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1. Chapter 1 – Molecular host-guest interactions in living 

systems 

Host-guest interactions are fundamental molecular relationships that underpin 

many essential processes within living organisms, especially at eukaryotes-bacteria 

interface. Bacteria constitute an essential part of our ecosystem, contributing to the 

balance and sustainability of the environment; some of these microorganisms are 

harmless or even beneficial to their host, but some others can pose a significant threat 

to the global health by causing infections and diseases. Not by chance, the interactions 

between microbial guest and human host can be both pathogenic and symbiotic, 

including, as examples, the recognition of microbial pathogens by the host immune 

system1 or the beneficial interaction between humans and bacterial members of the 

gut microbiota, a collection of microorganisms which colonizes the human 

gastrointestinal tract, developing a mutually beneficial relationship with the host.2  

The interactions of invading microbes with their hosts are influenced, to an important 

degree, by the pattern of glycoconjugates and glycan-binding proteins (GBPs) that 

each express. On the microbe side, complex glycans, exposed on bacterial cells, are 

known to be Microbe Associated Molecular Patterns (MAMPs), with key roles in the 

regulation of the host immune response, mediating, as example, all stages of 

infections. On the host side, specific receptors, known as Pathogen Recognition 

Receptors (PRRs), are designated to detect potentially harmful pathogens through the 

recognition of peculiar cell wall motifs, initiating an inflammatory reaction.  

Understanding, at a molecular level, the basis of the complex interplay between 

glycoconjugates and their glycan receptors has profound implications for the design 

and development of novel therapeutics and diagnostics.  
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Despite significant advancements in medicine, bacterial infections and their 

secondary effects remain one of the leading causes of human mortality. Notably, a 

concerning and persistent increase in antibiotic resistance across many bacterial 

species represents one of the key contemporary challenges to public health. Among 

these antimicrobial resistance species, ESKAPE have recently attracted attention. 

ESKAPE is the acronym of six classes of Gram-positive and Gram-negative bacterial 

pathogens: Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter species. These 

pathogens are common causes of severe, life-threatening hospital-acquired infections, 

particularly in critically ill and immunocompromised patients.3 In this situation, the 

analysis of bacterial glycoconjugates for the development of new antimicrobial 

strategies become necessary.4 

In this context, this thesis aims to unravel the molecular processes governing host-

guest interactions. The focal point lies in the comprehensive analysis of molecular 

recognition events involving bacterial glycans such as capsular polysaccharides 

(CPS), lipopolysaccharides (LPS) and lipooligosaccharides (LOS) from different 

Gram-negative bacteria and their interaction with human proteins, with a specific 

emphasis on the C-type lectin DC-SIGN (Dendritic Cell-Specific Intercellular 

adhesion molecule-3-Grabbing Non-integrin), but, also the interaction of eukaryotic 

N- and O-glycans with bacterial adhesins, as those isolated from Mycoplasma species. 

By shedding light on these molecular interactions, a deeper understanding of different 

physiological and pathological processes will be provided. 

1.1 Glycans and their relevance in biological functions 

Glycans, also known as carbohydrates or sugars, represent one of the four 

fundamental classes of biomolecules in living systems, alongside nucleic acids, 

proteins, and lipids. These complex molecules exhibit considerable structural 

diversity and possess an information content several times higher than other biological 

biomolecules. Although historically, the field of glycans has been underexplored, 
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compared to lipids, proteins, and nucleic acids, glycoscience field has experienced 

rapid growth in recent years.5 

Glycans cover the surfaces of all cell types, from fungi to mammals. In prokaryotes, 

plants or fungi, glycans conjugated with proteins or lipids constitute the cell wall, 

while in humans and animals, they form the glycocalyx, a dense and complex array 

of glycoconjugates with variable composition and structure6 that represents the first 

contact point in any kind of host-guest interaction, either symbiotic or pathogenic.  

Glycan’s biological functions can be divided in three categories:  

▪ structural roles in and outside the cells; 

▪ energy metabolism, including nutrient storage;  

▪ information carriers as molecular patterns recognized by endogenous or 

exogenous GBPs.7 As example, bacterial glycan-based signatures, the so 

called MAMPs, can be recognized by the eukaryotic host through innate 

immune receptors, known as PRRs. These PRRs contribute to initial 

recognition of bacterial glycans, thus providing an early defense 

mechanism against bacterial infections.(Figure 1.1)8 

Apart from their involvement in controlling immune responses, glycans are directly 

involved in the etiology of many diseases, including bacterial and viral infections, 

cancer and autoimmune diseases.9  

Considering the growing evidence of the crucial roles played by carbohydrates in 

numerous biological events, such as cell differentiation, homing to specific tissues, 

cell adhesion, cell recognition, microbial pathogenesis and immunological 

recognition, there has been an increasing attention on the study of the structure, 

conformation, and dynamics of glycans, in the last few decades. Despite the 

complexity, great efforts have been made to decipher the so-called "glycome", thus, 

paving the way for the design of sugar-based drugs to be employed not only as 

therapeutics but, also, as prevention, in the field of vaccines. 



 

 

 
SECTION I - INTRODUCTION 

Chapter I – Molecular host-guest interactions in living systems 

4 

 

Figure 1.1: Illustration of host interaction with Gram-positive and Gram-negative bacteria. 

The intricate nature of glycans arises from the numerous possibilities in which 

monosaccharides, the building units of glycans, can be linked to each other. They can 

assume linear or branched structures, with glycosidic linkages in either α and β 

configuration.10 Furthermore, glycans may also feature substitutions with functional 

groups like acetyl, phosphate and sulfate, or can be found attached to lipids 

(glycolipids), peptides (glycopeptides) and proteins (glycoproteins), due to different 

glycosylation patterns, depending on the specific bond between protein and glycan 

(Figure 1.2).11-13 Thus, even a limited number of sugar monomers can create thousands 

of complex glycans. 

This variety allows cells to encode extensive information within these structures. 

However, it also presents a significant challenge in investigating their structure, 

conformation, and understanding the role that glycosylation plays in biological 

phenomena. 
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1.2 Eukaryotic glycoconjugates  

 

Figure 1.2: Schematic representation of eukaryotic glycans, using SNFG symbols for monosaccharides. 

As mentioned above, complex glycans, covalently linked to lipids or proteins, 

represent the most abundant class of biomolecules exposed on membrane surfaces of 

all cells.  

The glycosphingolipids are ubiquitous membrane components, composed of a glycan 

portion linked to a ceramide, which is composed of sphingosine and fatty acids, and 

possess crucial roles in signal transduction events, cell-cell interactions, and cell 

adhesion. Gangliosides are an example of glycosphingolipids; these molecules are 

constituted at least by three sugars, containing a sialic acid moiety, and are mostly 

abundant in the brain (Figure 1.3).14  
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Figure 1.3: Chemical structure of the ganglioside GM1a, as example of glycosphingolipid: the 

oligosaccharide moiety is attached to the ceramide containing sphingosine and fatty acids. 

Another class of glycolipids is composed by the glycoglycerolipids, characterized by 

an alkaline-labile glycerol backbone. Glyceroglycolipids are not widely distributed in 

vertebrates, but 3-sulfated galactosyldiacylglycerol (seminolipid) is the most 

abundant glycolipid in the testis and sperm (Figure 1.4).  

 

Figure 1.4: Chemical structure of the seminolipid in which the sulfogalactose is attached to the 

alkylacylglycerol. 

Moreover, in many eukaryotes, a small functionally different group of proteins is 

attached to the cell surface by a glycosylphosphatidylinositol (GPI) anchor. GPI-

anchored proteins (GPI-APs) share a common core structure consisting of 

ethanolamine-PO4-6Manα1-4GlcNα1-6myo-inositol-1-P-lipid with variable 
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additional glycans, fatty acid esters, and phosphoethanolamine groups (Figure 1.5). 

GPI anchors impart to their attached proteins the ability to be shed from the cell 

surface in soluble form through the action of cellular or serum GPI-cleaving 

enzymes.15 

 

Figure 1.5: General structure of GPI anchors attached to proteins. Heterogeneity in GPI anchors is 

derived from various substitutions of this core structure, represented here as R groups. (R1=fatty acid or 

OH; R2=fatty acid or alkyl or alkene chain, in some cases the lipid may also be a ceramide rather than a 

glycerolipid; R3=OH or fatty acid; R4= OH or aminoethylphosphonate in T. cruzi; R5,R9= ethanolamine 

phosphate or OH; R6, R7, R8, R10, R11= carbohydrate substituents or OH) (adapted from 15). 

As mentioned earlier, many proteins on the external surface of mammalian cells 

contain carbohydrates. Indeed, protein glycosylation is the most prevalent post-

translational modification in mammals. This process begins in the endoplasmic 

reticulum (ER) and Golgi apparatus, while the final processing occurs in the cis-, 

medial-, and trans- Golgi compartments.16 Three different types of glycoproteins 

come up containing N-glycans, O-glycans and proteoglycans. In general, 

glycosylation begins with a lipid dolichol pyrophosphate on the ER membrane, which 

serves as starting point for co-translational modification to form the oligosaccharide 

chain. In the N-glycosylation process, the initial phase involves anchoring two 
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GlcNAc and five Man residues to the dolichol lipid, derived from specific nucleotide 

sugars, UDP-GlcNAc and GDP-Man, on the cytoplasmic side of the ER membrane. 

This dolichol-based lipid with a GlcNAc2Man5 oligosaccharide is then flipped to the 

luminal side of the ER membrane. The oligosaccharide chain continues to grow in the 

ER lumen, until a chain of Glc3Man9GlcNAc2 is formed. This 14-sugar residue glycan 

is, then, transferred to an Asn within the ER lumen, based on a consensus sequence 

Asn-X-Ser/Thr (X can be any aa except Pro), by an oligosaccharyl-transferase. In the 

trimming stage, the N-glycan's core region undergoes modifications by removing 

three Glc residues and one Man from the chain, facilitating the glycoprotein's 

translocation to the Golgi apparatus. In the Golgi region, the glycoprotein undergoes 

further modifications through specific glycosidases and glycosyltransferases, 

depending on the biological functions it will perform. This confers heterogeneity to 

the N-glycan structures, classified into three main groups: oligomannose-, complex- 

and hybrid-type N-glycans. All share a common chitobiose core (Figure 1.6), 

consisting of three Man and two GlcNAc, with one of the GlcNAc residues covalently 

linked to the Asn.17 In particular, oligomannose-type N-glycans, possess many Man 

residues in their branching structures and they have been recently associated with 

tumor progression in cholangiocarcinoma (CCA) and bile duct cancer.18 Complex-

type N-glycans can have up to five branches, initiated by GlcNAc, and are highly 

located in kidneys and brain.19 Finally, hybrid N-glycans, with roles in post-

translational modification of neuronal glycoproteins and embryogenesis,20 possess in 

one arm Man1-6 exclusively linked to Man residues, in the other arm containing 

Man1-3, the organization is similar to the complex-type N-glycans.  
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Figure 1.6: SNFG representation of the different types of N-Glycans with a common chitobiose core 

structure (extracted from ref.17). 

Unlike N-glycans, O-glycans biosynthesis does not require a precursor to transfer 

the oligosaccharide chain to the protein. Indeed, as post-translational modification 

occurring in Golgi apparatus, various enzymes sequentially attach single sugars to the 

protein, synthetized in the ER, without a consensus sequence, starting from the first 

GalNAc monosaccharide linked to a Ser or Thr residue. Among O-glycans, mucins 

are considered the primary class (Figure 1.7). They represent the major constituents 

of mucus, located on the epithelial cells of gastrointestinal, genitourinary, and 

respiratory tracts, providing hydration and protection against adverse environmental 

factors. However, conditions such as cancer, inflammatory bowel disease, congenital 

disorders of glycosylation, or hypersecretory bronchial and lung diseases can alter 

their properties. Additionally, sialylated O-glycans are interesting due to their role in 

interacting with bacterial adhesins to colonize and infect host cells.21 
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Figure 1.7: Core structures of mucin-type glycans. In the O-glycosylation, as post-transductional 

modification, various enzymes connect the first GalNAc to Ser or Thr residues, with no consensus 

sequence (extracted from 22).  

Finally, proteoglycans are glycoproteins that incorporate chains of O-linked 

glycosaminoglycans (GAGs), linked to specific Ser residues of proteins through a 

tetrasaccharide structure. GAGs are long polysaccharides containing disaccharides of 

GlcNAc or GalNAc along with Gal or uronic acids like GlcA or its epimerized form 

iduronic acid. GAGs exhibit functional diversity and are classified into three 

categories based on the specific disaccharide structure: (i) dermatan sulfate (DS) and 

chondroitin sulfate (CS), (ii) heparin/heparan sulfate (HS) and (iii) keratan sulfate 

(KS). Interesting to underline that KS is the one that can be linked to N- or O-

glycans.23 

1.2.1 Sialic acids 

Sialic acids (Sias) are a family of nine-carbon keto monosaccharides, generally 

present in vertebrates and usually found as terminal residues of the glycan chains of 

glycoproteins and glycolipids.24  

The nomenclature of these molecules comes out from their first isolations in salivary 

mucins by G. Blix in 1936 (“sialic acid” from the Greek word “saliva”) and in brain 

glycolipids by E. Klenk in 1941 (“neuraminic acid” from “neurons”).25  
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Over 60 different Sias have been identified, which differ for structural modification 

of the sugar backbone. However, all nonulosonic acids are peculiar due to the presence 

of many molecular components in one monosaccharide like a carboxylic acid, an 

exocyclic side containing 3-carbon atoms, and, often, one or more acylated amino 

groups. The anomeric C-2 position is generally α-(2,3)- or α-(2,6)-linked to a hydroxyl 

group of a Gal or GalNAc residue. While, the other positions can be subjected to 

modifications, like sulfation, methylation or phosphorylation, generating further 

complexity in this monosaccharides’ family (Figure 1.8).25 

 

Figure 1.8: Sugar backbone of Sias. Some variations can occur as indicated: at physiological pH, the 

carboxylate gives the negative charge of Sia; 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. 

In mammalian cells, the predominant sialic acid is the N-acetylneuraminic acid 

(Neu5Ac) (Figure 1.9). It serves as a ligand for animal and bacterial lectins, antibodies 

and enzymes, playing a crucial role in mediating bacterial and viral infections, tumor 

growth, metastasis, and contributing to various biological processes, including 

immunology, microbiome regulation, cell signaling, reproduction and the biology of 

the nervous system. 26 A modification of the 5-N-acetyl group of Neu5Ac, resulting 

in the addition of a hydroxyl group, leads to the formation of N-glycolylneuraminic 

acid (Neu5Gc), the prevalent sialic acid in chimpanzee but absent in humans, due to 

a mutation in the CMAH (Cytidine monophospho-N-acetylneuraminic acid 

hydroxylase) gene, responsible for its synthesis (Figure 1.9).27 Despite its absence in 

humans, Neu5Gc can be obtained from the diet, especially through the consumption 

of red meat. Its accumulation in tissues may lead to inflammation and contribute to 

the progression of cancer.28 
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Figure 1.9: Chemical structure of Neu5Ac and Neu5Gc, predominant Sias in mammals. 

Due to their widespread distribution and structural diversity, Sias can modulate a 

diverse array of physiological and pathological processes. Indeed, Sias on the surfaces 

of mammalian cells are considered potent markers of "self" and, upon recognition of 

specific GBPs (cf. §1.5), play pivotal roles in regulating the immune system. 29, 30 

Worth noting, several pathogens have developed the capability to capture Sias from 

the eukaryotic host, in order to incorporate them into their glycoconjugates, or to 

synthetize de novo monosaccharides structurally related to Sias (Figure 1.10)31. 

Indeed, covering their surfaces with this type of sugars, many pathogenic bacteria can 

mimic self-associated molecular patterns (SAMPs), eluding host immune response, 

often exploiting the action of inhibitory host immune proteins. 

 

Figure 1.10:Structures of different nonulosonic acids, structurally related to Sias. 

Delving into the intricate world of glycoconjugates extends beyond the 

exploration of eukaryotic systems, encompassing a critical examination of bacterial 

glycoconjugates. This broader perspective is imperative due to the pivotal roles these 

Fusaminic acidAcinetaminic acid

Pseudaminic acidLegionaminic acid
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structures play in different physiological and pathological processes. The 

comprehensive study of both eukaryotic and bacterial glycoconjugates is essential for 

unravelling the complexities of host-guest interactions, immune responses, and 

disease mechanisms. Therefore, in the following paragraphs, a detailed explanation 

of bacterial glycoconjugates will be provided to fully grasp the spectrum of 

glycoscience and its implications for health and disease. 

1.3 Bacterial glycoconjugates 

The characteristics of bacterial cell walls and their glycoconjugates can vary 

within the same bacterial species and, of course, between different classes of bacteria; 

for example, different glycoconjugates are exposed on the surface of Gram-positive 

and Gram-negative bacteria (Figure 1.11). This bacterial classification is based on a 

procedure called Gram staining, firstly developed by H. C. Gram in 1882, and permits 

to designate two different classes of bacteria: 32 

▪ Gram-positive bacteria: cell wall as a single, relatively thick and 

uniform layer, containing peptidoglycan (more than 60% of the total cell 

wall), polysaccharides and/or teichoic acids (WTAs), or teichuronic acid, 

as major components; 

▪ Gram-negative bacteria: thinner cell wall distinctly layered, with an 

outer membrane (OM), mainly composed of lipopolysaccharides (LPS), 

capsular polysaccharides (CPS), phospholipids, proteins, lipoproteins and 

peptidoglycan (less than 10% of the total cell wall).33  
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Figure 1.11: Schematic representation of Gram-positive and Gram-negative bacteria cell walls. Gram-

negative bacteria are characteristic for having two different cell membranes, the inner and the outer 

membrane, both separated by a thin PG layer. The OM can display LPS or LOS, anchored to the 

membrane through the lipid A moiety, CPSs and/or EPS. Instead, Gram-positive bacteria have only one 

cell membrane, which is covered by a thick PG layer and that is usually decorated with TA anchored to 

the membrane, known as lipoteichoic acids (LTAs) or covalently bound to the PG layer called wall 

teichoic acids (WTAs). In addition, also CPS and EPS can decorate the extracellular environment as 

happens with Gram-negative bacteria.  

A brief description of the main bacterial cell wall glycoconjugates, including 

(i) cell-wall associated compounds like peptidoglycan (PG) or teichoic acids (WTAs), 

(ii) secreted exopolysaccharides (EPS), and (iii) surface-located compounds like 

capsular polysaccharides (CPS), lipopolysaccharides (LPS) and lipooligosaccharides 

(LOS), is reported below:34, 35  

▪ PG 

PG or murein is an heteropolymer composed of alternating ß-1,4-linked residues 

of GlcNAc and MurNAc with a peptide portion attached to MurNAc and containing 

a mixture of both L- and D- amino acids. This intricate structure provides strength and 
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stability to bacterial cell walls.36 PG is recognized by the host as a marker of infection. 

Indeed, as MAMP, it is recognized by TLR2 and other PRRs, like NLRs, triggering 

the innate immune response.37  

▪ WTAs 

The bacterial cell wall is enforced and functionalized by different carbohydrate-

based polymers of diverse chemical composition. Characteristically found in the 

Gram-positive bacterial cell wall are the teichoic acids (TAs), zwitterionic 

glycopolymers containing phosphodiester-linked polyol repeat units, crucial for 

bacterial survival and interaction with the environment. Among them, the wall 

teichoic acids (WTAs), are synthetized on a disaccharide bactoprenyl phosphate 

carrier on the inner leaflet of the cell membrane by the action of specific transferases 

and eventually transported to the outer leaflet where they are cross-linked to PG.38 

The common structure of WTAs is composed of (1→5)-D-ribitol-5-phosphate (RboP) 

or (1→3)-L-α-glycerol-phosphate (GroP) repeats that are linked to a common 

disaccharide linker, that is highly conserved across bacterial species and that is 

constituted of ManNAc-(β-1→4)-GlcNAc-1-phosphate. In addition, the RboP WTAs 

backbone can be decorated with monosaccharides and/or with cationic D-alanine 

esters, which are added on the intracellular and extracellular side of the membrane, 

respectively. In Staphylococcus aureus, specific glycosyltransferases, TarM, TarS and 

TarP, attach a GlcNAc residue to the C3 or C4 hydroxyl groups of RboP residues, 

either in an α- and β- configuration. Thus, each glycosyltransferase modifies WTAs 

differently, resulting in distinct WTAs glycosylation patterns that impact immune 

recognition and clearance of Gram-positive bacteria.39 D-Alanine modifications 

modulate the polymers’ overall charge and play an important role in the defence 

mechanisms of the bacterium, for example, in the protection against cationic 

antimicrobial peptides,40 and can also have major implications for WTAs uptake, 

processing and presentation by immune cells.41 Importantly, the D-Alanine residues 

are introduced by an as-yet unidentified enzyme. WTAs molecules can extend through 
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and beyond the bacterial cell surface, allowing direct interactions with the 

environment.  

▪ EPS 

EPS are gel-like substances rich in high-molecular-mass polysaccharides, loosely 

attached to cell surfaces, and often released in substantial quantities into the 

surrounding environment. Regarding their chemical structures, some are neutral 

macromolecules, the majority exhibits polyanionic characteristics due to the presence 

of amino sugars, uronic acids or ketal-linked pyruvate. These polyanionic polymers, 

featuring abundant acetyl groups, demonstrate an ability to bind various metal cations 

such as Fe2+, Zn2+, Cu2+ and Co2+, indicating a potential role in concentrating metal 

ions in the microenvironment around the cell. EPS play a crucial role in the formation 

of the biofilm matrix, contributing to biochemical interactions between bacteria and 

surrounding cells, providing resistance to chemical and physical treatments.42 

Finally, surface located glycoconjugates such as CPS, LPS and LOS serve as 

species-specific MAMPs. The remarkable diversity in their structures renders them 

ideal ligands for establishing specific interactions, whether symbiotic or pathogenic, 

with the host. A more detailed description of these glycoconjugates will be presented 

in the next subsection, as they are the focal points of the present thesis.  

▪ CPS  

CPS are peculiar glycoconjugates, located on the surface of Gram-positive and 

Gram-negative bacteria. They are high molecular weight polysaccharides, attached to 

the OM by lipids covalently linked to their reducing end, and, then, inserted in the 

lipid bilayer of the membrane.43 As example, the structure of the conserved reducing 

terminal glycolipid found in the CPS of E. coli and N. meningitidis is reported in 

Figure 1.12.  
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Figure 1.12: Structure of the conserved reducing terminal glycolipid found in CPS from E. coli and N. 

meningitidis. Some variation in the acyl chain can occur at either position 1 or 2 of the glycerol backbone 

(the phosphate is position 3), depending on the isolate (adapted from ref.43). 

The structure of CPS consists of negatively charged and highly hydrophilic long-chain 

polysaccharides, with linear or branched configuration,44 viewed by microscopy as an 

extensive layer surrounding the cell (Figure 1.13).45 

 

Figure 1.13: Electron micrograph of ultrathin section from E.coli 20025 (04:K12) (from ref.45). 

In one bacterial species it is possible to have strains with structurally different CPS, 

resulting in different serogroups or serotypes; in Table 1 different capsular serotypes 

and serogroups present in different strains of  E. coli, N. meningitidis and 

Haemophilus influenzae are reported as examples,43 in Table 2 examples of different 

structures of CPS repeating units from A. baumannii. 
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Table 1: Examples of CPS repeating units from encapsulated pathogenic bacteria (adapted from 43). 
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Table 2: Examples of CPS repeating units from A. baumannii (adapted from 46). 

 

CPS are major virulence factors and protect bacteria from different environmental 

pressures, such as the immune system during the host infection, preventing the 

activation of the alternate complement pathway. Interesting to underline that 

encapsulated bacteria are not only pathogens, but also non-pathogenic and commensal 

ones. Indeed, due to their hydrophilic nature, capsules can also protect them from 

desiccation or can block the infection from bacteriophages.44  

In the early studies conducted between 1923 and 1929, Avery and Heidelberger 

at the Rockefeller Institute discovered the immunogenicity of the CPS of 

pneumococcus.47 Today, this knowledge is harnessed for the development of 

glycoconjugate vaccines. Various strategies are employed, including covalent 

linkages between activated CPS conjugated, randomly or not, to carrier proteins, to 
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stimulate a T-cell-dependent immune response against the glycan moiety.48 

Additionally, non-covalent methods are also employed for vaccine development, such 

as CPS entrapped in cross-linked proteins49 or liposomal encapsulation of CPS and 

proteins.50 The use of glycoconjugate vaccines could reduce the use of antibiotics, 

especially in the current era, in which antibiotic-resistance is steadily increasing; not 

only, it could give protection by herd immunity also to not vaccinated people.51 

▪ LPS and LOS 

LPS is one of the main glycoconjugates present on the OM external leaflet of 

Gram-negative bacteria. Historically, it has been considered a menace for human 

health because, as bacterial endotoxin, it could lead to dramatic outcomes, like septic 

shock. More recently, some evidence have shown that LPS can also have positive 

implications; for example, it is necessary for the development and maturation of host 

immune system and for the depiction of dangerous microorganisms.52 

The morphology of Gram-negative bacterial colonies can be smooth or rough, 

depending on the type of LPS coating their OM. LPS in the smooth form (S-form 

LPS) is composed by three regions structurally and functionally distinct: (i) a 

conserved glycolipid region called Lipid A, (ii) a short core oligosaccharide region 

(core OS region) and (iii) a surface-exposed O-polysaccharide, dubbed as O-antigen, 

that is the most variable region. When the O-antigen is absent, the LPS is in the rough 

form (R-form LPS) and can be also named LOS (Figure 1.14).53 
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Figure 1.14: a) Cartoon representation of the general chemical structure of an LPS (extracted from ref.52). 

b) Chemical structure of LPS from B. vulgatus, reported as an example. c) Chemical structure of LOS 

from E. coli, reported as example. 

The lipid A is responsible for the endotoxicity of the LPS. Its hydrophobic nature 

permits the anchoring to the OM. Structurally, the lipid A consists of two GlcN linked 

β-(1→6) each other, with a phosphate group at positions 1 and 4, and 3-hydroxy fatty 

acids attached to positions 2 and 3 through amide and ester linkages. The primary acyl 

chains can also undergo further modifications with secondary acyl chains.54 

The core OS region, covalently linked to the lipid A, can be divided in inner and 

outer core. The inner core is the most conserved moiety among bacterial species, 

possessing peculiar sugars like heptoses or 3-deoxy-D-manno-oct-2-ulopyranosonic 

acid (Kdo) that is the sugar marker of Gram-negative bacteria (Figure 1.15). The outer 
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core of the OS region, instead, has major variability and it is usually characterized by 

basic and neutral hexoses and hexosamines sugars.55  

 

Figure 1.15: Chemical structure of Kdo in β-configuration. 

The O-antigen, absent in the LOS, is constituted by a species-specific variable 

number of oligosaccharide repeating units.56  

In general, into the LPS structure of a bacterium, the lipid A moiety is responsible for 

the endotoxicity and pathogenicity, whereas core OS and O-antigen are implicated in 

the antigenicity and serotype-specific immunogenicity. Indeed, LPS as MAMPs, 

participate in host-guest interactions and upon recognition of host PRRs, stimulate the 

innate immune response. One of the better studied PRR complex recognizing LPS is 

host myeloid differentiation-2/Toll-like receptor 4 (MD-2/TLR4) receptor complex.54 

1.4 Innate and adaptive immunity 

The preceding section of this thesis elucidated the significance of bacterial 

glycoconjugates and their recognition by PRRs, emphasizing their role as distinctive 

MAMPs. This paragraph will focus on the crucial aspect of initiating the host immune 

response in the presence of a pathogen, delving into the functioning of the immune 

system during bacterial infections. It is important to note that this paragraph is 

intricately connected to the subsequent ones, particularly to the one dedicated to C-

type lectins, proteins with a pivotal role in recognizing carbohydrates. The 

comprehensive understanding of these immune mechanisms is fundamental to unravel 

the intricate interplay between pathogens and the host immune system. 
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Humans have developed immune defence systems to eradicate harmful pathogens 

within the body. The human immune system can be viewed as a complex system with 

multiple layers of defence: (i) external barriers, which encompass both physical 

elements like skin, ciliated epithelia, and mucous membranes, as well as chemical 

components such as enzymes in secretions and stomach acids; (ii) innate immunity 

and (iii) adaptive immunity (Figure 1.16).57  

 

Figure 1.16: Overview of human immune system mechanisms (extracted from 58) 

The innate immune response is the first and faster line of host defence against 

pathogenic microorganisms, consisting of a wide range of hematopoietic cells, 

including tissue-resident cells like macrophages and dendritic cells (DC), as well as 

mobile cells, such as neutrophils, eosinophils, and monocytes that circulate in the 

blood and lymph.59 These cells are able to detect invading pathogens, recognizing 

their peculiar MAMPs, through specific PRRs, including60 (i) Toll-like receptors 

(TLRs), classified into different groups based on localization and recognition-type;61 

(ii) nucleotide-binding oligomerization domain, (NOD)-like receptors (NLRs), 
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cytoplasmic ‘pathogen-sensing molecules’ with the ability to recognize also danger-

associated molecular patterns (DAMPs), 62, 63 and (iii) lectins (cf. §1.5.1).  

Innate immunity primarily occurs by phagocytosis64 thanks to the recruitment of 

effector cells to the infection site during the inflammatory response65 upon the 

recognition of pathogens by non-lymphoid cells like endothelial cells or macrophages. 

Once recognized specific MAMPs, these cells release chemokines, which are small 

soluble proteins that act as chemotactic factors, attracting phagocytes from the 

bloodstream to the infection site.66 Activated resident cells and phagocytes release 

cytokines, such as tumor necrosis factor (TNF)-α and interleukins (ILs), enhancing 

the phagocytic capabilities of innate immune cells. This increased secretion of 

cytokines and chemokines results in the recruitment of immune cells and plasma 

proteins to the infected tissue site, causing classic signs of inflammation (swelling, 

redness, pain, and heat). The inflammatory response not only brings antimicrobial 

agents to the infection site but, also, plays a crucial role in the tissue-repair.67 This 

complex response possesses no specificity; a subsequent infection will trigger the 

same sequence of events. 

The adaptive immune response, activated by innate immunity, is a more 

sophisticated system, with the peculiarity of having immunological memory, due to 

the production of memory T and B cells, lymphocytes responsible for the cellular and 

humoral immunity, respectively68. 

T cells express unique antigen-binding receptors called T-cell receptors (TCRs) and 

require antigen-presenting cells (APCs), usually DC, but also macrophages, 

fibroblasts and epithelial cells, to recognize a specific antigen. Also, APCs express 

proteins known as the major histocompatibility complex (MHC), class I or II in 

accordance with the localization, that displays fragments of antigens (peptides). This 

antigen presentation process stimulates T cells to differentiate into either cytotoxic T 

cells (CD8+ cells) or T-helper cells (CD4+ cells). CD8+ cells destroy target cells, 

CD4+ cells maximize the immune response.68, 69 B cells, differently from T-cells, 
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recognize antigens directly, with no need of APCs, thanks to the presence of antigen-

binding receptors (BCRs) on their membrane. Their principal functions are the 

production of antibodies, by differentiation in plasma cells, and also, in some cases, 

they can act as APCs.68 

1.5 Glycan binding proteins 

Previously, an overview of the most important eukaryotic and bacterial glycans 

has been presented. The focus now shifts to the proteins that specifically recognize 

and interact with these glycans. This transition is essential as it unveils the second key 

actors in the elaborate host-guest interplay: GBPs. Their exploration will cross both 

human and bacterial realms. By exploring the diversity and specificity of GBPs, 

insights into the molecular dialogues that underlie crucial biological events will be 

provided. This comprehensive analysis is pivotal for advancing in the understanding 

of infection mechanisms, immune responses, and the development of targeted 

therapeutic strategies. 

1.5.1 Exploring lectins: a comprehensive overview 

The term "lectin" was first introduced in 195470 and it has consistently been 

employed to describe any previously identified or newly encountered proteins and 

glycoproteins capable of interacting with carbohydrates. Lectins are a class of GBPs, 

ubiquitous in nature, with roles in cell-cell interactions, signaling pathways, and 

innate immune responses against pathogens, acting also as APCs in the discrimination 

between non-self, altered-self, and self-biomolecular signatures. Given their ability to 

selectively and reversibly bind carbohydrates, they are deeply involved in the 

recognition of glycoconjugates exposed on the microbial surface. 71 
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Figure 1.17: Representation of lectins functions as APCs (extracted from ref.72).  

In vertebrates, lectins can be classified in two ways, based on their subcellular 

localization or their structural characteristics. 

The classification by subcellular location distinguishes: 

▪ integral lectins: structural membrane components; 

▪ soluble lectins: freely circulating within intra- and intercellular fluids.73 

The classification by structural characteristics consists of several different types 

of lectins, including some recently discovered (Figure 1.18): 

▪ C-type lectins: Ca2+ ions dependent to bind carbohydrates; 
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▪ I-type lectins: carbohydrate recognition domain (CRD) similar to 

immunoglobulins; 

▪ S-type lectins (or galectins): thiol-dependent and specific to β-

galactosides; 

▪ Pentranxins: multimeric structures to form pentameric lectins; 

▪ P-type lectins: specific to glycoproteins containing mannose 6-

phosphate.74  

▪ Chitolectins: binding-carbohydrates proteins, lacking of enzymatic 

activity, although their binding site resembles the catalytic Family 18 

evolutionary group, to which they are affiliated;75 

▪ F-type lectins (or fucolectins): recognition of α-L-Fuc residues, with 

unique carbohydrate- and calcium-binding sequences;76 

▪ F-box lectins: characteristic for having protein-protein interaction 

motifs;77 

▪ Ficolins: oligomeric lectins with role in innate immunity by recognizing 

carbohydrates in Gram-positive and Gram-negative bacteria;78 

▪ L-type lectins: different from others due to the tertiary structure, 

composed of antiparallel β-sheets connected by short loops and β-bends, 

usually α-helices are not present;79  

▪  M-type lectins: closely related to α-mannosidases, with no mannosidase 

activity;80 

▪ R-type lectins: protein-UDP acetylgalactosaminyltransferases 

containing an R-type carbohydrate recognition domain;81  

▪ X-type lectins (or intelectins); no typical lectin domain but contain a 

fibrinogen-like domain and a unique intelectin-specific region.82 
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Figure 1.18: Cartoon representation of the structures of the most important lectins. 

Studies have revealed that most lectins have been preserved across evolutionary 

lines, indicating their essential role in the sugar-recognition processes, pivotal for vital 

processes and development.83 Particularly, the specificity and the affinity of the lectin-

carbohydrate complex depends on the lectin involved, that can be very sensitive to the 

structure of the carbohydrate, such as the distinction between Man and Glc, and/or to 

the orientation of the anomeric substituent, whether it is an α or β anomer. Interactions 

between lectins and carbohydrates occur mainly through (i) hydrogen bonds, (ii) van 

der Waals forces (steric interactions) and (iii) hydrophobic interactions.84 Indeed, 

non-covalent interactions play a crucial role in molecular recognition processes, 

defining the protein-ligand interface and contributing to the complex formation. In 

neutral carbohydrates, hydrogen bonds represent the dominant binding forces, due to 

the presence of hydroxyl groups. These latter can exhibit dual roles as hydrogen-bond 

donors and acceptors, providing cooperative hydrogen bonding, commonly observed 

in glycan-lectin complexes. In charged carbohydrates, salt bridges can also be 

established with charged residues of the protein, contributing to polar interactions. 
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Furthermore, coordination interactions with metal ions can also take place. This is 

particularly evident in the interaction between carbohydrates and lectins, especially 

C-type lectins. In this case, the binding is often coordinated by a divalent metal cation 

Ca2+ which is stabilized in the binding site of the lectin.85 In addition, stacking 

interactions, also called CH–π interactions, are also involved in the stabilization of the 

carbohydrate complexes with aromatic residues, further contributing to the 

stabilization of molecular conformations and facilitating the binding.86  

1.5.1.1 Structure and function of C-type lectins 

Among all types of lectins, C-type lectins (CTLs) stand out as one of the largest 

and most diverse family found in animals. They are soluble or transmembrane 

proteins, divided into 17 subgroups according to the phylogeny and domain 

organization (Figure 1.19), with one or more C-type lectin-like domains (CTLDs).87, 

88 While these proteins were initially termed for their Ca2+-dependent carbohydrate-

binding capacity, there are CTLs where the presence of a calcium-binding site is not 

essential for carbohydrate interaction. A notable example is dectin-1, a cell-surface 

immune receptor for β-glucans, the primary structural components in fungal cell 

walls. The recognition of β-glucans by dectin-1 can initiate the phagocytosis of fungal 

pathogens and elicit protective inflammatory responses. Despite possessing a CTLD, 

its metal-binding site is uniquely positioned, and, notably, the binding of β-glucans 

by dectin-1 does not rely on metal ions. Nevertheless, studies indicate that Ca2+ ion 

binding in this distinct position provides structural stability to the protein domains and 

may contribute to unidentified physiological functions.89 
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Figure 1.19: Cartoon representation of different soluble and membrane-bound C-type lectins (extracted 

from ref.88). 

From the structural point of view, the carbohydrate-recognition domains (CRDs) 

of CTLs share some common secondary structure elements. The CRD is a region of 

110–130 amino acid residues with a double-looped, two-stranded antiparallel ß-sheet 

formed by the amino- and carboxy-terminal residues connected by two α-helices and 

a three-stranded antiparallel ß-sheet. There are also two conserved disulfide bonds and 

up to four sites for binding Ca2+, depending on the lectin occupancy. The sugar, the 

Ca2+ ion in site 2 (always occupied being the locus for the carbohydrate binding) and 

amino acids within the CRD form a ternary complex where the residues composition 

confers the sugar specificity (Figure 1.20).90 
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Figure 1.20: Structural organization of CRD, using DC-SIGN as example. Highlighted typical EPN and 

WND motifs, secondary structural elements, four Cys and Ca2+ binding site locations, with two free 

coordination points for the attachment of the sugars, as described in the text (PDB:1SL4). 

Interestingly, some tripeptides that bind sugars are well conserved, namely, the WND 

motif (Trp-Asn-Asp) on the β4‐strand, the EPN (Glu-Pro-Asn) and QPD (Gln-Pro-

Asp) motifs at the loop. Particularly, Man and Fuc binding specificities are associated 

to the EPN, while Gal and GalNAc to the QPD (Figure 1.21).91 However, some new 

motifs have been discovered, like the QAP motif,92 together with interactions with 
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novel glycans,72 which further complicate the analysis of the recognition of this 

specific and extensive class of proteins. 

 

Figure 1.21: CRD of different CTLs. Highlighted in the squares the characteristic WND (in salmon), 

EPN (in cyan) and QPD (in violet) motifs, together with Ca2+ binding site locations, in the circles the 

two free coordination points for the attachment of the sugars (PDB: 1SL4, 4N33, 6PY1). 

From the functional point of view, generally CTLs are characterized not only by 

the critical role within innate and adaptive antimicrobial immune responses, but, also, 

in homeostasis and autoimmune diseases, due to their ability to recognize self and 

non-self ligands. It has been demonstrated their functions in cell-cell communication, 

adhesion, and cellular signaling; indeed, while numerous CTLs present on immune 

system cells are known to trigger intracellular signaling, this aspect of their function 

remains not completely understood. The different configurations of these receptors 

within the cell's plasma membrane underscore the existence of multiple distinct 

mechanisms through which sugar binding at the cell surface can instigate events on 

the cytoplasmic side of the membrane (Figure 1.22).93 For example, the intracellular 
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regions of two receptors, dectin-1 found on macrophages and DCs, and prolectin 

present on B cells, possess signaling motifs that enable the direct activation of Syk 

kinase. Activations initiated through dectin-1 signaling encompass processes like 

phagocytosis, the respiratory burst, and the generation of inflammatory cytokines such 

as TNF-α and IL-6. Yet, both DC-SIGN and MGL (macrophage galactose receptor) 

have been documented to influence the signaling pathways triggered by TLRs. Even 

if for MGL not specific binding partners have been proposed,94 regarding DC-SIGN 

it is proposed that the adapter LSP1 interacts with its cytoplasmic domain and 

becomes phosphorylated through a pathway initiated by TLR4.95 Regarding the 

immune response, CTLs are also involved in antigen presentation, by presenting 

antigens to MHC class II to activate CD4+ T cell response or to CD8+ through MHC 

class I.72 

Based on these premises, the study of CTLs is crucial since this class of proteins 

mediate key recognition events, binding processes, and immune responses, serving as 

essential components in the host-guest interactions. A deeper understanding of these 

mechanisms lays the foundation for new therapeutic and diagnostic applications.  
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Figure 1.22: Examples of organization of different CTLs containing extracellular C-type CRDs and 

intracellular domains involved in signaling. (extracted from ref.93). 

1.5.1.2 Key aspects of DC-SIGN 

DC-SIGN is a notable C-type lectin receptor playing critical roles in the regulation 

of the immune responses. 

DC-SIGN, also known as CD209 (Cluster of differentiation 209) is a type II 

transmembrane protein, expressed both in DCs and macrophages,96 able to bind 

carbohydrates in a Ca2+-dependent manner. Structurally, its extracellular domain 

(ECD) (MW 38845.8 Da) comprises an elongated neck domain (ND), useful for the 

tetramerization of the protein, that has tandem repeats of highly conserved 23 amino 

acids, with an N-terminal in the cytosol, followed by a C-terminal C-type 

carbohydrate-recognition domain (CRD), outside the membrane, which is the heart 

of the molecular recognition processes.97 In detail, the CRD of DC-SIGN possesses a 

globular structure characterized by 12 β-strands, 2 α-helices and 3 disulphide bridges. 

Extending from the protein surface, a loop is part of the two Ca2+-binding sites; one of 

these Ca2+ sites is critical for maintaining the CRD conformation, while the other is 

crucial for directly coordinating carbohydrate structures.96 The principal binding site, 
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represented by the EPN motif (Glu347, Pro348 and Asn349) together with Glu354 

and Asn365 residues, is essential for carbohydrate coordination and manages the 

specificity for the recognized ligands.98 Mutations at these sites result in the loss of 

ligand binding. Then, there is a transmembrane domain (TMD) which anchors the 

protein onto the membrane and a cytoplasmic domain (CD), containing several 

internalization motifs (i.e. di-Leu motif) that suggest the role of DC-SIGN also as 

endocytic receptor (Figure 1.23).99 

 

Figure 1.23: Organization of DC-SIGN structural domains. 

As a CTL receptor, DC-SIGN possesses the capacity to differentiate among various 

ligands, enabling it to modulate TLRs signaling in either a pro-inflammatory or anti-

inflammatory manner.100 Notably, DC-SIGN is able to specifically recognize 

fucosylated glycans, including blood-type Lewis antigens (Lea, Leb, LeX, LeY, and 

sulfo-Lea), as well as mannose-expressing ligands,101 which trigger TLR-induced 

cytokine responses. The pro-inflammatory response is associated with Man-
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containing structures, while the anti-inflammatory response is elicited through 

interactions with fucosylated residues. Both Man and Fuc ligands induce the secretion 

of IL-10, but the crucial distinction occurs on the impact on IL-6 and IL-12. 

Fucosylated ligands reduce LPS-induced IL-6 and IL-12 secretion, whereas 

mannosylated glycans enhance the production of both ILs. Consequently, a pro-

inflammatory response is attributed to Man-expressing ligands, while an anti-

inflammatory response is associated with Fuc-expressing ones.102 However, recently, 

the ability to recognize GlcNAc or Gal residues by DC-SIGN has also emerged.103, 104 

In conclusion, DC-SIGN plays a pivotal role in orchestrating the immune response 

by recognizing carbohydrate structures exposed on pathogens or self-glycoproteins. 

Its multifaceted functions encompass adhesion, migration, signaling, and antigen 

uptake/presentation, making it a central player in immune-related processes. Despite 

the expanding knowledge of DC-SIGN's biological roles, a comprehensive 

understanding of its interaction with bacterial glycan ligands remains elusive. The 

molecular details of this interaction are crucial for unraveling the intricacies of host-

pathogen dynamics. Furthermore, DC-SIGN contributes to antigen uptake by antigen-

presenting cells. Its role in sensing commensal bacteria promotes host-microbiota 

mutualism, preventing systemic inflammation. DC-SIGN's capacity for both tolerance 

and immune response modulation, depending on the context, raises intriguing 

possibilities for pathogen evasion and the development of therapeutic strategies. 

Investigating C-type lectins, especially DC-SIGN, provides critical insights into 

microbial recognition, immunity, and host-microbiota interactions. This knowledge is 

instrumental not only for advancing our understanding of fundamental immunological 

processes but, also, for exploring potential therapeutic applications, such as in the 

context of inflammatory diseases related to the gut microbiota. 

1.5.2 Bacterial glycan-binding proteins 

As mentioned earlier, GBPs are largely involved in host-guest interactions and are 

present not only in eukaryotic cells, but also in prokaryotes. Bacterial lectins were 
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firstly described in 1970 by N. Sharon and colleagues, in the context of bacterial 

attachment to the host cell for further colonization and infection. For this reason, 

bacterial lectins usually refer to bacterial adhesins, which bind specific host cell-

surface glycoproteins, glycosphingolipids, or GAGs, by means of their CRDs.105  

Adherence to skin or mucosal surfaces could be identified as a defining feature of 

the human microbiome. It stabilizes symbiosis ranging from a commensality 

relationship where the interaction benefits one of the symbiotic partners, while some 

other species involved neither gains benefit nor is harmed, to a mutualistic relationship 

with favourable outcomes for all the organisms involved. Although a vast majority of 

these microbes carry out critical functions for host physiology, they may be also the 

initial step in many infectious diseases, leading to both chronic and acute type 

inflammation.106 The adhesion process can occur through the recognition of terminal 

sugars or internal carbohydrate motifs, triggering an intricate signal transduction 

pathway within the host cell, which may result in the activation of innate defence 

mechanisms or in the manipulation of cellular functions that aid bacterial 

colonization.107 The different carbohydrate ligands on host cells that serve as receptors 

for bacterial attachment, determine the tropism of individual bacteria for specific host 

tissues, such as the skin, respiratory tract, or gastrointestinal tract.108 Moreover, the 

nature of the adhesion can vary depending on the biochemical function. The binding 

with host can be weak and aspecific, establishing hydrophobic interactions, but also 

more stable and with higher affinity, through more specific interactions.107 

Bacterial adhesins are typically found in pili or fimbriae, bacterial surfaces 

appendages composed of protein subunits with different lengths (0.2-2 µm) and 

diameters (2-10 nm), useful for their motility and for the attachment to host cells. As 

examples, some strains of E. coli, express pili that strongly adhere to P-blood group-

related glycosphingolipids in the bladder epithelium, leading to urinary tract 

infections. Also, pathogenic Salmonella strains produce pili that aid in adherence to 

human intestinal cell mucosa, causing food poisoning and infectious diarrhea (Figure 
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1.24A).109, 110 Alternatively, bacterial surface-anchored proteins, and so afimbrial 

adhesins, can also represent a critical colonization factor. For instance, the 

filamentous hemagglutinin (FHA) of Bordetella pertussis mediates the attachment of 

the bacterium to the ciliated epithelial cells of bronchi and trachea, causing local 

inflammation and the so called “whooping cough” disease. To note, FHA has been 

incorporated into modern pertussis vaccines for children, to prevent infection pointing 

out the role of adhesins also as targets for antibodies (Figure 1.24B).111 Moreover, in 

Burkholderia cenocepacia, responsible for highly contagious pneumonia among 

cystic fibrosis (CF) patients with high rate of mortality, three soluble lectins BC2L-

A, BC2L-B and BC2L-C have been identified as protagonists of their adhesion to host 

tissues using oligosaccharide-mediated recognition processes. For example, the 

smallest lectin BC2L-A specifically interacts with Man residues in LPS epitopes, in 

Ca2+- dependant manner. Yet, two soluble lectins PA-IL and PA-IIL in Pseudomonas 

aeruginosa adhere to the host tissues recognizing galactosides and fucosides, 

contributing to chronic lung infections in CF patients.112  

 

Figure 1.24: Examples of bacterial adherence to host cell surfaces, mediated by pili or fimbriae 

containing adhesins (A) and afimbrial adhesins (B) (extracted from ref.108). 

Another important class of bacterial adhesins to mention is Siglec-like adhesins, 

which play a crucial role for the attachment of different Streptococcus strains to host 
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tissues.  SLBR-B and SLBR-H are two Siglec-like adhesins produced by 

Streptococcus gordonii, a Gram-positive oral commensal bacterium, responsible for 

infective endocarditis (IE) if present in the bloodstream.113. They possess typical 

“Siglec-like” binding regions (SLBRs), consisting of two conserved domains crucial 

for the host sialoglycans binding: a V-set Ig fold Siglec subdomain, closely 

resembling those found in mammalian Siglecs (sialic acid binding immunoglobulin-

like lectins) in terms of topology and strand inserts, from this the name “Siglec-like 

adhesins”; a Unique domain, which isn't directly involved in carbohydrate interaction 

but may influence the conformation of the Siglec domain. Together these two domains 

are pivotal for bacterial recognition of host sialoglycans, containing terminal Neu5Ac-

α-(2,3)-Gal.114 These Siglec-like adhesins have attracted attention because, despite 

having a similar fold to mammalian Siglecs, the recognition processes function quite 

differently. Indeed, while the binding pockets of bacterial Siglec-like adhesins, like 

SLBR-B and SLBR-H, fully accommodate the sialylated glycans,114 in the case of 

mammalian Siglecs, only Neu5Ac is principally recognized and accommodated in the 

binding pocket.115  

So, the diversity and specificity of the bacterial adhesins and their interactions with 

host glycans underscore the complexity of host-pathogen relationships and the 

importance of understanding these processes in the context of infectious diseases. 

1.5.2.1 Cytoadhesins 

Several mycoplasma species, including two human pathogens Mycoplasma 

pneumoniae (Mpn) and Mycoplasma genitalium (Mge), express adhesins interacting 

with specific sialylated glycans exposed on target host cell surfaces, thus mediating 

the bacterial adherence and causing mycoplasmas-associated infectious diseases.116, 

117 Mpn, an exclusively human parasite,118 primarily affects the conducting airways, 

being the leading cause of upper and lower respiratory tract infections like 

community-acquired pneumonias (CAPs).116, 119 On the other hand, Mge is a sexually 

transmitted bacterium that frequently co-infects the urogenital tract with other 
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pathogens, such as HIV, C. trachomatis, and N. gonorrhoeae120. In particular, in 

women, it is responsible for several inflammatory reproductive tract syndromes like 

cervicitis,121 whereas, in men, it is the leading cause of 30-40% cases of urethritis.122 

Mpn and Mge cytoadherence and gliding motility are essential for colonization of the 

human tissues and are mainly mediated by a complex attachment organelle, consisting 

of a specialized tip structure with a central core of a dense rod-like filament composed 

of adhesins, interactive proteins, and adherence accessory proteins.123 Essential for 

infectivity is the transmembrane adhesion complex called Nap124 (Figure 1.25), with 

a tetrameric organization composed by heterodimers of the cytoadhesins P140 and 

P110 in case of Mge, and their homologs P1 and P40/P90 for Mpn.125, 126 These 

cytoadhesins possess a similar domain organization, consisting of a large extracellular 

domain (the crown), a transmembrane helix and a short cytoplasmic tail (C-domain). 

The extracellular portion is divided into two subdomains: a small C-terminal domain 

and a N-terminal region constituted by a seven-bladed β-propeller, creating a crown 

structure, where the sialic acid binding site is located.127 

Given the increasing emergence of antibiotic resistance documented in mycoplasma 

species, such as for Mpn and Mge, the development of alternative therapeutic 

strategies to counteract mycoplasmas-associated infections is urgently needed. 

Despite structural features of these main cytoadhesins have been already elucidated124, 

molecular insights on the sialoglycans recognition and binding are still needed, in 

order to provide alternative anti-adhesion strategies, either by reducing the contact 

between host tissues and pathogens, and/or by prevention of adhesion of the infectious 

agent. 
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Figure 1.25: Structural rearrangements between “open” and “closed” conformations of NAP adhesion 

complex. (adapted from ref.124)  
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1.6 Objectives of the thesis 

This thesis is based on the understanding at a molecular level of the key events at 

the basis of host-guest interactions. To reach this aim, an in-deep knowledge of the 

structures and functions of bacterial and eukaryotic glycans is fundamental for further 

investigate their recognition from both human and bacterial lectins to depict the 

molecular mechanisms at the basis of pivotal biological processes, like cell-cell 

communication, bacterial adherence, modulation of immune responses, development 

of diseases and tumor progression. The investigation of the binding of different human 

and bacterial lectins to their selected ligands has been carried out by using different 

wet lab procedures, NMR spectroscopy, Mass Spectrometry and other different 

biophysical techniques like Fluorescence and Surface Plasmon Resonance together 

with computational approaches. In the chapters of the next section, the results 

obtained from the study of different systems will be shown.  

In the context of the immune system regulation, either in a pro- and an anti-

inflammatory response, after the expression and purification of the human lectin DC-

SIGN, carried out during my secondment at Institut de Biologie Structurale in 

Grenoble (France), in the lab of Prof. F. Fieschi, the molecular basis of its recognition 

of the R1-type LOS of the pathogenic bacterium E. coli has been unveiled (Chapter 

III). In addition, the molecular recognition of the LPS of the commensal bacterium B. 

vulgatus by DC-SIGN, has been also explored (Chapter IV). 

Human-microbe interactions have been also investigated in the case of Mpn and 

Mge bacterial adhesins. Mpn and Mge are two human pathogens which colonize the 

respiratory and urogenital epithelia, respectively. They express cytoadhesins, located 

on the bacterial surface, able to interact with the host, mediating the attachment to 

sialylated glycan receptors and triggering the bacterial infections. So, given the high 

incidence of pathologies related to Mpn and Mge, the absence of a vaccine for Mpn in 

contrast to other respiratory pathogens, and the rapid increase of antibiotic resistance 

of mycoplasma pathogens,128 the recognition by the cytoadhesins P40/P90 in Mpn and 
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P110 in Mge of sialylated N- and O-glycans has been investigated (Chapter V), with 

the aim to find alternative anti-adhesion strategies. 

Furthermore, the persistent increase in antibiotic resistance across many bacterial 

species represents one of the key contemporary challenges to public health. In this 

context, bacterial species belonging to the ESKAPE pathogens attract attention and 

among them, A. baumannii, responsible for various nosocomial infections, is object 

of the present study. It possesses the peculiar production of CPS which confer the 

resistance to adverse environmental conditions. In this thesis, the isolation, 

purification and the structural characterization of CPS from an A. baumannii clinical 

isolate will be shown, together with some preliminary results regarding its interaction 

with host immune receptors. Furthermore, its conformational behavior in the free state 

has been also evaluated through computational studies, after the parametrization of a 

peculiar sugar contained in its CPS structure. Yet, thanks to my stay at GSK - Siena 

(Italy), under the supervision of Dr. M.R. Romano and Dr. R. Adamo, in vivo studies 

have been performed to evaluate the immunogenic activity of the characterized CPS 

conjugated to the carrier protein CRM197, on mice (Chapter VI). Understanding these 

molecular intricacies can shed light on the mechanisms underlying the pathogen's 

virulence and provide insights into novel therapeutic strategies and vaccine 

development, critical for combating infections caused by this multidrug-resistant 

bacterium. 
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2. Chapter 2 - Analytical techniques for investigating protein-

glycan interactions 

This chapter makes a journey from wet lab procedures useful for the isolation of 

the partners of protein-glycan interactions, delving into the principles of Mass 

Spectrometry (MS), Nuclear Magnetic Resonance (NMR) and diverse other 

biophysical techniques for the glycan structural characterization, and culminating in 

the domain of computational modeling to investigate the tridimensional behavior, of 

glycans on the free and bound state. Additionally, key concepts for the expression and 

purification of proteins will be also provided. 

2.1 Extraction and purification of bacterial complex glycans 

The isolation of bacterial cell wall glycoconjugates initiates with their extraction 

from microbial cells. This thesis focuses on the extraction methods for LOS, LPS, and 

CPS, as these glycoconjugates constitute the primary subjects of study. Within this 

framework, two distinct extraction procedures are employed, each tailored to the 

varying amphiphilic character of the compounds. Specifically, the phenol-

chloroform-petroleum ether (PCP) extraction method is employed for obtaining more 

hydrophobic compounds, such as the LOS from E. coli utilized in this thesis, which 

possesses a shorter saccharide chain with respect to the LPS, due to the absence of the 

O-antigen portion. The PCP extraction involves treating dried microbial cells with a 

mixture of petroleum ether, chloroform, and 96% aqueous phenol in an 8:5:2 

proportion (v/v/v). The second extraction method, designed for more hydrophilic 

compounds, like CPS and LPS, is known as hot phenol-water extraction. In this 

method, cells are treated with a 1:1 phenol-water mixture at 70°C, resulting in a water 

phase and a phenol phase. For instance, CPS from A. baumannii and LPS from B. 

vulgatus, objects of the present study, are recovered from the water phase due to their 

highly soluble polysaccharide nature. However, in cases where the core 



 

 

 
SECTION I - INTRODUCTION 

Chapter II - Analytical techniques for investigating protein-glycan interactions 

45 

oligosaccharides of LOS exhibit variable sizes, possibly influenced by bacterial 

growth conditions or LPS modifications, it is advisable to combine the two described 

methods to obtain the desired LOS molecules. Consequently, a single extraction 

method is rarely employed for obtaining polysaccharides, making a combination of 

methods more appropriate. Following dialysis, the extracted phases undergo 

enzymatic hydrolysis with DNAse, RNAse, and protease to remove nucleic acids and 

protein contaminants. After another step of dialysis, the obtained samples are 

examined on a sodium dodecyl sulfate-polyacrylamide electrophoresis gel (SDS-

PAGE) with silver nitrate staining. CPS (over 100kDa), LPS (50-100 kDa) and LOS 

(few kDa) appear on the gel in different ways due to the variation in sugar content. 

Usually, CPS appears as a band on the top of the gel because, owing to its high 

molecular weight, it does not migrate. The higher molecular weight of LPS, compared 

to LOS, results in the observation of multiple dispersed bands throughout the gel 

profile. These bands arise from the heterogeneity of LPS, which can be attributed, for 

instance, to variations in the lengths of the O-chain moiety. In contrast, LOS bands 

are identifiable at the lower region of the gel, consistent with their lower molecular 

weight. After gel electrophoresis, additional purification steps may be required, such 

as size exclusion chromatography (SEC), ultracentrifugation or mild acidic 

hydrolysis, to eliminate the lipidic component, essential for cell membrane attachment 

(Figure 2.1). 

The chemical structure of the purified samples can be determined by using 

different techniques, mainly including GC-MS and NMR, as detailed in the following 

paragraphs.129 
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Figure 2.1: General scheme of the experimental procedures used to isolate bacterial glycoconjugates. 

2.2 Structural characterization of bacterial glycans  

The determination of glycan chemical structure consists of establishing the 

following characteristics:130 

▪ Monosaccharides’ composition and their absolute configurations; 

▪ Linkage patterns as identification of glycosidic linkage positions and 

potential branching sites; 

▪ Furanosidic or pyranosidic rings; 

▪ α- or β- anomeric configurations; 

▪ Sequences of monosaccharide residues and, in the case of glycans with a 

regular structure, determination of the repeating units; 

▪ Identification and localization of substituents on hydroxyl groups; 

▪ Molecular size.  

To reach all this information, it is necessary to combine various biophysical 

techniques, such as Mass Spectrometry and NMR spectroscopy.  
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2.2.1 Mass Spectrometry (GC-MS analysis) 

The coupling of Gas Chromatography (GC) with Mass Spectrometry (MS) is a 

potent analytical technique to perform a preliminary compositional analysis of 

glycoconjugates. However, since this method allows to analyze volatile compounds, 

derivatization of glycan samples is needed.  

Generally, glycans are firstly separated into their constituent monosaccharides (the 

depolymerization procedure consists of acid catalyzed solvolysis, using either water 

or other solvents) and subsequently transformed into derivatives suitable for the GC-

MS analysis. Analysis of derivatized monosaccharides allows for the identification of 

sugar residues based on their fragmentation pattern and retention time (Figure 2.2).  

 

Figure 2.2: Elution order corresponding to each type of derivatized sugar in the GC-MS chromatogram. 

Due to the heterogeneity of sugar molecules, the choice of the derivatization method 

is crucial and allows to achieve different information. Thus, as examples, four 

derivatization methods will be detailed: (i) Acetylated Alditols (AA) and (ii) 

Acetylated Methyl Glycosides (AMG), both used for the determination of 

monosaccharide composition, (iii) Partially Methylated and Acetylated Alditols 

(PMAA) useful for the linkage analysis, (iv). acetylated octyl- (or butyl-) glycosides, 

used for the determination of the absolute configuration. 

The AA method is applicable for identifying neutral sugars, including aldoses, 

ketoses, and aminosugars. The procedure typically involves an initial hydrolysis, 

commonly with trifluoroacetic acid (TFA) to break the glycosidic linkage. 
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Subsequently, there is a reduction step targeting the free carbonyl group, followed by 

a final acetylation of the hydroxyl groups (Figure 2.3). 

 

Figure 2.3: Scheme of the reactions involved in converting a polysaccharide into its corresponding 

acetylated alditols (adapted from ref. 130). 

AMG, in contrast to AA, is suitable for detecting acidic sugars and serves as a 

general procedure for identifying hexoses, aminosugars, uronic acids, and ulosonic 

acids. This method requires particular attention in the initial step, involving 

methanolysis under anhydrous conditions, which can pose a limitation. 

In detail, the saccharide sample undergoes methanolysis with MeOH/HCl, followed 

by acetylation of the free monosaccharides. The resulting acetylated O-methyl 

glycosides are then analyzed using GC-MS, where identification occurs through 

fragmentation pattern and retention time analysis, and also by comparison with 

standards. This approach employs mild degradation conditions (MeOH/HCl 0.5-2M, 

80°C) and is especially recommended for acid-labile sugars, such as Kdo and deoxy-

sugars (Figure 2.4). 
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Figure 2.4: Scheme of the reactions involved in converting a polysaccharide into its corresponding 

acetylated methyl glycosides (adapted from ref.130). 

The derivatization method for the obtainment of PMAA is employed for the 

determination of monosaccharide ring size and attachment points. In this process, the 

sample undergoes methylation at its free hydroxy groups, followed by hydrolysis, 

reduction with NaBD4, and acetylation. The resulting PMAA are then analyzed using 

GC-MS. The presence of acetyl groups in the fragments indicates the attachment point 

or the position of cyclization in the pyranose or furanose cycle, while methyl groups 

signify free positions not involved in linkages. While this methodology is effective 

for detecting neutral and basic sugars, it necessitates an additional reduction step for 

the carboxymethyl group of fully methylated polysaccharides if acidic sugars need to 

be detected (Figure 2.5). 
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Figure 2.5: Scheme of the reactions involved in converting a polysaccharide into its corresponding 

partially methylated acetylated alditols (adapted from ref.130). 

Finally, acetylated octyl- (or butyl-) glycosides allow to determine the absolute 

configuration, using an enantiomerically pure alcohol, such as 2-(+)-octanol or 2-(+)-

butanol. The use of this enantiomerically pure alcohol facilitates the formation of a 

diastereoisomeric mixture, which can be separated in the chromatographic column of 

the GC-MS. 

The retention time of the acetyl 2-(+)-octyl glycosides is compared with that of a 

standard mixture of O-2-(±)-octyl glycosides representing standard monosaccharides 

in D or L configuration. By comparing the retention time of the octyl glycosides in 

the sample with those of the standard, the D- or L-configuration of the 

monosaccharides can be determined (Figure 2.6). 
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Figure 2.6: Acetylated octyl glycosides. a) Scheme of the enantiomeric mixture of rhamnose undergoing 

solvolysis using enantiomerically pure (R)-(-)-2-octanol. b) Approach employed for the synthesis and 

characterization of 2-octyl glycosides (adapted from ref. 130) 

2.2.2 NMR analysis 

NMR spectroscopy stands as a powerful and non-destructive technique widely 

used for investigating both synthetic and natural compounds in solution. It provides 

insights at atomic and molecular level by observing the behavior of atomic nuclei in 

a magnetic field. This technique is of paramount importance in the structural 

characterization of carbohydrates, offering the advantage of studying molecules in 

their native state.131 

NMR spectroscopy observes the transitions between different spin states of nuclei 

when subjected to a static magnetic field (B0). Elements with a non-zero quantum 

nuclear spin moment (I) induce a nuclear magnetic moment (µ), categorizing them as 

NMR active nuclei. When subjected to an external magnetic field (B0) the nuclear 

spins of the atoms align the magnetic field with S orientations (S= 2I + 1) known as 

spin states. In the case of glycans, commonly observed nuclei include 1H, 13C and 31P, 

all possessing I = ½, indicating that the nuclear spins will orient with or against B0. 
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The NMR spectrum is composed of (i) signals indicating the number of nuclei object 

of the study, (ii) signal multiplicity revealing scalar interactions between vicinal and 

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

constant (J), a value used to gain structural information like bond distances in the 

molecule, (iii) chemical shift (δ) indicating frequency of resonance, and (iv) integral 

namely the number of equivalent nuclei for each signal.  

Structural analysis by NMR is accomplished by employing a combination of 

homo- and heteronuclear mono/bi-dimensional NMR experiments. Specifically, 1H 

and 13C NMR experiments are pivotal in determining the number and nature of 

monosaccharides, α or β anomeric configuration, ring size and the nature of non-

carbohydrate substituents. Distinctive chemical shift regions, characteristic of sugar 

units, can be obtained from these experiments (Table 3). Moreover, typical values of 

coupling constants 3JH1,H2 and 1JC1,H1 discriminate between the anomeric configuration 

of the sugar units. Indeed, for pyranose rings with gluco or galacto configuration 

(axial H2), a 3JH1,H2 above 8 Hz is indicative of a β-configuration while below 3 Hz is 

indicative of an α-configured anomer. Instead, manno configured sugars (equatorial 

H2) are characterized by 3JH1,H2 below 3 Hz. Furthermore, a value of 1JC1,H1 below 165 

Hz corresponds to a β-anomer whereas for an α-anomeric configuration the value is 

above 170 Hz. 

Table 3: Typical 1H and 13C chemical shift values of sugar compounds. 

δ (ppm) 1H 

8.5-7.5 Amide resonances 

5.5-4.2 Anomeric protons 

4.5-2.8 Sugar ring protons 

2.6-1.8 α-methylene protons of deoxy sugar 

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

δ (ppm) 13C 

180-160 Carbonyl carbons 
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105-95 Anomeric carbons 

80-60 Sugar ring carbons 

60-45 Nitrogen-bearing carbon signals 

~30 Aliphatic methylene carbons of deoxy sugars 

20-17 Methyl carbons of deoxy sugars, acetyl group 

 

To determine a sugar sequence, a set of complementary bidimensional homo- 

and hetero-nuclear NMR experiments is required. At this stage, it is fundamental to 

underline that NMR experiments employ two mechanisms for magnetization transfer: 

scalar coupling or dipolar interaction (NOE effect). Scalar coupling provides 

structural insights into two protons separated by two (geminal) or three (vicinal) 

bonds, while the dipolar interaction arises from two protons in close spatial proximity, 

within less than 5 Å. In detail, homonuclear COSY (COrrelation SpectroscopY) and 

TOCSY (TOtal Correlation SpectroscopY) measure the correlation of 1H nuclei with 

geminal and vicinal couplings and those belonging to the entire spin network, 

respectively. NOESY (Nuclear Overhauser Effect SpectroscopY) measures the cross-

relaxation rates of spins, disclosing the proximity of specific protons in space. The 

NOESY variant under spin-locked conditions, known as ROESY (Rotating-frame 

Overhauser Effect SpectroscopY), always shows a positive signal and is commonly 

employed when the NOE is close to zero, such as in small oligosaccharides, including 

many trisaccharides.  

On the other hand, HSQC (Heteronuclear Single Quantum Correlation) directly 

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

employs multiple-bond couplings over two or three bonds (J=2-15 Hz) to ascertain 

long-range 1H-13C connectivity. All together these techniques allow the depiction of 

the ligand structure (Figure 2.7). 



 

 

 
SECTION I - INTRODUCTION 

Chapter II - Analytical techniques for investigating protein-glycan interactions 

54 

 

Figure 2.7: Representation of the correlations observable by different 2D NMR experiments. 

2.3 Methodologies for the expression of C-type lectins 

C-type lectins are usually expressed in E. coli. The sequence of the protein of 

interest is firstly cloned into a plasmid, such as pET-30(a)(+) (Figure 2.8). 

 

Figure 2.8: Restriction map of the plasmid pET-30(a)(+). 

Competent cells, for example, E. BL21(DE3), are then transformed with the plasmid, 

using the protocol suggested by the provider. E. coli BL21(DE3) serve for the 
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expression of non-toxic heterologous genes and contain the lambda DE3 prophage 

that carries the gene for T7 RNA polymerase under the control of a lacUV5 promoter, 

allowing expression of the T7 RNA polymerase to be induced with Isopropyl β-d-1-

thiogalactopyranoside (IPTG). BL21(DE3), although it is an E. coli strain, does not 

contain the Lon protease and the outer membrane protease OmpT, thus reducing the 

degradation of heterologous proteins expressed in these cells (Figure 2.9). 

 

Figure 2.9: Scheme of E. coli BL21(DE3) competent cells. 

Transformed cells grow in a certain medium, like Luria-Bertani broth (LB), seed in 

Agar-LB plate with the corresponding antibiotic, in this case, kanamycin and 

incubated. The presence of the antibiotic allows the selection of the cells with the 

plasmid integrated. At this point, one single colony of transformed cells is selected 

from the plate and inoculated for growth. When the optical density at 600 nm (OD600) 

is 0.6, the culture is induced with 1 mM of IPTG, and the growth is prolonged. When 

the final OD600 is around 4-5, cells are harvested by centrifugation and once collected, 

resuspended in buffer with EDTA-free protease inhibitor. 

Note that for the expression and purification of proteins, different methods can be 

used, for example, they can be expressed as fusion proteins or in inclusion bodies. In 
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the first case, once the obtained transformed cells are lysed, the protein of interest can 

be recovered after centrifugation in the supernatant which contains soluble proteins, 

and, then, purified; otherwise, if the expression is in inclusion bodies, some additional 

steps are required. Inclusion bodies are cytoplasmic granules, composed of insoluble 

aggregates of the expressed protein. In this case, cells collected by centrifugation, are 

lysed by mechanical methods, such as sonication or lysozyme and detergents. The 

inclusion bodies, collected by centrifugation, are washed (Triton X-100 + EDTA or 

urea) to separate as much as possible soluble proteins from aggregated recombinant 

proteins. In most cases, isolated inclusion bodies contain more than 90% pure 

recombinant protein. The washed inclusion bodies are solubilized, and the 

recombinant protein is subjected to a refolding procedure. Various conditions can be 

used to solubilize the inclusion bodies: guanidine-HCl, urea, basic pH, SDS, 

acetonitrile/propanol.132 Renaturation procedures vary by protein, but, in general, 

consist in the gradual removal of the denaturing agent, like for the drop-by-drop 

dilution. After dialysis, centrifugation and filtration, the protein can be purified. 

The purification of the recombinant protein can consist of different steps of 

chromatography. For example, an affinity chromatography can be employed to 

selectively bind the protein of interest and then elute it in the appropriate buffer; or 

another step can be a SEC to further purify the protein according to its MW. Once 

purified, the protein is controlled on an SDS-PAGE using Coomassie staining, filtered 

and quantified. In Figure 2.10 a summary of all the steps necessary for the expression 

and purification of a recombinant protein produced as inclusion bodies is reported. 
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Figure 2.10: Scheme of all the steps necessary to produce a recombinant protein as inclusion bodies. 

Once obtained the chosen protein and characterized the glycoconjugate of interest, 

the study of their molecular binding can be investigated using different techniques, as 

explained in the next paragraphs. 

2.4 Biophysical techniques to unveil protein-glycan molecular 

interactions 

Investigating the molecular basis of protein-ligand interactions is a prerequisite 

for structure-based drug design, facilitating the development of innovative therapeutic 

approaches and strategies. A myriad of techniques, including biophysical, 

spectroscopic, spectrometric, and computational methods, is available for a full 

comprehension of protein-ligand interactions. Among them, NMR techniques, 

fluorescence spectroscopy and surface plasmon resonance (SPR) allow to achieve 

crucial molecular details. 

2.4.1 NMR techniques for the analysis of protein-glycan complexes 

NMR spectroscopy is a very useful tool for gaining information regarding protein-

ligand interactions at atomic resolution. Several approaches are available for 

investigating protein-ligand interactions using solution NMR spectroscopy. These 

methods can be broadly categorized into protein-based and ligand-based approaches. 

In a protein-based method, a spectrum of the protein is acquired, and the ligand is 

subsequently titrated. This approach provides insights into the specific residues of the 
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protein that directly interact with the ligand. Conversely, in ligand-based methods, a 

spectrum of the ligand is acquired, followed by the addition of the protein. The ligand 

can range from small molecules, like chemical compounds or peptides, to larger 

macromolecules, like DNA or other interacting proteins. In this thesis, carbohydrate 

molecules are used as ligands. 

The equilibrium associated with the formation of a protein (A)–ligand (B) complex is 

given by the following reaction A + B ⇌ AB, and it is characterized by the equilibrium 

dissociation constant (KD, measured in M-1s-1) that, in case of 1:1 stoichiometry, is:133 

𝐾𝐷 =
[𝐴][𝐵]

[𝐴𝐵]
=

𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
 Equation 2.1 

where [A], [B], and [AB] are equilibration concentrations of the protein A and the 

ligand B and the complex protein-ligand AB, respectively; koff is the dissociation rate 

constant and kon is the association rate constant which determines the magnitude of 

KD. 

The lifetime of the protein–ligand complex, determined by 1/koff, is responsible for 

the overall appearance of the NMR spectra. Two limiting cases can be delineated: (i) 

a slow chemical exchange between free and protein-bound states of the ligand, where 

the lifetime of the protein-ligand complex is much longer than the difference in 

chemical shifts between two signals observed for free and bound states, resulting in 

the presence of two NMR signals, typically found in strong complexes; (ii) a fast 

chemical exchange between free and bound state, generating the collapse of the two 

signals into a single peak, due to the short lifetime of the complex (Figure 2.11).134 

Some protein-ligand interaction NMR techniques are useful only for strongly 

interacting molecules in slow exchange, while others operate exclusively in the fast 

exchange regime. 
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Figure 2.11: Illustration of fast and slow exchange. 

In the next subparagraphs, two ligand-based NMR methods will be discussed more in 

detail: transferred NOESY (tr-NOESY) and saturation transfer difference (STD 

NMR). Both are based on the transfer of NMR parameters from the protein-bound 

state to the ligand-free state and are particularly useful in the medium–low affinity 

range, with KD ≥ 100 μM. Furthermore, these NMR approaches work in a “fast-

exchange” regime, with the dissociation rate constant koff in the range of 

1000<koff<100000 s−1.135, 136 Additionally, some details regarding chemical shift 

perturbation, a protein-based NMR method, will be also provided. 

2.4.1.1 tr-NOESY 

tr-NOESY experiments are based on the different behavior of a ligand in free and 

bound states, giving information about conformational changes, upon binding. These 

experiments are based on the Nuclear Overhauser Effect (NOE), used for measuring 

homonuclear dipolar interactions that can be detected up to 5 Å.137 It arises from direct 

dipolar cross-relaxation between neighboring nuclear spins, exhibiting a sharp decline 

with increasing distance. Sign and magnitude of the NOE are influenced by the 

rotational correlation time (τc), which, in turn, depends on the size of the ligand. For 

small molecules (like ligands up to 2 kDa MW), 1H–1H NOEs are small and positive, 

whereas for larger molecules (like proteins), they become larger and negative. The 

detection of transferred-NOEs (tr-NOEs) is contingent on the distinct tumbling times 

(τc) of the ligand in the free and bound states. Indeed, it reflects the binding to the 
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receptor and gives information regarding the conformational behavior of the ligand. 

In detail, when binding to a macromolecular receptor, the ligand assimilates into the 

macromolecule, exhibiting the corresponding NOE behavior. The ligand, undergoing 

free exchange between the bound and free states, preserves the NMR characteristics 

of the protein receptor. Due to the slower relaxation in the free state, the spectrum 

provides information about the ligand in the bound state.138 Thus, the analysis of NOE-

derived intra-molecular 1H–1H distances in both free and bound states enables the 

monitoring of conformational alterations in the ligand upon binding, allowing the 

determination of the bioactive conformation, namely, the conformation adopted by 

the ligand in the bound state (Figure 2.12).139  

 

Figure 2.12: NOE effect schematic representation. In the free state, the ligand exhibits positive NOE 

with cross-peaks with opposite signs to the diagonal peaks of the NOESY. In the bound state, the ligand 

adopts a negative NOE behaving as the macromolecule as shown in the tr-NOESY spectrum (adapted 

from ref.138). 

The construction of NOE build-up curves allows to specifically determine intra-

molecular 1H–1H distances. The highest enhancement in tr-NOE experiments occurs 

at shorter mixing times, typically ranging from 50 to 100 ms, whereas it is four to ten 
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times longer for the free ligand.136 Consequently, when integrating the NOEs at 

various mixing times, the build-up curves are fitted to a double exponential function: 

𝒇 = 𝒂 (𝒆−𝒄𝒕)(𝟏 − 𝒆−𝒃𝒕) Equation 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: 

𝒇′(𝟎) = 𝒂 ∗  𝒃  Equation 2.3 

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

spin pair approximation: 

𝒓𝒊𝒋 = 𝒓𝒓𝒆𝒇 √
𝝈𝒓𝒆𝒇

𝝈𝒊𝒋
 

𝟔
 Equation 2.4 

where rij is the distance to calculate, rref is the reference distance, σref is the cross-

relaxation rate and σij is the cross-relaxation time that gives the desired distances.136
  

In conclusion, tr-NOESY experiments serve as a valuable tool for elucidating 

dynamic processes and bioactive conformation, with possible applications in rational 

structure-based drug design. 

2.4.1.2 STD NMR 

STD NMR is a ligand-based method able to detect molecular interactions with Kd 

values in a range of 10-8 –10-3 mol L-1. This technique possesses an easy 

implementation and allows to (i) determine the interaction between small ligands and 

their receptors, (ii) analyze the binding processes at a molecular level and (iii) derive 

the epitope maps namely the regions of the ligands directly involved in the binding 

processes. STD NMR experiments are based on intermolecular NOE,140 by 

transferring the magnetization from the protein to the ligand protons. By selectively 

saturating protein resonances using a specific radio frequency-pulse train (saturation 

time in the range of seconds), the magnetization spreads rapidly throughout the entire 

protein via spin diffusion and intramolecular NOEs. This saturation is then transferred 

from the protein to the interacting ligand during its residence time in the protein 
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binding site, through intermolecular saturation transfer and chemical exchange. 

Ligand protons in close proximity to the protein binding site exhibit higher 

magnetization, while those farther away receive little or no saturation (Figure 2.13). 

 

Figure 2.13: STD NMR method schematic representation. In the off-resonance spectrum, ligand protons 

do not show an intensity decrease, whereas in the on-resonance spectrum, the saturation is transferred to 

the ligand after irradiating the protein with RF pulses. The final STD spectrum is the result of the 

subtraction of the off- and on-resonance spectra, showing only the ligand signals involved in the binding 

process (adapted from ref.138). 

From the experimental point of view, the STD experiment is based on the 

subtraction of two 1D NMR spectra: (i) the off-resonance spectrum, representing the 

reference, in which the irradiation occurs usually at 40ppm, which is a region far 

from ligand and protein signals and (ii) the on-resonance spectrum, in which only 

protein signals are selectively saturated, usually in the aliphatic or aromatic regions 

(0 to -2 ppm and 6.5-8.5 ppm, respectively). The signal is subsequently transferred 

from the saturated protein to the bound ligand via intermolecular 1H–1H cross-

relaxation pathways. Once in solution, the ligand maintains the saturated state due 

to its enthalpic relaxation (R1), which is slower than the koff. Consequently, an 

accumulation of the saturated free ligand in solution leads to a reduction of the signal 

intensity, because of the acquired magnetization. The resulting STD spectrum comes 
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out from the subtraction of the off- and on-resonance experiments, containing only 

signals of bound ligand protons. The STD intensities (ISTD) are calculated as follows: 

𝑰𝑺𝑻𝑫 =
𝑰𝟎−𝑰𝒔𝒂𝒕

𝑰𝟎
  Equation 2.5 

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

intensity of a signal in the on-resonance experiment. Since the degree of saturation 

varies among ligand protons, based on their proximity to the binding pocket,141 it is 

possible to delineate the ligand's interacting epitope. Additionally, STD% values can 

be obtained by normalizing the STD intensities, against the most intense signal: a 

higher STD% value indicates greater proximity of the ligand proton to the receptor 

binding pocket. However, STD intensities can vary depending on the length of the 

saturation or due to the different relaxation times of the protons of the ligand. To 

solve these issues, a commonly used approach is the initial growth rates method,142 

in which these rates are derived from STD intensities at the point of zero saturation 

time, where neither ligand re-binding nor relaxation occurs. STD NMR spectra can 

be acquired at different saturation times in the range of 0.5-5 s, to obtain the STD 

build-up curves. Particularly, STD build-up curves can be calculated through the 

STD amplification factor (ASTD), which is obtained by multiplying the relative STD 

effect (ISTD/I0) at a given ligand concentration ([L]0) by the molar ratio between in-

excess ligand and the protein ([L]0/[P]0), where [L]0 and [P]0 refer to the total 

concentration of ligand and protein, respectively: 

𝑨𝑺𝑻𝑫 =  
𝑰𝟎−𝑰𝒔𝒂𝒕

𝑰𝟎
∗ 

[𝑳]𝟎

[𝑷]𝟎
=  

𝑰𝑺𝑻𝑫

𝑰𝟎
∗  

[𝑳]𝟎

[𝑷]𝟎
 Equation 2.6 

ASTD is calculated for each proton involved in the interaction, for each saturation time 

and then data are fitted in the following monoexponential function: 

𝑺𝑻𝑫 (𝒕𝒔𝒂𝒕) = 𝑺𝑻𝑫𝒎𝒂𝒙 ∗ (𝟏 − 𝒆(−𝒌𝒔𝒂𝒕∗ 𝒕𝒔𝒂𝒕
) Equation 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-
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up. The parameter STDfit indicates the slope of the STD build-up curves at a saturation 

time of 0 and it is influenced by the proximity of the ligand to the protein. To generate 

the ligand's epitope map, the STDfit values are normalized relatively to the highest 

value, which is set to 100%.138 

In conclusion, STD NMR provides a deep characterization of the interactions 

occurring between ligands and proteins, allowing the determination of the epitope 

map of the ligand. Further applications also implicate the use of 2D STD experiments, 

like 2D-STD-TOCSY and 2D-STD-HSQC, that can solve cases in which signals 

overlapping are present, by extracting the corresponding rows through the 2D 

spectra.143 

2.4.1.3 Chemical shift perturbation 

Protein-based NMR methods offer a direct means of observing receptor signals, 

enabling the characterization of interactions with specific ligands and the 

identification of unknown receptor binding sites.144 To employ these NMR 

experiments, the expression of an isotope-labeled protein, such as with 15N, is 

necessary. Subsequently, a preliminary assignment of the protein NMR spectra 

through specific 3D NMR experiments is essential to decipher the protein backbone 

and its later chains.145  

Upon the formation of protein–ligand interactions, various physical parameters of 

both the protein and the ligand undergo changes. Differences in hydrophobicity at the 

interaction surface, for example, lead to alterations in local electron density. These 

changes influence the chemical shift, one of the most easily observable NMR 

parameters. Large changes in chemical shifts are also induced by the spatial proximity 

of groups with magnetic susceptibility anisotropies, such as aromatic rings. 

Importantly, the chemical shift is affected not only by the covalent molecular structure 

of a protein but also by non-covalent interactions with ligands and solvent molecules. 

A crucial protein-based NMR method is the analysis of chemical shift perturbation 

(CSP) or chemical shift mapping (CSM), employed to map the chemical shift of a 
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15N-labeled protein when titrated with a ligand.146, 147 CSP analysis of a protein/ligand 

complex requires the acquisition of the 1H-15N-HSQC spectra for the apoprotein as a 

reference. Sequential 1H-15N-HSQC spectra are then performed with increasing ligand 

concentrations, ideally until the protein binding site is saturated. Binding is visualized 

by overlaying all HSQCs recorded during the titration. In the presence of an 

interaction, the chemical shifts of the residues involved in complex formation with the 

ligand, observed as peaks in a 15N-HSQC, shift from their original positions. Two 

limiting cases are encountered: (i) in fast exchange, the chemical shift represents the 

population-averaged value between the free and bound forms, with peaks moving 

linearly by adding amounts of ligand; (ii) in slow exchange, both signals of the bound 

and free states are observed, with signal integrals representing their relative amounts 

(Figure 2.14). 

 

Figure 2.14: Changes in protein peaks upon titration with a ligand are shown schematically for fast and 

slow exchange. For binding in fast exchange, the signal of the free‐protein peak at ωF is moving towards 

the fully ligand‐saturated protein peak ωB. In slow exchange, only the relative signal intensities of free 

and bound protein peaks change (adapted from ref.134). 

Chemical shift perturbation analysis requires that the protein and the ligand be 

dissolved in the same buffer and the measurements during the titration must be 

acquired under the same conditions. This is crucial as chemical shifts are highly 
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sensitive to differences in temperature, pH value and, buffer composition, especially 

those of amide protons. Additionally, a limitation of protein-based NMR is the size of 

the macromolecule which should not exceed 50 kDa due to the negative impact on 

relaxation time, resulting in low-quality 1H-15N-HSQC spectra. TROSY (Transverse 

Relaxation Optimized SpectroscopY) can be a solution, using triple resonance 

experiments to select a single component of different relaxation T2 mechanisms, 

leading to a single and sharp peak in the spectrum.148 

While most peaks affected by a change in chemical shift determine the binding site of 

the protein accommodating the ligand, conformational changes in amino acids also 

result in differences in resonance frequencies. Thus, the shifting of a signal is not 

always indicative of proximity to the binding interface but can provide information 

about allosteric changes in the protein structure when a ligand is bound. 

2.4.2 Fluorescence spectroscopy 

Fluorescence spectroscopy is a quantitative analytical technique, widely 

employed to offer insights into the structural and dynamic aspects of glycan-protein 

complexes. Its benefits encompass high sensitivity, ease of application, and a diverse 

selection of fluorescence labels and probes. 

Fluorescence originates from electronic transitions within molecules, triggered by the 

absorption of a photon that induces the formation of an excited singlet state. This 

excited state emits light as fluorescence, allowing the molecule to revert to the ground 

state. Nevertheless, non-radiative processes like vibrational loss (heat), the creation 

of a triplet state, and collisions with a quencher (such as iodide or oxygen) may 

interfere with fluorescence, deactivating the excited state and reducing its 

effectiveness. The emission rate of most fluorophores typically stands at 108 s−1, 

resulting in a typical fluorescence lifetime of ~10 ns. This timeframe aligns with 

conformational transitions, making fluorescence spectroscopy well-suited for 

detecting conformational changes occurring during ligand binding. Fluorescence 

spectroscopy is useful as long as ligand binding induces a change in the fluorophore, 
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which may be an intrinsic part of a protein (e.g., aromatic amino acids (Figure 2.15)) 

or may be introduced extrinsically (e.g., a non-covalent probe). 

 

Figure 2.15:UV-vis absorption spectra of aromatic amino acids. 

In most of the studies related to glycan-protein interactions, changes in 

fluorescence intensity of aromatic amino acids are monitored, using a fixed 

concentration of the protein and following the ligand binding through its titration, until 

the protein is saturated, obtaining the KD (Equation 2.1).  

The binding curve is obtained by plotting ΔF/F0 values versus ligand 

concentration. Data analysis is performed using the following equation: 

𝜟𝑰𝒇

𝑰𝟎
=  

𝜟𝑰𝒎𝒂𝒙

𝑰𝟎
𝑿𝑭𝒀  Equation 2.8 

where ΔIf  is the fluorescence intensity change upon addition of the ligand, ΔImax is the 

maximal fluorescence intensity change, F is the fluorophore, X is the interferent 

species, and 𝑋𝐹𝑌 =  
−𝑏±√𝑏2−4𝑎𝑐

2𝑎
, with a = [F]tKb, b = 1+[Y]tKb and c = [Y]tKb. 

For the evaluation of the binding interactions, in particular, the KD, data can be 

analyzed by non-linear regression equation considering one site-specific binding 

model: 
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𝒀 =
𝑩𝒎𝒂𝒙∗𝑿 

𝑲𝑫+𝑿
 Equation 2.9 

where Y is the fluorescence intensity change at the maximum wavelength, X is the 

ligand concentration, and Bmax is the maximum specific binding.149 

2.4.3 Surface Plasmon Resonance 

Surface Plasmon Resonance (SPR) is a valuable technique for studying protein-

glycan interactions. This versatile method can be applied in various contexts, allowing 

for the measurement of binding kinetics, affinity, specificity, and the concentration of 

biologically active compounds.  

The SPR detection system operates based on the principle of total internal 

reflection (TIR) and the generation of surface plasmon. Essentially, when light passes 

through a surface with a different refractive index, TIR occurs if the refractive index 

is lower on the other side of the boundary and the incident angle is greater than the 

critical angle. This leads to the complete reflection of the wave. Thus, SPR is observed 

under TIR conditions of light at the interface of two media with different refractive 

indexes, coated with a metal film (gold layer interface). Plasmons can be described as 

oscillations of free electron densities with respect to the fixed positive ions in a metal. 

Surface plasmon waves are excited at the gold interface and SPR is observed as a dip 

in the intensity of reflected light at a specific angle of incidence. Binding events 

impact the refractive index (RI) close to the metal surface and are monitored in real-

time as changes in the specific angle where SPR induces the extinction of light (Δθ, 

resonance angle shift). There is a direct relationship to quantify the binding which can 

slightly vary according to the used compounds; in general, it is 1pg/mm2 surface 

concentration change – 10-6 RI change – 10-4 deg deviation – 1 Resonance Unit (RU). 

In the studies carried out in this thesis, the used sensor chips (containing the nanoscale 

film to functionalize to study the interactions) are composed of dextran polymers, with 

the advantages of hydrophilicity, easy use for covalent coupling, high binding 

capacity, flexibility, and high chemical resistance. To immobilize the ligand of 
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interest, there are different types of dextran-activated surfaces, such as CM5, a dextran 

matrix covered with many carboxyl groups, and CM3 in which the interaction takes 

place closer to the surface to improve sensitivity (Figure 2.16). 

 

Figure 2.16: Examples of diverse dextran activated surfaces. 

There are two possible ways for the immobilization of the ligand on the surface: (i) in 

the direct immobilization the ligand is directly functionalized on the surface by 

covalent coupling, (ii) in the indirect immobilization, a capturing molecule (es. 

streptavidine), attached on the surface by covalent coupling, catches the ligand (es. 

linked to the biotin); instead, the analyte is injected free in solution. Among the 

different coupling chemistries, the activation of the carboxylic groups of the dextran 

matrix mostly occur by amine coupling, using the mixture of two reactants 1-Ethyl-

3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) and N-hydroxy-

succinimide (NHS), forming amine-reactive intermediates that spontaneously reacts 

with primary amines to form amide bonds. On the sensorchip, there is a microfluidic 

system with four channels called flow cells (FC), for individual or serial use, meaning 

that with the same amount of analyte, it could be possible to analyze four different 

ligands consecutively or, also, to use one of the FC as reference. 

The result of an SPR analysis is the sensorgram, reporting RU on the Y-axis and time 

(s) on the X-axis, giving information regarding association and dissociation of the 
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complex of interest. In particular, from the sensorgram, it is possible to calculate (i) 

for the affinity analysis, how strong is the binding at equilibrium, by quantifying the 

KD, (ii) for the kinetic analysis, how fast is the binding, through kon (measuring the 

recognition) and koff (measuring the stability) (Equation 2.1). 

A scheme of SPR method is shown in Figure 2.17. In conclusion, SPR is a versatile 

and powerful analytical tool with a wide range of applications. It excels in determining 

small molecules with exceptional accuracy, reaching concentrations as low as 10-13 – 

10-16 M. Its diverse applications include not only the study of different molecular 

interactions such as glycan-protein, antigen-antibody, DNA-protein, RNA-protein, 

DNA-DNA, RNA-RNA, along with the kinetics of these reactions, but also the 

quantitative and qualitative assessment of toxins, monitoring gene expression. The 

method has numerous advantages, including high sensitivity and selectivity, real-time 

kinetics analysis, simplicity in sample processing, short analysis time, and the ability 

to reuse the sensor after proper regeneration. Overall, SPR stands out as a valuable 

and efficient technique in the realm of molecular analysis.150 
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Figure 2.17: Scheme of operation of SPR (extracted from 150). 

2.5 Computational studies 

Computational studies in glycoscience have witnessed significant advancements, 

playing a crucial role in unraveling the structural and conformational intricacies of 

carbohydrate molecules, in their free state or bound to proteins. Molecular modeling 

techniques combined with analytical and biophysical techniques, allow to provide 

structural and dynamical features of 3D complexes 151, 152 

Computational techniques range from ab initio to coarse-grained (CG) methods and 

from deterministic to heuristic approaches. In detail, they include (i) DFT-based ab 

initio simulations, (ii) quantum mechanics/molecular mechanics (QM/MM) and 

QM/QM hybrid methods, (iii) semi-empirical methods, (iv) molecular mechanics 
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(MM) and molecular dynamics (MD) simulations, (v) heuristic methods (Monte Carlo 

and genetic algorithms), (vi) coarse-grained methods, (vii) docking calculations.153 

Importantly, carbohydrates are subject to stereo electronic effects, which are 

integrated into force field-based protocols. Significant advancements in force field 

development have led to high-quality force fields that can faithfully reproduce the 

dynamic and electronic properties of carbohydrates.154 Additionally, when dealing 

with bacterial glycans, another challenge arises due to the absence of a wide library 

of parametrized structures. Consequently, it becomes necessary to utilize QM to 

parameterize the sugar units before being able to work with them. 

Subsequent paragraphs will provide an overview of docking, MM and MD 

simulations, as these computational tools play a central role in this thesis. 

2.5.1 Docking 

In the realm of molecular modeling, docking stands out as a widely employed 

method for structure-based drug design. Its utility lies in predicting the binding 

conformation of small molecules within specific protein binding sites, offering a 

model of the interaction. Docking protocols generally start with conformational 

sampling of the ligand, consisting in finding potential binding poses for a small 

molecule within a given receptor, by adjusting their conformation to achieve the best 

fit. The subsequent step is the clustering, entailing energy scoring of the resulting 

binding poses and evaluating the energy of the ligand-target complex. Although these 

steps are common in various docking programs,155 differences arise in the algorithm 

for computational search and the nature of the scoring function applied to rank the 

docked poses.156, 157 

The conformational ligand search can be carried out using three main types of 

algorithms: (i) shape matching, which assesses geometrical overlap, identifying 

potential binding sites through macromolecular surface searches,158 (ii) systematic 

search, ideal for flexible ligand docking, exploring all degrees of freedom and (iii) 
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stochastic or non-deterministic algorithms, like Monte Carlo (MC) and evolutionary 

programming (EP), which are the most time efficient algorithms, involving random 

changes in the ligand.159 

Regarding energy evaluation, three scoring functions are recognized: (i) force-

field based, which computes individual interaction terms such as van der Waals and 

electrostatic energies, stretching, bending and torsional energies,160 (ii) knowledge-

based, that relies on statistical analysis of interacting contacts between the ligand and 

the target161, 162 and (iii) empirical-based, computing the collective binding free energy 

by aggregating a series of weighted empirical energy terms, encompassing 

interactions such as hydrogen bonds (H-bonds) and hydrophobic interactions.163, 164 

For a docking calculation on a protein-ligand complex, the 3D structures of the 

interaction partners are required. These structures can be obtained through 

experimental techniques, such as NMR spectroscopy and /or X-ray crystallography, 

or, if the protein 3D structure is unknown, homology modeling methods can be 

employed to predict it. Information about the protein binding site is not mandatory 

but, using AutoDock,165 as in this thesis, it can help in building the AutoGrid grid box, 

allowing ligand freely rotation, even in its fully extended conformation. In cases 

where the binding pocket is unknown, "blind docking" firstly explores the entire 

protein surface, in order to find regions preferred by the ligand, and then, a second 

round of docking calculations permits the use of a smaller grid in which ligand can 

move around the protein. Of course, when the protein binding site is unknown, a 

higher computational cost is required. Autodock program employs EP algorithms, 

specifically the Lamarckian Genetic Algorithm,166 based on the genetic algorithm 

(GA) and local search (LS) method, which tries to find the closest conformation of 

the global energy minimum.167 This hybrid method treats ligand variables, like 

translation, orientation and conformation, as a "gene" characterizing a "genotype" 

(state of the ligand), while atomic coordinates correspond to the "phenotype." 

Mutation and crossover define the genotype, whereas the phenotype is established by 
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the energy function to be optimized. Individual conformations search their local 

minima, inheriting the information to later generations (Lamarckian aspect). Thus, the 

Lamarckian Genetic Algorithm combined with a semi-empirical free energy force 

field to score docked binding poses, generates a set of docked conformations with 

intermolecular and internal energy components:  

𝜟𝑮 = (𝑽𝒃𝒐𝒖𝒏𝒅
𝑳−𝑳 − 𝑽𝒖𝒏𝒃𝒐𝒖𝒏𝒅

𝑳−𝑳 ) + (𝑽𝒃𝒐𝒖𝒏𝒅
𝑷−𝑷 −  𝑽𝒖𝒏𝒃𝒐𝒖𝒏𝒅

𝑷−𝑷 ) + (𝑽𝒃𝒐𝒖𝒏𝒅
𝑷−𝑳 − 𝑽𝒖𝒏𝒃𝒐𝒖𝒏𝒅

𝑷−𝑳 +

𝜟𝑺𝒄𝒐𝒏𝒇)  Equation 2.10 

where P is the protein, L is the ligand, V represents each potential energy contribution, 

given by the sum of van der Walls, H-bonds, electrostatic and solvation terms, and 

ΔSconf is the loss of conformational entropy upon binding. The conformation with the 

lowest docked energy is considered the best docking result. 

2.5.2 Molecular Mechanics and Molecular Dynamics simulations 

MM and MD simulations play a crucial role in predicting the structure and energy 

of molecules based on nuclear motions. At atomic level, particles behavior is 

accurately described by the principles of quantum chemistry; however, this level of 

theory requires high computational costs especially for big size macromolecules. 

Molecular Mechanics (MM) or classical mechanics describes molecules as an 

assembly of hard, impenetrable spheres known as atoms, each possessing a 

characteristic mass and size (proportional to the van der Waals radius). The positions 

of nuclei are fixed within a defined electron distribution, interconnected by elastic 

bonds (stretch, bend, torsion) following Hooke’s law, and characterized by non-

bonded interactions (van der Waals and electrostatic forces). In this context, the 

atomic interactions can be modelled with simple parameterized functions measuring 

the energetics of the system known as force fields. These force fields are typically 

derived from either ab initio or semi-empirical QM calculations or by fitting 

experimental data. Hence, the careful selection of an appropriate force field is 

essential for ensuring the validity of any MM and MD simulation. 
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One of the prominent force fields utilized for modeling carbohydrate structures is 

included in AMBER,168 encompassing a wide array of common monosaccharides and 

incorporating diverse glycosidic linkages. In detail, within AMBER, there exist 

several distinct force fields designed for specific molecular components, such as lipids 

(lipids21),169 sugars (GLYCAM_06j),170 proteins (ff14SB),171 nucleic acids (OL15 for 

DNA,172 OL3 for RNA173), water molecules (TIP3P)174 and general organic molecules 

(gaff2).175 Notably, GLYCAM_06j is tailored for use with both D and L enantiomers, 

mono- and oligosaccharides, and all glycosidic linkages. This force field stands out as 

the only one where the same atom type (Cg) is assigned to the anomeric carbon (C1) 

in both α and β anomers. This unique feature facilitates simulations involving ring-

flipping and ensures equilibrium between conformers with axial and equatorial 

substituents at the anomeric center. 

2.5.2.1 Molecular Mechanics calculations 

The 3D arrangement of glycans is determined by factors like sugar composition 

and the type of the glycosidic linkage, which define the shape and conformation. Ring 

shapes are classified based on reference conformations, including chair (C), twist (T), 

boat (B), envelope (E), skew (S). The sugar conformation is predominantly 

characterized by glycosidic torsion angles Φ (H1-C1-O1-CX) and Ψ (C1-O1-CX-

HX). In addition, for glycosidic bonds not involving an endocyclic carbon, such as in 

6-linked sugars, the ω (O5-C5-C6-O6) angle has also to be considered. (Figure 2.18). 
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Figure 2.18: Representation of Φ, Ψ and ω torsion angles in a disaccharide. 

The sampling of the ω torsion angle involves the populations of gauche−gauche (gg), 

gauche−trans (gt), and trans−gauche (tg) rotamers, represented in Figure 2.19.176 

 

Figure 2.19: Newman projections of staggered rotameric states of the ω torsion angle along the C6-C5 

bond: gg (gauche-gauche), gt (gauche-trans) and tg (trans-gauche). 

Various methods can be employed to calculate Φ and Ψ, defining the energy map 

typically applied to each disaccharide unit in a glycan chain.177 MM3 serves as the 

primary force field for determining local minima and flexibility of glycosidic 

torsions,178, 179 but also free carbohydrate databases (like 

http://csdb.glycoscience.ru/database/) can be employed. Consequently, potential 

energy surfaces depicting conformational energy for the Φ and Ψ dihedral angles can 

be represented on "adiabatic" maps. These maps resemble energy graphs analogous 

to Ramachandran plots used for proteins, showing the energetically favourable 

conformations of a carbohydrate dimer.180 

http://csdb.glycoscience.ru/database/
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2.5.2.2 Molecular Dynamic simulations 

MD simulations stand as primary tool in the computational investigation of 

biological molecules, offering insights into the dynamics and conformational features 

of molecules and their complexes. First of all, initial velocities and positions of all 

atoms in the biomolecular system are established. The forces acting on each atom are 

computed, and, in accordance with Newton’s second law of motion, the spatial 

position of each atom is predicted as a function of time.181 For a given atom "i" with 

mass "mi" and Cartesian position "xi", Fxi denotes the force acting on the atom during 

the time "t": 

𝒅𝒙𝒊
𝟐

𝒅
𝒕𝟐

=
𝑭𝒙𝒊

𝒎𝒊
 Equation 2.11 

This iteration is repeated at defined time intervals and the position and velocity of 

each atom in each step are assessed, generating a trajectory that delineates the atomic-

level configuration of the system at every time point.182 

Classical MD simulations consists of different key steps. The initial phase is 

energy minimization, to find a minimum in the system's energy landscape. Two 

methods are commonly applied for this purpose: (i) the steepest gradient, in which 

system's geometry is optimized to attain a local energy minimum and (ii) the 

conjugate method, in which subsequent minimization steps are performed, taking 

information by the previous ones.183 The optimal strategy involves incorporating the 

environment into the simulation, through the addition of explicit water molecules or 

other surrounding molecules. This approach allows the simulation of the complex 

within a solvent box, implementing periodic boundary conditions (PBC) to mitigate 

surface artifacts. This is particularly crucial for carbohydrates, given their hydrophilic 

nature resulting from the abundant presence of hydroxylic groups in their structures, 

leading to a strong affinity for water molecules. Subsequently, the system undergoes 

a heating phase to eliminate unfavourable contacts between solvent and solute, 

addressing issues like steric clashes. During this phase, the atoms' velocities are 

heightened and calculated using the standard temperature-dependent Maxwell-
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Boltzmann distribution. The final step involves the equilibration of the system under 

controlled conditions of energy, temperature, pressure, and volume before initiating 

the production of the MD trajectory. 

MD simulations, spanning various timescales and conducted in solution, have become 

indispensable for studying molecular properties and dynamic phenomena, providing 

a comprehensive understanding of interactions between ligands and proteins. 

2.5.3 CORCEMA-ST 

MD simulations can support the experimental data, such as results obtained by 

NMR studies, offering detailed insights into the conformational behavior of ligands 

and the construction of validated 3D models for complexes. In this context, 

CORCEMA-ST (COmplete Relaxation and Conformational Exchange Matrix 

Analysis of Saturation Transfer) is a tool designed for the quantitative analysis of STD 

NMR data.184 This algorithm facilitates the prediction of STD intensities based on the 

Cartesian atomic coordinates of the ligand-receptor complex and allow their 

comparison with the experimental data.185 Indeed, known some properties of the 

complex of interest, including for example the koff and the rotational correlation times 

of both the receptor and ligand, CORCEMA-ST can predict theoretical ligand STD 

intensities from a provided molecular model of the protein-ligand complex.  

The comparison of experimental STD values with theoretical predictions enables the 

validation of a 3D model for the complex. This method relies on matrix calculations, 

where the Cartesian coordinates of all ligand and protein protons within a specified 

cut-off distance are taken into account. The accuracy of the molecular model in 

reproducing the experimental NMR data can be quantified through the R-NOE factor, 

calculated as follows: 

𝑹 − 𝑵𝑶𝑬 =  √
𝝈𝑾𝒌(𝑺𝑻𝑫𝒆𝒙𝒑,𝒌∗ 𝑺𝑻𝑫𝒄𝒂𝒍,𝒌)𝟐

𝝈𝑾𝒌(𝑺𝑻𝑫𝒆𝒙𝒑,𝒌)𝟐   Equation 2.12 

where STDexp,k are the experimental STD intensities and STDcal,k are the calculated 

STD intensities. 
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A good agreement between experimental and theoretical data is indicated by low R-

NOE values, serving as a reliable validation for the 3D complex. Consequently, 

various structural models, derived from different sources like distinct docking runs or 

clusters of molecular dynamics (MD), can be ranked based on their ability to elucidate 

the experimental STD NMR data, aiming to identify the optimal model. The R-NOE 

factor serves as a scoring function, driving the conformational search for the ligand 

within the protein binding site. Following the identification of a promising starting 

pose, R-NOE values can be minimized by optimizing key torsion angles through 

simulated annealing, facilitating the discovery of the global energy minimum of the 

ligand bound to the receptor. Additionally, ligand geometry refinement within the 

binding site can be performed using experimental STD data.  

To conclude, the integration of experimental techniques with computational 

approaches, like those described in this chapter, are essential for determining the 3D 

structures of ligand-receptor complexes. 
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3. Chapter 3 – Molecular recognition of Escherichia coli 

glycoconjugates by DC-SIGN 

3.1 Introduction 

Lipopolysaccharides (LPS) are distinctive glycolipids located in the OM of Gram-

negative bacteria (cf. §1.3).  

Briefly, in their smooth form, LPS consist of three structurally and genetically distinct 

portions: the lipid A, the core oligosaccharide and the O-antigen. Conversely, rough 

form LPS (also known as LOS) lacks the O-antigen moiety. These bacterial cell 

envelope glycoconjugates, possessing the ability to trigger the innate immune 

response in eukaryotes and in humans, can lead to a cytokine storm, causing, in some 

cases, sepsis-induced death. Due to their capacity to initiate the host immune response, 

LPS are recognized as potent MAMPs, playing a crucial role in the pathogenesis of 

Gram-negative infections.186-188  

The lipid A is considered the primary immunostimulatory component of LPS, 

modulating the immune response upon recognition by the MD-2/TLR4 receptor 

complex.54 Despite numerous studies on the correlation between lipid A and immune 

system stimulation, depending on, as examples, from the number of acyl chains or 

phosphate groups it possesses,189 limited information is available regarding the 

immune recognition of the saccharide portions (O-antigen and core oligosaccharide) 

of LPS. Actually, intense research in the field of innate immunity has unveiled the 

ability of the host immune system to respond to Gram-negative bacteria thanks to 

carbohydrate sensing macromolecules, inter alia.190 However, both molecular insights 

and effects of these PRR-LPS interactions is far to complete. Moreover, it is easy to 

assume that there are unknown or uncharacterized receptor(s) with the ability to 

recognize O-PS and/or OS structures in bacterial LPS. 
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In innate immunity, lectins, a ubiquitous group of non-immunoglobulin proteins, 

often serve as PRRs. The C-type lectin (CTL) family, the largest and most diverse 

class of human lectins, includes both transmembrane and soluble receptors that 

recognize specific glycan structures through their Carbohydrate Recognition Domain 

(CRD), typically in a Ca2+-dependent manner (cf. §1.5.1.1). One notable 

transmembrane CTL is DC-SIGN (cf. §1.5.1.2), expressed predominantly in dendritic 

cells (DCs) and present in macrophages and monocytes, acting as phagocytic cells. 

Through its adherence and phagocytosis functions, DC-SIGN plays a pivotal role in 

defending the host against various bacterial strains, underscoring its significance in 

the host's immune response. 

DC-SIGN, belonging to the mannose receptor family, is expressed as a tetramer on 

the cell surface, with each monomer composed of a single CRD, a neck region, and 

an intracellular domain.191 Thanks to the presence of the EPN (Glu-Pro-Asn) motif, 

DC-SIGN can bind bacterial glycans containing Fuc and Man residues, as well as 

GlcNAc-containing structures.98, 104, 192 Some studies reported the phagocytic activity 

of DC-SIGN against different Gram negative bacteria including E.coli,103, 193-195 

especially in the absence of O-antigen polysaccharides, and in the presence of a 

complete core oligosaccharide.196 E.coli is a commensal bacterium of the 

gastrointestinal tracts of humans and warm-blooded animals, but also can be 

pathogenic, causing a wide array of infections, such as enteritis, urinary tract 

infection, septicemia and neonatal meningitis.197 As reported in literature, the LPS 

structure of E. coli comprises a highly conserved lipid A moiety and an extremely 

variable O-antigen portion, with over 170 known structures.198 Regarding the core 

oligosaccharide, the inner region is highly conserved, featuring Kdo and Hep residues, 

often phosphorylated and/or decorated with nonstoichiometric glycosyl substituents. 

In contrast, the outer core exhibits higher variability and can be classified into five 

different families: R1, R2, R3, R4, and K-12 (Figure 3.1).199 
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Figure 3.1: Schematic representation of the five types of E. coli outer core using SNFG nomenclature. 

To better elucidate the molecular mechanisms underlying bacterial recognition by 

human lectins, the molecular binding between E. coli core OS type R1, the most 

abundant in clinical isolates, and DC-SIGN has been investigated through a 

combination of techniques, including fluorescence microscopy, Surface Plasmon 

Resonance (SPR), Nuclear Magnetic Resonance (NMR) spectroscopy, and 

computational studies, in order to build a 3D model of the interaction, as depicted in 

the workflow represented in Figure 3.2.  

 

Figure 3.2: Workflow of the experimental activities. 
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3.2 Fluorescence microscopy 

Preliminary fluorescence microscopy studies, conducted in collaboration with Dr. 

C. Laguri (Institut de Biologie Structurale, Grenoble, France), marked the initial 

exploration of the molecular recognition of E. coli core OS type R1 by DC-SIGN. In 

these in vitro experiments, DC-SIGN ECD labelled with Alexafluor 647 (AF647) was 

employed, and the interaction on the surface of E. coli R1 cells was observed through 

both Differential Interference Contrast (DIC) and epifluorescence imaging. A strong 

fluorescence signal was evident on the bacteria, confirming the binding of DC-SIGN 

to R1 cells (Figure 3.3A). To enhance the visualization of DC-SIGN binding on E. 

coli, Stochastic Optical Reconstruction Microscopy (STORM) was applied to the DC-

SIGN/R1-cells interaction. This microscopy technique surpasses the resolution limits 

of traditional microscopy by exploiting the blinking characteristics of the fluorophore, 

which is maintained by depleting free oxygen in the buffer during the experiment. 

Serial images of bacteria labelled with DC-SIGN-AF647 were acquired over minutes, 

enabling the visualization of individual fluorophores' fluorescence emission (Figure 

3.3B). STORM imaging of DC-SIGN labelled with AF647 on R1-cells clearly 

demonstrated the strong binding of the C-type lectin to the core oligosaccharide of 

R1-cells on the surface of E. coli. The specificity of this binding was further assessed 

through flow cytometry experiments conducted in the presence of increasing 

concentrations of OSR1. (Figure 3.3D). 
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Figure 3.3: DC-SIGN ECD binds strongly to R1 core oligosaccharide at the surface of E. coli. A) DIC 

and epifluorescence imaging of R1-cells incubated with DC-SIGN ECD. STORM imaging of DC-SIGN 

ECD labelled with AF647 on E. coli R1 cells. B) Split panel showing wide field epifluorescence and 

STORM reconstructed imaging of the labelled bacteria. C) Orthogonal plane projections (according to 

the dashed lines) of a single bacterium from the field shown in the left panel. A cylindrical lens is used 

to provide the 3D localization precision. D) Flow cytometry quantification of DC-SIGN ECD labelled 

with AF647 bound to R1-cells in absence or presence of 1 and 2 mM OSR1. 50% binding inhibition is 

achieved with 2 mM OSR1. Experiments were done in triplicates and standard deviation is shown. 
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3.3 E. coli R1 LOS isolation and DC-SIGN recombinant expression 

To comprehensively investigate the interaction between E. coli R1 LOS and DC-

SIGN, the key components involved in the interaction have been isolated. 

Specifically, E. coli cells carrying R1 type core oligosaccharide were grown in LB at 

37°C under agitation up to 0.9 OD600nm. Cells were collected by centrifugation, a R1 

type LOS from E. coli was extracted with PCP protocol (Figure 3.4A), as described 

in Chapter II. The LOS was then de-lipidated to remove ester- and amide-linked fatty 

acids. The structure of the obtained oligosaccharidic core, denoted as OSR1, (Figure 

3.4B), was firstly controlled by NMR spectroscopy. In detail, OSR1 is a 

dodecasaccharide consisting of two Gal residues and three Glc units in the outer core 

region, along with three L-glycero-D-manno-heptoses (two phosphorylated at 

position 4) and two 3-deoxy-D-manno-oct-2-ulosonic acids (Kdo) in the inner core 

portion. The two GlcN residues at the reducing end (one phosphorylated at position 1 

and the other at position 4) belong to the Lipid A moiety.187 

 

Figure 3.4: a) structure of the full extracted R1 type LOS from E. coli. b) Schematic representation of 

OSR1 after LOS de-lipidation, using SNFG nomenclature.  
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DC-SIGN ECD and DC-SIGN CRD were expressed and purified with a similar 

protocol, as described in Chapter II, during my secondment at Institut de Biologie 

Structurale (Grenoble, France), in the group of Prof. F. Fieschi. Proteins were 

expressed in E.coli BL21(DE3) competent cells, using the plasmids pET30b, 

containing cDNA encoding the ECD or CRD of DC-SIGN.200 Proteins produced in 

inclusion bodies have been refolded by drop-by-drop dilution and dialyzed.97 

Purification of functional DC-SIGN proteins were achieved by an affinity 

chromatography on a mannan-agarose column, equilibrated in 25 mM Tris-HCl pH 

7.8, 150 mM NaCl, 4 mM CaCl2 (Buffer A), and eluted in the same buffer, lacking 

CaCl2 but supplemented with 10 mM EDTA. This step was followed by a Superose 6 

SEC equilibrated in buffer A (Figure 3.5).  

 

Figure 3.5: Purification of functional DC-SIGN proteins. First step: affinity chromatography on mannan-

agarose column equilibrated in 25 mM Tris-HCl pH 7.8, 150 mM NaCl, 4 mM CaCl2 (Buffer A), and 

eluted in the same buffer lacking CaCl2 but supplemented with 10 mM EDTA. Second step: Superose 6 

SEC equilibrated in buffer A. 
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The final pure sample of DC-SIGN ECD in two different quantities is reported as 

example in Figure 3.6. 

 

Figure 3.6: 12% SDS-PAGE of two different quantities of pure DC-SIGN ECD, coloured with 

Coomassie staining. 

Subsequently, SPR, NMR spectroscopy, and computational techniques like 

docking and molecular dynamic simulations have been employed to elucidate the 

molecular recognition between DC-SIGN and E. coli OSR1, constructing and 

validating a 3D model of the ligand-protein complex. 

3.4 SPR analysis 

The ability of DC-SIGN ECD to recognize OSR1 has been evaluated by SPR 

analysis, performed in collaboration with Prof. F. Fieschi (Institut de Biologie 

Structurale, Grenoble, France). The affinity of the OSR1 for DC-SIGN has been 

estimated through a classical competition assay. Tetrameric DC-SIGN ECD has been 

injected over a sensorchip functionalized with BSA-Mannotriose (Figure 3.7A). This 

interaction has been challenged with increasing concentration of OSR1 leading to 
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inhibition of DC-SIGN interaction with the surface in a concentration dependant 

manner (Figure 3.7B). The inhibitory curve resulting from this competition 

experiment (Figure 3.7C) allowed to determine an IC50 of 1.059 ± 0.003 mM. Thus, 

SPR experiments demonstrated the interaction between OSR1 and DC-SIGN. The 

observed affinity was significantly higher than those would have been expected, due 

to the presence of terminal Gal or Glc, as shown in position L and M (Figure 3.4b), 

which are not very strong ligands of DC-SIGN. As a reference, in this sort of 

competition tests, Man monosaccharide or tMan oligosaccharides classically give an 

IC50 around 3 mM. Glc and Gal, instead, would provide an IC50 just below 10 mM or 

even 30 mM respectively.97 Thus, the observed IC50 of 1 mM, strongly suggests a 

larger epitope of interaction. In this SPR competition test, DC-SIGN ECD was free in 

solution, exposed at the cell surface like in a physiological situation. Thus, DC-SIGN 

ECD has much less constraint. It is also the case for OSR1 extracted from the LPS 

and now as a soluble diffusible ligand.  

To better mimic the physiological conditions of such interaction, a direct 

interaction test using SPR, has been also performed, in which C-type lectin receptor 

is functionalized in an oriented way.201 Moreover, purified R1-cells LOS has been 

solubilized in detergent allowing the formation of mixed micelles of LPS/DDM, used 

for direct interaction study and injected onto DC SIGN oriented surface (Figure 3.7D) 

at different concentration of LOS. From the obtained sensorgrams (Figure 3.7E) a 

titration curve has been traced and allowed to evaluate a KDapp of 15.6 µM (Figure 

3.7F). From the first competition test of OSR1 to the second R1-cells LOS tested in 

direct interaction on an oriented surface, an increase of affinity by several order of 

magnitude has been observed (from IC50 of 1mM to KDapp of 15 µM). This suggested 

that, statistically, micelles containing several LOS can generate avidity through 

multivalency on the DC-SIGN oriented surface. In addition, it is not possible to 

exclude the possibility that the lipid A moiety of the LOS might contribute also to this 

improved binding strength. 



 

 

 
SECTION II – RESULTS AND DISCUSSION 

Chapter III - Molecular recognition of E. coli glycoconjugates by DC-SIGN 

91 

 

Figure 3.7: Analysis of DC-SIGN ECD interaction with OSR1 by SPR. (A) Principle of competition 

experiment. DC-SIGN ECD (20 μM) was incubated without or with OSR1 at increasing concentrations 

from 5 µM to 5 mM (from dark green to dark red)). The samples were co-injected over BSA-Man surface. 

The steady state responses were extracted from the sensorgrams (B), converted to DC-SIGN ECD 

residual activity, and plotted against OSR1 concentration (C). The inhibition curves were then fitted 

using four-parameter logistic model. The experiment was done twice using two distinct surfaces. (D) 

Principle of direct interaction of R1-cells LOS/DDM micelles with DC-SIGN ECD oriented surface. R1-

cells LOS incorporated in DDM micelle have been injected onto DC-SIGN ECD at increased 

concentrations from 85 to 1.3 µM (serial dilution within running buffer by a factor of 2 from dark red to 

dark green). The steady state binding responses from the sensorgram (E) were plotted against LOSR1 

concentration (F). 

3.5 NMR analysis 

The molecular interaction between tetrameric DC-SIGN ECD and OSR1 was 

further investigated using STD NMR.135, 136 Firstly, a blank STD spectrum of OSR1 

alone was acquired to confirm the absence of artifact signals (data not shown). STD 

NMR results supported the ability of DC-SIGN ECD to recognize OSR1, as evidenced 

by multiple enhancements observed in the STD NMR spectrum acquired upon the 

addition of OSR1 to a solution of the recombinant form of the protein, previously used 

also for the SPR experiments. The analysis of the less crowded regions of the 

spectrum, namely the one containing the anomeric signals, and the comparison of both 

multiplicity and intensity of the STD NMR signals with respect to the reference 



 

 

 
SECTION II – RESULTS AND DISCUSSION 

Chapter III - Molecular recognition of E. coli glycoconjugates by DC-SIGN 

92 

spectrum, revealed an extended binding epitope involving the outer core region, 

accordingly with previous SPR analysis results (Figure 3.8A). Specifically, the 

anomeric protons of I, K, L and G sugars (Figure 3.8B) gave rise to remarkable STD 

effects; on the contrary, the resonances of E and F residues were not observed in the 

STD NMR spectrum, thus suggesting the outer core moiety as the one mainly 

involved in the binding with DC-SIGN. Accordingly, the most intense signals 

corresponded to the H4 of Glc residues M and I. Also, H2, H3 and H5 protons of M 

strongly contributed to the interaction. An intermediate contribution was observed for 

H1, H2 and H3 protons of Glc I and H3, H4 and H5 of Gal L. Lower STD 

enhancements were observed for signals belonging to some protons of the Gal 

residues K and L and Glc G. For K, H1, H3 and H4 exhibited a higher contribution 

than H6. On the other hand, H3 of G showed a higher contribution than H1 and H4 of 

the same residue. The other protons of these two saccharides (K and G) did not seem 

to have an interaction with the protein. Moreover, signals belonging to the inner core 

residues were not observed as indicated, for example, by the absence of STD NMR 

signals either of the diastereotopic methylene protons of Kdo residues (C and D) and 

of the protons at position 2 of the GlcN residues A and B of the lipid A, further 

suggesting the main contribution of the outer core to the interaction of OSR1 with 

DC-SIGN.  



 

 

 
SECTION II – RESULTS AND DISCUSSION 

Chapter III - Molecular recognition of E. coli glycoconjugates by DC-SIGN 

93 

 

Figure 3.8: A) STD-derived epitope mapping of the interacting oligosaccharide with colour coding from 

the highest (red) to the lowest (yellow) observed STD effect and the 3D representation of the STD-

derived epitope mapping in the square. B) 1H NMR reference spectrum at the bottom (blue) with the 1D 

STD NMR spectrum on top (red) of the 1:90 mixture for DC SIGN:OSR1 complex with some of the key 

proton resonance signals labelled. 

To pinpoint the LOS binding site and gain insights into the involved protein 

residues, protein-based NMR experiments were also conducted. Once expressed and 

purified the 15N-labelled DC-SIGN CRD, its interaction with OSR1 was examined 
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using 1H-15N NMR spectroscopy, in collaboration with Dr. Laguri. Unfortunately, any 

significant chemical shift perturbation came out in DC-SIGN CRD upon the addition 

of 20 molar equivalents of the oligosaccharide in solution (Figure 3.9). This could be 

attributed to a very low affinity between the protein CRD and the core 

oligosaccharide, probably due to distinct conformational differences in the 

recombinant CRD compared to the ECD in solution. 

 

Figure 3.9: 1H-15N Best-Trosy spectra of DC-SIGN CRD without (green) and with (blue) 20 molar 

equivalents of OSR1.  

3.6 Molecular modeling analysis 

Due to the presence of isochronous NMR signals, not allowing a precise 

assignment of all the STD NMR effects and hindering the quantitative determination 

of the ligand epitope mapping, computational studies were employed to support and 

validate the experimental findings permitting to construct a 3D model of protein-

ligand complex. Applying a reductionist approach, the pentasaccharide composed of 

the five outer core residues (G, I, K, L and M) from OSR1 was used as ligand and 
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built with the GLYCAM202 carbohydrate builder. Then, its interaction with a single 

monomeric DC-SIGN subunit (PDB:1K9I), has been investigated.  

By means of Autodock 4.2167, docking calculations were performed to initially predict 

the interactions between the protein and ligand in the modelled complex. This enabled 

the selection of representative poses from the most populated clusters to serve as the 

starting point for subsequent MD simulations in explicit solvent using AMBER. 

Considering the apparent recognition of the entire outer core through NMR, it was 

initially assumed that the protein had a sufficiently large binding pocket to 

accommodate the complete pentasaccharide. However, computational studies 

revealed that the five sugars of the outer core could not interact simultaneously with 

the protein binding pocket, as half of them were found to be solvent exposed. Taking 

into account that STD NMR experiments can be influenced by various ligand 

orientations within the protein binding pocket,167, 203 a second hypothesis was 

postulated based on the possibility of having multiple binding modes. The docking 

results, in fact, already presented two interesting poses for OSR1 pentasaccharide 

recognition by DC-SIGN ECD. The less energetic cluster (cluster A) displayed 

residues L and G in the protein binding site (Figure 3.10A) while the most populated 

cluster (cluster B) presents K, I and M accommodated inside the pocket (Figure 

3.11A). The best representative poses from the different orientations of the ligand, 

taking always into account that the chain extends through residue G, were used for 

running MD simulations. Regarding cluster A, although the L residue could be found 

coordinating with the Ca2+ ion, after a few nanoseconds the ligand left the binding 

pocket, resulting in a non-stable MD (Figure 3.10B). 
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Figure 3.10: Less energetic cluster (cluster A) from the docking studies between DC-SIGN monomer 

and OSR1 outer core pentasaccharide. It is possible to see residues L and G in the binding pocket while 

the rest are solvent exposed. b) RMSD of the DC-SIGN monomer (black) and OSR1 pentasaccharide 

(red) after MD simulation calculated having the protein as reference The protein is stable while it is 

possible to observe how after a few nanoseconds the ligand leaves the binding pocket. 
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Figure 3.11: a) Representative pose of the most populated cluster (cluster B) from the docking studies 

between DC-SIGN monomer and OSR1 outer core pentasaccharide. Residues K, I, and M are in the 

binding pocket while L and G are solvent exposed. B) RMSD of the DC-SIGN monomer (black) and 

OSR1 pentasaccharide (red) calculated having the protein as reference. The protein is stable while the 

ligand after few nanoseconds shifts from the binding pocket to interact with a polar region. C) Protein- 

ligand H bonds described as acceptor, donor, distance and stability (in percentage) during the 100 ns MD 

coloured according to the ligand residue involved in the interaction. D) Representative pose of the 

interaction between DC-SIGN monomer protein and OSR1 pentasaccharide. The ligand is coloured 

according to the SNFG nomenclature. Ca2+ ion is coloured in grey. In green the linking point between 

residue G and the rest of the LOS. 

For the cluster B, something less expected happened; after a few nanoseconds the 

ligand shifted towards a polar region instead of interacting with the expected residues 
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in the protein binding pocket, establishing contacts with Asn362, Arg345 and Asn344 

through residue K, with Ser360 through unit I, and with Asn362 and Asn311 via M 

(Figure 3.11D). Thus, the obtained results indicated that the ligand was not stable in 

the principal Ca2+-dependent binding pocket, suggesting that the different binding 

modes hypothesis were not feasible. 

Structurally, DC-SIGN CRD consists of two α-helices and five β-strands. The 

loop extending beyond the protein surface is responsible for forming two cavities that 

accommodate Ca2+ ions and plays a crucial role in carbohydrate binding. In particular, 

the principal binding site, constituted by the EPN motif (Glu347, Pro348 and Asn349) 

together with Glu354 and Asn365 residues, is the one essential for carbohydrate 

coordination and manages the specificity for the recognized ligands. The considered 

hypothesis was that OSR1 could be recognized and linked at the interface of two DC-

SIGN monomers, serving as a linker to cluster two distinct tetrameric DC-SIGN 

units.98, 203-205 To test this hypothesis, a new complex was modelled, consisting of two 

DC-SIGN subunits with the pentasaccharide positioned at the interface between them. 

Interestingly, the complex was stable along the 100 ns trajectory (Figure 3.12). 
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Figure 3.12: Analysis of the interaction and stability of OSR1 recognition by two DC-SIGN units. A) 

DC-SIGN (black) and OSR1-pentasaccharide (red) RMSD. The ligand RMSD was calculated in 

reference to the protein. B) Protein-ligand H-bonds described as acceptor, donor, distance and stability 

(in percentage) during the 100 ns MD. 

Particularly, as shown in Figure 3.13, where the most representative complex is 

reported, the binding site of one of the subunits still encloses the ligand, while the 

other half, solvent-exposed in the monomer, can interact with the second DC-SIGN 

subunit. In detail, G and L residues were interacting with DC SIGN in the principal 

Ca2+-dependent binding pocket. The most stable H-bond involved the hydroxyl 

moiety at position 6 of residue G and Glu347. Other H-bonds were instead formed 

with residue L, which was interacting with Glu354 and Asn365 through 3-OH and 4-

OH, respectively. Indeed, Gal L hydroxyl moieties at positions 3 and 4 were also 

coordinating with the Ca2+ ion (Figure 3.14).  
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Figure 3.13: A three-dimensional representative model coming from the 100 ns MD for the complex 

DC-SIGN dimer and OSR1 outer core pentasaccharide. A) The ligand is coloured with the SNFG colour 

assignment. The outer-core pentasaccharide acts as linker between two different DC-SIGN tetramers. 

Residues G and L interact with one subunit of a tetrameric DC-SIGN (orange) while K, I and M interact 

with the other subunit of a different tetrameric DC-SIGN (cyan). The interactions between the 

pentasaccharide and the binding pocket residues are depicted. The most relevant AA involved in the 

interaction are labelled. The polar contacts are highlighted in green. The EPN motif is highlighted in 

purple. B) Two-dimensional schematic plot of the interactions between the DC-SIGN dimer and the outer 

core pentasaccharide: solid arrows represent the hydrogen bonds with functional groups of the backbone; 

solid lines represent the Ca2+- L coordination; the other depicted residues participate with polar and 

hydrophobic interactions. 

Those interactions were consistent with the literature as recent studies 

demonstrated the ability of DC-SIGN to recognize α-Gal,206 through the coordination 

of the hydroxyl group at positions 3 and 4 by Ca2+. In addition, residues M, I and K 

were involved in the interaction with the second subunit. Interestingly, the interaction 

did not take place in the principal Ca2+-dependent binding site of this second subunit; 

those residues were indeed interacting with polar amino acids Asn311, Asn344, 

Ser360 and Asn362, which formed stable hydrogen bonds. In detail, 2-OH and 3-OH 
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of residue M were stabilized by hydrogen bonds with Asn362, observed for the 73% 

of the simulation time. This was in agreement with the NMR results, given the 

significant contribution of M to the interaction. Moreover, the residue Asn362 also 

formed a hydrogen bond with 6-OH of K, which remained stable during 43% of the 

simulation time. The same 6-OH was acting as a H donor with Asn344 for another 

53% of the simulation time. Similarly to K, 6 OH from residue I alternated between 

hydrogen bond donor and acceptor when interacting with Ser360. Noteworthy, these 

interactions were comparable to those observed in the previously mentioned MD of 

cluster B. This suggested that the coordination and interaction between residues L and 

G alone might not be sufficiently stable, thus the stability was achieved through the 

engagement of a polar region in another tetrameric DC-SIGN in the interaction. 

 

Figure 3.14: Close up view of the interaction between residues G and L and one of the DC-SIGN 

subunits. The ligand is coloured with the SNFG colour assignment. Highlighted in green in G the linking 

point to the rest of OSR1. Ca2+ ion is coloured in grey. The coordination interactions are coloured in 

black while the H-bonds are coloured in green. 

The conformational behavior of the ligand was also evaluated; the dihedral angles 

ϕ and Ψ were monitored along the trajectories of both free state (data not shown) and 

bound state. All dihedral values around the glycosidic linkages aligned with the exo-

anomeric effect (Figure 3.15), and there were no notable differences between the free 

and bound states. This observation implies that the ligand maintained the same 

conformation both before and after binding. 
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Figure 3.15: Adiabatic energy maps, obtained by MM calculations, illustrating the energetic minima of 

the glycosidic torsion angles ϕ/ψ of the outer core LOS R1 constituent disaccharides. Outer core 

pentasaccharide dihedral angles analysis in the bound state represented as scatter plots of the ϕ torsion 

against ψ, during the MD simulation with the relative histograms to represent the most populated 

energies. 

To assess potential steric hindrance or clashes during the interaction between the 

protein and the entire core oligosaccharide, the complete OSR1 was modelled into 

one of the representative poses obtained from the MD simulations with the two DC-

SIGN units. The entire saccharide can fit into the binding site, with the inner core and 

lipid A sugars solvent exposed, with no clashes with the protein (Figure 3.16). 

 

Figure 3.16: Manual superimposition of the full OSR1 dodecasaccharide with the dimeric DC-SIGN. 

The monosaccharides are coloured using the SNFG colour code with the phosphate groups in orange. 

The subunits coming from each tetrameric DC-SIGN unit are coloured in sandy brown and turquoise 

with the calcium ions in grey.  

Additionally, after the superimposition of the two DC-SIGN tetramers to the 

system, any clashes between protein chains were also excluded, validating the 

proposed complex (Figure 3.17). 
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Figure 3.17: Proposal of the 3D model for the recognition of OSR1 by DC-SIGN with the 

glycoconjugate acting as crosslinker between two different DC-SIGN tetramers. Two full DC-SIGN 

tetramers with neck (blue and orange) superimposed to the MD pose (yellow).  

These findings align with NMR studies, supporting the interaction between the 

second subunit and saccharides M, I, and K, which could explain the STD NMR 

enhancements across the entire pentasaccharide (Figure 3.18). 
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Figure 3.18: A 3D representative model coming from the 100 ns MD for the complex DC-SIGN dimer 

– Outer core pentasaccharide. The ligand is coloured with the SNFG colour assignment while its surface 

is coloured according to the STD data. In sandy brown and turquoise there are the subunits coming from 

each DC-SIGN tetrameric unit. The calcium ions can be found coloured in grey. 

3.7 Discussion 

Lectins, crucial in cellular trafficking and cell–cell communication, are potential 

therapeutic targets. Among these, the C-type lectin DC-SIGN plays a pivotal role in 

immune response regulation by recognizing carbohydrate structures on pathogens or 

self-glycoproteins. Despite growing understanding of DC-SIGN biological functions, 

a comprehensive molecular understanding of its interaction with bacterial glycan 

ligands remains elusive. 
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Based on these premises, in this thesis, once isolated the DC-SIGN and the 

oligosaccharide core OSR1, the protein ability to recognize E. coli LOS has been 

investigated by using an integrated approach including fluorescence microscopy, 

SPR, NMR and computational studies. Fluorescence microscopy assessed the strong 

binding of DC-SIGN ECD to E. coli surfaces with R1 type core oligosaccharides, 

while SPR estimated affinity values. Ligand conformation and epitope mapping were 

characterized through a combination of results from STD NMR and computational 

studies, enabling the proposal of a 3D interaction model. 

In summary, DC-SIGN ECD selectively binds the outer core carbohydrate 

residues of OSR1, with an IC50 of 1 mM, indicating a large epitope of interaction. The 

proposed 3D model highlights the interaction of G and L OS units (Figure 3.4B) with 

DC SIGN in the principal Ca2+-dependent binding pocket, with the L residue 

coordinating with the Ca2+ ion through the hydroxyl groups at positions 3 and 4. 

Additional contribution to the binding comes from ligand interaction with a second 

protein subunit, mediated by residues M, I and K, probably accommodated in a Ca2+-

independent secondary binding-site. The proposed 3D model suggested a potential 

multivalent interaction mode, recognizing OSR1 at the interface of two tetrameric 

units of DC-SIGN. The main engagement of the outer core region in the interaction 

involved both the primary Ca2+-dependent binding pocket and a secondary binding 

site on a second subunit. Different techniques have been also employed to mimic 

physiological conditions in which DC-SIGN ECD is embedded in the cell membrane 

and the core OS is presented on LOS inserted in the E. coli OM. These experiments 

allowed to exclude the possibility of a different interaction mode. Thus, 

epifluorescence, STORM microscopies and SPR confirmed the relevance of the DC-

SIGN/OSR1 interaction.  

The presented results provide detailed atomic structural insights into the 

interaction between DC-SIGN and microbial glycans. Notably, the high homology in 

gene sequences within the Enterobacteriaceae family suggests that DC-SIGN may 
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serve as a receptor for genetically related bacterial strains, paving the way for further 

molecular insights. Furthermore, the discovery of the interaction between DC-SIGN 

and OSR1 from the pathogenic bacterium E. coli has several potential applications 

and implications. CTLs and, more specifically, DC-SIGN, can be regarded as 

mediators between innate and adaptive immunity. Due to its capability to enhance 

immune responses, DC-SIGN can be a highly attractive target for developing CD8 

cytotoxic T lymphocyte-agonistic vaccine adjuvants. Additionally, this interaction 

can be explored for its potential in immunotherapeutic strategies. Knowing the protein 

residues that interact with OSR1, thanks to the results obtained from MD simulations 

and protein-based NMR, by using protein engineering and the manipulation of the 

encoding DNA, it may be possible to modify the DC-SIGN sequence in order to 

incorporate specific properties, like increased substrate specificity, to boost the 

immune response against E. coli and related pathogens. Yet, this interaction also 

provides a potential target for drug development. Small molecules or biologics 

capable of modulating DC-SIGN’s interaction with E. coli could be developed as 

potential therapeutics. It has been reported that DC-SIGN recognizes the SARS-CoV-

2 Spike Protein, facilitating viral trans-infection and enhancing viral transmission to 

susceptible cells. This process is significant in the context of viral pathogenesis and 

the development of severe COVID-19.207 Understanding the molecular mechanisms 

by which DC-SIGN facilitates viral entry and dissemination not only have provided 

valuable insights into the pathogenesis of COVID-19 but, also, have enabled the 

development of glycomimetic antagonists to inhibit the interaction with the SARS-

CoV-2 spike glycoprotein, potentially reducing viral transmission.208 The results 

described in this chapter expand the scope by suggesting that DC-SIGN interaction, 

not only involves viral pathogens like SARS-CoV-2 but, also, encompasses bacteria 

such as E. coli. Thus, the same approach employed in the design of glycomimetic 

antagonists against the SARS-CoV-2 spike glycoprotein208 could be applied to target 

E. coli, ubiquitous pathogenic bacterium crucial for public health, food safety and 

antimicrobial resistance.
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4. Chapter 4 - Molecular recognition of Bacteroides vulgatus 

glycoconjugates by DC-SIGN 

4.1 Introduction 

The human gastrointestinal tract hosts the largest population of microorganisms, 

known as the gut microbiota (GM). This complex and ever-changing assembly 

consists of commensal bacteria, fungi and viruses, playing a crucial role in activating, 

developing and functionally maturing both the mucosal and systemic immune 

systems.209 The GM modulate host immunity and maintain homeostasis, providing 

several benefits, including detoxification and processing of nutrients from dietary 

intake. Additionally, the GM contributes to protect against external pathogens by 

strengthening the intestinal barrier through direct mechanisms such as competition for 

common nutrients and niches, as well as indirect mechanisms, such as enhancing host 

defense.52, 210 

As previously mentioned, the immune system possesses a large variety of PRRs, 

able to recognize specific MAMPs (cf. §1.4). Among them, LPS, the major 

component of Gram-negative bacteria OM, is a crucial MAMP that has traditionally 

been believed to stimulate only harmful interactions with the host. However, recent 

findings suggest that LPS can also beneficially stimulate the host's immune system. 

Processes such as colonization, virulence, adhesion, symbiosis, or tolerance are 

attributed to LPS and depend on its chemical structure; any minor structural change 

can impact its function and recognition by the immune system receptors.211, 212 

Bacteroides genus comprises obligate anaerobic Gram-negative bacteria, widely 

distributed as commensals and essential beneficial components of the human colon.213, 

214 For instance, oral administration of B. vulgatus can restore colonic gap junctions 

and prevent colitis in a strain-dependent manner;215 similarly, B. vulgatus mpk strain 
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(BVMPK)211, 216 can protect against E. coli-induced colitis or Yersinia enterocolitica-

induced inflammation, thereby reducing intestinal inflammation and promoting tissue 

repair.211, 214 BVMPK LPS has been identified as a weak agonistic LPS, lacking a pro-

inflammatory response in both human in vitro and murine in vivo experiments, 

stimulating the release of anti-inflammatory cytokines.217 

Moreover, BVMPK LPS exhibits selective affinity for human CTL DC-SIGN, 

associated with gut lymphoid tissue and homeostasis, playing a pivotal role in the host 

immune system, as previously mentioned in Chapter III. Given DC-SIGN's capability 

to recognize bacterial cell envelope glycoconjugates218-221 and the significance of 

specific glycan motifs in LPS that modulate immune functions, this chapter presents 

a structural evaluation of BVMPK LPS recognized by DC-SIGN. The interaction with 

DC-SIGN will be depicted using different glycoforms of BVMPK O-antigen and core 

oligosaccharide to assess the contribution of both regions, employing synthetic, 

spectroscopic, and biophysical approaches, as depicted in the workflow represented 

in Figure 4.1 . 

 

Figure 4.1: Workflow of the experimental activities. 
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This exploration highlights the importance of glycan complexity and variability 

in B. vulgatus LPS, identifying specific regions that interact with DC-SIGN in an anti-

inflammatory manner. This contrasts with the previous chapter, where the interaction 

of LOS from E. coli with DC-SIGN was associated with a pro-inflammatory response. 

4.2 DC-SIGN recognition of BVMPK LPS 

Motivated by the previously investigated interaction between synthetic O-antigen 

oligomers and DC-SIGN,221 a deeper exploration into the binding of DC-SIGN to 

constituents of BVMPK LPS (Figure 4.2) was initiated through competition Enzyme-

linked immunosorbent assay (ELISA) experiments. For better comparison, two 

representative synthetic oligomers, namely the 4-Mer and 8-Mer (Figure 4.3), were 

also introduced to the plate.  

 

Figure 4.2: Bacteroides vulgatus mpk structure. A) BVMPK complete LPS structure. B) O-antigen 

disaccharide repeating unit constituted by an α-L-rhamnopyranose and a β-D-mannopyranose. Circled in 

green and grey/pink are the core and O-antigen LPS portions here evaluated in their interaction with DC-

SIGN. 
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Figure 4.3:Synthetized BVMPK O-antigen studied ligand. A) 2-Mer, 4-Mer and 8-Mer possess a 

terminal Man residue. B) 3-Mer and 5-Mer possess terminal Rha residues. 

Remarkably, ELISA assays revealed binding in all cases and both LPS components 

(the expected O-antigen and, more crucially, the core portion) exhibited the ability to 

inhibit LPS binding to DC-SIGN, following a typical dose-response curve, with the 

O-antigen showing a slightly better affinity if compared to the core oligosaccharide 

(Figure 4.4). 
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Figure 4.4: A) ELISA analysis of the competition binding of B. vulgatus core, O-antigen and LPS and 

the two synthetic oligomers, 4-Mer and 8-Mer to human lectin DC-SIGN. Competition experiments have 

been performed three times showing similar results; the graph shows data of one of these experiments. 

B) A focus on the results obtained at 10uM.  

Considering these findings, the recognition of BVMPK LPS by the recombinant DC-

SIGN ECD was assessed using a combination of synthetic approaches, NMR 

spectroscopy, computational, and biophysical techniques. Specifically, both the O-

antigen and the core oligosaccharide were investigated in their interaction with DC-

SIGN. In particular, different length O-antigen repeating units, containing either a 

terminal Man or a terminal Rha, were considered. Furthermore, three disaccharides 

composing the core oligosaccharide structure (excluding the Kdo), as well as the full 

LPS, containing a terminal Rha residue, three OPS repeating units and the core 

heptasaccharide, Kdo included, were studied (Figure 4.2). 

4.2.1 BVMPK LPS O-antigen – DC-SIGN interaction 

As BVMPK O-antigen was composed of [→3)-β-D-Man-(1→4)-α-L-Rha-(1→] 

disaccharide repeating units (RU), oligomers with different numbers of RU were 

sinthetized by the group of Prof. B. Yu (Shanghai Institute of Organic Chemistry, 

China), terminating both with Man221 (Figure 4.3A) or Rha (Figure 4.3B).  
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These oligomers, containing one to four RU, a reducing L-Rha residue (redRha) and 

alternatively terminal Man (tMan, 2-Mer, 4-Mer and 8-Mer, Figure 4.3A) or terminal 

Rha residues (tRha, 3-Mer, 5-Mer, Figure 4.3B), were thoroughly evaluated in order 

to assess the role of Man and Rha in DC-SIGN recognition and binding process, and, 

also, the role, if any, played by the length of the saccharide chain. 

4.2.1.1 O-antigen oligomers with tMan – binding studies 

Binding studies were performed on various B. vulgatus O-antigen oligomers, with 

the same outcomes. Binding epitopes were obtained through STD NMR135, 138 

experiments, revealing that predominant DC-SIGN-oligomers interactions occur at 

the terminal portion. Specifically, the STD NMR analysis of the mixture composed of 

DC-SIGN and 4-Mer (Figure 4.5) showed a binding epitope where the primary 

interaction was around the tMan residue, exhibiting the most significant STD 

enhancement. Additionally, a minor contribution to the binding from Rha was 

observed. Consequently, the interacting epitope was predominantly constituted from 

the terminal portion of the oligo, with the key region of tMan in contact with DC-

SIGN. Indeed, the H3 proton of tMan unit exhibited the most pronounced STD effect 

and significant signals were also detected for protons H4 and H5, with STD effects of 

98% and 73%, respectively. Additional contributions from H2 and H6 were also 

noted. In contrast, only H4 from the directly linked L-Rha unit was observable, 

displaying a low STD response. This observation indicated that the interaction with 

DC-SIGN primarily involved the tMan sugar, while no STD effect was observed for 

either the inner Man or the redRha unit, suggesting their solvent exposure. NMR 

binding studies using the longer ligand 8-Mer yielded a comparable STD NMR-

derived epitope mapping, suggesting the crucial role of the tMan unit in the 

recognition process. 
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Figure 4.5: NMR interaction studies between 4-Mer and DC-SIGN. A) 4-Mer ligand schematic structure 

sketched according to SNFG nomenclature. STD NMR zoomed spectrum. 1H NMR reference spectrum 

(bottom) and 1D STD NMR spectrum (up) of the 1:30 mixture of DC-SIGN:4-Mer. B) tr-NOESY NMR 

on the 1:20 mixture of DC-SIGN:4-Mer. C) 2D and 3D representation of the interacting epitope map of 

the interaction between 4-Mer and DC-SIGN derived from STD NMR data and computational studies.  

The bioactive conformation assumed by the ligand upon binding was investigated 

through tr-NOESY experiments (Figure 4.5B). A comparison of spectra obtained in 

the free state221 and bound state revealed no significant changes, confirming that there 

was no conformer selection of the glycan chain when complexed with DC-SIGN 

(Figure 4.5C and Table 4).  

Table 4: DC-SIGN: 4-Mer experimental and calculated key inter-residue distances  

 Exp. (tr-NOESY) Calc. (MD derived) 

R1-M3 2.97 3.43± 0.34 

R1-M2 2.62 2.68 ± 0.38 
tM1-R4 2.54 2.48 ± 0.24 

M2-Rα4 2.73 3.13 ± 0.37 

R5-M3 2.62 3.53 ± 0.49 
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Further insights into the molecular recognition features were unveiled by combining 

NMR-derived binding data with computational studies. Energetically accessible 

conformational regions of glycosidic torsion angles (α-L-Rha-(1→3)-β-D-Man and β-

D-Man-(1→4)-α-L-Rha), constituting BVMPK LPS O-antigen, were determined 

(Figure 4.6). 

 

Figure 4.6: A) Adiabatic energy maps of the two different glycosidic linkages present in the O-chain of 

BVMPK. B) Analysis of the bound state dihedral angles represented as a scatter plot of the ϕ torsion 

against ψ during the time with the relative histograms to represent the most populated energy. C) 

Calculated distances from the DC-SIGN:4Mer MD simulation. 

Then, starting complexes were generated by manually docking the oligomers into the 

DC-SIGN monomeric subunit (PDB:1SL4).98 The tMan guided the superimposition 

of the oligomers in the binding site, using the GlcNAc2Man3 unit as reference 
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(PDB:1SL4). The complex generation and subsequent optimization were conducted 

using the software Maestro.222, 223 Similar results were obtained studying all the 

complexes; here, the behavior of DC-SIGN/4Mer complex is described as example. 

Specifically, Man could adopt two different orientations in the binding pocket:205, 224, 

225 a binding mode A (BmA) with the 6-OH pointing towards the adjacent shallow 

groove (Figure 4.7), and, after rotating the ligand through the Man residue by 180°, a 

second binding mode B (BmB) obtained with the axial 2-OH pointing towards the 

shallow groove (Figure 4.8). 



 

 

 
SECTION II – RESULTS AND DISCUSSION 

Chapter IV - Molecular recognition of B. vulgatus glycoconjugates by DC-SIGN 

117 

 

Figure 4.7: MD simulation analysis of BmA for the DC-SIGN:4-Mer complex A) 3D model of DC-

SIGN – 4-Mer complex with the protein amino acids involved in the interaction highlighted in purple. 

Close-up view of a representative pose from the most populated MD family (top right) and the tMan 

bound to the principal Ca2+. The main amino acids involved in the binding are coloured in purple and the 

Ca2+ ion in grey. The ligand is colored according to SNFG. Ca2+ coordination bonds are shown as dashed 

blue lines while the observed H-bond interactions are indicated by dashed cyan lines. B) 3D 

representation of the interaction with the ligand surface colored according to the STD NMR results. C) 

BmA two-dimensional plot representing the interactions between 4-Mer and DC-SIGN binding pocket 

residues. 
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Figure 4.8: MD simulation analysis of the BmB, interaction between 4-Mer and DC-SIGN. A) 3D model 

of DC-SIGN – 4-Mer complex with the protein amino acids involved in the interaction highlighted in 

salmon. Close-up view of a representative pose from the most populated MD family (top right) and the 

tMan bound to the principal Ca2+. The main amino acids involved in the binding are coloured in purple 

and the Ca2+ ion in grey. The ligand is colored according to SNFG. Ca2+ coordination bonds are shown 

as dashed blue lines while the observed H-bond interactions are indicated by dashed cyan lines. B) 3D 

representation of the interaction with the ligand surface colored according to the STD NMR results. C) 

BmB two-dimensional plot representing the interactions between 4-Mer and DC-SIGN binding pocket 

residues. 

Both accommodations, BmA and BmB, were subjected to extensive MD simulations, 

to validate experimental results. Glycosidic torsion angles ϕ and ψ were sampled 
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along the MD simulations in both free221 and bound states to further evaluate the 

conformational behavior of BVMPK LPS O antigen oligomers in complex with DC 

SIGN. Ensemble average interproton distances were extracted and translated into 

NOE contacts using a full-matrix relaxation approach. Experimental and calculated 

key inter-residue distances have revealed an excellent agreement between the 

experimental and calculated data (Table 4). Therefore, no significant differences in 

the ligands' extended conformation were found upon binding (Figure 4.6). The most 

representative poses for the two binding modes, BmA and BmB, in the DC-

SIGN/4mer complex were chosen through cluster analysis of the MD simulations and 

subjected to analysis using the CORCEMA-ST program.184 The results suggested that 

in both BmA and BmB complexes, tMan played a central role in the interaction, with 

a substantial contribution from H3 and H4, along with evident involvement of the 

other ring protons (Figure 4.9). Specifically, in both cases, the highest predicted STD 

value was for tMan H3, consistent with the experimental findings. Conversely, no 

saturation was anticipated for the other sugar units, except for the internal Rha, which 

contributed to the binding with significant involvement only for the H4 proton. 

Moreover, in accordance with the STD NMR results, no contribution was predicted 

for Man and redRha residues. However, overall, the calculated STD values for each 

individual binding mode did not entirely align with the experimental STD NMR 

results, confirming the coexistence of two binding modes. 

Considering a theoretical bimodal binding equilibrium, involving both BmA and 

BmB, the contribution of each binding mode to the interaction was discerned, as 

detailed in a prior publication.204 The observed NMR spectrum is essentially 

considered as the ensemble spectrum, resulting from the weighted combination of the 

STD signals of both binding modes contributing to the interaction. By identifying the 

ensemble of ligand-bound modes best aligned with the experimental data, the quality 

of CORCEMA-ST predictions was assessed using the R-NOE factor. The results 

showed a satisfactory agreement between theoretical and experimental outcomes. The 

equilibrium of the two bound conformations in solution was characterized by BmA 
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as the major binding mode (70% of contribution), and BmB as the minor binding 

mode (30% of contribution) (NOE R-factor = 0.2; Table 5 and Figure 4.9). 

 

Figure 4.9: CORCEMA-ST analysis derived from the most representative poses of the DC-SIGN/4-Mer 

complex. The analysis of the contribution of BmA and BmB to the ensemble was performed by analysing 

the quality of the prediction by NOE R-factor, being determined that the contribution to the ensemble 

was 70% for BmA and 30% for BmB, same results as obtained from the analysis of the MD simulation.  

the most, demonstrating the best fit between the ensemble theoretical (blue) and experimental (red) STD 

data. 

Table 5: NOE R-factor as a function of the proportional weight of BmA and BmB. 

 

 

 

 

 

 

 

 

Representative poses from the energetically favorable and highly populated 

clusters of the 4-Mer in the BmA and BmB binding modes (Figure 4.7 and Figure 

4.8) illustrate the involvement of the tMan residue in coordinating with Ca2+ ion 

through OH at positions 3 and 4 in the canonical binding mode.98, 205 RMSD 

BmA BmB NOE R-factor 

100 0 0.3199 

90 10 0.2646 

80 20 0.2252 

70 30 0.2006 

60 40 0.2257 

50 50 0.2655 

40 60 0.3209 

30 70 0.3853 

20 80 0.4548 

10 90 0.5275 

0 100 0.6021 
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calculations on protein backbone and ligand residues, with the initial frame as a 

reference, indicated the stability of the complexes, with a similar accommodation of 

the oligomers in the binding pocket (Figure 4.10). During the entire MD simulations, 

the tMan unit maintained canonical coordination with the Ca2+ ion through positions 

3 and 4, while the remaining part of the ligand was solvent exposed. 

 

Figure 4.10: Schematic representation of the two possible binding mode and MD simulation analysis of 

the two binding modes for the DC-SIGN:4-Mer complex. A) BmA with the 6-OH pointing towards the 

adjacent shallow groove (orange arrow). B) Protein (black) and ligand (red) RMSD of the BmA. The 

ligand RMSD was calculated in reference to the protein. C) BmA protein-ligand H-bonds described as 

acceptor, donor, distance and stability (in percentage) during the 100 ns MD. D) BmB with the 2-OH 

pointing towards the adjacent shallow groove (orange arrow). E) Protein (black) and ligand (red) RMSD 

of the BmB. The ligand RMSD was calculated in reference to the protein. F) BmB protein-ligand H-

bonds described as acceptor, donor, distance and stability (in percentage) during the 100 ns MD.  

Molecular interactions within the complexes were monitored and compared to NMR-

derived experimental data, particularly focusing on the 4-Mer in BmA and BmB, with 

similar results for other oligomers (data not shown). The Ca2+ ion, positioned in the 

main DC-SIGN binding site and accommodated by Glu347, Pro348, and Asn349, 
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played a pivotal role in carbohydrate recognition and binding, coordinating with tMan 

through the oxygen atoms of 3OH and 4OH. Distinctions between BmA and BmB 

binding modes were observed. In BmA, 3OH tMan acted as a hydrogen donor in 

interaction with Glu347 carboxylic moiety, while tMan 4OH served as a hydrogen 

donor for the interaction with Glu354 carboxylic moiety and an acceptor for Asn365 

(Figure 4.7 and Figure 4.10B-C). Conversely, in BmB, due to a 180° rotation, 

significant shifts in binding interactions occurred, with tMan 3OH now acting as a 

hydrogen acceptor for Asn365, and tMan 4OH serving as a hydrogen donor in 

interaction with Glu347. In BmB, Glu347 also engaged in a hydrogen bond with tMan 

6OH during approximately 10% of the simulation time, aligning with the STD NMR 

results and providing further insight into the substantial contribution of H6 tMan to 

the interaction (Figure 4.8 and Figure 4.10E-F). 

The internal Rha unit did not establish stable interactions with DC-SIGN, during 

the MD simulation, in agreement with experimentally observed low STD contribution 

and CORCEMA-ST calculations (Figure 4.9). 

Importantly, the crucial role of Ca2+ in mediating the binding was further 

confirmed by NMR. Upon the addition of perdeuterated EDTA to the sample, a 

complete fading of STD NMR signals was observed, indicating that no interaction 

occurred in the absence of calcium (data not shown). 

In conclusion, a 3D complex of BVMPK O-antigen accommodated in the DC-

SIGN binding site has been proposed, highlighting the essential role of the tMan unit 

for recognition and binding in both BmA and BmB (Figure 4.7 and Figure 4.8), giving 

the same result also for longer oligomer. Furthermore, SPR experiments were also 

performed to validate the models proposed by NMR experiments and MD calculation. 

SPR competition experiments were run using oligomers containing from one to 8 

repeating units (2-Mer, 4-Mer, 8-Mer and 16-Mer) to evaluate their affinity towards 

DC-SIGN (Figure 4.11).201 
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Figure 4.11: Inhibition of DC-SIGN interaction over BSA-Man surfaces with different oligomer of the 

O-Antigen repeating unit. A) Representative sensorgrams of the interaction and its inhibition with 2-Mer 

with increasing concentrations, by a multiplication factor of 2, starting from 40 µM up to 20 mM. B) 

Inhibition curve obtained for 2-Mer, 4-Mer, 8-Mer and 16-Mer. 

As results, independently from 2-Mer to 16-Mer tested oligomers, the IC50 obtained, 

were always in the same range, between 3 to 4.2 mM. Despite the increasing repeating 

units, the contribution to the binding was enterely given by the terminal unit. 

Moreover, the 2-Mer IC50 of 3.3 mM was the same as a single Man in SPR competition 

test,226 underlying the central role of tMan in the binding. 

4.2.1.2 O-antigen oligomers with tRha – binding studies 

As mentioned before, oligomers terminating with L-Rha were also ad-hoc 

synthesized (3-Mer and 5-Mer, Figure 4.3), to study their interaction with DC-SIGN, 

following the same approach as for tMan oligomers. Interestingly, NMR and 

biophysical techniques detected no binding with DC-SIGN (Figure 4.12). In order to 

further prove the absence of recognition, D-Man monosaccharide (in the same 1:30 

ratio) was added to the sample and run STD NMR spectra. It was possible to observe 

the presence of STD NMR signals deriving from the monosaccharide, confirming the 

absence of the binding for 3-Mer and 5-Mer and, also, the functionality of the protein 

(data not shown). 
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Figure 4.12: STD NMR studies of tRha oligosaccharides 3-Mer and 5-Mer with DC-SIGN where no 

interaction was observed.  

4.2.2 BVMPK LPS core - DC-SIGN interaction 

The presence in B. vulgatus core LPS of uncommon sugars like Fuc (Fucose) and 

Galf (Galactofuranose) increased the interest in unveiling their interaction and 

recognition by DC-SIGN. Particularly, the three composing disaccharides, resulting 

from the dissection of the core, excluding the Kdo, were studied, after their ad-hoc 

synthesis, performed by the group of Prof. S. Kulkarni (Indian Institute of 

Technology, Bombay, India) (Figure 4.2). 

The three disaccharides here analyzed were: (i) Rha-3βGlc, (ii) Fuc-2βGal and (iii) 

Galf-3αRha (Figure 4.2A). 

NMR binding studies (STD and tr-NOESY) on B. vulgatus core fragments showed 

how Fuc-2βGal disaccharide was the unique portion recognized by DC-SIGN (Figure 

4.13). The highest STD NMR enhancement was attributed to the H1 of the Fuc 

residue, proposed as the main anchor for the recognition of the Fuc-2βGal 

disaccharide by DC-SIGN. 
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Figure 4.13: A) 1H NMR reference spectrum (bottom) and 1D STD NMR spectrum (up) of the 1:20 of 

the DC-SIGN: Fuc-2βGal mixture. Interacting epitope map between Fuc-2βGal and DC-SIGN derived 

from STD-NMR data. B) Galf-3αRha ligand structure and 1H NMR reference spectrum (bottom) and 1D 

STD NMR spectrum (up) of the 1:20 mixture with DC-SIGN. C) Rha-3βGlc 1H NMR reference spectrum 

(bottom) and 1D STD NMR spectrum (up) of the 1:20 mixture. 
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Additionally, the disaccharide was prepared by using Glycam builder utility 

(www.glycam.org)227 to be modelled into the protein binding pocket. Docking studies 

were performed again to obtain a better starting point for the MD calculations. 

Therefore, a representative pose from the docking studies was used as initial step of 

MD simulation trajectory and the analysis of the MD confirmed the stability of the 

complex (Figure 4.14A).  

 

Figure 4.14: Computational studies of Fuc-2βGal interacting with DC-SIGN A) Protein (black) and 

ligand (red) RMSD. The ligand RMSD was calculated in reference to the protein. B) Protein-ligand H-

bonds described as acceptor, donor, distance and stability (in percentage) during the 100 ns MD. C) Two-

dimensional plot representing the interactions between Fuc-2βGal and the binding pocket residues of 

DC-SIGN. D) Representation of the core hexasaccharide onto DC-SIGN binding pocket with the Fuc 

residue coloured in red and the Gal residue in yellow. Fuc-2βGal is accommodated in the binding pocket 

http://www.glycam.org/
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interacting through Fuc residue. Coordination interactions with Ca2+ ion are depicted in dark blue while 

H-bond interactions with the protein are coloured in cyan. 

The interaction was stabilized by the coordination of the Fuc residue with the Ca2+ ion 

through the canonical 3OH-4OH coordination. Additionally, the Fuc residue, showed 

a stable hydrogen bonding network, interacting with DC-SIGN in the Ca2+ dependent 

binding pocket through the hydroxyl moieties at positions 2, 3 and 4 (Figure 4.14). 

Actually, 4-OH acted as an H-bond donor to E347 and acceptor from N349, 3-OH 

was found as a donor to E354 and 2OH acted as donor to E354. 

4.2.3 BVMPK full core LPS- DC-SIGN interaction 

Finally, BVMPK LPS moiety containing the full core, three OPS repeating units 

and a tRha unit as terminal residue (tRha-LPS, Figure 4.15A) was evaluated in the 

interaction with DC-SIGN. STD-NMR experiments (Figure 4.15) supported the 

above findings and confirmed how the OPS portion containing the terminal tRha of 

tRha-LPS did not interact with DC-SIGN. As for the core region, Fuc was the main 

sugar unit accommodated in the protein binding site; interestingly, also the Galf 

residue was significantly involved (Figure 4.15B-C), and, in addition, also Gal and 

Kdo units were located nearby the protein surface. The recognition took place mainly 

through the Fuc unit, in agreement with the previous binding experiments described 

for the Fuc-2βGal core disaccharide. The strongest STD effect was attributed to H1 

to H4 protons of Fuc (above 70%); in addition, almost all Galf protons, mainly H2 

Gal proton and the side chain protons of Kdo (H6, H7 and H8), gave moderate to good 

STD signals, highlighting their location inside the DC-SIGN binding pocket. So, these 

results showed the key involvement of Fuc in the binding and the presence inside the 

binding pocket also of Gal, Galf and Kdo; likely the rest of the core was solvent 

exposed. 
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Figure 4.15: NMR interaction studies between tRha-LPS and DC-SIGN. A) tRha-LPS tridecasaccharide 

schematic structure sketched according to SNFG nomenclature. B) STD NMR zoomed spectrum. At the 

bottom 1H NMR reference spectrum whereas on top 1D STD NMR spectrum of the 1:30 mixture of DC-

SIGN: tRha-LPS. C) 2D representation of the interacting epitope map of the interaction between tRha-

LPS and DC-SIGN derived from STD NMR data. 

Then, the bioactive conformation of the tRha-LPS was inferred by tr-NOESY 

experiments, performed on a DC-SIGN: tRha-LPS mixture (Figure 4.16), allowing to 

derive the key inter-protons distances, crucial to evaluate the conformational behavior 

in the bound state (Table 6). 

 

Figure 4.16: A) Schematic representation of the bioactive conformation with the core oligosaccharide 

sugars coloured in according to the SNFG nomenclature and the OPS sugars in grey. B) tr-ROESY NMR 

on the 1:30 mixture of DC-SIGN:tRha-LPS. 
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Table 6: DC-SIGN: core LPS experimental and calculated key inter-residue distances.  

  Exp. (tr-NOESY) Calc. (MD derived) 

G1-D2 2.65 2.84 ± 0.22 

H1-G3 2.95 2.82 ± 0.65 

H1-E3 2.76 2.73 ± 0.34 

H1-G5 3.25 2.84 ± 0.42 

A'1-C3 2.76 2.92 ± 0.29 

A1-B2 2.19 2.10 ± 0.24 

A1-B3 2.74 2.68 ± 0.26 

B1-A'5 3.80 4.13 ± 0.15 

D1-E4 2.89 2.80 ± 0.17 

C1-D6 3.02 3.74 ± 0.21 

C1-D4 3.64 3.50 ± 0.30 

C1-D6' 2.70 3.02 ± 0.22 

G5-E3 3.06 3.38 ± 0.34 

 

The presence of uncommon sugars, from a computational point of view, like Galf 

and Kdo, required as first step their parametrization, using AMBER18 package,228 

and, then, they were used for MD simulations, in order to depict a 3D model of tRha-

LPS. First, the disaccharides constituting the core region (Figure 4.6) were already 

built to evaluate the energetically accessible conformational regions via MM 

calculations using standard protocols. The adiabatic energy maps, which illustrate the 

ϕ/ψ and ϕ/ω glycosidic torsion angles (Figure 4.17), confirmed that the global energy 

minimum aligned with the exo-anomeric effect.  
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Figure 4.17: Adiabatic energy maps, illustrating the glycosidic torsion angles ϕ/ψ and ϕ/ω, of the basic 

constituent disaccharides of tRha-LPS, obtained by molecular mechanics simulations (cf. also Figure 

4.6A). 

Thus, the tRha-LPS tridecasaccharide in its bioactive conformation, was manual 

docked into DC-SIGN binding site (PDB:1SL5),229 to run MD simulation in explicit 

solvent with AMBER. RMSD calculations conducted on the protein backbone and 

ligand residues, using the first frame as a reference, provided evidence of the complex 

stability (Figure 4.18).  
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Figure 4.18: DC-SIGN: tRha-LPS complex MD simulation analysis. A) RMSD of DC-SIGN (black) 

and tRha-LPS (red) being the ligand RMSD calculated in reference to the protein. B) Protein-ligand H-

bonds described as acceptor, donor, distance and stability (in percentage) during the 100 ns MD 

simulation. 

The glycosidic torsion angles were sampled during the MD simulations in both 

free and bound states, to assess the conformational behavior (data not shown). The 

corresponding average distances obtained for the simulation from ⟨r−6⟩ values were 

compared to those collected experimentally and an excellent accordance was found 

(Table 6). MD results showed that trajectories matched those predicted by the MM 

calculation, with the glycosidic linkages adopting ϕ values in accordance with the exo-

syn anomeric conformation. Moreover, MD simulation confirmed the NMR binding 

data, showing how the Galf residue was located close to the protein surface, and 

therefore established interactions with DC-SIGN, with most of the Kdo unit, the rest 

of the core and the OPS solvent exposed. 

Furthermore, a detailed analysis of computational studies showed how the Fuc 

residue was accommodated in the protein binding site and acted as anchor, 

establishing key interactions with DC-SIGN and stabilizing the whole ligand by 

coordination with the Ca2+ ion in the canonical way, through hydroxyl moieties at 

positions 3 and 4 (Figure 4.15). Additionally, the Fuc residue was stabilized by further 

H-bonds interactions, with OH moieties at positions 2, 3 and 4 establishing strong 

interactions with DC-SIGN. The most stable interaction was observed between Fuc 

4-OH as H-bond donor with E347 (97% of the MD, Figure 4.18), and as H-bond 

acceptor with N349 (31%); E354 was found as H-bond acceptor in both, the 
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interaction with 2-OH (96%) and 3-OH (22%). In addition, the conformation adopted 

by tRha-LPS supported the location of Galf close to the binding pocket in the 3D 

complex, confirmed by both STD and trNOESY data. Interestingly, MD simulation 

also proved that Galf 3-OH acted as H-bond donor to E358 (Figure 4.18) and that the 

conformational features of tRha-LPS also moved H6, H7 and H8 of the Kdo residue, 

close to the binding pocket, supporting the experimental STD effects. Furthermore, 

CORCEMA-ST analysis was also run on the DC-SIGN: tRha-LPS complex finding a 

good agreement between the experimental and the predicted calculations (Figure 

4.19). 

 

Figure 4.19: CORCEMA-ST analysis derived from the most representative poses of the DC-SIGN/tRha-

LPS complex.  

Hence, computational results fully matched and integrated NMR data, and provided 

information on the further accommodation of Bacteroides core LPS inside DC-SIGN 

binding pocket. 
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Figure 4.20: DC-SIGN: tRha-LPS complex MD simulation analysis. A) 3D model of DC-SIGN – tRha-

LPS complex with the protein amino acids involved in the interaction highlighted in purple. B) Close-up 

view of a representative pose from the most populated MD family. In grey the Ca2+ ions. The ligand is 

coloured according to SNFG nomenclature. Ca2+ coordination bonds are shown as dashed blue lines 

while the observed H-bond interactions are indicated by dashed cyan lines. C) Two-dimensional plot 

representation of the most stable interactions between tRha-LPS and DC-SIGN binding pocket residues. 

D) 3D representation of the DC-SIGN: tRha-LPS complex with the ligand surface coloured according to 

the STD NMR results. 
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4.3 Discussion 

In the evolving landscape of bacterial research, there has been a growing interest 

in understanding the role and immune perception of bacterial envelope 

glycoconjugates. These compounds, acting as MAMPs, play a crucial role in 

triggering the host immune response.60, 72, 88, 230 However, numerous questions remain 

unanswered, particularly in the context of the GM and its modulation of the host 

immune system.216 The host's ability to discern between beneficial and harmful 

bacterial species suggests that commensal bacteria express chemically distinct 

MAMPs, thereby modulating the immune response in various ways. The immune 

activation driven by LPS is highly structure-dependent, exhibiting a spectrum from 

potent to moderate stimulation and even inhibition of the immune response in 

antagonistic LPS. 

CTLs, a diverse family of antigen uptake membrane receptors, located on the 

plasma membrane of APCs (cf. §1.5.1.1), emerge as crucial players in the recognition 

of commensals. The interaction between host lectins and commensals permits to 

promote mutualism and prevent systemic inflammation. The CTL DC-SIGN plays a 

multifaceted role in immune-related functions, encompassing antigen uptake, 

processing, immune regulation, and serving as an immune homeostatic receptor. 

Furthermore, DC-SIGN-dependent cross-presentation is enhanced by the 

simultaneous triggering of TLRs, being described as its ability to modify TLR 

signaling in a pro- or anti-inflammatory way depending on the ligand recognized (cf. 

Chapter III).100, 220 Due to the DC-SIGN dual role in mediating both tolerance and 

immune response, depending on the context, pathogens and tumors may exploit this 

duality by upregulating the expression of DC-SIGN ligands, using DC-SIGN-

dependent tolerogenic signaling to evade the immune system.220 DC-SIGN 

preferentially binds to Fuc-exposing101 and Man-exposing ligands, stimulating the 

TLR-induced cytokine response. Both, Man and Fuc ligands stimulate IL-10 

secretion, but while Fuc ligands stimulate anti-inflammatory response, reducing LPS-
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induced IL-6 and IL-12 secretion, Man ligands act in a pro-inflammatory way, 

increasing both interleukins production.102 Nevertheless, recently, DC-SIGN ability 

to recognize GlcNAc or Gal residues among others has been proved.103, 104, 192, 204, 220, 

229 Indeed, in the Chapter III, it has been described that DC-SIGN binds E. coli R1-

type core oligosaccharide, by recognizing its outer core pentasaccharide, acting as a 

cross-linker between two tetrameric units of DC-SIGN, in a pro-inflammatory way. 

In this chapter, an interdisciplinary approach, combining NMR spectroscopy, 

computational and biophysical studies, has been employed to propose a 3D complex 

of the interaction between DC-SIGN and BVMPK LPS, confirmed also by predictions 

of CORCEMA-ST program. Understanding the recognition of LPS by DC-SIGN 

opens new avenues for therapeutic interventions against GM-related inflammatory 

diseases. The study reveals that the interaction between DC-SIGN and BVMPK LPS 

O-antigen occurs through its terminal portion in a sugar-dependent manner and in an 

independent length-manner. Specifically, the presence of a tMan residue resulted to 

be crucial for recognition and binding. The research evidenced the complexity of the 

binding process, highlighting two distinct binding modes (BmA and BmB) and 

underscoring the dynamic nature of the interaction. Notably, the tMan emerges as a 

key player in the interaction, as confirmed by experimental NMR results and 

computational analyses. Furthermore, the study delves into the bioactive 

conformation of the LPS core region, uncovering how BVMPK LPS interacts with 

DC-SIGN. The investigation identifies Fuc, Gal, Galf, and Kdo as crucial residues in 

the LPS core recognition by DC-SIGN. The study describes a novel, complex binding 

epitope involving a terminal β-Man linked to an internal L-Rha and a terminal α-Fuc 

located in the inner core region.  

This newfound understanding of the interaction between B. vulgatus LPS and DC-

SIGN at a molecular level contributes to a broader comprehension of host-microbe 

interactions and offers potential applications for gut health. Particularly, the discovery 

of this beneficial interaction could lead to the development of therapeutic 
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interventions for conditions related to gut dysbiosis, such as allergy, autoimmunity, 

and gastrointestinal inflammatory disorders.231 In literature, a study has been reported 

in which EPS produced by strains of Lactobacillus and Bifidobacterium can exert 

various beneficial functions, such as changing microbiota compositions, interacting 

with the intestinal epithelial barrier, and modulating the intestinal immune system.232, 

233 In this context, the obtained findings about the anti-inflammatory interaction 

between B. vulgatus LPS and DC-SIGN could be exploited for the formulation of 

tailored dietary LPS mixtures, acting as a prebiotic carbohydrates. Furthermore, this 

interaction might be leveraged to design diagnostic tools for monitoring the 

composition of the gut microbiota. Detecting changes in DC-SIGN’s interaction with 

B. vulgatus LPS could be indicative of shifts in the microbial community, allowing 

for the early diagnosis of gut-related diseases. However, further exploration of DC-

SIGN interactions with other members of the gut microbiota could contribute to a 

deeper understanding of the complex relationships between the host immune system 

and commensal bacteria.
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5. Chapter 5 – Molecular recognition of eukaryotic glycans by 

Mycoplasma pneumoniae and Mycoplasma genitalium 

cytoadhesins 

5.1 Introduction 

Bacterial adhesion to host target cells constitutes a pivotal initial stage of 

infection, playing a crucial role in pathogenesis. Dedicated bacterial surface structures 

facilitate this process, enabling microorganisms to target specific biomolecular 

signatures on host cells.234 Mycoplasmas are Gram-positive derived facultative 

anaerobic bacteria, cell-wall less, occasionally adopting a parasitic lifestyle.235  

Among mycoplasma species, Mycoplasma pneumoniae (Mpn) and Mycoplasma 

genitalium (Mge) promote mycoplasma-associated infectious diseases,116, 117 through 

the adhesion to target host cells, mediated by the interaction between peculiar adhesins 

and specific sialylated glycans, exposed on host cell surfaces. Mpn is an exclusively 

human parasite,118 primarily affecting the conducting airways and being the leading 

cause of upper and lower respiratory tract infections.116, 119 It is responsible for up to 

40% of community-acquired pneumonias (CAPs) in children and adults worldwide. 

Atypical CAPs, caused by Mpn, may also involve extrapulmonary organs, including, 

for example, head, eyes, ears, skin or gastrointestinal tract.236 Mge is a sexually 

transmitted bacterium associated with various reproductive tract syndromes, 

including cervicitis, pelvic inflammatory disease (PID), infertility121 in women, and 

urethritis in men.122 Additionally, Mge has been associated with preterm birth, 

spontaneous abortion, and HIV acquisition.237 Both Mpn and Mge employ 

cytoadherence and gliding motility, mediated by a complex attachment organelle, 

with a transmembrane and tetrameric adhesion complex, called Nap, playing a 

fundamental role in infectivity (cf.  §1.5.2.1).127 
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The current chapter offers a distinct perspective on host-guest interactions with 

respects to those previously described in this thesis, focusing on the analysis of 

eukaryotic glycans and bacterial proteins. Specifically, the recognition profiles and 

binding modes of different eukaryotic sialoglycans (Figure 5.1), commonly found on 

the host cell surface, in interaction with bacterial cytoadhesins, namely, P110 from 

Mge and P40/P90 from Mpn, located in the Nap complex, are dissected at atomical 

level. 

 

Figure 5.1: Overview of sialoglycans studied in interaction with P110 and P40/P90 represented using 

SNFG nomenclature. 

The 3D complexes of different cytoadhesins interacting with common N- and O-

glycans, found on host cells, have been delineated, employing techniques such as 

NMR spectroscopy, fluorescence analysis and computational studies, as depicted in 

the workflow represented in Figure 5.2.  
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Figure 5.2: Workflow of the experimental activities. 

The obtained results provide, on one side, precise ligands epitope maps together with 

the bioactive conformations and, on the other side, protein structural features 

governing sialoglycans recognition and the corresponding binding affinities. These 

findings serve as a foundational basis for developing alternative therapeutic strategies 

aimed at inhibiting bacterial adhesion to counteract mycoplasma-associated 

infections. 

5.2 Fluorescence spectroscopy  

The interaction of mycoplasma cytoadhesins, P110 (from Mge) and P40/P90 

(from Mpn), with the ligands 3’SLn, 6’SLn and sTa-Thr, was first examined using 

fluorescence spectroscopy (Figure 5.3). 
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Figure 5.3: Fluorescence titrations. Fluorescence spectra of Mge P110 (upper panel) and Mpn P40/P90 

(lower panel) in the presence of increasing amounts of the ligands 1-3, respectively. The insets report the 

binding isotherm and the values of the binding constants (Kb) obtained as described in the text. 

A constant concentration of both proteins was titrated with increasing quantities of 

each sialoglycan to generate binding isothermal curves for all combinations of protein 

and ligand and to obtain information regarding the binding affinity. As results, both 

P110 and P40/P90 exhibited similar recognition capabilities for various Neu5Ac-

containing ligands and all the obtained binding constants (Kb) were in the micromolar 

range. (Figure 5.3). Interestingly, these results were in accordance with the KD 

previously obtained by SPR experiments.125, 126 

The molecular recognition of each sialylated ligand by Mge and Mpn cytoadhesins 

have been subsequently examined using complementary techniques to elucidate the 

mechanisms underlying bacterial adhesion and gliding. In particular, the ligand 

binding epitopes were obtained using STD NMR;140, 141 tr-NOESY experiments238, 239 

were employed to explore the conformational behavior of the ligands. Additionally, 

MD simulations were performed in order to generate 3D models of the complexes, to 

support the NMR results, as described as follows. 
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5.3 Interaction of 3’SLn with P110 and P40/P90 

The analysis of the STD NMR spectra of the mixture P110/3’SLn indicated the 

selective affinity of the protein binding pocket toward the Neu5Ac moiety (Figure 

5.4A). As suggested by the STD enhancements, the entire Neu5Ac was recognized by 

P110, receiving a good magnetization transfer. The acetyl group of the Neu5Ac unit 

exhibited the highest relative STD effect, H6 and H7 protons registered an STD 

percentage exceeding 40%; while H4, H5, H8 and H9 Neu5Ac protons showed lower 

STD signals. The other sugar residues (Gal and GlcNAc) did not contribute to the 

recognition process. These results confirmed the interactions observed in the crystal 

structure of P110 in complex with 3’SLn.125 

It is noteworthy that, despite the hypothesis of a sialidase catalytic site in 

proximity to the protein binding pocket,125, 127 no hydrolysis of the Neu5Ac from the 

ligand was observed in the presence of the protein. Therefore, the NMR data strongly 

indicate the absence of a catalytic site in the protein crown region. 

Tr-NOESY experiments and MD simulations were employed to elucidate the 

conformational behavior of the ligand and describe how it is accommodated in the 

protein binding pocket. The presence of key tr-NOEs between the diastereotopic 

protons at position 3 of Neu5Ac and the proton H3 of the Gal residue (Figure 5.4B) 

suggested a conformer selection upon binding, with 3’SLn adopting a t conformation 

when accommodated in the protein binding pocket. The NMR results were confirmed 

by MD simulations. Indeed, the comparison of glycosidic torsion trajectories between 

the free (data not shown) and the bound state revealed that, in the absence of the 

protein, the ligand could adopt three main conformations: t, g, and -g, based on the 

different values of the Φ(C1-C2-O-C3’) dihedral angle around the Neu5Ac-α-(2,3)-

Gal glycosidic linkage, at 180°, 60° and -60°, respectively.138, 240 On the other hand, 

upon binding, the ϕ torsion angle mainly adopted the value of 180°, indicating that 

the t conformer was preferentially accommodated into the protein binding pocket 

(Figure 5.5). 
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Figure 5.4: NMR analysis of 3’SLn bound to P110. A) STD-NMR spectra (red) and the unsaturated 

reference spectrum (blue) together with the epitope map of the ligand interacting with P110. B) Tr-

NOESY spectra of P110-3’SLn and STD-derived epitope mapping of 3’SLn in its bioactive conformation 

with the surface coloured according to the STD effects. 
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Figure 5.5: MD analysis of P110 in interaction with 3’SLn. 3’SLn dihedral angles analysis in the bound 

state with P110 are represented as scatter plots of the ϕ torsion against ψ, during the MD simulation with 

the relative histograms to represent the most populated energies. RMSD of the protein (black) and the 

ligand (red) are reported. The ligand RMSD was calculated in reference to the protein. The overall 

flexibility of the protein in the free (red line) and bound (black line) state was measured via the average 

root mean square fluctuation (RMSF) values during the MD trajectory of P110 bound to 3’SLn. RMSF 

measures the average amplitude of each atom's motions relative to a mean reference position. The higher 

value of RMSF represents higher flexibility. The protein-ligand H-bonds (acceptor – donor H) 

established during the 100 ns MD are also shown. 
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The cluster analysis of MD simulations allowed an accurate description of the binding 

mode and the main molecular interactions between P110 and 3’SLn (Figure 5.6). 

Numerous hydrogen bonds were observed at the protein-ligand interface: specifically, 

H-bonds were established between Neu5Ac carboxyl group and Arg600 and Ser458. 

Asn200 exhibited two interactions with Neu5Ac: one with the OH at position 4 and 

the second with its acetamide moiety, while Pro197 formed a H-bond with the 

hydroxyl proton 7 of Neu5Ac. In addition, Asn475 established crucial H-bonds with 

hydroxyl protons 8 and 9 of the glycerol chain of Neu5Ac, which strongly contributed 

to stabilize the complex and resulted in the flexible loop region (471-482 aa) moving 

closer to the Neu5Ac binding site. As shown in Figure 5.6, the ligand was positioned 

with the acetamide group of the Neu5Ac in a hydrophobic pocket close to Phe457, 

contributing to stabilize the binding. Another significant contact was observed 

between the amide nitrogen of Neu5Ac and Ser456, forming a hydrogen bond, stable 

during the MD simulation, in accordance with the high STD contribution. 
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Figure 5.6: 3D view of the P110-3’SLn complex. The aa of the binding pocket involved in the binding 

with Neu5Ac are represented as sticks. The flexible loop moving closer to the binding site upon binding 

is represented in yellow. Two-dimensional plot highlighting the main protein-ligand interactions is also 

reported. Solid arrows represent hydrogen bonds with the functional groups of the backbone; the other 

residues in the binding pocket participate in polar and hydrophobic interactions. 

Similarly, the interaction between the Mpn cytoadhesin P40/P90 and 3’SLn was 

investigated. Also in this case, STD NMR analysis underlined a selective binding for 

the Neu5Ac moiety (Figure 5.7). The acetyl group of Neu5Ac exhibited the highest 

magnetization transfer and the H7 of Neu5Ac showed a substantial STD effect, 

exceeding 50%. Protons H5, H6, and H9 also contributed to the binding, even though 

lower STD percentages ranging from 50% to 20%. Slight STD enhancements were 

observed for the diastereotopic protons of Neu5Ac and the H4 of the Gal unit. 
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Figure 5.7: NMR analysis of 3’SLn bound to P40/P90. A) STD-NMR spectra (red) and the unsaturated 

reference spectrum (blue) together with the epitope map of the ligand interacting with P40/P90. B) Tr-

NOESY spectra of P40/P90-3’sLn and STD-derived epitope mapping of 3’SLn in its bioactive 

conformation with the surface coloured according to the STD effects. 

Computational studies were also carried out to provide insights into the 

conformational behavior of 3’SLn when bound to P40/P90. Consistent with tr-

NOESY data (Figure 5.7B), MD results indicated that 3’SLn could adopt two distinct 

conformations in the binding pocket: t and -g. These conformations corresponded to 

Φ dihedral angles around the glycosidic linkage between Neu5Ac and Gal at 180° and 

-60°, respectively (Figure 5.8). This variability is likely attributed to an increased 

flexibility and a distinct orientation of a loop region (642-653 aa), which remained 

distant from the binding site, resulting in a wider binding pocket compared to that of 

P110, allowing a higher ligand flexibility. However, accordingly to the STD NMR 

data, the main interactions were exclusively established with the Neu5Ac moiety also 

in the complex with P40/P90. 
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Figure 5.8: MD analysis of P40/P90 in interaction with 3’SLn. 3’SLn dihedral angles analysis in the 

bound state with P40/P90 is represented as scatter plots of the ϕ torsion against ψ, during the MD 

simulation with the relative histograms to represent the most populated energies. RMSD of the protein 

(black) and the ligand (red) are reported. The ligand RMSD was calculated in reference to the protein. 

The overall flexibility of the protein in the free (red line) and bound (black line) state was measured via 

the average root mean square fluctuation (RMSF) values during the MD trajectory of P40/P90 bound to 

3’SLn. RMSF measures the average amplitude of each atom's motions relative to a mean reference 

position. The higher value of RMSF represents higher flexibility. The protein-ligand H-bonds (acceptor 

– donor H) established during the 100 ns MD are also shown. 
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As shown in the main representative pose of the complex (Figure 5.9), Neu5Ac was 

the only sugar residue completely accommodated in the protein binding pocket, with 

Gal and GlcNAc residues positioned further away from the protein surface. 

Specifically, a stable contact was observed between the amide group at position 5 of 

Neu5Ac and Leu630, persisting for approximately 70% of the MD simulation time. 

The Neu5Ac carboxyl group formed H-bonds with the side chain of Thr632. In 

accordance with STD NMR findings, the hydroxyl group at position 7 interacted with 

Pro235, while the oxygen of the acetyl moiety was in contact with Lys238. The 

existence of hydrophobic residues near the binding site, like Phe631, played a role in 

stabilizing the complex, allowing the interaction of Neu5Ac with the protein, through 

hydrophobic interactions. 

 

Figure 5.9: 3D view of the P40/P90-3’SLn complex. The aa of the binding pocket involved in the binding 

with Neu5Ac are represented as sticks. The flexible loop moving closer to the binding site upon binding 

is represented in yellow. Two-dimensional plot highlighting the main protein-ligand interactions is also 
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reported. Solid arrows represent hydrogen bonds with the functional groups of the backbone; the other 

residues in the binding pocket participate in polar and hydrophobic interactions. 

5.4 Interaction of 6’SLn with P110 and P40/P90 

The binding mode and conformational behavior of 6’SLn interacting with P110 

and P40/P90 were investigated using a combination of NMR experiments and 

computational approaches. Once again, the portion of the ligand most involved in 

binding with each cytoadhesin was the Neu5Ac. The analysis of STD NMR and the 

resulting epitope map of 6’SLn bound to P110 indicated that the acetyl group of 

Neu5Ac had the highest STD NMR effect (Figure 5.10). Additionally, proton H7 

significantly contributed to the interaction, with an STD NMR relative percentage 

close to 50%, while H6, H8, and H9 protons of Neu5Ac made a minor contribution. 

 

Figure 5.10: STD-NMR spectra (red) and the unsaturated reference spectrum (blue) together with the 

epitope map of the ligand 6’SLn interacting with P110. 



 

 

 
SECTION II – RESULTS AND DISCUSSION 

Chapter V - Molecular recognition of eukaryotic glycans by Mpn and Mge cytoadhesins 

150 

MD data revealed the formation of numerous H-bonds between P110 amino acids and 

the terminal sugar of 6’SLn, further stabilized by hydrophobic contacts with Phe457 

(Figure 5.11). Pro197 and the hydroxyl group at position 7 of Neu5Ac established 

interaction for more than 90% of the simulation time, as well as the amide group 

forming an interaction with the carbonyl oxygen of Ser456. Other hydrogen bonds 

were established, including those between Asn200 and the carbonyl oxygen of the 

acetyl moiety, as well as between Asn200 and the hydroxyl group at position 4. The 

hydroxyl protons at positions 8 and 9 of the glycerol chain of Neu5Ac interacted with 

Asn475. Moreover, the hydroxyl group of Ser458 played a crucial role in interacting 

with the carboxyl group of Neu5Ac. Despite Neu5Ac was the residue mainly involved 

in the interaction, there were also different transient interactions between protein 

amino acids and some protons of the GlcNAc unit throughout the simulation. 

 

Figure 5.11: 3D view of the P110-6’SLn complex. The aa of the binding pocket involved in the binding 

with Neu5Ac are represented as sticks. Two-dimensional plot highlighting the main protein-ligand 

interactions is also reported. Solid arrows represent hydrogen bonds with the functional groups of the 

backbone; the other residues in the binding pocket participate in polar and hydrophobic interactions. 

the results observed for the cytoadhesin P110, the STD-NMR experiments 

conducted on the P40/P90-6’SLn mixture indicated that the protein selectively 

recognized the Neu5Ac residue (Figure 5.12). The epitope map revealed that the most 
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involved group was the acetyl moiety of Neu5Ac, with protons H6 and H7 exhibiting 

high STD enhancements of approximately 50%, while the glycerol chain and other 

protons of Neu5Ac contributed to a lesser extent.  

 

Figure 5.12: STD-NMR spectra (red) and the unsaturated reference spectrum (blue) together with the 

epitope map of the ligand 6’SLn interacting with P40/P90. 

These findings aligned with MD results, highlighting that 6’SLn established a crucial 

interaction with amino acids in the binding pocket primarily through the Neu5Ac 

residue. Specifically, the carboxyl group of Neu5Ac formed a H-bond with Thr632, 

consistent with the crystal structure of P40/P90 in complex with 3’SLn.126 The 

acetamide group of Neu5Ac interacted with Leu630 and Lys238, while Pro235 

displayed an interaction with the hydroxyl group at position 8 of the glycerol side 

chain (Figure 5.13). 
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Figure 5.13: 3D view of the P40/P90-6’SLn complex. The aa of the binding pocket involved in the 

binding with Neu5Ac are represented as sticks. Two-dimensional plot highlighting the main protein-

ligand interactions is also reported. Solid arrows represent hydrogen bonds with the functional groups of 

the backbone; the other residues in the binding pocket participate in polar and hydrophobic interactions. 

The analysis of MD simulations also indicated a higher flexibility of the ligand when 

bound to P40/P90 compared to the complex with P110, as resulted previously for the 

analysis of the complexes with 3’SLn. Due to the additional ω torsion angle in 6’SLn 

compared to 3’SLn, the ligand could adopt different conformations according to 

different values of the ω angle (60°, 180°, and -60°), resulting in an equilibrium 

between different rotamers, namely gt, tg, and gg, respectively. Specifically, in the 

free state (data not shown), the gt and tg rotamers were the most populated. 

Interestingly, MD results revealed that upon binding to P110, the ligand was 

predominantly accommodated in the gt conformation (Figure 5.14). Conversely, when 

6’SLn bound to P40/P90, an equilibrium between different rotamers, similarly 

accommodated in the protein binding pocket, was observed, in which the tg 

conformation was the most populated (Figure 5.15). 
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Figure 5.14: MD analysis of P110 in interaction with 6’SLn. 6’SLn dihedral angles analysis in the bound 

state with P110 is represented as scatter plots of the ϕ torsion against ψ or ω, during the MD simulation 

with the relative histograms to represent the most populated energies. RMSD of the protein (black) and 

the ligand (red) is reported. The ligand RMSD was calculated in reference to the protein. The protein-

ligand H-bonds (acceptor – donor H) established during the 100 ns MD are also shown. 
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Figure 5.15: MD analysis of P40/P90 in interaction with 6’SLn. 6’SLn dihedral angles analysis in the 

bound state with P40/P90 is represented as scatter plots of the ϕ torsion against ψ or ω, during the MD 

simulation with the relative histograms to represent the most populated energies. RMSD of the protein 

(black) and the ligand (red) is reported. The ligand RMSD was calculated in reference to the protein. The 

protein-ligand H-bonds (acceptor – donor H) established during the 100 ns MD are also shown. 
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5.5 Interaction of complex type N-glycans with P110 and P40/P90 

P110 and P40/P90 were also tested in interaction with longer N-glycans, 

particularly two undecasaccharides, containing the Neu5Ac-α-(2,3)-Gal or Neu5Ac-

α-(2,6)-Gal epitopes at their terminal end, mimicking natural complex-type 

biantennary N-glycans. Experiments performed on P40/P90 interacting with branched 

α-(2,3)-undecasaccharide have been reported as example in this thesis. STD-NMR 

experiments (Figure 5.16) revealed a selective protein recognition for the Neu5Ac 

residues, while the other sugar units did not contribute to the binding process, as 

happened with smaller trisaccharides. As already observed in the case of trisaccharide 

ligands, the acetyl group of the Neu5Ac displayed the highest STD enhancement, 

although STD signals of strong intensity also came from H6 and H7 of the Neu5Ac. 

In contrast, the resonances of the protons belonging to the other sugar units were not 

visible in the spectra, indicating that they were solvent exposed. 
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Figure 5.16: NMR analysis of complex glycan bound to P40/P90. STD-NMR spectrum (green) and the 

unsaturated reference spectrum (blue) together with the epitope map of the ligand interacting with 

P40/P90. 

These findings were also confirmed by MD simulations. As shown in Figure 5.17, the 

longer complex N-glycan was anchored to the protein surface, with the Neu5Ac on 

one antenna mainly establishing polar contacts with Leu634 and Thr632 and 

hydrophobic interactions with Phe631, as previously reported for the trisaccharide 

ligand. Additionally, more interactions were observed between the Neu5Ac unit 

positioned at the terminal end of the other glycan branch and Arg226 and Ser227 

residues. Thus, for the first time, these results showed the interaction between Mge 

and Mpn cytoadhesins and complex biantennary N-glycans. 
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Figure 5.17: 3D view of the P40/P90-undecasaccharide α-(2,3) complex. 

5.6 Interaction of sTa-Thr with P110 and P40/P90 

The molecular interaction between Mpn and Mge cytoadhesins and the ad hoc 

synthetized sialyl-T-antigen linked to a Thr residue (sTa-Thr), was also investigated. 

As revealed by the STD NMR analysis, both P110 and P40/P90 proteins were able to 

recognize the O-glycan in a similar manner, where the Neu5Ac exhibited the highest 

STD contribution, the Gal unit slightly contributed to the interaction and the reducing 

GalNAc, along with the Thr residue, did not receive any magnetization transfer from 

the protein (Figure 5.18 and Figure 5.19). 

In the case of P110, the acetyl group of Neu5Ac exhibited a significant contribution 

to the binding, followed by H7. H5, H6, H8, and H9 protons showed STD NMR 

relative percentages above 50%. In contrast, H4 of Neu5Ac and H4 and H6 of the Gal 

contributed to the binding event in a lesser extent, displaying %STD values below 

40% (Figure 5.18). 
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Figure 5.18: NMR analysis of sTa-Thr bound to P110. A) STD NMR spectra (red) and the unsaturated 

reference spectrum (blue) together with the epitope map of the ligand interacting with P110. B) Tr-

NOESY spectra of P110-sTa-Thr mixture. 

Similarly, for P40/P90, a robust saturation transfer was observed for the acetyl group 

and H7 of Neu5Ac, showing the highest STD NMR effects. H4, H5, and H9 

contributed to the binding with STD NMR enhancements greater than 50%, while H3, 

H6 and H8 exhibited %STD NMR lower than 50%. Moreover, slight STD effects 

were observed for the Gal moiety, particularly, H2, H3, H4 and H6 protons displayed 

STD NMR percentages lower than 20% (Figure 5.19). 
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Figure 5.19: NMR analysis of sTa-Thr bound to P40/P90. A) STD NMR spectra (red) and the 

unsaturated reference spectrum (blue) together with the epitope map of the ligand interacting with 

P40/P90. B) Tr-NOESY spectra of P40/P90-sTa-Thr mixture. 

Once the ligand-interacting epitopes were established, the binding profile of the P110 

and P40/P90 complexes with sTa-Thr were also investigated using computational 

approaches and tr-NOESY analysis. In general, sTa-Thr was accommodated in the 

same protein binding pocket as the previously observed ligands. In the P110/sTa-Thr 

complex (Figure 5.20), interactions occurred between Pro197 and the hydroxyl group 

at position 7 of Neu5Ac, as well as between Ser456 and the amide nitrogen of the 

Neu5Ac. The Asn200 residue also interacted with the OH at position 4 of Neu5Ac, 

and Ser458 established two H-bonds with the carboxyl group of this residue, as seen 

in the crystal structures.125, 127 
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Figure 5.20: 3D view of the P110-sTa-Thr complex. The aa of the binding pocket involved in the binding 

with Neu5Ac are represented as sticks. Two-dimensional plots highlighting the main protein-ligand 

interactions is also reported. Solid arrows represent hydrogen bonds with the functional groups of the 

backbone; the other residues in the binding pocket participate in polar and hydrophobic interactions. 

MD simulation of the P40/P90 complex with sTa-Thr (Figure 5.21) also revealed 

selective recognition toward Neu5Ac. The most stable contact occurred between 

Leu630 and the amide group of Neu5Ac, in accordance with the observed high STD 

NMR value. The Neu5Ac carboxyl moiety also established stable H-bonds with 

Thr632. Other significant contacts were observed for OH at C7 of Neu5Ac, forming 
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a H-bond with Pro235, accordingly with the high STD contribution of H7 (around 

80%) and, also, Lys218 with the acetyl group. 

 

Figure 5.21: 3D view of the P40/P90-sTa-Thr complex. The aa of the binding pocket involved in the 

binding with Neu5Ac are represented as sticks. Two-dimensional plots highlighting the main protein-

ligand interactions is also reported. Solid arrows represent hydrogen bonds with the functional groups of 

the backbone; the other residues in the binding pocket participate in polar and hydrophobic interactions. 

MD simulations of sTa-Thr in free (data not shown) and bound states to both P110 

and P40/P90 proteins were also run to compare the conformational behavior of the 

ligand. The shape and conformation of sTa-Thr were influenced by the glycosidic 

torsion angles, namely ϕ (C1-C2-O-C3’)/ψ(C2-O-C3’-H3’) around Neu5Ac-α-(2,3)-
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Gal and ϕ (H1–C1–O–C3’)/ ψ (C1–O–C3’–H3’) around the Gal-β-(1,3)–GalNAc 

bond. Interestingly, in the binding with P110, the -g conformer selection was 

observed, with the ligand populating only the minimum characterized by the value of 

ϕ torsional angle at -60° (Figure 5.22). Instead, regarding the interaction of sTa-Thr 

with P40/P90, no significant conformational differences were observed between the 

free and bound state, with the ligand mainly adopting the two t and -g conformations 

with the ϕ torsion angle along the Neu5Ac-α-(2,3)-Gal unit at 180° and -60°, 

respectively (Figure 5.23). 

 

Figure 5.22: MD analysis of P110 in interaction with sTa-Thr. sTa-Thr dihedral angles analysis in the 

bound state with P110 is represented as scatter plots of the ϕ torsion against ψ, during the MD simulation 

with the relative histograms to represent the most populated energies. RMSD of the protein (black) and 

the ligand (red) is reported. The ligand RMSD was calculated in reference to the protein. The protein-

ligand H-bonds (acceptor – donor H) established during the 100 ns MD are also shown. 
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Figure 5.23: MD analysis of P40/P90 in interaction with sTa-Thr. sTa-Thr dihedral angles analysis in 

the bound state with P40/P90 is represented as scatter plots of the ϕ torsion against ψ, during the MD 

simulation with the relative histograms to represent the most populated energies. RMSD of the protein 

(black) and the ligand (red) is reported. The ligand RMSD was calculated in reference to the protein. The 

protein-ligand H-bonds (acceptor – donor H) established during the 100 ns MD are also shown. 
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5.7 Discussion 

Sialic acid-containing glycans are abundantly present on eukaryotic host cell 

surfaces, playing crucial roles in diverse biological functions, relevant to both health 

and disease. They modulate cell division, signaling, and cell-cell recognition, 

influencing a wide spectrum of immune responses. Furthermore, several pathogenic 

organisms, including various Mycoplasma species, have developed mechanisms to 

utilize host sialoglycans for association and entry into target cells, thereby initiating 

bacterial infection.  

Despite recent efforts to understand the mechanism of mycoplasma adhesion to host 

cells, the molecular basis of the protein-glycan interactions remains not fully 

understood. Considering the increasing antibiotic resistance observed in mycoplasma 

species, especially in the respiratory pathogen Mpn and urogenital pathogen Mge, 

there is an urgent need for alternative therapeutic strategies to prevent and combat 

mycoplasma-associated infections. 

In this chapter, a comprehensive molecular characterization of the recognition modes 

of mycoplasma cytoadhesins, P110 and P40/P90, interacting with different host 

sialylated N- and O-glycans, have been performed, by using a combination of 

biophysical techniques and computational methods. This integrated approach allowed 

to identify ligand epitopes in the protein binding site, explore the conformational 

behavior of N- and O-glycans interacting with bacterial cytoadhesins and construct 

3D models of protein-ligand complexes. 

The obtained results demonstrated that both P110 and P40/P90 recognize and bind 

various N- and O-sialoglycans. Particularly noteworthy is the first experimental 

evidence showing that Mycoplasma cytoadhesins can bind to naturally membrane-

exposed O-glycans. Despite the cytoadhesins having different binding sites and 

shapes, Neu5Ac is the primary contributor to the binding in all complexes. Hydrogen 

bonds involving the Neu5Ac residue, coupled with hydrophobic interactions, anchor 

the entire sialoglycans to the binding sites of both cytoadhesins. Notably, the more 

open binding site and a higher flexibility of some loops near the binding site of 
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P40/P90 allow the accommodation of sialoglycans maintaining higher conformational 

freedom, unlike the recognition by P110, which induces conformer selections. 

Furthermore, NMR data revealed that neither P110 nor its orthologue P40/P90 

demonstrated sialidase activity, despite the presence of a putative sialidase catalytic 

site.125  

Worth noting, the mode of action of Mycoplasma cytoadhesins differs 

significantly from another group of bacterial adhesins recently analyzed in our 

research group, the Siglec-like adhesins, SLBR-H and SLBR-B from S. gordonii (cf. 

§1.5.2). Despite some similarities in the sugar binding side of the two classes of 

proteins, differently from mycoplasma cytoadhesins, SLBR-H and SLBR-B, 

accommodate not only the Neu5Ac residue of N- and O-glycans (with a preference 

for sialoglycans containing Neu5Ac-α-(2-3)-Gal), but also other sugar residues 

present in the ligands.114 Instead, as discussed in this chapter, mycoplasma 

cytoadhesins show a binding mode very similar to mammalian Siglecs, which 

recognize prevalently Neu5Ac residues and, rarely, Gal residues.22, 115 

In conclusion, the obtained results provide a more comprehensive understanding 

of the structural features governing the recognition of different sialoglycans by the 

main cytoadhesins from Mpn and Mge. These insights into the molecular basis of the 

ligands’ specificity and the knowledge of the specific binding sites lay the 

groundwork for designing species-specific anti-adhesive compounds. This approach 

has been used, for example, in the synthesis of different heteroglycoclusters to target 

two P. aeruginosa lectins, LecA and LecB, to counteract either the bacterial adhesion 

in the human tissues and organs, and the development of antibiotic resistance by 

biofilm formation.241 This potential development could lead to novel therapeutic 

strategies for treating or preventing Mycoplasma infections by inhibiting 

cytoadherence. Furthermore, comparative studies involving different Mycoplasma 

species and their cytoadhesins can offer insights into variations in binding specificity 

and mechanisms. This comparative approach may reveal commonalities and 

differences among various Mycoplasma strains.
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6. Chapter 6 – Isolation and characterization of CPS from an 

Acinetobacter baumannii clinical isolate 

6.1 Introduction 

Acinetobacter baumannii, ubiquitous aerobic Gram-negative opportunistic 

pathogen, is responsible for both community and health care – associated infections 

(HAIs). Particularly, it causes pulmonary, urinary tract, bloodstream and surgical 

wound infections.242 It is one of the ESKAPE pathogens (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, Enterobacter spp.), a group of feared microorganisms 

holding significant importance due to their propensity to accumulate multiple 

antimicrobial resistance (AMR) mechanisms and their ability to spread within 

healthcare facilities and communities.243As in other bacteria, their cell envelope shield 

is the first line of defence against stress conditions and is crucial to resistance to 

antibiotics.  

A. baumannii produces peculiar CPSs that cover its surface to protect itself against 

environmental stress, desiccation, phagocytosis and complement-mediated killing. 

Typically, the biosynthesis of CPS in A. baumannii includes genes present within the 

chromosomal K locus (KL) involved in capsule initiation (itr), glycosyltransfer (gtr), 

translocation (wzx), polymerization (wzy), and the incorporation of non-carbohydrate 

components.244 A. baumanni CPS represents one of the major virulence factors and 

notably, some bacterial strains exhibit CPS containing complex atypical sugars, like 

nonulosonic acids which are structurally related to a typical monosaccharide present 

in the eukaryotic cell, the sialic acid (cf. §1.2.1). Thanks to their unique structures, 

these bacterial CPSs are able to mimic SAMPs, interact with inhibitory host receptors 

and elude immune response. 
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Build on these screens, the CPS from a clinical isolate of A. baumannii has been 

isolated and characterized, mainly by NMR spectroscopy and Mass spectrometry. Its 

conformational behavior in the free state has been studied. Moreover, after the 

conjugation of the characterized CPS to the carrier protein CRM197, its immunogenic 

activity has been tested in vivo on mice, as depicted in the workflow represented in 

Figure 6.1. 

 

Figure 6.1: Workflow of the experimental activities. 

This work lays the foundation for new antimicrobial strategies, different from the 

use of antibiotics, and sets the basis for possible glycoconjugates vaccines against A. 

baumannii infections. 

6.2 Extraction, purification and characterization of CPS from an A. 

baumannii clinical isolate 

6.2.1 CPS extraction and purification 

Dried cells from an A. baumannii clinical isolate were provided by Prof. E. De 

Gregorio (Department of Molecular Medicine and Medical Biotechnology, University 

of Naples Federico II). After cell washing in water to remove eventual contaminants 

derived from cell growth, CPS has been extracted using the PCP and hot phenol-water 
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extractions and purified following the procedures introduced in Chapter II (cf. also 

Chapter VII for methods). The determination of CPS structure has been performed by 

using MS and NMR techniques as follows. 

6.2.2 CPS chemical and structural analysis by GC-MS and NMR 

spectroscopy 

The compositional analysis of CPS from A. baumannii by means of AMG (cf. 

Chapter II) revealed the prevalence of hexoses and hexosamines, specifically Gal, 

GalNAc and GlcNAc, and the presence of the legionaminic acid (Leg). The presence 

of Kdo indicated a contamination of the sample with LOS (Figure 6.2). 

 

Figure 6.2: AMG analysis of A. baumannii CPS and assignment of the peaks by comparison with AMG 

standards. 

Monosaccharides linkages analysis of pure CPS from A. baumannii by means of 

PMAA revealed the prevalence of 4,6-linked hexose, 3,6-linked hexose and 3-linked 

hexosamine (Figure 6.3).  
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Figure 6.3: PMAA analysis of A. baumannii CPS. 

Then, a combination of mono- and bi-dimensional NMR experiments (cf. Chapter II) 

has been performed to derive the structure of the CPS repeating unit. As example, the 

superimposition of HSQC and 1H spectra of the isolated CPS have been reported in 

Figure 6.4. As showed in figure, four anomeric signals were identified, together with 

the characteristic signals of the methylene protons at position 3 of Leg residue. Thus, 

the CPS repeating unit was composed by a pentasaccharide composed of β-D-

GalNAc, β-D-Gal, β-D-Gal, α-D-GlcNAc and α-Leg non-stoichiometrically 

substituted by an acetyl group and an hydroxybutyryl group (Figure 6.4 and Table 7). 
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Figure 6.4: HSQC and 1H spectra of CPS from A. baumanni. 

 

Table 7: 1H, 13C chemical shift values of the CPS from A. baumannii. (cf. Figure 6.4).  

Given the difficulties in understanding how Leg residue was linked to the CPS 

backbone, due to the absence of key NOEs and crucial signals in the HMBC spectra, 

A. baumannii CPS 

Unit 1 2 3 4 5 6 7 8 9 

A 4.97 3.89 3.75 3.46 3.90 3.79    

-GlcNAc 93.8 53.6 70.8 69.6 71.8 60.8    

          

B 4.53 3.94 3.76 4.10 3.53 3.67    

-GalNAc 102.1 51.4 80.5 68.0 74.6 61.1    

          

C 4.41 3.55 3.64 4.06 3.70 3.91/3.64    

-Gal 104.9 69.3 76.7 64.9 73.4 65.1    

          

D 4.32 3.29 3.63 3.94 3.71 3.73    

4--Gal 103.5 70.8 72.7 76.9 73.4 60.3    

          

L   2.65/1.60 3.48 3.57 3.84 3.81 3.94 1.10 

-Leg   40.5 68.8 52.1 71.5 54.0 67.1 18.9 
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the CPS was cleaved by mild acidic hydrolysis with an aqueous solution of AcOH 

6%, taking the advantage of the lability of the Leg glycosidic linkage. The 

polysaccharide was further purified by performing a bio-gel P10, obtaining two 

fractions then analyzed by GC-MS and NMR: the first containing the CPS backbone 

without Leg (Figure 6.5, Figure 6.6 and Table 8) and the second containing only Leg 

in solution (Figure 6.7 and Table 9). 

The comparison of the chromatogram of PMAA of the entire CPS structure with the 

one of hydrolized CPS lacking the Leg residue, helped to fully define the structure. 

Indeed, in the first chromatogram, the predominant species was a 4,6-linked hexose 

unit (Figure 6.3), while the one acquired on the hydrolyzed CPS showed that the 

predominant species was a 4-linked hexose (Figure 6.5). This evidence suggested that 

α-Leg was linked to the central β-Gal with a 2,6 linkage. 

 

Figure 6.5: PMAA analysis of hydrolyzed A. baumannii CPS. 

These results were also confirmed by NMR analysis (Figure 6.6 and Table 8).  
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Figure 6.6: HSQC and 1H spectra of hydrolyzed CPS from A. baumannii. 

 
Table 8: 1H, 13C chemical shift values of the hydrolyzed CPS from A. baumannii. (cf. Figure 6.6). 

 

 

A. baumannii hydrolyzed CPS 

Unit 1 2 3 4 5 6 

A 4.97 3.89 3.74 3.47 3.90 3.74/3.68 

-GlcNAc 93.8 53.5 70.8 69.7 71.8 60.2 

       

B 4.61 3.96 3.79 4.12 3.61  

-GalNAc 102.2 51.4 80.6 68 70.4  

       

C 4.42 3.54 3.62 4.04 3.70 3.91/3.70 

-Gal 104.7 69.2 76.7 64.7 73.4 69.12 

       

D 4.34 3.31 3.66 4.02 3.64 3.76/3.71 

4--Gal 103.5 70.7 72.8 75.9 74.4 60.4 

       



 

 

 
SECTION II – RESULTS AND DISCUSSION 

Chapter VI - Isolation and characterization of CPS from an A. baumannii clinical isolate 

173 

NMR experiments on the Leg residue, alone in solution, were also performed 

confirming the configuration of its stereogenic centers (Figure 6.7 and Table 9). 

 

Figure 6.7: HSQC and 1H spectra of free Leg.in solution. 

 
Table 9: 1H, 13C chemical shift values of the reducing Leg (cf. Figure 6.7). 

Altogether the obtained results showed that the CPS from this A. baumanni clinical 

isolate is made up of a pentasaccharide repeating unit (Figure 6.8). 

Reducing Leg  

Unit 3 4 5 6 7 8 9 

L 1.72/2.11 3.85 3.62 4.14 3.76 3.78 1.07 

-Leg 39.6 67.6 52.8 69.4 53.3 66.4 19.2 
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Figure 6.8: CPS repeating unit from the A. baumannii clinical isolate, letter code in agreement with 

NMR assignment. 

6.3 Computational studies on characterized CPS from A. baumannii 

Once determined the CPS chemical structure from the A. baumannii clinical 

isolate, computational studies were performed to explore its conformational behavior 

by using AMBER18 software.168 In particular, a comparison of the 3D behavior of the 

CPS repeating unit before and after the hydrolysis (thus, in the presence and in the 

absence of Leg) has been made. 

6.3.1  Molecular mechanics and molecular dynamics of CPS without Leg 

Firstly, the analysis of an oligosaccharide composed by the single CPS repeating 

unit but not bearing Leg, has been performed. 

Initially, the conformational preferences of all the constituting disaccharides 

repeating unit were determined by building their potential energy surfaces as a 
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function of the glycosidic torsional angles Φ and Ψ. The calculated maps suggested 

that all the disaccharide mainly adopted conformations according to the exo-anomeric 

orientation (Figure 6.9). 

 

Figure 6.9: Adiabatic maps representing the conformational spaces of phi (φ) vs psi (ψ) and phi (φ) vs 

omega (ω) torsional angles of the composing disaccharides studied by MM. The colour scheme reflets 

the energy distribution within the conformational landscape, with red indicating energy maxima and blue 

representing energy minima. The color gradient provides insight into the stability and energetics of 

different torsional conformations, in some cases, showing even various minimums, aiding in the analysis 

of carbohydrate structural dynamics. 
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Subsequently, starting from the favorite global minima, a hexasaccharide 

fragment representing the CPS repeating unit with capping ends was built and its 

conformational behavior was disclosed by using molecular dynamic simulations in 

explicit solvent with AMBER. (Figure 6.10). 

 

Figure 6.10: Schematic representation of the repeating unit of CPS from the A. baumannii clinical isolate 

without Leg residue, coloured according to SNFG nomenclature. 

MD simulations were run in explicit solvent, using a water box around the ligand in 

order to study its free state conformational behavior for 100 ns. Indeed, the analysis 

of the dihedral angles fluctuations along the 100 ns allowed to better understand the 

flexibility of the ligand (Figure 6.11). 
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Figure 6.11: Free state MD analysis of CPS repeating unit without Leg residue. Left panel: Dihedral 

angles analysis, represented as scatter plots of the ϕ torsions against ψ and ϕ torsions against ω, during 

the MD simulation with the relative histograms to represent the most populated energies. Right panel: 

Fluctuations of the ϕ (black), ψ (red) and ω (blue) dihedral torsions around the glycosidic linkages along 

the 100ns MD simulation in the free state. 
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As showed in Figure 6.11, the torsion angles along β-GalNAc-(1-4)-β-Gal and α-

GlcNAc-(1-3)-β-Gal glycosidic linkages were stable. Two different families were 

observed for the β-Gal-(1-3)-β-GalNAc and β-Gal-(1-3)-β-GalNAc glycosidic 

linkages with ϕ = 50° and Ψ = -20°/20° (with a 50:50 and 70:30 ratio, respectively), 

as often occur for the capping end residues. More importantly, fluctuations of the ω 

torsion were observed around the β-Gal-(1-6)-β-Gal glycosidic linkage. Indeed, two 

possible minima, characterized by an omega value of 180° (tg conformation) or 60° 

(gt conformation), with a 70:30 ratio, were observed (Figure 6.12), thus conferring a 

higher degree of flexibility to the ligand.  

 

Figure 6.12: 3D representative pose of the most populated cluster coming from the 100 ns MD 

simulation for the free state of one repeating unit of the CPS without Leg residue, coloured according to 

the SNFG nomenclature. The values of the torsion angles ϕ, ψ and ω for each glycosidic linkage are also 

shown. 

6.3.2 Molecular mechanics and molecular dynamics of entire CPS  

The conformation of the CPS repeating unit, including Leg, was then explored to 

evaluate if its negative charge could affect the tridimensional arrangement of the 

ligand. Since no parameters are available for Leg on GLYCAM website, as for most 

bacterial monosaccharides, it was necessary to parametrize it (Figure 6.13). 

Parametrization means defining specific parameters like atomic charges, bond 

lengths, bond angles, torsional angles, and non-bonded interactions within a sugar 
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molecule, integrating experimental data, quantum mechanical calculations and 

empirical fitting. The aim is to ensure that sugar molecules behave realistically in 

simulations by accurately defining their potential energy surfaces. This was achieved 

through a protocol for non-common bacterial sugars, optimized in my research group.  

 

Figure 6.13: Chemical structure of α-Leg5Ac7Ac, coloured according to SNFG nomenclature. α-

Leg5Ac7Ac has been parametrized by Dr. F. Nieto-Fabregat, in our group at Department of Chemical 

Sciences, University of Naples Federico II. 

MM was performed to obtain adiabatic maps of the disaccharide linkage α-

Leg5Ac7Ac-(2-6)-β-Gal. (Figure 6.14).  

 

Figure 6.14: Adiabatic maps representing the conformational spaces of phi (φ) vs psi (ψ) and phi (φ) vs 

omega (ω) torsional angles of the α-Leg5Ac7Ac-(2-6)-β-Gal disaccharide studied by MM. The colour 

scheme reflets the energy distribution within the conformational landscape, with red indicating energy 

maxima and blue representing energy minima. The colour gradient provides insight into the stability and 

energetics of different torsional conformations, showing even various minima, aiding in the analysis of 

carbohydrate structural dynamics. 

To explore in detail the preferred conformation of the entire CPS repeating unit 

(Figure 6.15) in its free state, a MD simulation in explicit solvent, using a water box 
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around the entire ligand, was run for 100 ns. The analysis of the dihedral angles 

fluctuations along the 100 ns are reported in Figure 6.16.  

 

Figure 6.15: Schematic representation of the repeating unit of CPS from the A. baumannii clinical 

isolate, coloured according to SNFG nomenclature. 
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Figure 6.16: Free state MD analysis of CPS repeating unit. Left panel: Dihedral angles analysis, 

represented as scatter plots of the ϕ torsions against ψ and ϕ torsions against ω during the MD simulation 

with the relative histograms to represent the most populated energies. Right panel: Fluctuations of the ϕ 

(black), ψ (red) and ω (blue) dihedral torsions around the glycosidic linkages along the 100ns MD 

simulation in the free state. 

As showed in Figure 6.16, also in this case, the torsion angles along β-GalNAc-

(1-4)-β-Gal and α-GlcNAc-(1-3)-β-Gal glycosidic linkages remained stable. On the 

contrary, for the β-Gal-(1-3)-β-GalNAc and β-Gal-(1-3)-β-GalNAc torsions, as 
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expected, there were variations of the ψ torsions, as they were the capping ends of the 

ligand. Fluctuations through the β-Gal-(1-6)-β-Gal glycosidic linkage were also 

observed, having stability for both the ϕ and ψ torsions with values of 50° and 180° 

respectively. Nonetheless, two possible minima were populated due to the flexibility 

of the ω torsion, that could adopt a value of 180° (tg conformation) or 60° (gt 

conformation), with a 60:40 ratio, respectively. The presence of an additional 6-linked 

sugar, further contributed to confer flexibility to the ligand. Indeed, the ω torsion 

around α-Leg5Ac7Ac-(2-6)-β-Gal linkage, could adopt values of 60° (gt 

conformation) and 180° (tg conformation) with a 60:40 ratio, respectively. All this 

information can be found sum up in Figure 6.17. 

 

Figure 6.17: 3D representative pose of the most populated cluster coming from the 100 ns MD 

simulation for the free state of one repeating unit of the entire CPS with Leg5Ac7Ac residue, coloured 

according to the SNFG nomenclature. The values of the torsion angles ϕ, ψ and ω for each glycosidic 

linkage are also shown. 

6.4 ELISA interactions screening: CPS from A. baumannii can interact 

with DC-SIGN and Siglec-7 

Preliminary studies were carried out in order to identify potential binder of A. 

baumanni CPS. ELISA was conducted to evaluate the interaction between A. 
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baumannii CPS and various recombinant human lectins. Thanks to a collaboration 

with Dr. F. Chiodo (Amsterdam Universitair Medische Centra, Netherlands), three 

CPS samples were tested, namely: (i) CPS1, ultracentrifuged sample, (ii) CPS2, 

sample after acetic acid hydrolysis, and (iii) CPS3, further purified sample through 

gel filtration chromatography. ELISA plate wells were coated with 50 µg/ml of each 

CPS in PBS and compared to the typical lectin’s interaction motifs used as positive 

controls. Positive controls were covalently bound to polyacrylamide to ensure their 

adsorption into the plate wells. Interactions were evaluated by measuring the Abs at 

450 nm. 

Fc-DC-SIGN and Fc-Siglec-7 were able to interact with CPS3 (Figure 6.18A and B). 

 

Figure 6.18: ELISA analysis between Fc-DC-SIGN (A) and Fc-Siglec-7 (B) and three purification steps 

of CPS. LeY-PAA, PAA-α2,3 and PAA-α2,6 are the positive controls. 

These results will pave the way for further interaction studies between CPS and 

host receptors, based on NMR spectroscopy, computational methods, and other 

biophysical techniques.  

6.5 Production of glycoconjugates to test in vivo immunogenic activity  

Glycoconjugate vaccines have revolutionized the fight against bacterial 

infections.245 Carbohydrates on bacterial surfaces, like CPS, play a vital role in 

infection and have been targeted for vaccine development. Glycoconjugate vaccines 

consists of carbohydrates covalently linked to carrier proteins, triggering T-cell-
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dependent immune responses.246 Their success is evident in preventing diseases 

caused by pathogens like N. meningitidis,247 and recent approvals of pneumococcal 

vaccines underscore their ongoing public health impact.248 Furthermore, in the era of 

post COVID-19 pandemic, vaccine development remains a priority for governments 

to combat future pandemics, being identified as critical tools against evolving 

pathogens.249 Traditional antibiotics are increasingly ineffective due to bacterial 

evolution, making glycoconjugate vaccines a promising solution to combat diseases 

caused by AMR pathogens, including the ESKAPE group, which encompasses A. 

baumannii.250 

Advances in glycan chemistry have enabled the development of glycoconjugate 

vaccines with well-defined and highly pure carbohydrate antigens, able to strongly 

stimulate immune responses. In the following paragraphs, insights into the production 

of glycoconjugates starting from the characterized CPS from an A. baumannii clinical 

isolate will be provided, then, their immunogenic activity will be evaluated in vivo.  

This work has been carried out during my stay at GSK (Siena, Italy), under the 

supervision of Dr. M.R. Romano and Dr. R. Adamo.  

6.5.1 Analytical characterization of CPS by SEC-HPLC 

Before starting with the conjugation, analytical studies to characterize CPS in 

terms of MW and LOS contamination have been performed by using Size Exclusion 

Chromatography–High Performance Liquid Chromatography (SEC-HPLC). In these 

procedures, two CPS samples were used: (i) CPS post extraction and (ii) CPS post 

ultracentrifugation (UC), to eventually control differences between two different steps 

of purification (cf. §1.2.1). 

6.5.1.1 MW evaluation of the CPS by SEC-HPLC 

The evaluation of the MW of the two CPS samples was performed by comparison 

with pullulans in a range of MW from 20 kDa to 2500 kDa (Figure 6.19). 
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Figure 6.19: Pullulan chemical formula. It is a polysaccharide polymer consisting of maltotriose units. 

Three glucose units, connected by an α-1,4 glycosidic bond compose a maltotriose unit, whereas 

consecutive maltotriose units are connected to each other by an α-1,6 glycosidic bond. 

The two samples and the pullulans in buffer 10 mM NaPi pH 7.2 were injected in 

a TSK6000PW column. The resulting chromatogram indicated that both the CPS 

samples possessed a MW higher than 2500 kDa (Figure 6.20). 

 

Figure 6.20: Chromatogram of MW evaluation of CPS samples in comparison with pullulans by SEC-

HPLC. 
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6.5.1.2 Evaluation of LOS contamination in CPS by SEC-HPLC 

The evaluation of LOS contamination in CPS has been performed by quantifying 

reactive carbonyl groups of different molecular size populations, after derivatization 

with semicarbazide (SCA) (Figure 6.21). 

 

Figure 6.21: Semicarbazide chemical formula. 

Also in this case, derivatized SCA-CPS post extraction (indicated as CPS1 in Figure 

6.22) and derivatized SCA-CPS post UC (indicated as CPS2 in Figure 6.23) were 

used, compared to the blanks (not derivatized CPS1 and CPS2) and injected in a 

TSK3000PW. The presence of a peak related to LOS contaminant was observed only 

in the derivatized SCA-CPS post extraction (CPS1), as shown in Figure 6.22 and 

Figure 6.23. This result confirmed the utility of the ultracentrifugation step in LOS 

removal. 
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Figure 6.22: Chromatogram of derivatized SCA-CPS post extraction (black line) compared to blank 

(blue line). 

 

Figure 6.23: Chromatogram of derivatized SCA-CPS post UC (in black) compared to blank (in blue). 

LOS contamination in CPS1 has been quantified through a derivatized SCA-Kdo 

calibration curve, measuring the Abs at 252 nm (Figure 6.24). In particular, being the 

ratio SCA-Kdo:LOS in nmol/mL 1:1, it was possible to assess that due to the presence 
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of 3 Kdo molecules in CPS sample from A. baumannii, the total quantity of LOS 

contaminant, 16,1 nmol/mL reported in Figure 6.24, could be divided for 3, giving as 

result 3,4 nmol/mL. 

 

Figure 6.24: SCA-Kdo calibration curve and relative calculations for quantification of LOS in nmol/mL 

in CPS1. 

6.5.2 Random conjugation of CPS to CRM197 carrier protein, using 

CDAP chemistry  

To produce the glycoconjugates, two different ultra centrifugated CPS samples 

(cf. §1.2.1) from the A. baumannii clinical isolate were used: (i) the entire CPS and 

(ii) hydrolyzed CPS, in order to remove Leg residue and evaluate, also in this case, 

the effects related to its presence, in the immunological response. Both CPS samples 

were conjugated to Cross reacting material (CRM197), a nontoxic variant of diphtheria 

toxin, containing a single amino acid substitution (G52E), widely used carrier protein 

for conjugate vaccines against encapsulated bacteria (MW=58.48 kDa)251, 252. 

Starting from the first sample, the entire CPS was previously activated using 1-

cyano-4-dimethylaminopyridinium tetrafluoroborate (CDAP), an organic cyanylating 

reagent (Figure 6.25).253 
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Figure 6.25: Chemical structure of CDAP. 

The random binding of the cyanide groups of CDAP to the hydroxyl groups of CPS 

allowed for the subsequent binding of the activated polysaccharide to the amine 

groups of the Lys present in the CRM197 protein (Figure 6.26).254 

 

Figure 6.26: Chemistry used for the conjugation of CPS (P=polysaccharide) to the CRM197 (Prot), 

through CDAP activation (extracted from ref.254) 

The successful conjugation of the entire CPS sample activated with CDAP to CRM197 

could be observed in the gel below, appearing as a peculiar ‘smear’. The final sample, 

reported in Figure 6.27, was obtained after two purification steps. The first in Amicon 

100K in PBS 1X to remove not conjugated protein and the second using (NH4)2SO4 

to precipitate the CPS in excess. The obtained quantity was 1.8 mL of pure 

glycoconjugate at concentration of 0.1 mg/mL (Figure 6.28). 
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Figure 6.27: NuPAGE 3-8% with Coomassie staining, containing Precision Plus Protein Standards (M), 

5 ug of CRM197 (A) and 5 ug of the glycoconjugate of interest (B). 

 

 

Figure 6.28: microBCA assay performed on the glycoconjugate of CPS and CRM197, using BSA 

standard curve. 

The second glycoconjugate was produced by following the already described 

procedure, upon the hydrolysis in an aqueous solution of AcOH 1% for 2h at 100°C 

in order to remove the Leg residue. The hydrolysed CPS was firstly activated with 
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CDAP and then, conjugated to CRM197. Also in this case, a precipitation in (NH4)2SO4 

and a purification by Amicon 30K in PBS 1X was performed (Figure 6.29). Notably, 

due to the lower MW of the hydrolysed sample, the conjugation was facilitated, 

allowing to obtain 1.8 mL of the glycoconjugate at concentration of 0.2 mg/mL 

(Figure 6.30).  

 

Figure 6.29:NuPAGE 3-8% with Coomassie staining containing Precision Plus Protein Standards (M), 

5 ug of CRM197 (A) and 5 ug of the glycoconjugate of interest (B). 
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Figure 6.30: microBCA assay performed on the glycoconjugate of hydrolysed CPS and CRM197, using 

BSA standard curve. 

6.5.2.1 in vivo evaluation of the immunogenic activity of the glycoconjugates  

Once evaluated their MW (Figure 6.31), the two produced glycoconjugates were 

administered to mice to evaluate their immunogenic activity and, thus, their ability to 

stimulate the antibody response. 

 

Figure 6.31: Chromatogram of SEC-HPLC analysis of produced glycoconjugates. 

As expected, the elution of the samples on a TSK6000PWxl column occurred in order 

of decreasing MW: first, the glycoconjugate with the entire CPS (black line), second, 
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the glycoconjugate with hydrolysed CPS (blue line), and finally, CRM197 alone (pink 

line). Upon obtaining the sera, ELISA was performed by coating the plates with the 

whole polysaccharide, using an anti-mouse IgG (whole molecule) as secondary 

antibody. Titers were calculated as the reciprocal of the dilution resulting in an OD of 

1 (Figure 6.32). 

 

Figure 6.32: ELISA of the glycoconjugate containing the entire CPS (in blue) and the glycoconjugate 

containing hydrolysed CPS (in red). 

The results indicated that the entire CPS was immunogenic, and the removal of the 

Leg residue significantly impacted the antibody response. This could be attributed to 

two possible explanations: (i) the containing Leg-epitope was the immunodominant 

epitope, and so its removal reduced the antibody response, (ii) the removal of Leg 

residue altered the 3D structure of the CPS, resulting in the loss of many 

conformational epitopes. Statistical analysis was also conducted between the two 

groups using the Mann-Whitney test, revealing a significant difference with a p-value 

of 0.0003. 
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6.6 Discussion 

The extraction of glycoconjugates from an A. baumannii clinical isolate revealed 

the presence of a CPS on the surface of this Gram-negative bacterium. Mass 

spectrometry and NMR spectroscopy were conducted to elucidate its fine structure. 

Specifically, its repeating unit consists of a pentasaccharide containing (i) two Gal 

molecules and one GalNAc unit, all in β-configuration, (ii) a residue of α-GlcNAc and 

(iii) an α-Leg, not stoichiometrically substituted by a hydroxybutyryl group at position 

7. Leg is a unique bacterial sugar, a nonulosonic acid structurally similar to Neu5Ac, 

a monosaccharide found in eukaryotic cells. Its study is essential because ESKAPE 

bacteria, including A. baumannii, have evolved to employ these sugars to mimic those 

of the host, evading the immune response by exploiting inhibitory proteins.  

With the aim to achieve deep insights into the conformational features of A. 

baumanni CPS, once determined its chemical structure, computational studies were 

performed. To this end, a home-made protocol was applied to parametrize the Leg 

and to build the repeating unit of A. baumannii CPS. The conformational analysis of 

the CPS in the free state, showed a moderate flexibility of the ligand. Fluctuations 

were observed in the ω torsion angles (flipping between tg and gt conformations) 

around β-Gal-(1-6)-β-Gal and α-Leg5Ac7Ac-(2-6)-β-Gal glycosidic linkages. 

Furthermore, an evaluation of the immunogenic activity of the CPS was 

conducted. During my stay at GSK, the CPS was randomly conjugated to the CRM197 

carrier protein. In particular, two samples, one bearing the Leg residue and the 

hydrolyzed CPS, were used. Subsequent analysis of the sera from immunized mice 

revealed that the Leg-conjugated epitope was the immunodominant epitope, and its 

removal not only reduced the antibody response but also altered the 3D structure of 

the CPS, resulting in the loss of many conformational epitopes. These results could 

pave the way for the development of glycoconjugate-based vaccines against A. 

baumannii infections worldwide. 
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Further analysis will be performed to investigate the molecular recognition of A. 

baumanni CPS by the host immune system. Notably, preliminary ELISA results 

indicated the interaction of A. baumannii CPS with two different human lectins: Fc-

DC-SIGN and Fc-Siglec-7. Thus, NMR experiments and computational studies are 

currently in progress to enhance our understanding of how A. baumannii is recognized 

by the host immune system.  
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7. Chapter 7 – Materials and methods 

7.1 Bacterial cells growth and extractions 

7.1.1 E. coli R1-type cells growth, extraction and purification (related to 

Chapter 3) 

E. coli cells carrying R1 type core oligosaccharide were grown in 8 L of Luria 

Bertani (LB) medium at 37°C, under stirring (180 rpm), up to 0.9 OD600nm. Cells were 

harvested by centrifugation at 15°C – 10000 g for 20 min and then, washed with two 

rounds of water, one round of ethanol, one round of acetone and one last round of 

ethyl ether, to remove contaminants from cell growth.  

Freeze-dried cells were extracted using petroleum ether-chloroform-phenol (PCP) 

extraction (2:5:8, v/v/v),129, 255 to isolate the LOS fraction, analysed through 12% SDS-

PAGE, using silver nitrate staining.256 The obtained LOS was then de-lipidated to 

remove ester- and amide-linked fatty acids. Firstly, it was treated with anhydrous 

hydrazine (1 ml for 20 mg of sample), stirred at 37°C for 90 min, cooled in an ice bath 

and some drops of romil acetone were poured to allow the precipitation. The 

precipitate was then centrifuged, washed twice with romil acetone and dried.257 

Subsequently, the O-deacylated sample was N-deacylated with a strong alkaline 

treatment (KOH 4 M, 120 °C). After desalting using a column of Sephadex G-10, the 

resulting sample was the core oligosaccharide fraction, namely OSR1. 

7.1.2 B. vulgatus strain mpk extraction and purification (related to 

Chapter 4) 

B. vulgatus strain mpk LPS was extracted, purified, and characterized in our 

group, as already described.217 
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7.1.3 A. baumannii CPS extraction and purification (related to Chapter 

6) 

Dried cells from an A. baumannii clinical isolate were provided by Prof. E. De 

Gregorio (Department of Molecular Medicine and Medical Biotechnology, University 

of Naples Federico II). Pellets were washed in water at 4°C in three consecutive  

centrifugation cycles of 3h, 1h and 45 min, to remove eventual contaminants derived 

from cell growth, then, PCP and hot phenol-water (1:1, v/v) extractions were 

performed in order to isolate CPS.129 The extracted phases were subjected to 

enzymatic hydrolysis with DNAse, RNAse and Proteinase K and dialyzed against 

water to remove proteins, nucleic acids and phenol traces.129 A 12% SDS-PAGE using 

silver nitrate staining, was run to control the sample and CPS was detected in the water 

phase. As still LOS contaminant was found, the CPS-containing water phase was 

subjected to an ultracentrifugation step at 45000 g, for 24h, at 4°C and then, another 

12% SDS-PAGE was run to control the obtained supernatant. 

In order to perform the structural characterization by NMR, a mild acid hydrolysis 

was performed with acetic acid 1% (100°C, 3 h) in order to separate the saccharidic 

portion from the lipidic ones. Then, a purification step with a biogel P6 SEC eluted in 

water, was done to further purify the CPS sample.  

Moreover, to understand how Leg residue was linked to the CPS backbone, taking the 

advantage of its lability in the linkage, a chemical hydrolysis of the CPS was 

performed with acetic acid 6% (100°C, 2 h). The obtained supernatant was purified 

on a biogel P10 SEC eluted in water, obtaining two fractions: the CPS backbone and 

the Leg residue free in solution. 

7.2 Chemical analysis 

Monosaccharides’ determination was performed through GC-MS analysis as 

described.204 Sugar residues were identified as acetylated O-methyl glycosides 

(AMG) derivatives. After methanolysis (1.25M HCl/MeOH, 85°C, 16 h) and 
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acetylation with acetic anhydride in pyridine (85°C, 30 min), samples were analyzed 

by GC-MS. Linkage analysis (PMAA) was carried out by methylation of complete 

saccharidic regions: the samples were methylated with CH3I, hydrolyzed with 2 M 

TFA (100°C, 2 h), carbonyl-reduced with NaBD4, acetylated with acetic anhydride 

and pyridine, and analyzed by GC-MS. All sugar derivatives were analyzed on an 

Agilent Technologies gas chromatograph 6850A equipped with a mass selective 

detector 5973N and a Zebron ZB-5 capillary column (Phenomenex, 30 m x 0.25 

mmi.d., flow rate 1 cm3/min, He as carrier gas). 

7.3 Production and purification of the recombinant protein DC SIGN 

(related to Chapters 3 and 4) 

The expression and purification of the C-type lectin DC-SIGN was carried out 

during my secondment in the lab of Prof. F. Fieschi (Institut de Biologie Structurale, 

Grenoble, France). The cDNA encoding DC-SIGN ECD monomer (amino acids 66– 

404) was cloned into a pET30b plasmid (Novagen) resulting in expression vector 

pET30b-DC-SIGN ECD, with subsequent transformation of E. coli BL21(DE3) 

competent cells,258, 259 following the protocol suggested by the provider. First, the 

plasmid (10 µg) was incubated with cells for 30 min in ice and then permeabilized 

through the cell membrane using a heat shock at 42°C for 45 sec. After the 

transformation, 500 µL of LB medium (20 g/L) was added and cells were grown for 

1h at 37°C, 180 rpm. Finally, 200 µL of cells were seeded in an Agar LB plate using 

Kanamycin as antibiotic (50 mg/L) and incubated at 37°C overnight. Antibiotic 

allowed the selection of the cells with the plasmid integrated. A single bacterial colony 

selected from the Agar plate was grown overnight in 250 mL of LB media, 

supplemented with Kanamycin, at 37°C, 180 rpm. Next day, 50 mL of preculture per 

Liter of culture with 1 mL of Kanamycin were inoculated, at 37°C, 180 rpm for 3h. 

When the OD600 (optical density at 600 nm) was 0.6, the culture was induced with 1 

mM of Isopropyl β- d-1-thiogalactopyranoside (IPTG), and the grown was prolonged 

for other 3h at 37°C,180 rpm. When the final OD600 was 3-4, cells were harvested by 
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centrifugation at 5000 RCF for 20 min, at 4°C. The pellet was collected and 

resuspended in buffer 150 mM NaCl, 25 mM TRIS pH 8, 4 mM CaCl2 with Complete-

EDTA-free protease inhibitor (Roche). Cells were lysed by sonication for 2 cycles of 

12’ (2 sec on, 10 sec off, Amp= 90%), and then, centrifugated at 4°C, 100000 g, for 

30 min. After centrifugation, the supernatant was removed and pellet was washed by 

cycles of resuspension and ultracentrifugation, in three different buffer, to separate as 

much as possible soluble proteins from aggregated recombinant DC-SIGN: (i) 150 

mM NaCl, 25 mM TRIS pH 8, 4 mM CaCl2, to remove soluble proteins, (ii) 150 mM 

NaCl, 25 mM TRIS pH 8, 4 mM CaCl2, to remove membrane proteins and (iii) 6 M 

Gdn/HCl, 150 mM NaCl, 25 mM TRIS pH 8, 4 mM CaCl2 + 0.01% β-mercaptoethanol 

was used to solubilized the inclusion bodies containing DC-SIGN. DC-SIGN was then 

subjected to a refolding procedure, allowing its tetramerization, achieved by gradual 

removal of the denaturing agent (Gdn/HCl), through drop-by-drop dilution of 

solubilized inclusion bodies in buffer 1.25 M NaCl, 210 mM TRIS pH 8, 25 mM 

CaCl2. The sample was then dialyzed overnight against water. After a centrifugation 

at 4°C, 100000 g for 30 min, the supernatant was filtered through a 0.45 micron sterile 

filter membrane, ready for the purification steps.  

Filtered DC-SIGN was loaded on a mannan-agarose affinity column (GE Life 

Sciences), previously equilibrated with buffer 150 mM NaCl, 25 mM Tris pH 8, 4 

mM CaCl2. The protein was eluted in the same buffer without CaCl2 but supplemented 

with 1 mM EDTA. During this step, it was possible to control the correct 

tetramerization of DC-SIGN, because the affinity for the Man is higher for DC-SIGN 

tetramer than monomer. Then, the eluted fraction was directly injected in a gel 

filtration Superose 12 using buffer 150 mM NaCl, 25 mM Tris pH 8, 4 mM CaCl2. 

The protein was collected and concentrated in vivaspin concentrators with a cut-off 

of 30 kDa, up to a minimum volume of around 2 mL, at a concentration of 10 mg/mL, 

measured by NANOdrop. 12% SDS-PAGE with Coomassie staining were repeatedly 

run during all the production steps to control the quality of the sample. Additionally, 

the identity of the final protein was assessed by MS, in Institut de Biologie Structurale. 
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7.4 NMR methods 

NMR experiments were recorded on a Bruker AVANCE NEO 600-MHz 

equipped with a cryo probe. Data acquisition and processing were performed with 

TOPSPIN 4.1.1 software. Samples were prepared in 50 mM deuterate phosphate 

buffer (NaCl 140 mM, Na2HPO4 10 mM, KCl 3 mM, pH 7.4 and 2,2,3,3-d(4)-3-

(trimethylsilyl)propionic acid, sodium salt (TSP, 10 uM) was used as internal 

reference to calibrate all the spectra. The chemical shifts of all the glycan compounds 

used in this thesis, were assigned by 1H, COSY, TOCSY, NOESY, ROESY and 

HSQC experiments.131 

7.4.1 STD NMR 

Protein/ligand molar ratios varied from 1:20 to 1:100. STD NMR experiments 

were acquired with 32 k data points and zero-filled up to 64 k data points prior to 

processing at saturation time of 2s. The protein resonances were selectively irradiated 

using 40 Gauss pulses with a length of 50 ms, setting the off-resonance pulse 

frequency at 40 ppm and the on-resonance pulses in aromatic and aliphatic region (7.5 

ppm and 0 ppm). STD experiments were performed by using the sequence 

“stddiffesgp” with an excitation sculpting with gradient pulses (esgp) for the 

suppression of water signals. When broad signals of the receptor were detected in the 

on-resonance spectra, 20 ms spin lock pulse was applied. The epitope mapping of the 

ligands was obtained by the calculation of the ratio of the STD signals (I0 – Isat) and 

the relative peak intensity of the unsaturated reference spectrum (off-resonance, I0). 

The highest STD signal was set to 100% and all the other STD were normalized to 

this value. 

Related to Chapter 5, all the NMR spectra were acquired in the same conditions 

for P110 and P40/P90, using protein concentrations of 20 µM ligand concentrations 

of 1mM (protein:ligand ratio of 1:50) and temperature of 298K. 
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7.4.2 Tr-NOESY/ROESY 

Protein/ligand molar ratios varied from 1:10 to 1:20. Homonuclear 2D 1H-1H 

NOESY/ROESY experiments were conducted by using data sets of 2048x512 points 

and mixing times of 600-700 ms for the free states and of 300 ms for the bound states. 

Proton – proton cross relaxation rates were measured integrating the NOE/ROE cross 

peaks of interest. The raw data of each cross peak were normalized against the 

corresponding diagonal peak and the 1H-1H distances were calculated using Equation 

2.4 (cf. §2.4.1.1). 

Regarding the construction of NOE build up curves (cf. Chapter II), mixing times 

were chosen ranging 50 and 800 ms. The raw data of each cross peak were normalized 

using the decay of the corresponding diagonal signal as a reference that was fitted to 

an exponential decay function and extrapolated to an intensity of 100% at zero mixing 

time. After the normalization, the intensities were plotted against the mixing times in 

the build-up curves in the exponential Equation 2.2 (cf. §2.4.1.1). 

7.5 Biophysical techniques 

7.5.1 Fluorescence spectroscopy (related to Chapter 5) 

Steady-state fluorescence experiments were performed on a Fluoromax-4 

spectrofluorometer from Horiba Scientific (Edison, USA). All the measurements were 

acquired at a controlled temperature of 25°C, the excitation wavelength was selected 

at 280 nm and the emission spectra collected between 290 and 500 nm. The slits were 

set to 5 nm for both the excitation and emission monochromators. All the spectra were 

recorded after an equilibration time of 3 minutes in a 1 cm path-length quartz cuvette, 

under constant stirring. 

Related to Chapter 5, a fixed concentration of both P110 and P40/P90 proteins 

was selected at 0.07 μM in 1,2 mL PBS buffer (pH 7.4) and titrated by adding small 

amounts of each ligand 3’-SLn, 6’-SLn, sTa-Thr in the range from 0 to 6.5 µM (1–

100 μL of a ligand stock solution of 84 μM). In these conditions, it was possible to 
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observe the quenching of the proteins’ fluorescence in presence of the three different 

ligands; in particular, no ligands emission interference was observed.  

Data analysis was performed using the software Origin 8.1. Specifically, the binding 

curves were obtained by plotting F/F0 values versus ligand concentrations, where F 

and F0 are fluorescence intensities in presence and in absence of the ligands, 

respectively. The binding constants (Kb) were determined by non-linear regression 

with One Site-Specific Binding model, as previously described (cf. §2.4.2).115, 149, 260 

7.5.2 Surface Plasmon Resonance (related to Chapters 3 and 4) 

All the experiments were performed on a Biacore T200, in the lab of Prof. F. 

Fieschi (Institut de Biologie Structurale, Grenoble, France), using functionalized CM3 

sensor chips.  

Related to Chapter 3, competition experiments were performed using flow-cells 

functionalized with mannosylated-BSA. Flow cells were activated as previously 

described.261 Flow cell 1 was functionalized with final density of 2112 RU of BSA 

and used as a control surface, flow cell 2 and 3 were functionalized with final density 

of 1960 RU and 2067 RU of BSA-Manα1–3[Manα1–6]Man (BSA-Mannotriose, 

Dextra), all blocked with ethanolamine. The BSA-Mannotriose used to functionalize 

sensor chip harbors an average coupling ratio of 13 α1-3, α1-6 Mannotriose per BSA 

with 14 atoms spacer. The affinity of OSR1 was then evaluated through determination 

of its IC50 using a DC-SIGN ECD binding inhibition assay. The ECD of DC-SIGN 

was injected onto the BSA-Mannotriose surface, at 20 μM alone or in presence of an 

increasing concentration of OSR1, from 5 µM to 5 mM. Injections were performed at 

20 μL/min using 25 mM Tris-HCl, pH 8, 150 mM NaCl, 4 mM CaCl2, and 0.05% of 

P20 surfactant as running buffer. Analysis has been performed using the steady-state 

interaction model. The Req steady state binding responses of DC-SIGN ECD to BSA-

Mannotriose surface were obtained from sensorgrams of each condition and converted 

to percent relative residual activity values (y) with respect to DC-SIGN alone. This 

relative residual DC-SIGN ECD activity (y) was plotted against OSR1 concentration 
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and fitted using four-parameter logistic model (Equation 7.1); where Rhi and Rlo are 

maximum and minimum asymptotes of activity, A1 is the inflection point and A2 is a 

slope of the curve. Finally, IC50 was calculated using the values of fitted parameters 

(Rhi, Rlo, A1 and A2) and Equation 7.2. 

𝒚 =  𝑹𝒉𝒊 −  
𝑹𝒉𝒊−𝑹𝒍𝒐

𝟏+(
𝑪𝒐𝒏𝒄

𝑨𝟏
)

𝑨𝟐
   Equation 7.1 

𝑰𝑪𝟓𝟎 =  𝑨𝟏(
𝑹𝒉𝒊−𝑹𝒍𝒐

𝑹𝒉𝒊−𝟓𝟎
)

𝟏

𝑨𝟐  Equation 7.2 

Related to Chapter 4, flow cell 1 was functionalized with BSA, blocked with 

ethanolamine, and subsequently used as a control surface. Flow cells 2 and 3 were 

treated with BSA-Mannotriose (Dextra) (60 μg/ml) in 10 mM NaOAc pH 4 to reach 

different binding densities and blocked with ethanolamine. The final densities on flow 

cells 2 and 3 were 2690 and 1715 RU, respectively. The use of these two-flow cell 

will allow redundancy in the measurements. The affinity of the different oligomers of 

Repeating unit (from 2-Mer to 16-Mer) for DC-SIGN extra-cellular domain (ECD) 

were evaluated via an established inhibition assay262 in which DC-SIGN ECD was 

injected at 20 μM alone or in the presence of increasing concentration of oligomers 

(ranging from 20 mM to 40 µM of the corresponding oligomer obtained by serial 

dilution by a factor of two). Injections were performed at 5 μL/min using 25 mM Tris-

HCl pH 8, 150 mM NaCl, 3.8 mM CaCl2, 0,05% P20 surfactant as running buffer. 

The surface was regenerated by the injection of 50 mM EDTA. DC-SIGN ECD 

equilibrium binding responses (Req) for each sample were obtained from the reference 

surface corrected sensorgrams, 95 s after the start of the injection. The obtained Req 

values were converted to DC-SIGN residual activity values (y, %) with respect to Req 

of DC-SIGN alone, which was assigned a 100 % activity value. After plotting residual 

activity against corresponding compound concentration, the 4-parameter logistic 

model (Equation 7.1Errore. L'origine riferimento non è stata trovata.) was fitted 

to the plots, and finally the IC50 values were calculated using Equation 7.2 (cf. §2.4.3). 
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7.6 Computational studies 

7.6.1 Docking 

Docking calculations of all the systems were performed using AutoDock 4.2.2 

and analyzed with AutoDock Tools.167 Ligands were prepared for the docking 

calculations using AutoDockTools, La Jolla, CA, setting all rotatable bonds free to 

move during the calculations except for the glycosidic bonds.  

Different 3D grids were used for the systems, selecting them taking into account the 

volume necessary to cover the ligand and the key amino acids of protein’s binding 

site. The grid point spacing thus centered to the ligand. A distance-dependent 

dielectric constant and the original Lennard-Jonnes and hydrogen-bonding potentials 

provided by AutoDock were used. A total of 200 runs using the Lamarckian Genetic 

algorithm were performed, with a population size of 100, and 250,000 energy 

evaluations. After docking, the 200 poses were clustered in groups with a root mean 

square deviation less than 2.0 Å. The clusters were ranked according to the lowest 

energy representative of each cluster. 

7.6.2 Molecular Mechanics calculations 

Molecular mechanics studies were carried out using Maestro software.222 The 

adiabatic maps were built for each disaccharide connected by a glycosidic linkage, 

defined by the torsion angles ϕ (H1-C1-O-CX’), ψ (C1-O-CX’-HX’) and ω (O6-C6-

C5-O5). MM3* force field included in MacroModel405223 at a dielectric constant of 

80 was used for the calculations. For each disaccharide, ϕ, ψ and ω dihedral angles 

were varied incrementally using a grid step of 18 degrees. The corresponding flexible 

maps were drawn as 2D contours plots using the graphical tools of MacroModel tool. 

7.6.3 Parametrization of non-canonical sugars 

The uncommon sugars were parametrized by Dr F. Nieto-Fabregat, through a 

protocol optimized in our group. The following non-canonical sugars Galf and Kdo 

(related to Chapter 4) and Leg5Ac7Ac (related to Chapter 6) were built with Gaussian 
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09,263 performing the Restrained ElectroStatic Potential (RESP) charges calculation 

with a Hartree-Fock calculation and a 6–31G* basis set. VFFDT264, 265 Antechamber, 

San Francisco, CA266 and xLeap were combined to generate the .prep and .frcmod 

files. 

7.6.4 Molecular dynamics simulations 

The ligands were built using the glycam website (https://www.glycam.org)202 

builder utility; the torsion angles were chosen by following the values from the 

molecular mechanics calculations. For the protein preparation, missing hydrogen 

atoms were added, and the protonation state of ionisable groups and cap termini were 

computed using Maestro Protein Preparation Wizard.267 

Molecular dynamics calculations of 100 ns on ligands alone and bound to the 

proteins were performed using AMBER 18 software package168 in explicit waters 

using AMBER ff14SB,171 Glycam06j-1,170 and TIP3P force fields for the protein 

residues, the saccharide ligand, and the water solvent molecules, respectively. A 

glycam adapted force field was used for the different non-parametrized residues. The 

complexes were minimized using Sander tools. All systems were neutralized by 

adding Na+ ions and then hydrated with an octahedral box of TIP3P water of the 

proper size and the remote interactions were calculated using a cut-off of 10 or 15 Å, 

applying tleap module of the AMBER package. The MD calculations were performed 

by using the PMEMD.CUDA implementation within AMBER 18 package. At this 

point, an energy minimization process was performed to refine the initial structures. 

The calculations employed SHAKE for the C-H bonds and 1 fs of integration step. 

Periodic boundary conditions were applied, as well as the smooth particle mesh Ewald 

method to represent the electrostatic interactions, with a grid space of 1 Å. At first the 

systems were minimized holding the complexes, while a further minimization step 

was performed on the entire systems. Furthermore, the whole systems were slowly 

heated from 0 to 300 K using a weak restrain on the solute and then, equilibrated at 

300 K using constant pressure and removing the restrains on the solute. Related to 
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Chapter 5, for the complexes of P110 and P40/P90 with sTa-Thr, the value of the 

peptide dihedral angle (O-CB-CA-N) was restrained approximately at 60 degrees. 

Related to Chapter 4, in the specific case of the tRha-LPS:DC-SIGN complex, a 

restrain was applied to the Rha-Glc torsion in order to avoid the population of the non-

exo conformation. 

Coordinates were obtained in order to acquire 10000 structures representing the 

progression of the dynamics. The trajectories were assessed using the ptraj module in 

AMBER 18 and the MD results were visualized using the VMD program.268 A cluster 

analysis of the MD trajectory was applied based on ligand RMSD, employing the K-

means algorithm integrated into the ptraj module. The representative structures of the 

most populated clusters were selected to depict the complexes interactions. Multiple 

representative poses were chosen for each MD simulation. The identification of 

hydrogen bonds was computed using the CPPTAJ module within AMBER 18, 

defining a hydrogen bond as forming between an acceptor heavy atom (A), a donor 

hydrogen atom (H), and a donor heavy atom (D). The distance cut-off was chosen at 

3 Å, and the A-H-D angle cut-off was set to 135°. The frequency of protein-ligand 

bonds formed during the dynamics was reported with a 5 Å cut-off. Dihedral 

conformation analysis has been performed using a home-made script to depict the 

variation of the torsion during the MD simulation and obtain a histogram of the most 

populated values. 

7.7 CORCEMA-ST (related to Chapter 4) 

CORCEMA-ST protocol was employed, as previously described.184 The 

coordinates for the complexes were chosen from the MD trajectory analyses. It was 

assumed, as observed by NMR, that the ligand's conformation remained constant 

between the free and bound states. The input parameters, such as ligand and protein 

concentrations, were determined experimentally. A saturation time of 2 seconds was 

set, and the KD were initially determined based on experimental data for the DC-

SIGN/4-Mer and DC-SIGN/tRha-LPS complex, with further adjustments to achieve 
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the best fit. A binding site cutoff of 6 Å was applied. Fractional intensity changes for 

each ligand proton were calculated by computing the R matrix and spectral densities. 

These changes were then compared to the experimental STD effects using a NOE R 

factor, a normalized root-mean-square deviation value. In these calculations, only the 

STD values of the ligand's isolated signals were considered. 
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