𝐼0
𝑋𝐹𝑌  [8.1] 

Where If is the fluorescence intensity change upon the ligand, Imax the 

maximal fluorescence, F the fluorophore Y the interference specie and XFY = 

−𝑏 ± √𝑏2 − 4𝑎𝑐 2𝑎⁄  with a=[F]tKb, b=1+[Y]tKb, c=[Y]tKb, with Kb= 

association constant. For evalutating the binding interactions, specifically the 

dissociation constant Kd, the data was analyzed through a non-linear regression 

equation considering a unique site-specific binding model:  

𝑌 =  
𝐵𝑚𝑎𝑥∗𝑋

𝐾𝐷+𝑋
  [8.2] 

8.7 In silico methods (Related to Chapters III-V) 

8.7.1 Molecular mechanics 

MM studies were conducted using the Maestro software. With it, the adiabatic 

energy maps were calculated for each disaccharide that was linked by a 

glycosidic linkage, defined by the torsion angles phi (H1-C1-O-CX’), psi (C1-

O-CX’-HX’) and in some cases, omega (OX’-CX’-CY’-O5’). The MM3* 

forcefield that is already included in MacroModel from Maestro, was set at 80 

for dielectric constant for calculations. For each disaccharide, the dihedral 

angles were fvaried incrementally using a grid step of 20 degrees. The 

corresponding flexible maps were draun as 2D countour plots using the 

graphical interface of MacroModel. 

8.7.2 Ligand preparation for computational analysis.  

The 3D coordinates for multiple ligands were generated using the GLYCAM 

database. Only those whose parameters were not found in GLYCAM were 

parametrized by a home-made protocol produced in the Prof. Marchetti’s lab. 

Subsequently, the ligand geometries underwent optimization through MD 

simulations.  

8.7.3 Docking calculations.  
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Docking calculations were performed using AutoDock 4.2 ADT). First, a 3D 

grid was chosen with a volume necessary to cover all the ligand and the key 

binding aminoacids of the target protein. When the bioactive conformation of a 

certain sialoglycan was known, the torsion angles were blocked before the 

calculation. A distance-dependent dielectric constant and the original Lennard-

Jonnes and hydrogen bonding potentials provided by AutoDock were 

employed. A total 200 runs using Lamarckian Genetic algorithm was 

performed, with a population size of 100. After docking, the 100 solutions were 

clustered in groups with root-mean-square deviation less than 1.0 Å. The 

clusters were ranked to the lowest energy representative of each one. The 

analysis of the docking poses was performed with AutoDock 4.2 Tools and the 

conformations obtained were ordered by energy from lowest to highest and 

chategorized by population of a certain conformer protein-ligand. 

8.7.4 MD simulation 

 Molecular dynamics calculations were performed within the the AMBER 18 

software package using explicit water with the following forcefields: 

Glycam06j-1 for the glycans, FF14SB for the protein and Gaff   for organic 

moieties. For the protein preparation, missing hydrogen atoms were added, 

protonation state of ionizable groups were added (Na+ and Cl-) and cap termini 

were computed by using Pymol.  The input files were generated using the tleap 

modules of the AMBER packages, the minimization step was performed by 

using Sander module and the productions of the Molecular Dynamic 

calculations were performed by using the PMEMD module. The corresponding 

molecules were positioned within a truncated octahedral box of TIP3P water of 

the proper size and the remote interactions were calculated using a cut off of 15 

Å and counterions (Na+ and Cl-) were added to neutralize the whole system. 

After the preparation of the input files, an energy minimization process was 

performed to refine the initial structure. The calculations that employees 

SHAKE for the C-H bond and 1 fs of integration step. Periodic boundary 

conditions were applied, as well as the smooth particle mesh Ewald method to 
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represent the electrostatic interactions, with a grid space of 1 Å. The system 

was minimized, firstly, by holding the solute fixed, while a second 

minimization performs the entire system. Afterwards, the whole system got 

slowly heated using constant pressure and constant volume from 0 to 300 K 

using a weak restrain on the solute, and then, the system was equilibrated at 300 

K using the constant pressure and removing the weak restrains that were put in 

the solute. The system coordinates were saved and used for 100 ns or 500 ns 

simulation using the PMEMD module implemented in AMBER. Coordinate 

trajectories were recorded each 2 ps throughout production runs, yielding and 

assembling 10000 structures for each complex, which were after analyzed. The 

stability of energy, pressure, temperature and other thermodynamic parameters 

were monitored along the trajectory and them, RMSD torsion values, cluster 

distances and hydrogen bonds were extracted by using the Cpptraj module. This 

module was useful for the analysis process of the trajectories and the coordinate 

files that have been created during the MD simulation. VMD software, Pymol 

software and Chimera software were used to visualize the trajectory. The 

generated data were also automatized with a personal plotting script. 

8.8 Immunological assays (related to Chapter III) 

U937 (ATCC® CRL-1593.2TM; Manasas, VA, USA) and THP1 monocytes 

(ATCC® TIB-202; Manasas, VA, USA) were cultured in RPMI-1640 with L-

glutamine, supplemented with 10% inactivated fetal bovine serum (FBS; 

Gibco, Carlsbad, CA, USA), 100 U/mL penicillin, and 100 g/mL streptomycin 

(Gibco, Carlsbad, CA, USA), 1X Normocin (Invivogen, San Diego, CA, USA) 

and 0.05 mM 2-mercaptoethanol (Gibco, Carlsbad, CA, USA) in a 5%-CO2 

humidified incubator at 37°C. To induce cell attachment and naïve macrophage 

differentiation we applied a specific protocol for U937 cells and THP-1 cells. 

Respectively, 2x105 U937 cells were seeded in a 12-well plate and then treated 

with phorbol 12-myristate 13-acetate (PMA) at 100 ng/ml concentration for 48 

hours, followed by a recovery phase of additional 48 hours 

(doi:10.1016/j.jprot.2009.08.001). At the same time, 2x105 THP-1 cells were 
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treated with 20nM PMA for 24 hours, followed by a 72 hours recovery phase 

(https://doi.org/10.1016/j.jim.2019.112721). Subsequently, both U937-PMA 

cells and THP1-PMA cells were incubated with varying concentrations (0.1 

μg/ml and 1 μg/ml) of capsular polysaccharides (CPS) derived from MenY, or 

Lipopolysaccharide (LPS) and then maintained at 37°C for 16 hours. After 

incubation, cells were washed with PBS before being directly lysed on plate 

using Norgen Biotek RNA extraction kit (Thorold, Ontario, Canada), following 

the manufacturer’s protocol. The extracted RNA (1μg) was reverse transcribed 

using the Quantitect Reverser transcription Kit (Qiagen, Hilden, Germany). For 

real-time quantitative PCR (qPCR), 10 ng of cDNA was utilized in a 10 μl 

PowerUP SYBR Green Master mix PCR kit (Thermo Fisher, Waltham, 

Massachusetts, USA) reaction, employing primers listed in Table X, and 

analyzed using the AriaMX system (Agilent, Santa Clara, California, USA). 

Gene expression was determined by Ct method, normalizing TNFα and IL-

8 gene expression to β-Actin, before comparing to untreated control 

(10.3390/ijms22179379). 

Human IL-8: FW – ATGACTTCCAAGCTGGCCGT – RV - 

TACAATAATTTCTGTGTTGGC 

Human TNFα: FW – GTTGTAGCAAACCCTCAAGCTG – RV - 

GAGGTACAGGCCCTCTGAT 

Human β-Actin: FW – CCGACAGGATGCAGAAGGAG – RV - 

GCCTAGAAGCATTTGCGGTG 
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