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Abstract 

All living cells are covered by a layer of glycans at the interface between the 

environment and the cell membrane, capable of mediating cellular behavior, including 

critical mechanisms in immunoregulation and pathological processes. The molecular 

recognition of glycoconjugates from several proteins triggers a plethora of biological 

functions, especially in the infection process, immune response, and inflammation. 

Within this frame, interactions between glycans and their binding partners at 

molecular level have been studied, using a multidisciplinary approach of advanced 

NMR techniques, including ligand- and protein-based approaches, in combination 

with biophysical and computational methodologies, such as docking and molecular 

dynamic simulations.  

Siglecs (Sialic acid-binding immunoglobulin-type lectins) exploit a major application 

in the immune system regulation, recognizing glycans containing sialic acid. Indeed, 

in their cytoplasmic region, Siglecs contain one or multiple tyrosine-based signaling 

motifs that trigger cellular signaling, inhibiting the immune cell activation. In this 

thesis, the molecular binding of different inhibitory Siglecs, in particular Siglec-2 and 

-7, containing cytosolic immunoreceptor tyrosine-based inhibition motifs (ITIMs), 

have been investigated with several glycoconjugates. Although the inhibition of 

immune system plays a fundamental role in some aberrant events, such as the over-

reaction of response against self-molecules that often leads to produce autoimmune 

diseases, it is worth knowing that many pathogens have evolved the ability to cover 

their surfaces of sialic acids, subverting the immune system and dampening the host 

immune recognition. Thus, Siglecs have been studied as attractive targets for the 

design of therapeutic agents, such as antibodies or glycomimetics, for the treatment 

of inflammatory, autoimmune, and infectious diseases. In the case of Siglec-2, or 

CD22, the binding mode with complex-type N-glycans has been assessed, showing 

the possibility to form CD22 homo-oligomers on the B-cell surface, favoring the cis 

interactions on the same cell. As for Siglec-7, mainly located on NK cells, novel 

structural insights have been provided on its binding to sialylated lipopolysaccharides 



 

 

on different strains of the oncogenic pathogen F. nucleatum, with the aim to develop 

therapies for the modulation of both Siglec-7 activity and host-pathogen binding. 

On the other hand, bacterial adhesins, also implicated in the biology of infection, as 

in the bacterial pathogenesis, have been studied in interaction with their cognate 

ligands. In particular, Siglec-like adhesins, similar to Siglecs in the V-set N-terminal 

domain of sialoglycan recognition, are serine-rich repeat glycoproteins involved in 

the pathogenesis of infective endocarditis. In this context, the binding site of Siglec-

like adhesins expressed on different strains of Streptococci has been investigated in 

interaction with a variety of sialylated N- and O-glycans.  

Partially related systems have been also investigated during the PhD, involving the 

study of the interactions between monoclonal antibodies (mAb) against bacterial 

glycoconjugates (and mimetics).  

Therefore, the molecular details of different glycans recognized by mammalian and 

bacterial proteins, as well as monoclonal antibodies, that play roles in health and 

disease, or host-pathogen interactions have been unveiled to provide a tool for the 

design of glycomimetics for therapeutic targets of human diseases. 
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I . Introduction  

1.1 The relevance of glycans in biological functions 

Glycocalyx is a matrix of complex glycans and glycoconjugates (glycolipids and 

glycoproteins) at the interface between plasma membranes and the surrounding 

environment present in all mammalian cells surface.1  The huge complexity of glycans 

results from the many combinations in which monosaccharides, the sugar building 

blocks, can be connected. Indeed, contrary to the linear organization of amino acids 

and nucleotides, building blocks of proteins and nucleic acids, glycans are highly 

heterogeneous, can be linear or branched, made up of different monosaccharides with 

various glycosylation positions and anomeric configurations, substituted with aglycon 

groups (as acetyl, sulfate) or with proteins or lipids.2,3,4 

Among the biological roles, glycans are key actors in modulatory activity, including 

cell-adhesion and compartmentalization, molecular trafficking, protein folding and 

stability, and play a crucial role in recognition of proteins involved in the regulation 

of immune system.5 Indeed, several glycan-protein interactions are involved in the 

critical balance between immune tolerance and generation of a strong immune 

response. In this context, during the evolution the glycocalyx has developed the ability 

to distinguish between endogenous (self) and exogenous (non-self) components. The 

innate non-specific response is the first defense against non-self foreign 

microorganisms. Here, proteins expressed by cells of the innate immune system (e.g. 

macrophages, dendritic cells, neutrophils, monocytes and epithelial cells), called 

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

including microbe associated molecular patterns (MAMPs), mostly composed of 

bacterial glycoconjugates, danger-associated molecular patterns (DAMPs) and cell 

death-associated molecular patterns (CDAMs). These interactions lead to the 

activation of cellular mechanisms which trigger proinflammatory cytokines and 

promote the stimulation of adaptive immunity.6 
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Beyond the role in the regulation of immune responses, glycans can be also implicated 

in tumor progression and metastasis.7 Indeed, peculiar glycosylation patterns (e.g., 

truncated O-glycans, branching and bisecting N-glycans, fucosylation or sialylation) 

are often related to the presence of malignant cells.8  

 

1.1.1 The structure of glycoconjugates 

Glycans linked to lipids (glycolipids) or to proteins (glycoproteins) are the most 

abundant glycoconjugates found in fluids and at the extracellular surface of the plasma 

membrane (figure 1.1). Due to their amphiphilic nature, glycolipids form stable 

micelles in aqueous solution. The major classes of glycolipids in mammals are: i) 

glycosphingolipids, where a glycan is linked to ceramide (lipid composed of 

sphingosine and fatty acids) and mainly involved in cell-cell interactions or cell 

adhesion events, and ii) glycoglycerolipid, composed of glycerol, lipids and 

carbohydrates, that exhibit structural functions like membrane bilayer stability, serve 

as precursors for the formation of complex membrane components, mediate the 

anchorage of proteins to membrane cells. The presence of substituents, such as 

phosphate and sulphate groups, confers the negative charge to glycolipids. An 

example is the ganglioside, a glycosphingolipid mainly found in the brain that shows 

negative charge due to the presence of sialic acid.9  

Glycosylation on proteins is an important post-translational modification occurring in 

mammals. The saccharide portion can be attached through a N-glycosidic linkage to 

an asparagine residue, to form N-glycans or via O-linkage to a serine or threonine 

residue, resulting in the formation of O-glycans (figure 1.2).10  
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Figure 1.1. Representation of glycoconjugates. Glycans can be found attached to lipids or 

proteins, to give glycolipids and glycoproteins, respectively. Glycoproteins can be synthetized 

as N-glycans and/or O-glycans. The main glycolipids in mammals are glycosphingolipids and 

glycoglycerolipids.  

 

The biosynthesis of glycoproteins occurs between the endoplasmic reticulum (ER) 

and the Golgi apparatus. A lipid dolichol pyrophosphate on the ER membrane is the 

starting point of the co-translational modification process from which the 

oligosaccharide chain arises. The first phase of the N-glycosylation is the anchorage 

of two GlcNAc and five mannose residues to the lipid dolichol deriving from specific 

nucleotide sugars, UDP-GlcNAc and GDP-Man, in the cytoplasmatic region of ER. 

The early oligosaccharide chain continues to growth in the lumen, where other 

monosaccharides are added until a chain composed by Glc3Man9GlcNAc2 is 

generated. After glycosyltransferases have assembled 14 sugar residues of the glycan, 

an oligosaccharyl-transferase moves the oligosaccharide chain from the dolichol 

pyrophosphate to an asparagine, located in the lumen of ER, belonging to consensus 

sequence Asn-X-Ser/Thr (where X is any amino acid except proline). In a second 

stage, called trimming, the core region of N-glycan is subjected to modifications based 

on the removal of three glucose residues and one mannose from the chain by specific 

Cell 

membrane

Glycoproteins

Glycolipids

N-glycan

O-glycan

N-acetylglucosamine
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N-acetylgalactosamine
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glycosidases, to translocate the glycoprotein to Golgi apparatus. In this region, the 

glycoprotein undergoes further modifications by specific glycosidases and 

glycosyltransferases depending on forthcoming biological functions they are going to 

conduct. These result in a significant heterogeneity of N-glycans structures.  

N-linked glycans are classified in three groups, sharing a common region, the 

chitobiose core, constituted of three mannoses and two N-acetylglucosamines 

(GlcNAc), one of which is covalently linked the asparagine residue: high-mannose, 

complex-type and hybrid (figure 1.2 A).11   

 

Figure 1.2. Classification of N-glycan structures and O-glycans core. A) During the 

biosynthesis of N-glycans, three structures can be formed, all sharing the chitobiose core 

(dashed): high-mannose-type, complex-type and hybrid glycans. High-mannose-type glycans, 

enriched by the mannose residues in the entire structure, are often expressed on tumor cells.12 

Complex glycans are branched structures, usually ending with Ŭ2,6 or Ŭ2,3 sialic acid linked 

to a galactose, involved in the recognition by lectins. A mixture of the high-mannose and 

complex-type N-glycans constitutes hybrid structures, associated with several diseases and 

implied in the regulation of the immune system.13,14 B) The core structures of mucin-type 

glycans. The common structural feature is the presence of GalNAc residue linked to Ser/Thr 

amino acid. 

 

O-linked glycans are also highly heterogeneous structures. Their biosynthesis does 

not require a precursor to transfer the oligosaccharide chain to protein; instead, various 

enzymes can connect the first GalNAc monosaccharide to a serine or threonine 

residue that does not belong to a consensus O-glycosylation sequence, differently 

from the oligosaccharyltransferase of N-glycans. Furthermore, the O-glycosylation 
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pattern is considered a post-transductional modification because, even if the synthesis 

of protein occurs in the ER, the single sugars, starting from the GalNAc residue, are 

added step by step in the Golgi apparatus. 

The most common O-linked proteins are mucins, glycoproteins representing the main 

components of mucus. Mostly linear, the mucin-type O-glycans contain a GalNAc 

unit covalently linked to a serine/threonine amino acid (figure 1.2 B).  O-linked 

glycans are implicated in inflammation processes and cell signaling events. The high 

density of O-glycans found on mucins can serve as barrier against pathogens invasion. 

However, interactions between O-glycans, generally sialylated, and bacterial adhesins 

also lead to colonization on the host cell, causing infections and triggering the 

pathogenesis. 

 

1.1.2 Sialic acid 

Sialic acids are a family of more than 50 nine-carbon ulosonic acids decorating the 

outermost part of N-glycans, O-glycans and glycosphingolipids (Figure 1.3).15 The 

anomeric C-2 position is generally Ŭ-(2,3)- or Ŭ-(2,6)-linked to a hydroxyl group of a 

galactose or N-acetylgalactosamine residue. Nevertheless, sialyltransferases can also 

form disialyl core structures, common in gangliosides, where two sialic acid residues 

are connected by Ŭ-(2,3), Ŭ-(2,6) or Ŭ-(2,8) glycosidic linkages. The other positions 

of the backbone can be subjected to modifications (e.g., acetylation, sulfation, 

methylation, and phosphorylation) to originate a variety of structures (figure 1.3).  
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Figure 1.3. Diversity in the Sialic acids. The nine-carbon backbone in the Ŭ configuration is 

shown, with the most common structures in mammals: the acetylated (Neu5Ac) and 

glycolylated (Neu5Gc) neuraminic acids. Some variations can occur as indicated: at 

physiological pH, the carboxylate gives the negative charge of Sia; R1 can form lactones with 

hydroxyl groups on the same molecule or on other glycans or lactams with a free amino group 

at C-5. R2 = alpha-linkage to Gal (3/4/6), GalNAc (6), GlcNAc (4/6), Sia (8/9), or 5-O-

Neu5Gc. R4 = H; -acetyl; Fuc; Gal. R5 = Amino; N-acetyl; N-glycolyl; hydroxyl; N-glycolyl-

O-acetyl; N-glycolyl-O-methyl. R7 = H; -acetyl. R8 = H; -acetyl; -methyl; -sulfate; Sia; Glc. 

R9 = -H; -acetyl; -lactyl; -phosphate; -sulfate; Sia.  

 

The most common sialic acid in mammals is the 5-acetamido-2-keto-3,5-dideoxy-D-

glycero-D-galactonononic acid (N-acetylneuraminic acid, Neu5Ac). The presence of 

CMAH (Cytidine monophospho-N-acetylneuraminic acid hydroxylase) gene in 

mammals, like mice and chimpanzee, is responsible for the expression of the N-

glycolylneuraminic acid (Neu5Gc), that catalyzes the biosynthesis of a hydroxyl 

group to N-acetyl moiety at 5th position of Neu5Ac. Although the inability of humans 

to produce Neu5Gc, since CMAH is inactivated, it can be metabolically assumed by 

diet16 and is often associated with carcinoma.15,17,18,19 

Given their variability, sialic acids are essential in many biological functions,20,21,22 

including cell signaling and modulation of immune responses.23 Interestingly, the 
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ipersialylation (overexpression of sialic acids on cell surface) can be an indication of 

the presence of cancer.24 Thus, targeting sialylated glycans could be important in 

novel therapeutic approaches against cancer and autoimmune diseases. 

1.2 Glycoconjugates on bacterial cell wall 

Cell wall microbial glycoconjugates play fundamental roles in the dynamic host-guest 

recognition with implications in normal and pathological processes.25  

 

Figure 1.4. Structural organization of cell membranes of Gram-negative (left) and Gram-

positive (right) bacteria. The main difference among these bacteria is the thickness of 

peptidoglycans, which repetitive unit is shown. 

Glycoconjugates found on the bacterial cell wall, such as lipopolysaccharides, 

peptidoglycans, teichoic acids, can act as virulence factors called PAMPs (Pathogen 

Associated Molecular Patterns) due to their ability to activate host immune response 

and their inflammatory potential, with implications in immunoevasion and 

immunosuppression. The peptidoglycan (PG or murein) is the main component of the 

bacterial cell wall (figure 1.4), to which provides rigidity and structure. It is composed 

of a network of glycan strands of repeating N-acetylglucosamine (GlcNAc) and N-

acetylmuramic acid (MurNAc) ɓ-(1,4)-linked units. Alternating L and D amino acids 

Lipopolysaccharide
Wall teichoicacid Lipoteichoicacid

Protein

Cell membrane

Peptidoglycan

Gram-negative bacterial wall Gram-positive bacterial wall
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(4 or 5 residues) are linked to the lactyl group of the muramic acid. The peptidoglycan 

composition depends on bacterial species. In Gram positive bacteria, it forms a thick 

layer, constituting 40-80% of the bacterial wall (shell of 30ï100 nm), while 

peptidoglycan in Gram negative species constitutes a thin layer covered by an outer 

membrane, mainly composed of lipopolysaccharides and lipoproteins. 

 

1.2.1 Lipopolysaccharides (LPSs) 

Lipopolysaccharides (LPS) are the major outer surface membrane components of 

Gram-negative bacteria. They play important roles in the integrity of the outer-

membrane permeability, serving as a barrier for bacterial protection, and act as 

stimulators of innate or natural immunity, due to their extensive participation in hostï

pathogen interplay. LPS structure varies depending on bacterial strains and defines 

the immunopotential function. The LPS is an amphiphilic macromolecule composed 

of three defined regions (figure 1.5): the lipid A, the core oligosaccharide (core OS) 

and a polysaccharide portion (O-chain). The complete form of LPS is named smooth-

type LPS (S-LPS), but some others can terminate with the core oligosaccharide, and 

they are called rough-type LPS (R-LPS) or lipooligosaccharide (LOS). The 

hydrophobic lipid A allows the anchoring to the outer bacterial membrane and 

represents the endotoxin portion of LPS, responsible of its immunostimulatory 

potential. Indeed, it can trigger the release of proinflammatory mediators via Toll-like 

receptor 4 (TLR4)-dependent signaling on macrophages and endothelial cells, 

developing a variety of biological effects up to sepsis and septic shock.26 Lipid A is 

composed of two ɓ-(1Ÿ6)-linked D-glucosamine units variously acylated by fatty 

acids of different length and phosphorylated at anomeric position of the reducing 

(GlcNI) unit and at 4ô position of the non-reducing (GlcNII) residue (figure 1.5). 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-
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octulosonic acid), the latter representing a marker of all Gram-negative bacteria and 

covalently linked to the GlcN II of the Lipid A. The outer core OS is usually composed 

of hexoses and deoxyhexoses, uronic acids and aminosugars. The external portion of 

LPS is constituted by 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; indeed, it can be linear or branched, homo- or 

heteropolymeric, and can be composed by non-carbohydrate substituents.  

 

Figure 1.5. 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-Ŭ-(2Ÿ4)-Kdo (in red) connected to ɓ-(1Ÿ6)-linked D-

glucosamine residues (GlcN I and II, in blue) of the LPS of E. coli. 

 

1.2.2 Teichoic acid glycopolymers 

Cell envelope components attached to PG in Gram-positive bacteria can be capsular 

polysaccharides (CP) and polyanionic polymers called teichoic acids (TAs), 

promising targets for anti-infective therapies and vaccines due to their key role in host-

cell interactions. There are two different kinds of TAs: lipoteichoic acids (LTA) that 
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are tethered to the membrane via glycolipids, and cell wall teichoic acids (WTAs), 

instead covalently anchored to peptidoglycan in the cell wall. The chemical structure 

of both glycopolymers varies among Gram-positive organisms.  

 

Figure 1.6. LTA and WTA structures on Gram-positive cell membrane. The common part of 

a WTA linkage unit consists of a GroP-ManNAc-GlcNAc-phosphate covalently attached to 

peptidoglycan (right bottom). 

LTA structure is generally composed of a polyglycerol-phosphate chain linked to a 

glycolipid in the membrane. WTAs are typically composed of a conserved N-

acetylmannosamine (ɓ1Ÿ4)-N-acetylglucosamine-1-phosphate (ManNAc-(ɓ1Ÿ4)-

GlcNAc-1P) disaccharide unit. The reducing end is connected to PG by a 

phosphodiester bond, while the non-reducing sugar is linked to a polymeric backbone 

of phosphodiester-linked polyol repeat units,27 with the best-characterized containing 

repeat units of 1,5-D-ribitol-phosphate (RboP) or 1,3-L-Ŭ-glycerol-phosphate (GroP). 

The presence of phosphate groups imparts the anionic charges to the glycopolymers. 

The main chain polymer in TAs can be enriched by sugar moieties, depending on 

bacterial species. Moreover, glycopolymers are often decorated with D-alanine esters 

occurring at C2 position of the backbone, whose positive charges neutralize the 

negative charges of phosphate groups. These sugar and alanine modifications on TAs 
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have been implicated in different functions in cell physiology and infection.28 It is 

well known, for example, the TAs glycans recognition by some lectins, such as 

langerin and macrophage galactose-type lectin (MGL) on immune cells.29 Due the 

involvement of TAs in many biological functions, including cell adhesion, host 

colonization, virulence, and pathogenesis, they are considered attractive targets for 

therapeutics against the antibiotic-resistant infections.30 

 

1.2.2.1 Wall teichoic acids in Staphylococcus aureus 

Staphylococcus aureus is a Gram-positive bacterium that cause severe infections, 

including bacteremia, staphylococcal toxic shock syndrome, endocarditis and 

osteomyelitis.31,32 The matrix of peptidoglycans (PG) constituting Staphylococcus 

aureus is functionalized up to 60% with WTAs, which are composed of up to 40 RboP 

subunits,33,34 modified with D-alanine and N-acetylglucosamine (GlcNAc).  
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Figure 1.7. S. aureus WTA structures and their variation by different GlcNAc transferases. 

The three identified RboP WTA variants generated by the glycosyltransferases TarS, TarP and 

TarM are shown. 

 

The sugar modification on S. aureus is mediated by specific Tar (teichoic acid ribitol) 

glycosyltransferases, whose activity plays crucial roles in cell shape formation, 

regulation of cell division and other crucial aspects of Gram-positive bacterial 

physiology.35,36 The glycosylation can occur at position 3 or 4 of RboP backbone, with 

GlcNAc residue linked in Ŭ- or ɓ-configuration (figure 1.7).  

In particular, TarM and TarS catalyze the Ŭ-1,4-GlcNAc and ɓ-1,4-GlcNAc, 27 while 

TarP modifies RboP by attaching a ɓ-GlcNAc at position 3 of the backbone (ɓ-1,3-

GlcNAc),37 leading to a less immunogenic WTA polymer.35 These sugar 

modifications are differently recognized by both innate and adaptive immune system, 

thus impacting the capacity of host-mediated immune detection and clearance.32 

S. aureus WTAs have developed the ɓ-lactam antibiotic resistance, causing the 

infection difficult to treat. Therefore, non-antibiotic therapeutic based strategies are 

urgently needed. For this reason, vaccines and therapeutic antibodies, some of them 
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currently in clinical trials, are promising treatments to overcome this bacterial 

infection. 

1.3 Structure and function of antibodies 

Antibodies or immunoglobulins are Y-shaped globular proteins involved in the 

recognition of non-self molecules, called antigens. Structurally, antibodies contain a 

larger subunit (50 kDa), called heavy chain and indicated as H, and a smaller portion 

(23 kDa), called light chain, known as L , associated to another identical heterodimer, 

all linked through disulfide bonds (figure 1.8).38 Digestion with papain cleaves the 

antibody in three parts: two identical Fab arms (fragments of antigen-binding) at the 

N-terminal part of H and L chains containing the antigen-binding determinants, thus 

important in the selectivity of the antibody, and the Fc stem (fragment crystallizable), 

not involved in the antigen recognition, but important to define the biological 

functions of the immunoglobulin. In some antibodies, the arms are connected to the 

stem by flexible hinge regions. Each heavy and light chain contains a large constant 

(C) region with amino acids sequences in the C-terminal domain and a smaller but 

similar-sized variable (V) region. The variability in the V region is given by the so-

called hypervariable regions or complementarity-determining regions (CRDs), each 

containing approximately 10 amino acid residues, that form a cleft between H and L 

chains and define the antigen-binding sites. In particular, three CRDs are located in 

each V domain, denoted as CRD-H1, CRD-H2 and CRD-H3 in the heavy and CRD-

L1, CRD-L2 and CRD-L3 in the light chain. Among the CRDs sequences, conserved 

amino acids, named framework segments, represent about 85% of the V region.  
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Figure 1.8. Representation of IgG antibody. The variable domains of the heavy and light 

chains are indicated as VH and VL, respectively, and contain the complementarity-determining 

regions for the antigen recognition. Constant domains for each chain are present in the Fab 

(CH1 and CL), whereas CH2 and CH3 belong only to the Fc of the heavy chain. 

 

The constant and variable regions of the antibody are defined as domains, all having 

roughly 110 amino acids in length, folded in anti-parallel ɓ-sheets to form a compact 

and globular structure. Depending on the ɓ-strands organization in the ɓ-sheets 

between the domains, the V region results less compact with longer loops with respect 

to the C domain.39 Although the domains of different antibodies are folded in similar 

manner, changes in amino acid residues at position of the cavity between H and L 

chains defined by the CRD regions change the shape and the specificity of the entire 

antibody. Among the regions, CRD-H3 shows high diversity in amino acids sequence 

and conformation, indeed it is mainly involved in the antigen recognition. In this 

context, the antigenic determinants of the antibodies, which induce the immune 

system activation, show three levels of variability, classifying these molecules as: 

isotypes, allotypes and idiotypes. 

Isotype antibodies are species-dependent since all members of given species inherit 

constant regions genes in a normal individual and define the antibody classes and 
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subclasses of heavy chains and subclasses of light chains. Humans express five classes 

of antibody, known as IgG, IgA, IgM, IgD and IgE, which show different chemical 

and serological properties. The heavy chain determinants of these isotypes are in turn 

divided in subclasses indicated with Greek letters (ɔ, Ŭ, ɛ, ŭ, Ů). Regarding the light 

chains, there are only two different isotypes, called ə and ɚ, in 60:40 ratio in humans, 

and 95:5 in mice. Fab regions containing ɚ light chains display more flexibility with 

respect to those having ə light chain, because, in the first case, the angle between the 

V and C domains can assume a wider range of values. Isotype antibodies are important 

in the measurement of Ig levels, in the identification of B cell tumors or in the 

detection of an immunodeficiency. 

Allotypic antigenic determinants are found in constant regions of heavy and light 

chains and depend on the allelic form of a given antibody gene. Indeed, it is possible 

that members of a species inherit the same set of gene with a modification in one or 

multiple alleles. These allotypes are observed for example during pregnancy or blood 

transfusion and are important in forensic application, paternity testing or to monitor 

bone marrow grafts.  

Idiotypic determinants are individual-specific. They are found in the V region because 

determine the antigen binding specificity. In this regard, it is known their import role 

in the treatment of B cell tumors and vaccines. 

 

1.3.1 Classes of antibodies 

The human serum is mainly composed of IgG antibodies (80%), important molecules 

involved in coating antigens and enhancing their phagocytosis by macrophages and 

neutrophils. This immunoglobulin is a dimer of 150 kDa with two heavy chains with 

four ɔ subclasses and two light chains (ə or ɚ), where all the polypeptide chains are 

held by disulfide bonds and non-covalent interactions. In particular, the single variable 

domain of each heavy chain (VH) is coupled to the corresponding variable domain of 
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the light chain (VL). Since the constant portion of the IgG antibody has one domain in 

the light chain and three domains in the heavy chain, S-S bonds occur between the 

respective CL and CH1 domains in the Fab fragment and among each CH2 and CH3 in 

the Fc fragment (figure 1.9 A).  

 

Figure 1.9. Examples of antibodies structure: A) IgG, B) IgA (dimeric form), C) IgM 

(pentameric form). 

 

Additionally, hydrogen bonds can occur at the CH2-CH2 interface, due to the presence 

of a carbohydrate residue covalently bound to Asn297 of each Fc fragment. Moreover, 

the hinge region of IgG antibodies connects Fabs and Fcs and is located in the middle 

of CH1 and CH2 domains, helping both Fab to interact to multiple targets and Fc to 

independently communicate with other elements of the immune system. 

Among the classes of antibodies, only IgG, IgA and IgD have the flexible hinge 

regions. Furthermore, additional amino acids, called tail pieces, are present on the C-

terminal of the CH3 domain of the heavy chain of IgM, IgA and IgD. These residues 

allow antibodies to interact with other molecules to form multimeric structures, also 
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stabilized by their disulfide interactions with the joining (J) chain polypeptide found 

on IgM and IgA. 

IgA is another class of human antibodies, that has two subclasses, called IgA1 and 

IgA2. Generally, IgA is found as dimeric form of 390 kDa (figure 1.9 B), with the two 

monomers linked by a 15 kDa chain in the Fc. Only 13% of serum contains IgA, but 

it is prevalently found in extravascular secretions (respiratory, gastrointestinal and 

urogenital tracts), indeed this antibody is also known as secretory IgA, and plays a 

fundamental role in the immune function of mucous membranes.  

The largest antibody is the IgM, a 950 kDa pentameric polypeptide found for 8% in 

the serum (figure 1.9 C). The Fab fragments are oriented outward, while Fc tails are 

cross-linked by disulfide bonds that can be connected by the J chains. Due to the high 

avidity to bind different antigens at the same time, IgM represents the first 

immunoglobulin appearing in the immune response and a crucial activator of 

complement. IgM is also the first antibody formed by a developing fetus.  

The monomeric forms of IgD (175 kDa) and IgE (190 kDa) are the lowest components 

of the serum, with percentages below 1% and 0.003% respectively. Co-expressed with 

IgM, IgG antibody is found on B cells surface, thus taking part in the activation of the 

immune system through antigen internalization. It is also known the ability of IgD to 

bind to and activate basophils and mast cells to produce antimicrobial factors in 

respiratory tract defense.40 IgE is an antibody found only in mammals and triggers the 

symptoms of allergies. 

Antibodies play crucial roles in protecting the body from bacteria and virus entry and 

activating a long-lasting immune response. The action is mediated by the recognition 

(neutralization) of foreign molecules from the V region of the antibody that 

determines the specificity toward the antigen and that can activate complement. Then, 

the immunological activities can be triggered by the interactions between Fc domains 

and specific Fc receptors (FcR). However, in aberrant situations immune system may 
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react against the ñselfò molecules, producing antibodies (autoantibodies) to attack 

them, causing autoinflammatory diseases, such as rheumatoid arthritis and multiple 

sclerosis.41 A pharmacological tools for the treatment of autoimmune diseases, firstly 

introduced for cancer therapy, is the use of monoclonal antibodies.42 

1.3.2 Monoclonal antibodies 

A monoclonal antibody (mAb) is an artificial antibody with a single antigenic 

determinant that specifically targets a certain antigen. In 1975, the immunologists 

Georges Kohler and Cesar Milstein fused antigen-specific B cells from the spleen of 

an immunized mouse with myeloma cells to form a hybridoma, a cell with the 

specificity of lymphocyteôs antibody and the immortality of the tumor cell. 

Hybridoma cultures can be an easy source of monoclonal antibodies that, alone or 

joined to other molecules (drugs or radioactive isotopes), recognize a single antigenic 

site on almost any molecule, avoiding to involve other sites. For this reason, 

monoclonal antibodies are often used for diagnostic purposes, as in the identification 

of tumor cells, and therapeutic goals, for example against inflammatory and immune 

diseases. A method to humanize the monoclonal antibody is the transfection of the 

hybridoma cells, that is the integration of a DNA into a cellôs chromosomes. This 

recombinant DNA technique is based on the isolation of the gene encoding for the 

antigen specificity of the antibody and subsequent fusion with a human DNA 

encoding for an antibody. The hybrid antibody is then grown in bacterial media. 

Another way to produce human mAb is the phage display technique, that uses 

bacteriophages to produce fusion proteins on phage surface which leads to a 

combinatorial library.43,44  

There are different kinds of mAb: 1) murine, that are produced from mouse proteins 

(drugs end in -omab); 2) chimeric, that are a combination of mouse and human 

proteins (treatments end in -ximab); 3) humanized, non-human species from small 

parts of mouse proteins whose sequences have been modified to increase the similarity 
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to human antibody (end in -zumab) and 4) human, fully human proteins (drug 

treatments end in -umab). An example was the adalimumab, the first human mAb 

approved in 2002 for rheumatoid arthritis therapy. 

It is not excluded that mAb can be trigger allergic reactions or immune responses in 

the body that recognizes them as ñnon-selfò molecules. Although these side effects 

for some patients, the potentiality of the monoclonal antibody-based method in cancer, 

infections and immune diseases is constantly developing. 

 

1.4 I -type Lectins: Siglecs 

Glycan-binding proteins (GBPs) bind carbohydrates exposed on cell surfaces and 

their interaction play significant roles in several cellular mechanisms, including cell-

cell communication, immunomodulation and inflammation processes.25,45,46,47 Among 

GBPs, lectins are ubiquitous macromolecules that modulate immune responses to 

pathogens and interact with carbohydrates to mediate adhesion or signaling events. 

The major lectin families include C-type lectins, I-type lectins, P-type lectins, and or 

S-type lectins or galectins (figure 1.10), classified according to their structure, 

specificity for carbohydrates and species location.  
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Figure 1.10. Classification of lectins. C-type lectins bind sialoglycans in a calcium-dependent 

mechanism; 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-dependent soluble proteins and specific to ɓ-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). 

 

Among the I-type lectins, Siglecs have attracted a lot of interest in the innate and 

adaptative immune system.10,48,49,50,51 

 

1.4.1 Structural features of Siglecs 

Siglecs are transmembrane I-type receptors that vary in their length and speciýcity for 

sialic acidïcontaining ligands.52,53 To date, 15 Siglecs have been identified in humans, 

and 9 in murine species (figure 1.11), all containing an extracellular N-terminal V-set 

Ig (Ig-V) domain, responsible for the binding of sialoside ligands, connected to 1ï16 

C2-set Ig domains by a disulphide bridge.10,53,58 In the cytoplasmic region, Siglecs 
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contain one or multiple tyrosine-based signaling motifs, variable cytosolic tails that 

trigger cellular signaling.  

The extracellular N-terminal Ig-like domain has nine ɓ-strands (named A-G) 

assembled with a distinct topology, has close sequence homology to Ig V regions and 

is the region where sialic acid containing ligands are selectively accommodated.54 A 

critical arginine on the F strand plays a key role in the sialoglycans recognition, 

forming a bidentate salt bridge with the ionized carboxylic group of sialic acid.49 The  

formation of CHïpi contacts between aromatic side chains of the protein and C-H 

bonds of the carbohydrateôs hydrophobic faces is another determinant recurring in the 

Siglecs recognition.55 Indeed, a disulfide bond occurs between B and E ɓ-strands, 

allowing separation between the ɓ-sheets and consequent exposure of aromatic 

residues on the A and G strands,58 establishing CH-pi interactions with lateral glycerol 

chain and N-acetyl group of sialic acid.53 A conserved loop (CCô loop) between F and 

G strands also contributes to the ligand recognition, especially in the interaction with 

longer glycan chains,58 and sometimes undergoes a conformational change upon sialic 

acid binding, as observed for Siglec-7 in complex with the GTb1 ganglioside 

containing Neu5Ac-Ŭ-(2ï8)-Neu5Ac.56 

Most of Siglecs contain cytosolic immunoreceptor tyrosine-based inhibition motifs 

(ITIMs) that can function in inhibitory capacities.57 In this case, the interaction 

between Siglecs and sialylated ligands drives the ITIM domain to execute the signal 

to the downstream receptor, inhibiting the immune cell activation. The mechanism 

involves the binding and activation of phosphatases, such as Src homology region 2 

domain-containing phosphatase-1 (SHP-1) and Src-homology 2-containing inositol 5ǋ 

phosphatase (SHIP).58,59,60 Such signaling pathway is initiated by the phosphorylation 

of the tyrosine residues on ITIMs by the Src family kinases.48,59 Thus, inhibitory 

Siglecs control immune reactions serving as negative regulators of immune cells to 

limit an excessive inflammation state in the host and prevent autoimmune diseases.53 
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On the other hand, few Siglecs, such as Siglec-14, Siglec-15 and Siglec-16 contain 

immunoreceptor tyrosine-based activation motifs (ITAMs). Here, the signaling is 

activated via Syk family tyrosine kinase, through the association of ITAMs to adapter 

proteins such as DAP12 (DNAX-activating protein of molecular mass 12 

kDa).48,53,61,62 

Other Siglecs, such as Siglec-1 and Siglec-4, feature neutral transmembrane domains, 

without signaling cytosolic motifs, and their function is only related to sialic acid- 

binding, for example for cell adhesion.19,63,64 

 

 

Figure 1.11. Scheme of human Siglecs. Siglecs family is divided in ñevolutionary 

conservedò65 (Siglecs -1, -2, -4 and -15) and ñCD33-relatedò62,66,67 (Siglecs -3 and from -5 to 

-16) categories, depending on their sequence similarity and conservation across the 

orthologs.49 The biological functions of Siglecs depend on the nature of the cytoplasmic tails 

and the transmembrane domain features that distinguish between activatory and inhibitory 

proteins.  
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Therefore, Siglecs are proteins expressed on the surface of immune cells and their 

binding to sialoglycans allows cellïcell communication and regulation of innate and 

adaptive immune system,10,48,62 including tolerance in B-lymphocytes, modulation of 

T-cell activation, homeostasis and inflammation.19,48,62,68 

 

1.4.2 The Siglecs-sialoglycans interaction  

Siglecs can bind sialylated ligands present on the same cell that expresses the receptor 

(cis interaction) or with sialylated structures found on different cell or proteins 

(trans interaction) (figure 1.12).69 This is a dynamic competition that depends on the 

ligand affinity and accessibility. Cis interactions commonly occur because of the high 

local concentration of sialoglycans present on immune cell surfaces. 

 

Figure 1.12. Siglec-sialoglycan binding mode. Siglecs can interact with a ligand expressed on 

the same (cis) or a different (trans) cell surface. 

 

Here, Siglec, expressed on the same cell of ligands, results 'masked' 
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trigger unnecessary signaling.67 Thus, Siglec-sialoglycan binding on the same cell is 

essential for the modulation of the signaling.  

On the other hand, since Siglecs show relatively low affinity for their endogenous 

ligands, when higher density of ligands is found in proximity of another cell, such as 

a pathogen, trans interactions prevail. In this case, the biological function of the Siglec 

is activated.70 

The modulation of immune response from Siglecs is correlated to their ability to 

discriminate between ñselfò (endogenous) and ñnon-selfò (exogenous) molecules. 

Worthy, some human pathogens, including group B streptococci (GBS), Neisseria 

species, Campylobacter jejuni, have evolved the ability to subvert the host immune 

response. Indeed, these exogenous molecules mimic SAMPs (self-associated 

molecular patterns) structures, for example coated themselves of sialylated capsular 

polysaccharides (CPS) or lipooligosaccharides (LOS), and result mistakenly 

recognized as ñselfò molecules, avoiding the activation of immune response and 

promoting the host colonization.19,71,72,73  

Moreover, aberrant glycosylation can also occur on malignant cells. An over-

expression of sialic acids is typical of tumor cells and is strictly related to immune 

suppression.74,75 Thus, Siglecs have been studied as attractive targets for the design of 

therapeutic agents, such as antibodies or glycomimetics, for the treatment of 

inflammatory, autoimmune, and infectious diseases and for the reduction of cancer 

progression.69,76 

 

1.4.3 Siglec-2 

Siglec-2 or CD22 is an evolutionary conserved inhibitory Siglec expressed on B cells 

involved in the inhibition of the B cell antigen receptor BCR signals and inducing 

tolerance to self-antigens to prevent autoimmune diseases. 49,53,77,78 The N terminal V 

set domain of Siglec-2 selectively binds sialic acids Ŭ-(2-6)-linked to a galactose 
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residue on endogenous glycoproteins of mammalian cells. The crystal structure of 

human CD22 in complex with Ŭ-2,6 sialyllactose and further conformational studies 

of complex-type N-glycans show that the terminal Neu5Ac-Ŭ-(2-6)-Gal disaccharide 

is the only portion recognized the receptor.78,79  

In resting B cells, CD22 binds adjacent self sialylated glycans via cis interactions, 

forming CD22 homo-oligomers.80 When trans interactions occur, the presence of 

ITIMs in the cytosolic tails of CD22 triggers the activation of phosphatases which 

dephosphorylate positive components of the B-cell antigen receptor (BCR) signaling 

cascade. This provokes the disruption of CD22 oligomers, increasing CD22-BCR 

association and enhancing Ca2+ inhibition upon anti-IgM stimulation, consequently 

leading to suppression of immune response.  

The correlation of Siglec-2 to the modulation of B cell tolerance and to many 

autoimmune diseases, such as rheumatoid arthritis, Systemic Lupus Erythematosus 

(SLE) and hairy cell leukemia in humans,81,82 makes this inhibitory receptor a 

candidate target in immunomodulation therapies.62,66,83,84 

 

1.4.4 Siglec-7 

Siglec-7 is an inhibitory receptor belonging to the CD33 related Siglecs family. This 

protein is mainly expressed on innate lymphoid natural killer NK cells, but is also 

found on T cells, eosinophils, monocytes and dendritic cells. The extracellular domain 

is characterized by the presence of two C2 Ig spacers and a N-terminal V set domain 

that preferentially binds Ŭ-(2,8)-linked disialylated ligands, generally found as 

terminal portions of various gangliosides. The crystal structure of the Siglec-7 V-set 

domain was the first to be solved among CD33-related Siglecs and it has been widely 

studied in complex with different sialylated ligands, containing the key Arg124 

residue that establishes a conserved contact with sialic acid. As mentioned before, 

Siglec-7 undergoes a significant conformational change of CCô (R67-W78) loop upon 
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binding to GT1b ganglioside, containing the Neu5Ac-Ŭ-(2,8)-Neu5Ac-Ŭ linkage, the 

favorite epitope of Siglec-7.56 Worthy, a second binding site has been recently 

discovered, comprising Arg67 in addition to Arg124, suggesting that the two ligand-

binding sites are potentially controlled by each other due to the flexible conformation 

of the CCǋ loop of Siglec-7.85 

Trans interactions between Siglec-7 and cognate ligands lead to the phosphorylation 

of ITIM sites recruiting phosphatases SHP1/2 which impede the NK cell activating 

pathways. Thus, the immune system allows the evasion of tumor cell and consequent 

migration within the circulatory system. Therefore, as a negative regulator of NK cell-

mediated functions, crucial within tumor immunosurveillance, Siglec-7 has recently 

emerged as target molecule for cancer immunotherapy.  

Although the 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.86,87 

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

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

modulation of hostïpathogen binding.88 Moreover, the presence of sialylated 

lipopolysaccharide on certain Fusobacterium nucleatum strains, oncogenic pathogen 

in different human tissues, may induce the activation of Siglec-7, causing immuno-

suppression that may promote its carcinogenic behavior.89 

 

1.4.5 Siglec-10 

The presence of one ITIM domain in the cytosolic tail of Siglec-10 allows to define it 

as an inhibitory protein belonging to CD33-related Siglecs family.90 As CD22, Siglec-

10 is expressed on B cells surface, but it can be also found on myeloid and dendritic 

cells and on subsets of human leukocytes, such as neutrophils and 

macrophages.91,92,93,94 However, while CD22 is highly specific for Ŭ-(2,6) 

sialoglycans, Siglec-10 can recognize both Ŭ-(2,6) and Ŭ-(2,3) sialylated ligands. The 
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crystal structure of this inhibitory Siglec has not been solved yet, but our recent 

homology modeling studies have suggested a 3D structure of human Siglec-10.95 In 

particular, differently from CD33-related Siglecs, we observed that the CCô loop 

conformation of Siglec-10 points outward to the binding residues, allowing to 

accommodate sialoglycans with different shapes and lengths. 

Siglec-10 is associated to several patho-physiological processes, for example, it is 

known that its binding to CD24 cells promotes the tumor immune evasion.96 Worthy, 

Siglec-10 is also able to bind sialic acid analogues, such as pseudaminic acid on 

Campylobacter jejuni flagella modulates dendritic cell IL-10 expression via Siglec-

10 receptor promoting an anti-inflammatory response.97 

 

1.5 Bacterial adhesins 

Adhesins are virulence factors involved in bacteria attachment to host cells. These 

bacterial proteins play important roles in some cell signaling processes, in mediating 

cellïcell and cellïextracellular matrix interactions and in the infection process. 

Adherence is indeed the crucial step in bacterial pathogenesis.98 

 

Figure 1.13. Bacterial adhesion (left) on host cell and subsequent internalization in internal 

vesicle (right). 
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Host-pathogen interactions are typically required for bacterial colonization or 

internalization and are mediated by adhesins on the microbial surface (figure 1.13). 

The binding event may involve and trigger a complex signal transduction cascade in 

the host cell that can lead to the activation of innate host defenses or the subversion 

of cellular processes facilitating bacterial colonization or invasion. Depending on the 

biochemical role, the nature of the adhesion can vary: the binding may be weak and 

nonspecific, with hydrophobic interactions establishing to the host surface; other 

adhesins can make highly specific interactions giving rise to high-affinity and stable 

interactions.99  

Most pathogens possess more than one adhesin on their surface, often acting in co-

operative manner, thus the interaction between the pathogen and the host will depend 

on which receptor or sequential combination of receptors is engaged.100 Bacterial 

adhesins are attached to thin thread-like structures, called pili  or fimbriae, that extend 

outward from the bacterial cell surface. These protein appendages vary in lengths 

(generally one-micron long) and diameters (2ï10 nm) and consist of several hundred 

major subunits tipped or interspersed with minor subunits, one or more of which 

carries the adhesive function.101 Fimbriae are classified depending on the host cell 

receptor with which they interact. The adherence and the colonization of some Gram-

positive bacteria are usually mediated by the presence of surface adhesins that interact 

with host proteins found on the surface of damaged valves. The adhesins of Gram-

positive bacteria are attached on the surface by different mechanisms. One includes 

the anchoring of the adhesin through covalent linkage via its LPXTG motif to the cell 

wall peptidoglycan.  Another mechanism is the association of adhesins with surface 

proteins, as for lipoteichoic acid (LTA) that forms LTA-binding proteins complexes 

(e.g., M protein), which together bind the streptococci to fibronectin on the animal 

cell surface. The lectin-carbohydrate recognition is the type of adhesion shared by 

most bacterial pathogens. Indeed, many bacterial adhesins are lectins, a family of 

sugar-binding proteins that recognize carbohydrate moieties of glycolipids or 

https://www.sciencedirect.com/topics/medicine-and-dentistry/bacterial-cell
https://www.sciencedirect.com/topics/medicine-and-dentistry/cell-receptor
https://www.sciencedirect.com/topics/medicine-and-dentistry/cell-receptor
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glycoproteins on the mammalian host cell. The opposite case can also happen, where 

polysaccharides on either the capsule or the outer membrane lipopolysaccharides of 

bacteria bind to cognate lectins on the host cell surface. Other kinds of interactions 

can involve a bacterium surface protein to a complementary protein on the mucosal 

cell surface, and, the last characterized, the binding interaction between hydrophobic 

moieties of proteins with lipids on the other cell.102  

Streptococcus and Staphylococcus species produce head-stalk-type adhesins, for 

example serine-rich repeat proteins (SSRP)103 that are anchored into the cell wall and 

bind to sialylated glycoconjugates.104 In S. aureus, in particular, the adhesins can be 

covalently bound to cell-wall peptidoglycans, and are known as MSCRAMMs 

(Microbial Surface Component Reacting with Adhesive Matrix Molecules),105 or can 

be secreted and rebound to the bacterial surface, known as SERAMs (secretable 

expanded repertoire adhesive molecules).106  

Due to the role of adhesins in the pathogenesis, several vaccines have been developed. 

The activity of anti-adhesin antibodies can indeed disrupt the interaction between 

bacterium and host cell, rendering it non-pathogenic. For example, the anti-adhesin 

vaccine to enterotoxigenic E. coli, that usually attaches to upper intestinal mucosa in 

humans, leading to diarrhea and infection, has been proven highly effective. However, 

some issues must be addressed, including the variety and the large number of bacterial 

adhesins and the fact that they depend on the local environment. 

In the next paragraph the serine-rich repeat proteins (SSRP) found on different 

Streptococcal bacteria strains, called Siglec-like adhesins, have been described, 

highlighting their role in the colonization of heart valves and in the pathogenesis of 

the infective endocarditis. 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/glycoconjugate
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1.5.1 Siglec-like adhesins 

Streptococcal species involved in the pathogenicity of the infective endocarditis (IE) 

can contain serine-rich repeat glycoproteins (SRRPs),107 named Siglec-like adhesins, 

or, as recently found, the so-called AsaA proteins (associated with sialic acid adhesion 

A) present in IE-isolates lacking SRRPs.108 A novel sialic acid-binding adhesin 

present in multiple species contributes to the pathogenesis of IE.108 The pathogenesis 

and etiology of IE have been partially defined and typically originate when 

commensal bacteria transit into the bloodstream.109 Whereas some species such as 

Staphylococcus aureus may infect native or prosthetic valves and cause acute disease, 

the Mitis group of oral streptococci tend to infect damaged valves and cause more 

chronic, sub-acute disease.110,111 Pieces of evidence suggest that the adherence of oral 

streptococci to platelets represents a crucial step in the pathogenesis of IE and this 

process is mediated in part by the presence of serine-rich repeat (SRR) proteins 

anchored to the bacterial cell wall (figure 1.14).  

Depending on the organism to which the SRR adhesins belong, the BRs can vary in 

amino acid length and sequence, and in secondary structure and folding, and these 

characteristics define the ligand specificity for different bacterial strains. 
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Figure 1.14. Representation of serine-rich repeat glycoproteins (Siglec-like adhesins). SRR 

adhesins are organized with an N-terminal around 90 amino acid signal peptide (SP), followed 

by a short serine-rich region (SRR1), a ligand binding region (BR), a long serine-rich repeat 

region (SRR2), and a C-terminal cell wall anchor (CWA). The ñSiglecò and ñUniqueò domains 

are involved in the sialoglycans (in green) interaction. 

 

Generally, BR is composed of two conserved domains important for sialoglycan 

binding: a V-set Ig fold Siglec subdomain, highly similar to that found in mammalian 

Siglecs in terms of topology and strand inserts (hence the name óóSiglec-likeôô 

adhesins), and the Unique domain, not directly involved in the interaction with 

carbohydrates, though possibly modulating the conformation of the nearby Siglec 

domain. A third domain, called CnaA, can also be present in the serine-reach repeat 

adhesins (e.g., GspB in S. gordonii M99 strain), but it does not contribute to glycan 

binding.112 The Unique and Siglec subdomains of SRR adhesins play key roles in 

mediating bacterial recognition of host sialoglycans.113,114 In particular, a YTRY 

consensus sequence, further refined to a ūTRX motif in the broader family of SLBRs, 

is present on the F strand of the Siglec domain (figure 1.15), establishing crucial 

contacts with Neu5Ac-Ŭ-(2,3)-Gal containing ligands.  

SP: signal peptide

SRR1-SRR2: serine-rich repeat regions

BR: binding region

CWA : C-terminal cell wall anchor 

SRR1 SRR2

LPXTG 

cell wall

anchoring motif

aSectransport
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Siglec UniqueCnaA
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In this thesis, the Siglec-like adhesins SLBR-B and SLBR-H expressed by S. gordonii 

strains M99 and DL1, and SLBR-N from NCTC10712 strain of S. mitis have been 

investigated. Previous analysis on the protein structures (PDB: 5IUC, 6EFD and 

6EFF) and chimeragenesis experiments showed that the sialoglycans binding is 

strongly affected by the protein loops.115  

Figure 1.15. 3D structure of the Siglec-like adhesins studied in the thesis: A) SLBR-B, B) 

SLBR-H, C) SLBR-N. The Siglec and Unique domains were colored in pink and grey, 

respectively. CD, EF and FG loops were colored in green, blue and yellow, respectively. The 

F-strand containing YTRY consensus sequence was highlighted in orange. 

 

In particular, CD and FG loops have a fundamental role in the ligand selectivity, while 

EF loop adjusts the ligand orientation to promote the interactions with the protein. 

The role of the Siglec-like adhesins in the pathogenesis of infective endocarditis has 

been widely demonstrated in vitro and in vivo. Among bacteria found in the oral 

cavity, Streptococcus gordonii and mitis are associated to the bloodstream infection 

and to the progression of IE. Although the moderate sequence identity of the proteins 

studied, especially between SLBR-H and SLBR-N (80%), the selectivity of their BRs 

SLBR-H

A B C

SLBR-B SLBR-N
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toward sialoglycan structures is different;116 indeed, SLBR-B strictly recognizes 

sialyl-T-antigen (sTa), while SLBR-H and SLBR-N bind a repertoire of glycans with 

different shapes and topologies, including sTa, 3ô-sialylactosamine (3ô-SLn) and 

related structures.117 Interestingly, SLBR-N seems to prefer disialylated structures.118 

Furthermore, the impact of the Siglec-like adhesins on the virulence of these 

streptococcal pathogens differs with respect to the bound sialoglycan: for example, 

strains that bind sialyl-T-antigen are more virulent compared with a strain that binds 

core 2 O-glycans.112 This emphasizes the need for selective inhibition of binding to 

the former O-glycan structure.  

 

1.6 Objectives 

Given the fundamental roles of glycan-protein interactions in various biological 

functions, including cell-adhesion, modulation of immune responses, development of 

diseases and tumor progression, the investigation of the binding of different human 

and bacterial proteins to their cognate ligands has been carried out in this thesis by a 

combination of several techniques.  

In the context of the immune regulation, Siglecs have been revealed as key actors for 

the treatment of inflammatory, autoimmune, and infectious diseases.  

The inhibitory Siglec-2, expressed on B-cells and involved in tolerance and prevention 

of autoimmunity, was investigated with Neu5Ac-Ŭ-(2,6)-Gal containing 

carbohydrates, including complex-type N-glycans typically found on cell surfaces 

(Chapter III). The outcomes revealed the structural features for potential design and 

development of high-affinity ligands to mediate the Siglec-2 biological functions. 

Another inhibitory lectin, the Siglec-7, mainly found on NK cells, was investigated in 

interactions with certain strains from Fusobacterium nucleatum, oncogenic pathogen 

involved in the development of colorectal cancer (Chapter IV). The expression of 



34 

 

glycosylated forms of Siglec-7 in human embryonic kidney (HEK293S) cells and the 

molecular interactions with Fusobacterium nucleatum OPS led the basis for the 

development of cancer therapeutic approaches targeting F. nucleatum-Siglec-7 

interaction. 

 

Since adhesins are implicated in the biology of infection, some Siglec-like adhesins, 

serine-rich repeat glycoproteins expressed on several streptococcal strains and 

involved in the pathogenesis of infective endocarditis (IE), were studied in interaction 

with different N- and O-glycans (Chapters V-VI) . The aim was the description of the 

binding modes at molecular level together with the dynamic range of conformations 

adopted by the SLBRïsialoglycan complexes. A comparison between Siglecs/Siglec-

like adhesins binding sites was also explored. The outcomes provided the basis for the 

identification of novel therapeutics to prevent or treat IE disease, such as the 

development of specific inhibitors that do not interfere with Siglecs interactions. 

 

Partially related projects (Chapters VII, Appendix), also investigated during the PhD, 

involved the study of the interactions between monoclonal antibodies (mAb) against 

bacterial glycoconjugates (and mimetics). On one hand, the wall teichoic acids (WTA) 

decorating the cell surface of the Gram-positive Staphylococcus aureus; on the other 

hand, the peptidomimetic of the lipooligosaccharide (LOS) exposed on Gram-

negative Neisseria gonorroheae. Since these bacteria have developed resistance to 

antibiotic drugs (methicillin for S. aureus and ceftriaxone for N. gonorroheae), 

different therapies, as the development of vaccines, are urgent for the prevention and 

treatment of the diseases. The results allowed to define the ligand epitopes crucial for 

the mAb recognition in order to give the basis for the synthesis of specific and 

effective targets.  
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II . Unveiling the protein-ligand molecular binding 

The architecture of protein-ligand 3D complexes in biological systems is a 

prerequisite in structure-based drug design processes, for developing new therapeutic 

approaches and strategies. Specific non-covalent interactions in solution are the 

fundamental basis of molecular recognition processes, characterize protein-ligand 

interface and contribute to the complex formation. Due to the presence of hydroxyl 

groups, hydrogen bonds dominate binding forces in carbohydrates. In some cases, OH 

groups can also act simultaneously as a hydrogen-bond donor and acceptor, resulting 

in cooperative hydrogen bonding, often found in glycans-lectins complexes. In this 

regard, a further important polar interaction is the ionic bond between charged 

residues (salt bridge), as occurs with Siglecs recognizing the carboxylate moiety of 

sialic acids. On the other hand, carbohydrates are also composed of non-polar patches. 

Indeed, aliphatic protons of the sugar ring and the presence of glycerol moiety, as in 

sialic acids, are usually packed against the face of ˊ-electron cloud of aromatic amino 

acid residues, forming so-called stacking interactions. 

Thus, an ensemble of heterogeneous techniques, including biophysical, spectroscopic 

and computational methods, is required representing powerful tools to unveil the 

complex interactions occurring at molecular level.119 In this thesis the molecular 

binding of protein-glycoconjugates has been investigated by means of NMR 

spectroscopy in combination with biophysical approaches and in silico methods, such 

as docking and molecular dynamics. 

 

2.1 Nuclear Magnetic Resonance NMR spectroscopy 

NMR spectroscopy is a useful technique to dissect recognition and binding events, as 

those occurring in case of protein-glycoconjugate interactions.120  
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The equilibrium of a small-molecule ligand (L) that binds to a large receptor protein 

(P) to form a complex (PL) follows a bimolecular association reaction with second-

order kinetics: 

 

With kon and koff the association and dissociation constants respectively, whose ratio 

(koff/kon) determines the rate constant KD, defined as follows: 

ὑ                                                [2.1] 

Two limiting cases can occur, depending on the KD value: slow and fast chemical 

exchange between free and bound forms. In the slow exchange regime (KD around 10-

5 M), the lifetime of the complex is longer than the chemical shift difference between 

the free and bound states, resulting in two NMR signals. Conversely, in the fast 

exchange regime (KD around 10-8 M), the process is fast compared to the time scale 

of the chemical shift difference of the two states, and the signals collapse in one single 

peak that represents the average of the chemical shifts in the free and bound forms. 

Since some of the NMR techniques depend on the protein-ligand exchange regime, 

the selection of the appropriate NMR experiment to study a protein-ligand interaction 

is crucial.121 Table 2.1 shows the applicability of some NMR techniques here used and 

described in the following paragraphs. 

Table 2.1. Typical range of applicability of the main NMR techniques for the study of protein-

ligand interactions. 

 

KD

[M]

Target MW 

[kDa]

Typical

protein/ligand

ratio

Labeledtarget 

required

Target binding

site

Ligand epitope

mapping

Ligand

selectivity in a 

mixture

Tr -NOE 10-6ï10-3 No limit 1:5/1:50 No V

STD NMR 10-6ï10-3 > 15 1:50/1:200 No V V

WaterLOGSY 10-6ï10-3 No limit 1.5/1:50 No V V

Diffusion

experiments

10-6ï10-3 No limit 1:1/1:20 No V V

CSP 10-9ï10-3 < 100 1:1/1:10 Yes V
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Most of the screening methods based on nuclear magnetic resonance (NMR) are 

effective in the identification of small molecules interacting with macromolecular 

receptors. Screening may proceed by ligand- or protein-based methods.  

2.1.1 Ligand-based NMR approaches 

Besides the ligand-based NMR techniques used for protein-ligand interactions, the 

ligand NMR assignment is required and can be achieved combining mono- and 

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

monosaccharide composition, the Ŭ or ɓ anomeric configuration, the substitution 

pattern, the nature of non-glycidic substituents. In particular, 1H NMR experiments 

give information about signal multiplicity, scalar interactions between vicinal and 

geminal nuclei propagated through the bond electrons, measured by the coupling 

constant (J), a value used to gain important structural information.  

 

Table 2.2. Typical 1H and 13C chemical shift values of sugar compounds. 

ŭ (ppm) 1H  

8.5 ï 7.5 Ammide resonances 

5.5 ï 4.2 Anomeric protons 

4.5 ï 2.8 Sugar ring protons 

2.6 ï 1.8 Ŭ-methylene protons of deoxy sugars 

1.0 ï 2.0 Methyl protons of the 6-deoxy sugars and of the acetyl groups 

ŭ (ppm) 13C 

160 ï 180 Carbonyl carbons 

95 ï 105 Anomeric carbons 

60 ï 80 Sugar ring carbons 

45 ï 60 Nitrogen bearing carbon signals 

~ 30 Aliphatic methylene carbons of deoxy sugars 

20 ï 17 Methyl carbons of deoxy sugars, acetyl groups  
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For example, a 3JH1,H2 above 8 Hz is indicative of a ɓ-configured pyranose ring with 

gluco- or galacto-configuration; 3JH1,H2 below 3 Hz is diagnostic of an Ŭ-configured 

sugar. The magnitude of 1JC1,H1 is diagnostic of the anomeric configuration and is a 

method applicable to a plethora of sugar moieties (below 170 Hz indicative of a ɓ-

anomer and above 170 Hz of an Ŭ-anomer) . The 1H and 13C typical chemical shift (ŭ) 

regions are listed in the table below (table 2.2). 

To build the sugar sequence, a series of 2D NMR experiments is required. Homo-

nuclear COSY (Correlation Spectroscopy) and TOCSY (Total Correlation 

SpectroscopY) correlate chemical shifts (resonances) of 1H nuclei with geminal and 

vicinal couplings and those belonging to the entire spin network, respectively. 

NOESY (Nuclear Overhauser Effect SpectroscopY) measures the spins cross-

relaxation rates and reveals which protons are close to each other in space; the 

corresponding NOESY measured under spin-locked conditions is called ROESY 

(Rotating-frame Overhauser Effect SpectroscopY), that always gives a positive signal, 

and is often used when NOE is close to zero (e.g., for small oligosaccharides, as in 

many trisaccharides). Regarding the carbon-proton correlation, HSQC (Heteronuclear 

Single Quantum Correlation) correlates directly couple 13C and 1H, HMBC 

(Heteronuclear Multiple Bond Correlation) utilizes multiple-bond couplings over two 

or three bonds (J=2-15 Hz) for determining long-range 1H-13C connectivity. 

Following ligand assignment, ligand-based NMR methods are performed. It is worth 

knowing that this approach renders the molecular weight of the receptor molecule 

irrelevant. However, ligand-based NMR experiments rely on the exchange-mediated 

transfer of bound state information to the free state. Thus, the requisite to perform 

ligand-based methods is the fast protein-ligand exchange regime, with KD Ó 100 ɛM 

in the mediumïlow affinity range, dissociation rate constant in the range 1000 < koff 

< 100 000 s-1 and the use of large ligand molar excesses.122  
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2.1.2 Transferred-NOESY  

NOE effects (NOEs) are awfully practical for the determination of 3D structure of 

molecules in solution. The transferred NOE effect is based on the different behavior 

of a ligand in the free and bound states and allows to detect and characterize ligandsô 

binding. Low-medium molecular weight molecules (e.g., ligands lower than 2 KDa) 

exhibit fast tumbling in solution and short correlation times Űc and can assume positive 

NOE, no NOE or small negative NOE, depending on MW, experimental conditions 

and strength of magnetic field. Conversely, high molecular weight molecules, such as 

proteins, have slow tumbling in solution and long correlation times Űc, showing 

negative NOE (Figure 2.1).  

 

Figure 2.1. 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.  
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Interestingly, a small molecule that binds to a receptor protein behaves as part of the 

macromolecule, adopting the corresponding NOE, called transferred NOE (tr-NOE). 

The ligand, freely and rapidly exchanging between the bound and free forms, retains 

the NMR properties of the protein and stores information on the bound state.123  

The discrimination of NOEs between the free and bound states can be also achieved 

by the build-up rate, that is the time required to achieve maximum intensity of the 

NOE. The maximum NOE is a function of molecular tumbling rates, defined by ɤ0Űc, 

with ɤ0 being the spectrometer observation frequency and Űc the rotational correlation 

time, connected to the molecular size. The maximum enhancement for tr-NOEs is 

observed at significantly shorter mixing times (Űmix in range of 50 to 100 ms) than for 

unbound ligands (four- to ten-times as longer). 

The analysis of NOE-derived inter-protons distances allows to detect conformational 

changes of the ligand upon binding and to obtain the so-called bioactive conformation 

(the conformation adopted by ligand in the bound state).124  

The construction of NOE build-up curves accurately determines 1H-1H nuclear 

distances. Upon integration of the NOEs of spectra acquired at different mixing times, 

the build-up curves are fitted to a double exponential function: 

                         Ὢ ὥὩ ρ Ὡ                                             [2.2] 

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: 

                                                      Ὢπ ὥ ὼ ὦ                                                    [2.3] 

From the initial slope, the inter-proton distances are derived by using the isolated spin 

pair approximation: 

           ὶ ὶ                                                    [2.4] 
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where rij is the distance to calculate, rref is a known distance used as reference, ůref is 

the cross-relaxation rate, and ůij is the cross-relaxation time that gives the desired 

distances. 

 

2.1.3 Saturation Transfer Difference 

Saturation transfer difference (STD) NMR spectroscopy is a powerful NMR 

technique for the detection and characterization of transient receptorïligand 

interactions in solution.125,126 Based on the magnetization transfer from the protein to 

the ligand protons by spin diffusion and intermolecular NOE, STD NMR allows to 

verify the occurrence of protein-ligand interaction and investigate the binding process 

at molecular level, by deriving the ligand epitope map. STD NMR is acquired as a 

pseudo-2D experiment, resulting from the subtraction of two mono-dimensional 

NMR spectra: 1) the off-resonance, where a region far from the protein and ligand 

signals (usually at around 40 ppm) is irradiated to detect the reference spectrum, and 

2) the on-resonance, where the protein signals  are saturated (usually in the aromatic 

or aliphatic spectral region) by applying a selective low power radio frequency-pulse 

train in the range of seconds (saturation time). The saturation is therefore transferred 

from the receptor to the interacting ligand during its residence time in the protein 

binding pocket by intermolecular saturation transfer and fast chemical exchange. In 

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

koff, an accumulation of saturated free ligand in the bulk solution occurs, and protons 

that receive magnetization from the receptor decrease their signals intensities. Since 

the STD is the subtraction of the off- and on-resonance spectra, ligand protons closer 

to the protein binding site will receive a higher degree of magnetization by 

intermolecular 1H-1H cross relaxation pathways, showing higher STD signals; on the 

other hand, ligand protons farer from the protein will receive little or no saturation, 
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resulting in lower or in absence on STD signals (figure 2.2). The STD intensities (ISTD) 

are calculated as follows: 

 

                                                        Ὅ   
                                                                                          [2.5]  

 

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.127 Once set 

the most intense STD signal as 100%, all the other protons are normalized to obtain 

STD% values.  

 

Figure 2.2. 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 ligand 
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protons by intermolecular NOE. Only the ligand signals involved in the binding process will 

show STD signals in the spectrum.  

 

To overcome possible artifacts correlated to the relaxation times, STD NMR spectra 

can be recorded at different saturation times (tsat is usually from 0.5 s to 5 s) to obtain 

the STD build-up curves. 

The initial growth rates are obtained deriving the STD intensities close at the limit of 

zero saturation time, where no ligand re-binding or relaxation takes place. STD build-

up curves are calculated from the STD amplification factor (ASTD) following the 

equation:  

    !     z  = ᶻ                                     [2.6] 

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 are fitted to the following mono-exponential function:128 

STD (Ô 34$ ᶻρ ÅØÐË Ôz                            [2.7] 

where STD (tsat) is the observed STD intensity, STDmax is the asymptotic maximum 

of the build-up curve, tsat is the saturation time, and ksat is the rate constant related to 

the relaxation properties of a given proton that measures the speed of the STD build-

up. The parameter STDfit represents the slope of the STD build-up curves when 

saturation time is 0 and depends on the proximity of the ligand to the protein. To 

obtain the epitope map of the ligand, the STDfit values are normalized with respect to 

the highest one, set to 100%.  

Therefore, STD NMR is a useful method to get information on the binding epitope of 

the ligand in interaction with a macromolecule, of primary importance, for example, 

in the development of drugs and/or mimetics. Worthy, sample containing a low 

concentration of macromolecule (in the ɛM range) is sufficient, but a large molar 
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excess of ligand is required (typically from 1:10 up to 1:1000). As mentioned above, 

STD NMR technique is only applicable to protein-ligand systems in fast exchange, 

with a medium-weak affinity to the receptors, exhibiting a dissociation constant 

generally in the millimolar to micromolar range (KD 10-6ï10-3 M). 

 

2.1.4 WaterLOGSY 

Water molecules play as mediators of hydrogen bonds between sugar and protein, 

especially in lectin-carbohydrate complex structures. Water sites are defined as space 

regions close to the receptor surface where the probability to find a water molecule is 

significantly higher than in the bulk solvent.129 Water molecules can form hydrogen 

bonds with both protein and ligand, sometimes remaining at their interface as fixed 

structural elements. Therefore, important information can be obtained performing 

hydration NMR experiments, by using the WaterLOGSY (Water-Ligand Observation 

with Gradient SpectroscopY) technique, where the source magnetization originates 

from bulk solvent (H2O) protons instead of target receptor (figure 2.3). Being a NOE-

based experiment, the fast-exchange regime is required to describe protein-ligand 

binding events via bulk water.130  

 

Figure 2.3. Schematic representation of WaterLOGSY principle. Water molecules, 

surrounding the receptor surface or in chemically exchange with the protein groups, are 

selectively irradiated; then, the magnetization is transferred from the receptor to the ligand, 

which interacting protons will assume the NOE properties of the macromolecule. The water 
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suppression is carried out by either excitation sculpting with gradient suppression scheme or 

WATERGATE, hard pulse water suppression by gradient tailored excitation.  

 

The WaterLOGSY is conventionally acquired as 1D NOE-ePHOGSY pulse sequence, 

based on three steps: 1) the selective excitation of the bulk water with the inversion 

of resonance, 2) the magnetization transfer via NOE and spin diffusion (NOE mixing 

time) and 3) the water suppression.131 Conventionally signals in the WaterLOGSY 

spectra are ñupside downò phased: ligand in the free state or non-binder molecules 

show negative signals, while binder resonances will appear as positive in the 

spectrum. However, depending on the protein-ligand exchange regime, binders can 

remain negative in the WaterLOGSY spectrum, only decreasing their intensity. Thus, 

to avoid artifacts is necessary the acquisition of a WaterLOGSY spectrum of the 

ligand in absence of the protein (as reference) and is recommendable to perform the 

experiments by using a mixing time in the range of 1-3 s. Comparing the ligand signals 

in the free and bound states, resonances that undergo changes in sign or relative 

intensities are indicative of presence of resident water molecules in the protein-ligand 

complex.   

 

2.1.5 Other NMR techniques 

Relaxation and diffusion can also provide further information on the protein-ligand 

complexes in solution. Several conditions influence these parameters, such as 

molecular size and shape as well as temperature, viscosity of the solvent and strength 

of the NMR magnetic field.  

A relaxation-based NMR method studied in this thesis is the 

CarrīPurcellīMeiboomīGill (CPMG) experiment.132 When a small ligand interacts 

with a macromolecule, a decrease of T2 relaxation time occurs, resulting in an 
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observation of a line broadening and lower signal intensities in the CPMG spectrum. 

Thus, this phenomenon is indicative of the complex formation (figure 2.4).  

 

Figure 2.4. Schematic representation of Carr Purcell Meiboom Gill (CPMG) experiment. T2 

relaxation measurements are carried out for the ligand in absence and in presence of the 

protein. The ligand protons that bind to the receptor will assume the relaxation properties of 

the macromolecule, resulting in a decrease of signal intensities.  

 

Information on the potential protein-ligand complex formation can be also achieved 

by measuring the diffusion properties of molecules in solution, by means of their 

Brownian motions. The NMR technique used in this thesis is called DOSY (Diffusion 

Ordered SpectroscopY). The experiment is performed using a sequence based on 

short-time Pulsed-Field Gradient (PFG) that generates local variation of the magnetic 

field, allowing molecules to be spatially labeled in the NMR tube.133 The diffusion 

coefficients of the molecules can be calculated following the Stokes-Einstein 

equation:   

D = kbT/(6ˊɖrh) Ὀ                                        [2.8] 

where D represents the diffusion coefficient (m2/s), kb is the Boltzmann constant, T is 

the temperature, ɖ is the viscosity of the solvent and rh is the hydrodynamic radius. 
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Differently from the previous ligand-based NMR techniques, the protein-ligand ratio 

is low, usually going from 1:1 to 1:10. Before the acquisition of 2D DOSY NMR 

experiments, diffusion time and gradient parameters must be optimized depending on 

the system. Indeed, these parameters affect the diffusion decay and the attenuation of 

NMR signal intensity (figure 7 A), defined as follows: 

) )Å
Ў Ⱦ

                                            [2.9] 

where I represents the NMR signal intensity, I0 is the reference intensity, D is the 

diffusion coefficient, ɾ is the gyromagnetic ratio and g is the gradient strength. 

The analysis of the binding is then monitored by the calculation of all diffusion 

constants of each species in solution. Thus, a variation in the diffusion coefficient 

values observed passing from the free ligand to the bound state will indicate changes 

in the diffusion properties and may suggest the formation of protein-ligand interaction 

(figure 2.5).134  
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Figure 2.5. Schematic representation of Diffusion Ordered SpectroscopY (DOSY) 

experiment. A) Measurement of signal decay for the optimization of gradients and diffusion 

time parameters prior the acquisition of the 2D DOSY experiments.  B) Example of 2D DOSY 

NMR spectra in the free and bound states, showing differences in the diffusion coefficient and 

properties.  

 

2.2 Protein-based NMR approaches 

Protein-based NMR methods permit the direct observation of receptor signals to 

characterize the interactions with cognate ligands, detecting the receptor binding site, 

when unknown.135 For the acquisition of these NMR experiments, a previous 

assignment of the protein NMR resonances is required. A soluble and non-aggregated 

isotope-labelled protein (e.g. 13C, 15N, 2H) must be expressed and purified and then 
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characterized by specific 3D NMR experiments for the assignment of protein 

backbone and lateral chains.136  

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, CŬ and Cɓ belonging to the same and preceding amino acid. 

 

For this reason, the limit of the protein-based technique is the macromolecule size 

(typically < 50 kDa). Since the molecular weight impacts the relaxation times, thus 

resulting in low quality 15N-HSQC spectra for large macromolecules, several 

methodologies have been developed in the last decades. The minimization of signals 

overlap can be accomplished by the reduction of spin-spin relaxation, by using the 

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

extends the T2 relaxation times, allowing narrower lines in NMR spectra. Another 

solution is the TROSY (Transverse Relaxation Optimized SpectroscopY) 

implementation of triple resonance experiments, that selects a single component of 

different relaxation T2 mechanisms (due to the dipole-dipole mechanism and chemical 

shift anisotropy) leading to a single and sharp peak in the spectrum.137In this thesis, 

3D NMR experiments were used for the protein backbone assignment, as depicted in 

3D HNCO 3D HNcaCO 3D HNcoCA 3D HNCA

3D CBCAcoNH 3D HNCACB
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figure 2.6. Spectra were analyzed by using CARA (Computer Aided Resonance 

Assignment) software.138 The program allows to identify each resonance and associate 

it to a nuclear spin (peak peaking) and assign each spin system to a specific residue of 

the protein sequence (matching).  

2.2.1 Chemical Shift Perturbation 

Chemical shift perturbation (CSP) or chemical shift mapping (CSM) is the most 

common protein-based NMR experiment, which is used to map the chemical shift of 

a 15N labelled protein when it is titrated with a ligand.139,140 Indeed, if the interaction 

occurs, the chemical shifts of the amino acids involved in the complex formation with 

ligand are subjected to perturbation. CSP analysis of a protein/ligand complex 

requires the acquisition of the 15N-HSQC spectrum for the apo protein as reference. 

Then, sequential 15N-HSQC spectra are performed upon addition of increasing ligand 

concentrations, ideally until the protein binding site is completely saturated.  

 

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. 

Fast exchange Slow exchange

ɤF ɤB ɤF ɤB

Ligand [ɛM] Ligand [ɛM]
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A fundamental prerequisite for chemical shift perturbation analysis is that the protein 

and the ligand must be dissolved in the same buffer and the measurements during the 

titration must be acquired under the same conditions. This is important because 

chemical shifts are very sensitive to differences in temperature, pH value and buffer 

composition, especially those of amide protons.3 

The chemical shift perturbation depends on the protein-ligand exchange regime 

(figure 2.7): in the fast exchange limit, the chemical shift represents the population 

averaged value between the free and bound forms, and the peak move linearly by 

adding amounts of ligand; in the slow exchange limit, a decrease in intensity of the 

peaks affected by the interaction is observed and, in some cases and at large excess of 

ligand, it is possible to see the appearance of new cross peaks. When ligand binds to 

multiple protein binding sites with different affinities, the chemical shift does not 

move linearly in the 15N HSQC spectra. 

Although most of the peaks affected by a variation of the chemical shift determines 

the binding site of the protein that accommodates the ligand, conformational changes 

of amino acids also lead to differences in resonance frequencies. Thus, the shifting of 

a signal is not always indicative of the vicinity to the binding interface, but it could 

give information about allosteric changes in the protein structure when a ligand is 

bound. This kind of conformational change usually happens to protein residues that 

are buried in the 3D structure or located far from the binding pocket. 

 

2.3 Computational methods 

Molecular modelling encompasses all computational methods used to model or mimic 

the behavior of molecules. 3D complexes have been investigated using computational 

approaches combined to experimental techniques of structural biology, such as NMR 

spectroscopy, X-rays crystallography and cryo-EM. Additionally, in silico methods 
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can elucidate the structural characteristics of molecules when experimental data are 

missing. Here, molecular docking and dynamic simulations were used. 

 

2.3.1 Docking 

In the field of molecular modelling, molecular docking is a method widely used for 

the structure-based drug design, thanks to the ability to predict the binding-

conformation of small molecule into appropriate protein binding site, providing a 

model of the interaction. In general, computational docking protocols allow to find 

the possible binding poses of a small molecule within a particular receptor, adjusting 

their conformation to achieve the ñbest-fitò. The second step is the energy scoring of 

the resulting binding poses, so the energy evaluation of the ligand-target complex. 

Although these two steps are common in all the programs available for docking 

calculations,141 the main differences rely on the algorithm used for the computational 

search and the nature of the scoring function applied to rank the docked poses.142,143 

Moreover, each program diverges for the maximum number of rotatable bonds of 

ligand, and therefore entails a different accuracy and computational cost. Three types 

of algorithms for the conformational ligand search can be chosen: shape matching, 

systematic search and stochastic algorithms.  

Shape matching algorithms consider the geometrical overlap between two molecules, 

identifying the possible binding sites of a protein by a macromolecular surface 

search.144 Systematic search algorithms are usually used for flexible-ligand docking, 

and all possible binding conformations are generated by exploring all 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 in the ligand are executed.145  

Regarding the energy evaluation, three scoring functions can be classified: force-field 

based, knowledge-based and empirical-based scoring functions. Force-field based 
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scoring functions employ non-bonded terms of classical force fields to compute the 

direct interaction energies, considering van der Waals and electro-static energies as 

well as stretching, bending, and torsional energies. Knowledge-based scoring 

functions are based on the statistical analysis of interacting contacts from proteinï

ligand complexes identified from structure databases. Empirical scoring functions 

make use of several intermolecular interaction terms, such as hydrogen bond and 

hydrophobic interactions, for pose and affinity prediction so that fitted theoretical 

values are as close as possible to experimental data. 

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

and it can be provided by experimental techniques, such as X-ray crystallography or 

NMR spectroscopy, or it can derive from homology modelling methods. Another 

important, but not mandatory, requisite is the information about the protein binding 

site. In Autodock4146 used in this thesis, information on the binding site helps to build 

the AutoGrid grid box, that is the grid volume where the ligand rotates freely, even in 

its most fully extended conformation. If the binding pocket is unknown, a grid volume 

big enough to cover the entire protein surface is necessary, resulting in more 

computational costs. In this cases, preliminary docking experiments could be 

performed to investigate if some regions of the protein are preferred by the ligand, in 

a process known as ñblind dockingò. In this way, a second round of docking 

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

In Autodock program, evolutionary programming (EP) algorithms are considered, 

where computational models are treated as evolutionary biological processes. In 

particular, Autodock uses the Lamarckian Genetic Algorithm,147 an EP algorithm 

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

that tries to find the closest conformation of the global energy minimum.148 In this 

hybrid method, the ligand variables (translation, orientation, and conformation) are 

considered as a ñgeneò that characterize a ñgenotypeò (ligandôs state), while the 
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atomic coordinates correspond to the ñphenotypeò. 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). 

AutoDock, that uses a Lamarckian Genetic Algorithm and semi-empirical free energy 

force field to score docked binding poses of small molecules to macromolecular 

targets, creates a set of docked conformation with the sum of intermolecular and 

internal energy components. The conformation with the lowest docked energy could 

be considered as óbestô docking result. 

2.3.2 Molecular Mechanics and Dynamics simulation 

Molecular mechanics and dynamics simulation are methods to calculate the structure 

and energy of molecules based on nuclear motions. According to the Born 

Oppenheimer approximation, nuclei are considered much heavier than electrons, 

moving much more slowly. In this assumption, atoms, characterized by a mass and 

size (van der Waals radius), are represented as hard and impenetrable spheres, 

covalently connected by elastic bonds (stretch, bend, torsion), according to Hookeôs 

law and characterized by non-bonded interactions (van der Waals and electrostatics). 

The sum of these energies defines the potential energy surface of a molecule. The 

atomic interactions can be modelled with simple parameterized functions determining 

moleculeôs potential energy and geometry, called force fields, that can be obtained 

either from ab initio or semi- empirical quantum mechanics (QM) calculations or by 

fitting of experimental data. Thus, the choice of the force field is the core of the 

validity of any Molecular Mechanics and Molecular Dynamics simulation.  

For carbohydrate structures, the major force fields used are Amber/GLYCAM149 and 

CHARMM.150 Both force fields cover the majority of common monosaccharides and 

contain different glycosidic linkages. GLYCAM06 is suitable for D and L 
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enantiomers, mono- and oligosaccharides, and for all glycosidic linkages, including 

N-glycosylation. It is the only force field in which the same atom type (Cg) at the 

anomeric carbon (C1) is assigned in both anomers, Ŭ and ɓ, facilitating the simulation 

of ring-flipping and having equilibrium between conformers with axial and equatorial 

substituents at the anomeric center.  

 

Figure 2.8. Representation of a protein backbone, with the dihedral angles which are defined 

in Amber ff14SB force field.  

 

Regarding proteins, the force field mostly used is Amber ff14SB151, where parameters 

are usually calculated by ab initio methods152 and then fitted and validated with 

experimental results. Protein backbone, for example, is represented as two dihedral 

angles, ű (CīNīCŬīC) and ɣ (NīCŬīCīN), both defined in the force field (figure 

2.8). 

2.3.2.1 Molecular mechanics of sugars 

The 3D structure of carbohydrates is characterized by the sugar composition and 

glycosidic linkage, parameters that allow to describe shape and conformation. Ring 

shapes can be defined in terms of reference conformations (chair, C, twist, T, boat, B, 

envelope, F, skew, S). The sugar conformation is mainly described by glycosidic 

torsion angles ū (H1-C1-O1-Cx) and Ɋ (C1-O1-Cx-Hx). However, when the glycosidic 

bond does not involve an endocyclic carbon (atom not located in the ring), such as for 

1,6 linkages, the ɤ (O5-C5-C6-O6) angle is considered (figure 2.9). Sampling of the 
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ɤ torsion angle was described by means of the populations of the gaucheīgauche (gg), 

gaucheītrans (gt), and transīgauche (tg) rotamers.153 

 

Figure 2.9. Representation of a sugar torsion angles. 

 

The additional flexibility of the Ŭ-(1Ÿ6)-linkages makes it more challenging to 

determine the preferential conformation in solution of oligosaccharides containing 

these linkages.31 The three cases of staggered rotamers in Newman projections are 

shown in Figure 2.10. 

 

Figure 2.10 Newman projections of staggered rotameric states of the omega torsion angle 

along the C6-C5 bond: gg (gauche-gauche), gt (gauche-trans) and tg (trans-gauche). 

 

Various methods exist for the calculation of ū and Ɋ to define the energy map, 

generally applied to each disaccharide unit in a glycan chain.154 MM3 is the main force 

field used to calculate local minima and flexibility of glycosidic torsions,155,156 but free 

carbohydrate databases (such as http://glycosciences.de) are also available. Thus, the 

potential energy surface showing conformational energy for the ū and Ɋ dihedral 

angles can be plotted on ñadiabaticò maps, representing energy graphs similar to the 
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Ramachandran plots used for proteins, that show the energetically favorable 

conformations of a carbohydrate dimer.157 

 

2.3.2.2 Molecular dynamics 

Molecular dynamic simulation (MD) is one of the main tools in the computational 

study of biological molecules, that provides detailed information on the dynamics and 

conformational changes of molecules and their complexes.  

In a MD simulation, the initial velocities and positions of all atoms in the biomolecular 

system are set up. The forces acting on each atom are calculated and, following the 

Newtonôs second law of motion, the spatial position of each atom is predicted as a 

function of time.158 Given the atom ñiò with mass ñmiò and cartesian position ñxiò, Fxi 

represents the force acting on the atom during the time t: 

                                                    [2.10] 

The iter is repeated for defined time intervals and the position and velocity of each 

atom in each step is evaluated, producing a trajectory that describes the atomic-level 

configuration of the system at every point over the time.159 The first step of a MD 

simulation is the energy minimization. A common method is the steepest gradient in 

which geometry optimization of the system is executed until reaching the local 

minimum.160 During this phase, the best approach is the inclusion of the environment 

in the simulation, for example considering the MD with explicit water molecules or 

other surrounding molecules. In this context, due to the presence of hydroxyl groups 

that establish several hydrogen bonds, carbohydrates have a very high affinity towards 

water molecules. By using explicit water, the simulation of complex occurs within a 

box of solvent molecules, under periodic boundary conditions (PBC) to avoid surface 

artefacts. Among the models that take into account of water molecules, the most used 

is the TIP3P.161 The infinite electrostatic interactions are calculated by using particle 
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mesh Ewald summation (PME) in which the summation into short- and long-range 

parts is split. The second step is based on the heating phase to remove the unfavorable 

contacts between solvent and solute, such as steric clashes. Here, the velocity of the 

atoms is increased and calculated with standard temperature-dependent Maxwell-

Boltzmann distribution. The following step is the equilibration. It consists of the 

system relaxation under controlled energy, temperature, pression and volume 

conditions. The last step is the production of the final trajectories.  

Molecular dynamics simulations represent a promising tool for the investigation of 

carbohydrates, in free and bound states, and are usually used in combination with 

NMR data (e.g. NOE and residual dipolar coupling-based experiments) to describe in 

detail the conformational behavior of ligands as well as to build validated 3D models 

of complexes.  

 

2.3.3 CORCEMA-ST program 

CORCEMA-ST (Complete Relaxation and Conformational Exchange Matrix 

Analysis of Saturation Transfer) is a software that allows quantitative analysis of 

saturation transfer difference NMR (STD-NMR) data.162 This tool is based on a 

modification of the CORCEMA theory and enables the prediction of STD intensities 

from the Cartesian atomic coordinates of the ligandïreceptor complex.163 

CORCEMA-ST can predict theoretical ligand STD intensities from a given molecular 

model of the proteinïligand complex, if specific system properties, such as 

dissociation constant, koff, rotational correlation times of the receptor and ligand, are 

known. In this way, CORCEMA-ST results a valuable program for the quantitative 

structural interpretation of experimental STD NMR data.  
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Figure 2.11. Schematic representation of CORCEMA-ST protocol for the determination of 

theoretical STD and the validation of 3D protein-ligand complexes.  

 

The comparison between experimental STD build-up curves with theoretical ones 

allows predictions for a model of the complex that could be obtained by use of 

different techniques (e.g., X-ray crystallography, NMR, docking simulations). The 

method uses the matrix calculations, in which the Cartesian coordinates of all the 

protons of ligand and protein are considered within a given cut-off distance. The 

quality of molecular model that reproduces the experimental NMR data can be 

quantified by the so-called R-NOE factor. Given the proton k, R-NOE is calculated 

as follows: 

Ὑ ὔὕὉ ȟ ȟ

ȟ

                                 [2.11] 
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where STDexp,k and STDcal,k are the experimental and calculated STD intensities, 

respectively. A good fit between experimental and theoretical data is achieved at low 

R-NOE values, meaning a good validation of the 3D complex. Thus, different 

structural models, e.g., from different docking runs or clusters of MD, can be ranked 

according to how well they explain the experimental STD NMR data in order to obtain 

the best model. The R-NOE factor can be used as a scoring function to drive a 

conformational search for the ligand bound in the protein binding site. Moreover, after 

the identification of a good starting pose, the R-NOE value can be minimized by 

optimizing some key torsion angles via simulated annealing in order to find the global 

energy minimum of the ligand bound to the receptor. Another procedure is the 

refinement of the ligand geometry into the binding site by experimental STD data.  

 

Therefore, the ensemble of experimental techniques, as those mentioned above, with 

computational approaches, such as molecular docking, dynamics simulations and 

CORCEMA-ST has been considered useful for the determination of the 3D structures 

of ligand-receptor complexes. 
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III . Unveiling the murine and human CD22 recognition towards 

sialoglycans 

3.1 Introduction 

Siglec-2, or CD22, an inhibitory glycoprotein mainly expressed on B cells (see 

Chapter I, §1.4.3), upon specific recognition of Ŭ-2,6 linked sialoglycans inhibits the 

B cell antigen receptor (BCR) signal, developing tolerance to self-antigens and 

avoiding autoimmune processes and diseases. Siglecs, and in particular CD22, are 

considered effective glyco-immuno checkpoints within cancer immunotherapy.164 

The main sialoglycans expressed on mammalian tissue contain N-acetylated 

(Neu5Ac) and its derivative N-glycolylated (Neu5Gc) sialic acid (see Chapter I, § 

1.1.2); importantly, several studies showed the presence of Neu5Gc on fetal tissues 

and tumor cells.165,166 Although humans lack the CMAH enzyme for the synthesis of 

Neu5Gc, they can incorporate it from dietary sources. Indeed, low levels of Neu5Gc 

were found on the surfaces of human secretory epithelia and small- and large-blood 

vessels endothelia.167 Both murine and human CD22 can bind acetylated and 

glycolylated sialoglycans, with m-CD22 preferring Neu5Gc over Neu5Ac.168 Since 

changes in the Neu5Gc/Neu5Ac ratio can potentially modulate Siglecsô binding and 

signaling properties, understanding the basis of these interactions may have 

therapeutic implications. Thus, we here elucidated the molecular binding of CD22 and 

ad hoc synthesized complex-type N-glycans and the role of N-glycolyl neuraminic 

acid (Neu5Gc) in the interaction with both orthologues (murine and human CD22).  

Moreover, our results could enable the development of glycomimetics for modulating 

the activity of Siglec-2 in autoimmune diseases and B-cell derived malignancies. 
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3.2 Insights into the affinity of the interaction between h-CD22 and acetylated 

N-glycans 

Both human and murine CD22 (h-CD22, m-CD22) were expressed by Prof. Paul 

Crocker (University of Dundee, UK) as recombinant soluble IgG Fc chimeras. The 

interaction of h-CD22 with the trisaccharide Neu5Ac-Ŭ-(2,6)-Gal-ɓ-(1,4)-GlcNAc-ɓ-

(CH2)2NH2 (6ôSLn) was firstly assessed, representing the terminal end of complex-

type N-glycans, typically exposed on the surface of mammalian cells, through 

biophysical techniques, including surface plasmon resonance (SPR) and alpha 

(Amplified Luminescent Proximity Homogeneous Assay) screen assays, ligand-based 

NMR methods and MD simulations. Then, the binding of h-CD22 with complex-type 

N-glycans was characterized, providing the ligand conformational features and 3D 

views of the complexes by the ensemble of NMR and computational data. 

 

3.2.1 Biophysical techniques for detecting the binding between h-CD22 

and N-glycans 

 

Figure 3.1. SPR analysis. A) Overlay plot of SPR sensograms from steady-state affinity 

analysis of h-CD22 binding to trisaccharide (1) at different concentrations. The sensorgrams 

were reference subtracted and blank subtracted. B) The equilibrium SPR response was plotted 

against the analyte concentration. Solid line represented the nonlinear curve fitting to the data 

(squares). 

 

A B
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In collaboration with Prof. Antonio Randazzo group (Farmacy Department, 

University Federico II), SPR binding experiments169 were acquired to detect the 

affinity of the interaction between h-CD22 and 6ôSLn. The protein was immobilized 

on the sensor surface and different concentrations of ligand, ranging from 0.031 mM 

to 0.5 mM, were injected. A dissociation constant KD of 250 µM was evaluated (figure 

3.1). 

 

Figure 3.2. Scheme of an alpha screen experiment. Donor bead contained a photosensitizer 

(phthalocyanine) which converted ambient oxygen to an excited singlet oxygen, upon 

excitation at 680 nm. Within its 4 ɛs half-life, the reactive form of O2 could diffuse 

approximately 200 nm in solution. If during this time an acceptor bead was within that 

distance, the energy transfer from the singlet oxygen to thioxene derivatives in the acceptor 

bead produced a luminescent signal at 520-620 nm (alpha signal). The presence of the 

untagged ligand interacting with the protein competed to the biotinylated ligand, leading to a 

decrease of the light production. 

 

Alpha screen experiments170 were also performed for the determination of the apparent 

IC50 of different ligands binding to h-CD22 (figures 3.2 and 3.3). This technique was 

based on the competition of a ligand of interest to a biotinylated ligand, coated on 
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streptavidin donor bead, interacting with the protein of interest, captured on an 

acceptor bead. Upon illumination at 680 nm, the energy transfer from one bead to 

another produced a luminescent signal at 520-620 nm. The decrease of the alpha 

signal, measured as IC50, was detected when an untagged ligand (the ligand of interest) 

bound to the protein. The lower the IC50 value the stronger the binding between h-

CD22 and the competitor. Our results showed the specificity of the protein towards 

Ŭ-2,6 sialylated ligands and a preference for complex-type N-glycan containing two 

sialic acids (ligand 2, figure 3.3), suggesting the involvement of both residues in the 

recognition. 

 

 

 

Figure 3.3. Alpha assay on h-CD22 and different sialoglycans (1-5). A) 3D bar-graph of the 

alpha counts in absence of the competitor to determine the optimal concentrations of protein 

and biotinylated ligand. B) Dose-response plot of alpha counts at different concentration of 

the ligand competitor (structure at the bottom) to determine the IC50 (values shown in the 

table), calculated using GraphPad Prism. 95% confidential interval (95% CI) were listed inside 

parenthesis. Measurements were done in triplicate.  
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3.2.2 Molecular binding between h-CD22 and acetylated 6ôSLn  

STD NMR experiments were carried out on CD22 in the presence of 6ôSLn 

trisaccharide (figure 3.4). Interestingly, STD enhancements were detected only for 

sialic acid and galactose residues (figure 3.4 A). The strongest STD effect belonged 

to the acetyl group of the sialic acid (AcK), while no STD response was observed for 

the N-acetylglucosamine residue, indicating it pointed far from the protein binding 

pocket. 

 

Figure 3.4. STD NMR analysis of h-CD22 and 6ôSLn. A) STD NMR spectrum (red) and off-

resonance (black) acquired at saturation time of 2 s. B) Epitope map of 6ôSLn calculated by 

(I0īIsat)/I0, where (I0īIsat) was the intensity of the signal in the STD-NMR spectrum and I0 was 

the peak intensity of the unsaturated reference spectrum (off-resonance). The highest signal 

belonging to AcK was set as 100% of STD response and the other proton signals were 

calculated accordingly. C) STD build-up curves at different saturation times (from 0.5 to 5 s). 

STD AF intensities on the y axis were calculated according to the equation [2.7] (Chapter II, 

§ 2.1.3). 

 

An accurate epitope mapping of the ligand was obtained by acquisition of the STD 

signals at different saturation times (figure 3.4 B and C). Indeed, because the 

intensities of the observed STD signals were correlated not only on their proximity to 

the receptor but also on longitudinal relaxation time (T1), the use of STD build-up 
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curves was used to prevent possible misinterpretation and to overcome possible 

artifacts due to differences in capability to accumulate saturation in the free state.171 

The slope of the STD build-up curve close to saturation time of 0 (STDfit) 

corresponded to the STD intensity influenced solely by the proximity of the ligand 

proton to the protein (see Chapter II, § 2.1.3).  

The epitope map of the trisaccharide was obtained by normalizing all the values of 

different protons ligand to the largest STDfit, giving STDepitopes fit (table 3.1). Since the 

acetyl group of the sialic acid were the protons with maximum magnetization transfer, 

the STD intensity of this peak was set to 100% as a reference and the relative STD 

intensities for the other protons were normalized based on this peak intensity.172  

Table 3.1. Measured STD intensities of the trisaccharide bound to h-CD22 at different 

saturation times. STDmax values were calculated by fitting the data to a mono-exponential 

equation: STD (tsat) = STDmax* (1 ï exp (- ksat * tsat)). 

 

1H
 STDmax Ksat STD (fit)  

STD epitopes 

(fit)  

K Ac  2.0593 0.3725 0.7671 100% 

K3ax 0.4342 0.4799 0.2083 27% 

K3eq 0.4431 0.4853 0.2150 28% 

K5 0.6731 0.3493 0.2351 30.6% 

K6 1.1775 0.4381 0.5159 67.2% 

K7 1.0562 0.4245 0.4483 58.4% 

K8 0.6790 0.4431 0.3001 39.1% 

k9R 0.5748 0.5763 0.3313 43.2% 

H4 Gal 0.9346 0.4757 0.4445 57.9% 

H6R Gal 0.8157 0.4578 0.3734 48.6% 

H5 Gal 0.5122 0.6201 0.3176 41.4% 

 

In order to obtain information about the bioactive conformation of the trisaccharide, 

the conformational behavior of the ligand was initially studied in the free state. The 

relative orientations of saccharide units are expressed in terms of the glycosidic 
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linkage torsion angles ū (O5ǋīC1ǋīO6īC6) and Ɋ (C1ǋīO6īC6īC5). For (1Ÿ6) 

linkages, an additional torsion angle, ɤ (O6īC6īC5īO5), associated to the 

hydroxymethyl group, provided additional flexibility to the glycosidic linkages (see 

Chapter II, § 2.3.2.1). 

To unveil the conformational distribution of the ɤ torsion angle, and discriminate 

between gt (staggered conformation at 60°), gg (ī60°), and tg (180°) orientations, the 

equation proposed by Thibaudeau et al.,173 was considered:  

2ὐὌȟὅ ρȟςωρȟυσὧέί‫ σȟφψίὭὲ‫                        [3.1] 

The heteronuclear coupling costant 2ὐὌȟὅ  was calculated by HSQC-HECADE 

(heteronuclear couplings from e.COSY-type cross peaks) experiment (Figure 3.5).  

 

 

Figure 3.5. HSQC and HSQC-HECADE spectra. Projections over each cross peak yield the 

active heteronuclear coupling in antiphase in both dimensions. In contrast, the homonuclear 

proton couplings were exclusively displayed in the proton dimension (F2). Since the one-bond 

coupling could be assumed to be positive, the signs of the other couplings resulted from the 

tilt of the respective cross-peak pattern. For negative peaks, only one contour level was 

plotted.174 
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The experimental value of 2ὐὌȟὅ , found by HSQC-HECADE NMR experiment, 

was -4.1. Resolving the eq. 3.1, the ɤ torsion angle calculated was close to 60°, that 

corresponded to the gt conformation. Moreover, the large value of the 3JH5,H6proR of 8,7 

Hz confirmed the preference for the gt conformer since it implied the antiperiplanar 

orientation of the proton H-6proR with respect to H-5. The preference for the gt 

conformation was also detected by molecular dynamics (MD) simulation and 

molecular mechanics (MM) analysis (figure 3.6), performed by Prof. Sonsoles Martín 

Santamaría (CSIC, Madrid). 

 

Figure 3.6. MD (A) and MM (B) analysis confirmed the preference for the gt conformation in 

the free state.  

 

The higher gt population of trisaccharide suggested the interaction between the 

terminal NeuAc and the internal sugar residues to stabilize the gt conformation, and 

gave a ñbentò conformation.175,176  

For the determination of the bioactive conformation of ligand upon binding to h-

CD22, tr-NOESY/tr-ROESY experiments were performed and compared to the 

corresponding spectra in the free state (figure 3.7). The NOESY experiment acquired 

on the ligand alone resulted close to zero; passing to the bound state, negative NOEs 

were observed, confirming the binding between h-CD22 and 6ôSLn (figure 3.6 A).  

A B
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Figure 3.7. NMR experiments for the conformational analysis of 6ôSLn. A) NOESY of the 

free state at mixing time of 600 ms (left) and tr-NOESY of 6ôSLn bound to h-CD22 at 250 ms 

(right). B) ROESY NMR spectrum in the free (left) and bound states (right) at 600 and 250 

ms, respectively. The key ROE between the proton at position 5 of the sialic acid and the acetyl 

group of the N-acetylglucosamine residue (red circle in the spectra) was indicative of the 

ligand bent conformation. 

 

Comparing the free and bound states (figure 3.7 B), no significative differences were 

detected. Notably, the key ROE contact between H-5 of the sialic acid (K5) and the 

acetyl group of the GlcNAc (AcA) was indicative of the ligand bent conformation, as 

suggested by the main population for ɤ of 60Á. The evaluation of inter-glycosidic 

NOE/ROE contacts allowed the description of the binding mode. The cross peaks 

intensities, measured at different mixing times, from 100 to 600 ms, were used to 

extract the 1Hī1H cross relaxation rate (ů) and to calculate the proton-proton inter-

residual distances (table 3.2). 

 

A

B
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Table 3.2. Experimental and theoretical 1H-1H distances. The experimental inter-proton 

distances were calculated by ROESY and tr-ROESY in the free and bound state (estimated 

error 5ï10%). The theoretical distances were calculated from MD simulation on the 

trisaccharide in the free state. Distances were calculated in Angstrom (Å). 

Distance Exp. Free state Exp. Bound state 

Calc. 

ű = -60° (bent 

conformation) 

Calc. 

ű = 180Á 

B1-B5 2.56 2.55 2.60 2.60 

B1-A4 2.52 2.40 2.40 2.40 

B6S-B5 2.97 2.89 2.90 2.90 

K3ax-B6R 4.10 4.10 4.20 2.30 

K3ax-B6S 4.20 4.30 4.40 2.50 

K3eq-B6R / / 4.60 3.37 

K3eq-B6S / / 4.90 3.80 

K3ax-K5 2.70 2.60 2.60 2.60 

A1-A5 2.57 2.56 2.60 2.60 

 

Comparing the NOE build up curves in the free and bound state (figure 3.8), it was 

possible to observe the maximum intensity at short mixing times when 6ôSLn bound 

to h-CD22.  

 

Figure 3.8. NOE and ROE build-up curves. As expected, the maximum enhancement for 

trNOEs was observed at significantly shorter mixing times tmix for the complex with respect to 
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the ligand alone in solution. The mixing time values were: 0.10, 0.12, 0.15, 0.20, 0.25, 0.35, 

0.45 and 0.60 s. 

 

Indeed, the ligand interacting with the protein underwent a rather sluggish tumbling 

characterized by a longer molecular correlation time with respect to the small ligand 

in the free state. As detected above, inter-proton distances of the ligand in free and 

bound states did not differ significantly, meaning that no large conformational 

changes were observed upon binding, and thus, the bent conformation of 6ôSLn was 

maintained (figure 3.9). 

 

Figure 3.9. STD-derived epitope mapping on the molecular envelope of 6ôSLn in its bioactive 

conformation, with color code according to the observed STD effects. When ɤ was 60° (gt 

conformation) the ligand was characterized by an umbrella-like topology with the angle ɗ, 

defined by the C2, C1, and C1 atoms of the residues Neu5Ac, Gal, and GlcNAc, respectively 

(going from the nonreducing end to the reducing end) smaller than 110° (see on the right). 

Regarding ū (H1-C1-O-CXô) and Ɋ (C1-O-CXô-HXô) glycosidic torsion angles, the 

conformational space was defined by molecular mechanics (MM) calculations using 

Maestro (Schrödinger). First, the two disaccharides Neu5Ac-Ŭ-(2,6)-Gal and Gal-ɓ-

(1,4)-GalNAc were constructed for analyzing the energetically accessible 

conformational regions35 (figure 3.10). Given the above NMR data, the CH2OH group 

of the galactose moiety was set in the gt conformation, the most stable conformation 

for a galacto-configured sugar unit. The corresponding adiabatic energy maps for ū 

and Ɋ were shown in figure 3.10. The NeuAc-Ŭ-(2,6)-Gal disaccharide populated three 

ɗ angle

¹

z axis

180Á
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energetic minima in the free state, characterized by a dihedral angle Ɋ ~(180°), while 

ū oscillated between three minima. 

 

Figure 3.10. Adiabatic energy maps of the glycosidic linkages of 6ôSLn. The most populated 

minima, in the free state, were indicate as ñIò. 

 

In collaboration with the group of Prof. Sonsoles Martín Santamaría (CSIC, Madrid), 

MD simulations were performed on the trisaccharide alone and bound to the protein 

(PDB: 5VKM). By comparing the NOE derived distances with the calculated ones 

(table 3.2) it could be concluded that, although there was an equilibrium between 

different conformational states (figure 3.10), Minimum I, characterized by the 

following  dihedral angles, ū(~-60Á), Ɋ(~180Á), ɤ(~60Á) for Neu5Ac-Ŭ-(2,6)-Gal and 

ū(~60Á), Ɋ(~0Á) for Gal ɓ-(1,4)-GalNAc was the most populated both in the free and 

the bound states. 

In order to predict a 3D model of the protein-ligand complex (figure 3.11 A), the most 

representative model obtained from MD was used to predict the theoretical STD 

effects by means of CORCEMA-ST protocol (see Chapter II, § 2.3.3). The program 

was implemented on MATLAB and the theoretical STD were compared with the 

corresponding experimental STD NMR results (figure 3.11 C). A good accordance 

between experimental and theoretical values were observed (figure 3.11 B). Indeed, 

consistent with STD NMR data, the CORCEMA-ST prediction showed several 
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protons of the sialic acid exhibiting high STD values, confirming their strong 

contribution to the interaction with the protein.  

 

 

Figure 3.11. Molecular interaction between h-CD22 and 6ôSLn. A) 3D best view of h-CD22 

and 6ôSLn obtained by MD simulation compared to the CORCEMA-ST. B) 2D interactions 

occurring in the complex. C) Plot of the theoretical and experimental STD calculated by 

CORCEMA-ST. The R-NOE of 0.25 validated the 3D complex of h-CD22 and 6ôSLn.  
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Galactose unit showed lower STD effects and the predicted STD values for the N-

acetylglucosamine moiety were negligibly small, confirming that it was not in 

intimate contact with the protein; thus, the 3D complex was validated with 

CORCEMA (figure 3.11). In particular, the highest STD response found for the acetyl 

group of sialic acid (AcK) was explained by the close contacts with Trp24, Trp128 

and Glu126 side chains, and in particular by the H-bond between the NH of the sugar 

and the carbonyl group of Lys127. The glycerol chain of the sialic acid was also 

pointed toward the h-CD22 binding pocket, with the high STD effect found for the 

H7 making CH-ˊ interaction with Trp128. Regarding the H9 protons, only one of the 

methylene protons was oriented towards Trp128 indole group, whereas the other H9 

was solvent exposed.  

Interestingly, 3D models containing lower populated dihedral angles of the 

trisaccharide were considered in the CORCEMA-ST program (data non shown); 

however, the R-NOE values was very high, and thus the corresponding complexes 

excluded. 

 

3.2.3 Molecular binding between h-CD22 and complex-type N-glycan 

Once the binding between h-CD22 and the undecasaccharide representing a typical 

complex-type N-glycans was assessed by alpha screen assay (see § 3.2.1), the 

molecular features of the interaction were characterized by NMR. Interestingly, STD 

NMR spectrum and ligand epitope mapping (figure 3.12) indicated that only sialic 

acid and galactose units were involved in the binding, following a recognition pattern 

comparable to shorter ligands (§ 3.2.2).  
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Figure 3.12. STD NMR analysis of h-CD22 and complex-type N-glycan. A) The STD signals 

(red spectrum) and the epitope mapping of the undecasaccharide revealed the recognition of 

only sialic acid and galactose residue from h-CD22. The strongest STD signal was observed 

for the acetyl group protons (Ac) of the sialic acid B) STD build-up curves. 

 

STD build-up curves were also acquired (figure 3.12 B) by collecting spectra at 

different saturation times (from 0.5 s to 5 s). The acetyl group protons of the sialic 

acid gave the maximum magnetization transfer and was set to 100% (table 3.3).  

Since the STD NMR of the undecasaccharide (figure 3.12) did not allow to 

discriminate between the arms of the ligand, STD NMR experiments on the 

corresponding monosialylated N-glycans, whose alpha screen assays were previously 

shown (§ 3.2.1), were also performed (figure 3.13). 
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Table 3.3. Experimental STD intensities of N-glycan bound to h-CD22 at different saturation 

times. STDmax values were calculated by fitting the data to a mono-exponential equation: STD 

(tsat) = STDmax* (1 ï exp (- ksat * tsat)). 

1H STDmax Ksat STD (fit)  STD epitopes (fit) 

K Ac 1.6192 0.1484 0.2402 94.6% 

K5 0.3232 0.4965 0.1605 63.2% 

K6 0.5310 0.4778 0.2537 100% 

K7 0.5933 0.3566 0.2116 83.4% 

K8 0.3158 0.5034 0.1590 62.7% 

k9R 0.3666 0.3560 0.1305 51.4% 

H4 Gal 0.5473 0.3739 0.2045 80.6% 

H5Gal 0.3895 0.4410 0.1719 67.7% 

H6R Gal 0.4495 0.3851 0.1731 68.2% 

 

 

Figure 3.13. STD NMR spectra and epitope mapping of the h-CD22 with monosialylated N-

glycans. A) Sialic acid containing branch on the Man-Ŭ-(1,6)-Man glycosidic linkage. B) Sialic 

acid containing branch on the Man-Ŭ-(1,3)-Man glycosidic linkage. 

 

The STD NMR profiles were comparable, indicating a similar recognition of the two 

ligands from h-CD22. Thus, it was possible to deduce that the sialic acid-galactose 
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units of both arms of the undecasaccharide (figure 3.13) were both and similarly 

recognized by h-CD22. 

 

 

Figure 3.14. Conformational analysis of complex-type N-glycan into h-CD22. A) The 

flexibility of the ligand was given by the presence of Man-Ŭ-(1,6)-Man glycosidic linkage, 

leading to the equilibrium of different conformations in the free state, grouped as ñextendedò 

and ñfoldedò shapes. B) MD simulations, performed by Prof. Sonsoles Mart²n Santamar²a 

(CSIC, Madrid), in the free (left) and bound (right) states. The ñextended ggò conformer was 

selected. C) 3D complexes of the undecasaccharide with h-CD22 via its 1-6 branch (green) 

and its 1-3 branch (blue), showing the involvement of only sialic acid and galactose moieties. 

D) A snapshot from MD simulation showing H-bond interactions (dashed lines) between the 

residues of each branch of undecasaccharide (blue and green) into h-CD22 binding site. 
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Regarding the conformational analysis of the complex-type N-glycan, the presence of 

the additional ɤ (O5īC5īC6īO2ô) torsion angle around the Ŭ-(1,6) linkage added a 

major flexibility to the ligand. Indeed, among the two roughly grouped ñfoldedò and 

ñextendedò forms,177,178 the combination of NMR and MD results demonstrated that 

the biantennary sialylated N-glycans in complex with h-CD22 preferentially chose an 

extended conformation, with the lactosamine branches adopting the umbrella-like 

topology (figure 3.14).179 

 

Figure 3.15. The extended geometry of the ligand allowed the simultaneous interaction with 

two h-CD22. A) 3D top view of the ternary complex of (h-CD22)2 ï complex-type N-glycan. 

The stability of the complex was monitored by MD simulations. B) 2D plot showing 
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hydrophobic and polar interactions occurring between the undecasaccharide and the two 

proteins. The two branches of the ligand were recognized in the same way. 

 

Interestingly, the extended gg conformation of the complex-type N-glycan allowed 

the simultaneous interactions with two h-CD22 proteins. MD simulations confirmed 

the stability of this ternary complex (figure 3.14), that maintained amino acids 

contacts analogously to those bound to the trisaccharide (§ 3.2.1). 

Moreover, it was observed that complex-type N-glycan belonging to glycosylation 

pattern of h-CD22 could interact with two h-CD22 proteins, forming a quaternary 

complex (figure 3.15), leading to implications in biological aspects in the formation 

of CD22 homo-oligomers on B cells, favoring the cis interactions (Chapter I, §§ 1.3.2 

and 1.3.3).  

 

 

Figure 3.16. Quaternary complex of (h-CD22)3 ï complex-type N-glycan. A) 3D top view of 

the complex obtained by MD simulation. B) Biological effects of the quaternary complex 

allowed to the formation of cis interactions. Here, the glycosylation site of the protein was at 

position Asn112.  
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3.3 Comparison of human and murine CD22 interactions with N-glycans 

The molecular interactions of human and murine CD22 to acetylated and glycolylated 

N-glycans were further investigated. 

3.3.1 Determination of the binding affinities of h- and m-CD22 to 

acetylated and glycolylated 6ôSLn 

Firstly, the binding affinities were evaluated by fluorescence analysis (figure 3.17). 

Fluorescence titrations of increasing amounts of sialoglycans into a fixed 

concentration of the proteins were performed and binding constants (Kb) were 

calculated. The results indicated a similar recognition of the sialoglycans from h- and 

m-CD22, all exhibiting a binding constant in the micromolar range. 

 

 

Figure 3.17. Fluorescence titrations experiments of h- and m-CD22 with acetylated (Neu5Ac) 

and glycolylated (Neu5Gc) sialoglycans. The binding isotherm and the values of the binding 

constants (Kb) were also reported. 
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3.3.2 Comparison of human and murine CD22 interactions with 

acetylated N-glycans by NMR 

 

Figure 3.18. Analysis of the interactions between m-CD22 and the acetylated 6ôSLn. A) The 

STD NMR spectra between the h- and m-CD22 interacting with the acetylated 6ôSLn provided 

the same epitope mapping. STD effects lower than 10% were not indicated. B) STD build-up 

curves of the m-CD22 and acetylated 6ôSLn. C) Bent conformation of the ligand with the STD 

color code. 

 

The comparison of NMR spectra when h- and m-CD22 bound to Neu5Ac containing 

glycans revealed a similar binding epitope (figure 3.18, table 3.4); a comparable 

behavior was detected for complex-type N-glycans (not shown).  
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Table 3.4. Experimentally measured STD intensities of acetylated 6ôSLn bound to m-CD22 

at different saturation times. 

1H STDmax K
sat

 STD (fit) % STD epitopes (fit) 

AcK 5.7320 0.4884 2.7995 100%  

K6 3.7105 0.5080 1.8849 67.3%  

B4 2.9244 0.5187 1.5169 54.2%  

B5 2.1719 0.5580 1.2119 43.3%  

B6R 1.5247 0.6170 0.9407 33.6%  

K5 1.6331 0.5256 0.8584 30.6%  

K3E 1.4283 0.3632 0.5188 18.5%  

 

3.3.3 Comparison of human and murine CD22 interactions with 

glycolylated N-glycans  

 

Figure 3.19. STD NMR analysis of A) m-CD22 and B) h-CD22 with the glycolylated 6ôSLn. 

The epitope maps were calculated from the ratio (I0-Isat)/I0, where (I0-Isat) was the STD signal 

and I0 was the peak intensity of the unsaturated reference spectrum. STD effects lower than 

10% were not indicated. 
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STD NMR experiments revealed that the glycolylated ligand was similarly recognized 

by both h- and m-CD22, giving a comparable epitope mapping (figure 3.19) (tables 

3.5 and 3.6). 

 

Table 3.5. Experimental STD intensities of glycolylated 6ôSLn bound to m-CD22.  

1H STDmax K
sat

 STD (fit) % STD epitopes (fit) 

CH2 Neu5Gc 9.4963 0.8017 7.6132 100% 

H7 Neu5Gc 6.9388 0.6038 4.1897 55.0% 

H4 Gal 6.1757 0.6239 3.8530 50.6% 

H5 Gal 5.7199 0.6108 3.4937 45.9% 

H9S Neu5Gc 4.1764 0.7117 2.9723 39.0% 

H6R Gal 3.5266 0.7722 2.7232 35.8% 

 

 

Table 3.6. Experimental STD intensities of glycolylated 6ôSLn bound to h-CD22. 

1H STDmax K
sat

 STD (fit) % STD epitopes (fit) 

CH2 Neu5Gc 8.3838 0.6205 5.2021 100% 

H7 Neu5Gc 6.6503 0.5120 3.4049 65.4% 

H4 Gal 5.4644 0.4935 2.6967 51.8% 

H9S Neu5Gc 3.8238 0.6113 2.3375 44.9% 

H6R Gal 3.0547 0.7042 2.1511 41.3% 

 

As found for the acetylated 6ôSLn, the sialic acidðgalactose moiety was the only 

determinant of the binding to both h-CD22 and m-CD22 (figure 3.19). The highest 

STD was attributed to the glycolyl moiety of Neu5Gc, set to 100%. Then, H7 sialic 

acid was saturated more than 50%. Protons H5, H6, and H8 of Neu5Gc and H5 and 
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H4 of Gal showed %STD in the range of 40%ï50%. The lowest STD effects were 

detected for the diastereotopic H3 protons of sialic acid. The GlcNAc residue (A) was 

solvent exposed since no STD signals were found. 

Regarding the conformational analysis of the glycolylated ligand, MD simulations on 

the free state were firstly run (figure 3.20). Differently from the Neu5Ac trisaccharide, 

where the ű torsion angle around Neu5Ac and Gal linkage could populate different 

minima (-60°/60°/180°), the Neu5Gc glycan preferentially adopted a conformation 

with ű of approximately -60° in the free state. 

 

Figure 3.20. MD simulations of the glycolylated 6ôSLn in the free state. A) Torsion angles 

around Neu5Gc-Ŭ-(2,6)-Gal linkage. B) Torsion angles around Gal-ɓ-(1,4)-GlcNAc linkage. 

 

The analysis of the 1H-1H inter-proton distances calculated by the NOESY experiment 

also confirmed a population corresponding to a ű torsion angle of -60° (figure 3.21 

and table 3.7). Moreover, glycolylated 6ôSLn bound to h- and m-CD22 adopted a 

similar bioactive conformation, as evidenced by NOE experiments. 
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