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Titre : Les fucosides multivalents ciblant les lectines β-propeller : une avancée dans le traitement anti-adhésif des infections pulmonaires

Fungal and bacterial pathogens causing lung infections often use lectins to mediate adhesion to glycoconjugates at the surface of host tissues. Given the rapid emergence of resistance to the treatments in current use, β-propeller lectins such as FleA from Aspergillus fumigatus, SapL1 from Scedosporium apiospermum, and BambL from Burkholderia ambifaria have become appealing targets for the design of anti-adhesive molecules. In search of novel and cheap anti-infectious agents, we synthesized multivalent compounds that can display up to 20 units of fucose, the natural ligand. We obtained nanomolar inhibitors that are several orders of magnitude stronger than their monovalent analogue according to several biophysical techniques (i.e., fluorescence polarization, isothermal titration calorimetry, and bio-layer interferometry). The reason for high affinity might be attributed to a strong aggregating mechanism, which was examined by analytical ultracentrifugation. Additional techniques in structural biology, such as X-ray crystallography and atomic force microscopy, were used to try and decipher the binding mode of the synthesized compounds towards their targets. Finally, the fucosylated inhibitors reduce the adhesion of A. fumigatus spores to lung epithelial cells when administered 1 h before or after the infection of human lung epithelial cells. For this reason, we propose them as promising anti-adhesive drugs for the prevention and treatment of aspergillosis and related microbial lung infections. Of all the building blocks of life, glycans are the most abundant and diverse family of organic molecules, whose informational content potentially exceeds that of nucleic acids, proteins and lipids. Their complexity is derived from the innumerable regio-and stereo-diverse ways in which simple sugar monomers can assemble to form highly branched polymers. This dense array of glycan covers the surface of every cell, controlling many of its biological functions. Because of the wide diversity of structures that can be generated by assembling individual monosaccharides, they have been compared to the letters of an alphabet. As letters can combine into words, saccharides assemble on the surface of the cell generating a "biochemical language", in which informational properties are encoded in the 3D structure of glycans themselves. The "biochemical language" has been described as following the so-called "glycocode". 1,2,3 A fundamental role in deciphering the "glycocode" is played by lectins, 2 carbohydrate-binding proteins lacking enzymatic activity and unrelated to antibodies, which are found in all organisms. Lectin-carbohydrate interactions have been studied in several biological processes of critical importance, such as immune recognition, cell recruitment, signal transduction, infection and fertilization (Figure 1). [4][5][6][7] Especially for the role they play in disease, understanding lectin specificity and function has become a priority in carbohydrate research.

1 Figure 1. A graphic representation of biologically relevant recognition events involving lectin-carbohydrate interactions. The glycocalyx is a dense layer of glycolipids and glycoproteins, with the glyco-portions of these molecules protruding ouside the cellular membrane and controlling many biological processes.

Lectins have been intensively characterized: they have been isolated mostly from plants, followed by animals, viruses, bacteria, fungi and yeasts. Many were structurally characterized and they have recently been reclassified according to their fold in the Unlilectin3D database (https://www. unilectin.eu/). 8 Several prediction servers are also available in this database to identify lectins in available genomes. Since the first lectin was isolated in 1972, 9 about 300 others have been revealed and appeared in different quaternary structures, although sharing a relatively limited number of folds and binding site topologies. From crystallographic and isothermal titration calorimetry (ITC) studies, hydrogen bonds (either direct or water-mediated) between amino acids in the binding site and the numerous sugar hydroxyls have appeared to give the highest contribution to the enthalpy (ΔH) of binding. Additionally, hydrophobic, metal coordination (such as Ca 2+ chelation for C-type lectins), and ionic (for sialic acid-binding lectins) interactions contribute to constructing a specific network of contacts that binds the glycan with high specificity. 10 This specificity allows lectins to ultimately read the "glycocode". 2 Because of their ability to recognize definite glycan patterns, lectins have received their name from the Latin word "legere", to read.

Despite the perfect fit of the ligand inside the binding pocket, the affinity of monosaccharides for such proteins is quite low, frequently in the millimolar range. To compensate for such a flaw, nature organized a scenario in which simultaneous low-affinity interactions between carbohydrate ligands and their receptors are possible, leading to stronger affinity. Scientists agree in describing this effect as "multivalency" and have underlined its importance in many publications. [11][12][13][14][15][16] 1

Understanding multivalency

Often possessing more than one binding site, lectins are intrinsically multivalent receptors that can interact with multiple ligands or multiple copies of a monovalent ligand at once. For instance, they can recognize a high display of carbohydrate epitopes in the glycocalyx, the complex carbohydrate coating that decorates the cellular surface. By introducing more binding partners in this recognition event, the complexity of the overall interaction becomes obviously high. Several mechanisms that influence the final affinity (named avidity in multivalency nomenclature) can potentially happen simultaneously, with an inter-or intra-molecular fashion or a combination of the two. These mechanisms are chelation, statistical rebinding, and aggregation (Figure 2). Since its first appearance in the literature as "cluster glycoside effect", [17][18][19] a lot of effort has been put into analyzing and quantifying the affinity enhancements generated by multiplying a monovalent ligand into a multivalent one, since the result is more complex than the simple sum of monovalent affinities. The highest affinity enhancements (as high as 10 3 -10 6 ) are attributed to chelation, where more than one (sub)ligands of a multivalent system interact with more than one binding site of the protein. After the first binding event, the following interaction with the second (sub)ligand should be enhanced since translational and rotational entropic penalties were already paid by the first. 11 Statistical rebinding, instead, occurs when a (sub)ligand is released, and the consequent binding is eased by the presence of an additional (sub)ligand in close proximity. Finally, aggregation (or crosslinking) results from bridging different protein molecules through more (sub)ligands of the same multivalent system. Aggregation is quite common, especially when ligands are presented on flexible scaffolds, but its effects on affinity enhancements have not yet been clarified.
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A limiting factor in the design of multivalent scaffolds for pharmaceutical purposes are the many parameters that contribute to the multivalent interaction. 20 A fine-tuning of the synthetic candidate involves calibrating the valency, size, flexibility and spatial organization of the ligands. Sometimes these features can contribute to the multivalency effect in counterintuitive ways: the highest valency, for example, is not always the requisite for strongest interaction. 21 A lack of tools to assay multivalent protein-carbohydrate interactions may be one of the reasons that prevents the effective development of multivalent drugs. Despite many successful examples in the literature, 14,22,23 our understanding of multivalency is still limited and it is not possible to predict a priori the effect on the affinity when using a multivalent system.

Anti-adhesive therapy

Among all lectin functions, particularly interesting for medicinal chemists is their participation in the interplay between microorganisms and host cells, as they are often involved in host-pathogen recognition and tissue adhesion. A successful and long-lasting attachment of a microbe to the host cell's surface is the prerequisite of any infection. 24 Adhesion is the first and necessary step for the development of a disease, which manifests as the result of the pathogen's ability to colonize tissue and, in some cases, to penetrate deeper in the organs of the host. After the initial attachment, the pathogen can spread and survive using several strategies. For example, bacteria are known for forming biofilms to evade the host immune system and secreting toxins or other virulence factors to alter cell signaling and drive infection. 25 Microbes initially attach to the host cells via the action of surface lectins, which bind specifically to the glycans on the surface of the cell. The strength of lectin-glycan interaction is finely balanced in nature so that the microbe can regularly attach and detach, migrating to other locations. 26 Mutant microbes which are deficient of a certain lectin are often less virulent. Given the fact that lectins non-covalently bind to specific complementary carbohydrate moieties on the cellular surface, it is plausible that such interaction can be prevented or reversed by competing saccharides in solution. Consequently, pathogenic lectins have become appealing targets for the design of glycodrugs that interfere with the adhesion process. 27 In the same way, it is believed that human milk oligosaccharides provide protection against many different infectious agents for breastfed babies. 28,29 Several studies have demonstrated the efficacy of lectin inhibitors in vitro, and also a few in vivo studies showed some success. 30 1 miracles". 34 Within all innovative strategies to tackle microbial infections, the anti-adhesive therapy is widely accepted but still considerably underexplored. As acclaimed in many publications, 24,30,[35][36][37] the use of anti-adhesive agents is advantageous primarily because it does not generate selective pressure upon the pathogen since it does not directly aim at killing it (as antimicrobial drugs do). For this reason, the development of resistance is less likely to occur. Additionally, the mutations that would render anti-adhesive agents less effective will also affect the pathogen's ability to adhere to host tissue, which is not beneficial for the pathogen itself. Another advantage is the generation of lower side effects since harmful endotoxins can be formed during the destruction of microbial cells with cytotoxic compounds. On the other hand, a disadvantage of the anti-adhesive approach is that microbes often employ more than one mechanism and/or different types of lectins for a reliable attachment to the host. Consequently, an anti-adhesive agent should have a wide range of inhibitory activity towards various adhesion factors, or it should be used in combination with drugs of different specificity to have a considerable effect.

β-propeller lectins in lung disease

The β-propeller fold is widely present in nature, shaping proteins with a variety of functions. β-Propeller proteins are not only lectins, but can also be enzymes, signaling or structural proteins. 38,39 Nature has been very efficient in using symmetry to build a heterogeneous group of proteins from the same structural domain. In β-propeller lectins, the basic element is made of four-stranded antiparallel β-sheets, which constitutes one propeller 'blade' . The assembly of 4-10 blades in a circular tandem repeat around a central funnel-like pore results in a donut shape. More complex oligomerization states of this assembly can take place and generate distinct proteins. Likely multiple episodes or duplication and diversification occurred from an ancestral blade to generate a wide assortment of β-propellers in all domains of life. 40 Several X-ray crystal structures of different β-propeller lectins (PropLecs) have been deposited in the PDB. Based on the number of blades which constitute the final structure, PropLecs have been divided into six classes (Figure 3). They can adopt different oligomerization states; for example, some proteins from the family of the 6-bladed PropLec6A (Figure 3) can assemble into a donutlike shape by dimerization (KozL) or trimerization (BambL/RSL), or can be monomeric (FleA, SapL1, AOL, AAL). The robust and symmetric structure of PropLecs, along with the possibility of oligomerization, creates a multivalent structure suitable for binding glycoconjugates on the cellular surface. The quaternary organization of the protein donuts ultimately affects the specificity and valency of the binding surface because it forces to expose a certain number of binding sites on a single face, observed for BambL and RSL, or to present them in opposite directions, like the rest of the PropLec6As.

With all these binding pockets closely located on one side of the donut shape, PropLecs are ideal for 1 mediating adhesive processes. 41 PropLecs produced by pathogenic organisms are often involved in host-pathogen interactions. This makes pathogenic PropLecs interesting targets for the development of anti-infectious agents that aim at interfering with host-pathogen recognition and tissue adhesion. FleA (also known as AFL), SapL1 and BambL are three lectins belonging to the family of PropLec6A. Such lectins are found on the surface of the high-resistant fungi Aspergillus fumigatus and Scedosporium apiospermum, and the bacterium Burkholderia ambifaria, respectively. The well-known A. fumigatus causes globally more than 8 million cases of allergic and chronic pulmonary infections each year. The access to Amphotericin B 42 and azoles 43 positively transformed the disease outcome for millions of people worldwide. However, since the first case of itraconazole resistance was detected in 1997, an increasing number of reports on azole-resistant strains followed, contributing to increasing public health concern at a global level. 44 Strikingly, for about 50% of the 350,000 patients who contract invasive aspergillosis annually, the infection will be fatal even with antifungal treatment. 45,46 The emerging pathogen S. apiospermum is only second to A. fumigatus as the most prevalent filamentous fungus in the lungs of cystic fibrosis patients, presenting resistance to many antifungals classes too. The gram-negative bacterium B. ambifaria is a similarly harmful pathogen: as one of the virulent species of the B. cenocepacia complex, it is responsible for a respiratory infection known as "Cepacia syndrome". 47 Its high resistance to many antibiotics and its ability to form biofilms results in frequent cross-infections and nosocomial outbreaks among immuno-suppressed individuals and cystic fibrosis patients. [48][49][50] Besides their similarities as the cause of lung disease, these pathogens are also comparable in the structure and specificity of the lectins they produce: FleA, SapL1 and BambL are six-bladed β-propeller lectins with an affinity for fucosides. Structural characterization by X-ray crystallography showed that SapL1 and FleA share a high similarity in the tertiary and quaternary structure, featuring a homodimeric assembly in which each monomer is equipped with six fucose binding sites at the 1 interface between blades. 51,52 BambL, instead, is formed by the trimerization of a shorter peptidic chain consisting of two propeller blades. Interestingly, such arrangement leads to a hexavalent lectin with one binding surface, 53 whilst the fungal homologues FleA and SapL1 are dodecavalent with two opposite binding faces (Figure 4). The analysis of the interactions of FleA, SapL1 and BambL with blood group epitopes by glycan array revealed their preference for short, non-branched α-fucosylated oligosaccharides. [51][52][53] Their weak affinity for α-methyl fucose, with K d s in the micromolar range (1-200 µM), was in some cases ameliorated by its presentation in a disaccharide. The α1,3/4 fucose linkage, especially, was preferred by all three lectins. For example, the K d of binding for FleA more than doubled when passing from the monosaccharide L-Fuc (209 µM) to the disaccharide αFuc(1-4)GlcNAc (63 µM) in an SPR experiment. 54 Although α-fucosides are preferred, the β-anomer is also recognized by FleA. 54 The crystallographic analysis of the three proteins revealed that the ligand establishes a tight hydrogen bonding network with a (semi)conserved triad of amino acids in the binding pocket, constituted by arginine, glutamic acid and tryptophan (Figure 5). BambL possesses the most conserved binding sites, which can be one of two types: an intra-and inter-monomeric site. In addition to the Arg/ Glu/Trp triad also found in FleA and SapL1, further contacts in BambL are established with the hydroxyl at C2 and the main chain of a nearby alanine, along with the CH-π stacking of an aromatic 1 residue onto the hydrophobic face of fucose. This hydrophobic contact with a tyrosine residue in the intra-monomeric site distinguishes it from the inter-monomeric one, where a tryptophan provides the same type of interaction instead. The binding sites of SapL1 are not equivalent, but, somewhat similar to those of BambL, the triad is conserved and complemented by apolar interactions between the C6 and a few different residues (mainly Trp), while the hydroxyl in position 2 forms hydrogen bonds with an alanine or a glycine from an adjacent loop. The latter interaction, however, is not preserved but is present only in four out of six binding sites per protein chain. FleA presents even more variability, where a glutamine can replace a glutamic acid in the triad. In FleA, the H-bond forming tryptophan is interacting only in binding sites 1, 2, 3, and 6. In these sites, additional polar contacts are also established, involving OH-3, OH-2 and other amino acid residues in ligand proximity. The apolar surface of fucose (C3-C6) again establishes hydrophobic interactions with the typical Trp/Tyr residue in the binding site and some other non-polar amino acids in the pocket. 

Mono-and multi-valent inhibitors of BambL and FLeA

Since their first appearance in the literature, BambL and FleA have readily been targeted in the design of anti-infectious agents. SapL1, on the other hand, is a rather novel target that has only recently been identified as a homologue of FleA during bioinformatics studies when the S. apiospermum genome became available. 55 In the design of FleA and BambL inhibitors, some effort has been put into the preparation of monovalent ligands with enhanced potency, mainly through elaborating the aglycone part of an α-fucoside in search of new interactions. Despite the attempts of Richichi et al. [START_REF] Richichi | Synthesis of a Selective Inhibitor of a Fucose Binding Bacterial Lectin from Burkholderia ambifaria[END_REF] to develop 1 an α conformationally constrained fucoside for enhanced inhibition of BambL (Figure 6, left), the designed glycomimetic did not show improved affinity for the lectin. The K d of 1.54 µM was comparable to the one of 0.99 µM determined for αMeFuc. The fucomimetic did show a selective binding profile, since the aglycone part fits in the crevice-shaped site of BambL but clashes in the binding site of another fucose-binding lectin LecB from the bacteria Pseudomonas aeruginosa.

Similarly, a small library of monovalent fucosides was designed by Dussouy et al. and evaluated in the binding of FleA, mainly engaging S-analogues with both aliphatic and aromatic anomeric substituents. 57 The library screening showed some improvement in affinity compared to αMeFuc (K d = 110 µM) and yielded the best compound with a K d of 18.5 µM (Figure 6, right). [START_REF] Richichi | Synthesis of a Selective Inhibitor of a Fucose Binding Bacterial Lectin from Burkholderia ambifaria[END_REF]57 In blue, the modifications generated on the aglycone of the standard ligand.

As a strategy alternative to mimicry, multivalency has been exploited more frequently and with more success in the design of lectin inhibitors. The first example of multivalent inhibition of BambL came from a branched-phosphodiester-shaped fucocluster, 58 employing phosphoramidite chemistry to generate phosphodiester linkages and Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC) for the functionalization with the ligand (Figure 7). The tetravalent compound performed better than the corresponding hexa-and octavalent fucoclusters, indicating that the spatial organization of the ligand is an important parameter for efficient binding. However, the highest affinity compound in the study did not show particularly impressive affinity enhancements compared to αMeFuc (K d = 1 µM), corresponding to only a 22-fold increase (K d = 43 nM). In pursuit of a better geometrical fit, more rigid and symmetrical scaffolds have been tried, such as cyclotriveratrylene 59 and pillar [5]arenes 60 (Figure 8, top and bottom, respectively). The interest in such structures was derived from the possibility of a high degree of functionalization and the physicochemical properties of the aromatic cores, although a direct application of those properties was never demonstrated. The binding affinities improved about two-fold compared to the previous structures, with a K d of 17 nM for the decavalent pillar [5]arene and 22 nM for the hexavalent cyclotriveratrylene. Contradicting expectations, the latter failed to interact with carbon nanotubes in a field-effect transistor, leading to non-specific detection of lectins on the sensor. 59 monovalent ligand combined with the optimal scaffold, 63 attempts in this direction were not always successful. When the optimized thio-fucoside ligand for FleA (Figure 6, right) was multimerized on a cyclodextrin scaffold (Figure 10), the relative inhibitory potency was lost so that its affinity was equal to a multivalent compound derived from a less potent binder. 11). [START_REF] Goyard | Multivalent Glycomimetics with Affinity and Selectivity toward Fucose-Binding Receptors from Emerging Pathogens[END_REF] The aryl fucose mimetic previously developed for the selective inhibition of BambL (Figure 6, left) has been connected to a synthetic cyclopeptide scaffold containing 14 amino acid residues. The resulting multivalent inhibitor displayed the best K d to date (13.8 nM) and retained unprecedented specificity for β-propeller lectins, since it was potent in the inhibition of FleA (44 nM), while no binding to LecB was observed (Figure 11, R substituent on top). For comparison, when the fucose analogue was 1 replaced by aminooxylated fucose on the cyclopeptide backbone, this specificity was lost (Figure 11, R substituent on the bottom). This confirms that the lack of binding of the multivalent fucomimetic to LecB did not come from an unfavorable geometry of the scaffold. The cyclopeptide conjugated using oxime chemistry was the best inhibitor for FleA, reaching the best K d known so far of 18.5 nM, meaning that each sugar is 314 times more efficient than the monovalent reference. Despite the differences in the fucose epitopes, both multivalent cyclopeptides bind with similar affinities. This is especially true for BambL: a K d of 13.8 nM was obtained with the conformationally constrained ligand, while a similar 16.8 nM was determined for the more standard aminooxy sugar. As for the fucosylated CD (Figure 10), this represents another example where a hybrid glycomimeticmultivalent strategy is not particularly beneficial in terms of potency enhancements, but it is in terms of selectivity in this case. 

Introduction

Since the appearance of the first antimicrobial drug, Penicillin, in the pharmaceutical arsenal, germs have continuously developed new types of resistance. While the development of antibiotics and similar drugs has slowed down because of economic, regulatory and scientific challenges, antimicrobial resistance (AMR) has not, and has become one of the major challenges of our times. 1,2 Predictions estimate that, if no action is taken now, AMR could take 10 million lives each year by 2050, surpassing the death toll of cancer. 3 It is clear that therapeutics with a novel mechanism of action are urgently needed to tackle the problem, although there is not enough innovative activity in the development pipeline yet.

An anti-adhesive approach to medication could circumvent AMR using a mode of action which does not drive the development of resistance in the way traditional antibiotics and antifungals do. In this approach, inhibitors of pathogenic lectins are used to prevent the attachment of the microbe to the cellular surface of the host, preventing infection altogether. β-Propeller lectins such as FleA, SapL1 and BambL from multi-drug resistant A. fumigatus, S. apiospermum and B. ambifaria can be targeted by the same antiadhesive agent, because they share high similarity in structure and ligand specificity. The microbes that produce them are opportunistic pathogens that cause lung infections in immunocompromised patients and especially affect people with cystic fibrosis. To use this resemblance to our advantage, we aim to design drugs that can be used for their inhibition in a broadspectrum fashion. Besides the fact that broad-spectrum drugs can be conveniently used to treat several different types of infections, they can readily be applied to novel β-propeller lectins. Judging from the 10770 predicted PropLecs by the UniLectin prediction platform (available at: https:// www.unilectin.eu/propeller/, last update September 2021), it is likely that other fucose-binding β-propeller lectins will appear in the future.

One way to achieve potent inhibitors is by designing multivalent compounds that can display multiple copies of the same ligand at once. Other research groups have recently attempted this strategy, [4][5][6][7][8] some more successfully than others (see Chapter 1). With multivalent inhibitors, the high local concentration of ligands enhances the interactions with its biological partner, making the overall binding stronger. Although the concept is not new, 9 relatively few multivalent glycosides have yet reached the market, almost entirely limited to glycoconjugate vaccines. [10][11][12] This is in part due to the intrinsic challenges linked to carbohydrates, especially their high polarity and fast clearance which are incompatible with oral administration. 13 Instead, for the type of treatment we aim to develop, pulmonary drug delivery would solve some of these shortcomings, since it allows for a direct application on the site of action bypassing pre-systemic metabolism. 14 Inhalable drugs offer great opportunities but also come with drawbacks. For example, the therapeutic dose must be very low, since inhalers can deposit only a small percentage of the nebulized drug in the lungs, and consequently the drug of interest must be very potent (low nM-pM range) to assure an effect. 15 Intrigued by the excellent Concanavalin A binding properties of the α-mannosylated asterisks designed by Goekjian and co-workers (Figure 1), 16 we opted for a similar semi-rigid molecular design. The asterisk scaffold is based on a hexavalent sulfurated benzene, which generates a globular glycosylated compound with potentially useful conformational and optoelectronic properties conferred by the arylthio arene moiety. 17 Interestingly, the sulfurated asterisks are too short to span the distance between Con A binding sites, therefore no chelate binding was expected. Because of this, the authors attributed the impressive 3750-fold increase in relative activity per sugar compared to α-methyl mannose solely to a rebinding and aggregating mechanism. In contrast, we did not want to deprive our inhibitors of the possibility of interacting via chelation.

To explore the effect of dimension and valency on the affinity for BambL, FleA and SapL1, these structural features were integrated in the synthesis of a set of compounds. These compounds have three molecular elements in common: a rigid aromatic core, a flexible spacer of variable length, and the natural ligand at the extremities of the structure. The preparation of the three building blocks is possible from cheap starting materials: L-fucose, di-tri-or tetra-ethylene glycol, and 4-mercaptophenylacetic acid (Figure 2). The designed compounds can display up to six fucoside units, the maximum number of adjacent ligands that can interact on a protein binding face. At this stage α-L-fucose was chosen as a suitable monovalent ligand to explore the other features of the scaffold. With the optimal scaffold arrangement, the monovalent ligand might then be optimized in order to compose the ultimate multivalent inhibitor. 18 In addition, several crystallographic poses showed that the anomeric OH of the sugar sticks out of the binding pocket in a way that facilitates further elongation.

We selected a polyethylene glycol (PEG) spacer, tuneable in length, to connect the central aromatic core with the peripheral monosaccharides, so that the rigidity of the core and the flexibility of the spacer balance into the final structure for ligand presentation. Although rigid spacers can achieve more effective binding due to lower entropic loss upon chelation, their design is more challenging since it must have a perfect fit. 19 Flexible linkers like PEGs, on the other hand, are advantageous for their plasticity and are suitable for broad-spectrum inhibition of lectins and cases of high valency.

To optimize the structure for a possible chelating mechanism, besides e.g. statistical rebinding, the dimensions of the spacer were tailored to span the furthest site distance of 39 Å. We calculated an effective polymer length in terms of Flory radius 20 and selected 2-4 units of PEG as the optimal size range to explore.

To match the symmetry of the targeted proteins, a benzene ring was used as the central unit in the design of the three-to six-armed dendrimers. Such a core is accessible by nucleophilic substitution of a thiophenol on appropriately halogenated benzenes. The synthesis of the scaffold should be as straightforward as possible to maximize the throughput of bioactivity studies over a range of ligand valencies and topologies. Our core satisfies this requirement in the sense that it does not require complex chemistry or infrastructure, which can be limited in the synthesis of multivalent PNA/ DNA 21 or cyclopeptide 22 scaffolds, which often require an Automated Peptide Synthesizer.

To explore the limits of valency and take a less strict approach to the chelate-driven design, we expanded the PEG spacer to the level of polymer chemistry (Figure 3) in the design of a hyperbranched (hPG)
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polyglycerol-fucose conjugate. Polymers of this kind are accessible at low cost, biocompatible, and have a broad applicability, [23][24][25] so that they have stimulated a lot of interest in both industry and academia. hPG nanoparticles have already been used in our group to successfully inhibit the cholera toxin B subunit 26 and the Shiga toxin, 27 both systems with a high number of binding sites. Because of its advantageous features, we applied them also to the inhibition of BambL, FleA and SapL1. We prepared a fucose-polymer conjugate of high valency, designed without a strictly defined architecture.

Compared with the previous design based on a structurally defined aromatic scaffold, it's the high (but polydisperse) molecular weight of hPG that offers a bigger surface for functionalization with bioactive molecules. Dendritic polymers like hPG have a globular shape that can span the range of 1 to 20 nm, 25 which includes the dimension scale of the protein targets. 

Results

Synthesis of tri-, tetra-, and hexa-valent fucosides

The set of multivalent inhibitors is generated from all possible combinations between the three core valencies (tri-, tetra-and hexa-) and the three PEG n spacer lengths (n=2, 3, and 4) for a total of nine compounds. Two approaches to their synthesis were possible (Figure 4). One possibility was to separately prepare the three building blocks (ligand, spacer, core) and then connect them incrementally from the center to extremities into the final structure. A divergent approach like this, however, is disadvantageous in our case because it requires two multi-step processes. Instead, a convergent approach employs only a single synthetic step where the multivalency is generated. Following this route, the ligand is first elongated with the spacer and only during the final steps it is multiplied into a dendrimer by three, four, or six times. Although in other cases the two sequences could be applied interchangeably without a substantial loss of efficiency, 28 the convergent approach seemed logical to save reaction steps. This way, common elongated ligands could be synthesized separately and then presented on scaffolds with different valency. The nine compounds were prepared from all possible combinations of core valency and ligand already functionalized with spacers of different lengths (Figure 4, top). Several types of chemistries have been utilized for the functionalization of multivalent scaffolds with their spacers and ligands, especially "click" CuAAC reactions, Pd cross-couplings, peptide couplings and thiol-ene reactions. 17,29,30 For our design, we selected peptide chemistry as a reliable method to connect the building blocks. Peptide coupling reactions have advanced over the years with the advent of more efficient coupling agents. 31 Additionally, amide bonds can engage in hydrogen bonding through the N-H proton or the C=O oxygen, acting both as a hydrogen bond donor and acceptor. 32 This may be a valuable feature to maximize the number of interactions with the protein target. The importance of hydrogen bonds outside the fucose binding pocket was highlighted in a study of BambL with human blood groups and tissue antigens. 33 Crystal structures of BambL with complex oligosaccharides (PDB codes: 3ZW2, 3ZZV, 3ZWE, and 3ZW1) show that although the buried fucoses establish the main interactions, a few additional bonds with other parts of the ligands were found through molecular simulations. These further interactions between non-fucose saccharides and surface residues could enhance the specificity or affinity.

Within human epitopes, the strongest affinity for BambL was detected for H type 2 tetrasaccharide (K d = 7.5 µM) and Lewis y pentasaccharide (K d = 11.1 µM), 34 which share the Fucα1-2Galβ1-4GlcNAc structure. In docking and molecular dynamics experiments, the two sugar residues connected to the buried fucose were found to participate in hydrogen bonds with amino acids in the loops surrounding the intramonomeric binding pocket, most frequently engaging the Asp30 side chain and the indole of Trp74 (Figure 5). To mimic these "extra" H-bond donor and acceptor positions at a short distance from the bound fucose, we decided to incorporate the amide moiety between the ligand and the spacer in search of additional affinity. Amide chemistry was also used for the connection between all spacers and cores (Figure 6). Once the retrosynthetic plan was established, we proceeded to prepare the main building blocks. For the ligand, Fisher glycosylation of L-fucose in 2-chloroethanol, followed by peracetylation, gave the corresponding fucoside 1 in a 7:3 α/β ratio (Scheme 1). Similarly to what was reported by Wang et al., 35 the reaction of 1 with NaN 3 afforded the pure azido fucoside 2 after chromatography. Reduction to the corresponding amine 3 was performed with SnCl 2 , 36 since acetyl migration was observed with the alternative hydrogenation or the Staudinger reaction. Following a four-step procedure described in the literature, 37,38 building blocks 4, 5, and 6 were prepared in comparable yields (see Experimental Section), ready to be combined with the same fucoside 3. Peptide coupling reactions, employing HATU as the coupling agent, afforded compounds 7, 8, and 9. The subsequent reductions gave the spacer-elongated fucosides 10, 11, and 12 with the corresponding free amino functionality.

The core of the inhibitors consisted of a simple benzene ring, which has the perfect configuration to symmetrically present the tri-, tetra-or hexa-valent dendrimers. Inspired by the promising inhibition properties of sulfurated asterisks molecules reported for the inhibition of Concavalin A (Figure 1), 16 we tried their same procedure consisting of an S N Ar reaction of a substituted thiophenol on commercial chlorobenzenes in the presence of a base. The reaction, however, worked only with hexachlorobenzene, but it did not yield the desired product with 1,3,5-trichlorobenze and 1,2,4,5-tetrachlorobenzene. As an alternative, appropriately substituted benzyl bromides were used, which possess an extra methylene between the halide and the aromatic ring. This difference is small enough to not expect a variation in the final activity of the inhibitors. At the same time, it yielded a successful alternative to the synthesis of the cores by nucleophilic substitution. Commercial 4-mercapto-phenylacetic acid was first protected to give the corresponding ethyl ester 13, and then reacted with different benzyl bromides (Scheme 2). The subsequent hydrolysis liberated the carboxylic acids groups in 14, 15 and 16.

The final compounds were prepared in all possible combinations between core valency and spacer length. To this end, each PEG-elongated ligand was multiplied into the final structure by peptide coupling reactions with the cores 14, 15 and 16. The subsequent deacetylation of all fucose alcohols under Zemplén conditions afforded all the final products (Scheme 3). Moderate yields are due to incomplete coupling reactions and to difficulties in purification of the final compounds, which was performed by silica gel chromatography and preparative HPLC. Considering that three to six couplings are happening in the same reaction step, the results were nevertheless satisfactory and provided the final compounds in quantities planned for biological and biophysical studies. 

Synthesis of the fucose-conjugate polymer

As a comparison, we prepared a fucose-conjugate polymer of high valency, designed without a rigorous architecture. We used the same synthetic strategy as recently reported 26 and added hPG-20 to the repertoire of our multivalent compounds (Scheme 4). More in detail, hPG-OH was prepared according to a reported procedure 39 and then, derivatized with propargyl bromide. Based on NMR analysis, the level of functionalization obtained was 16%, corresponding to about 20 propargyl end groups per molecule. We finally used copper-catalyzed alkyne-azide cycloaddition (CuAAC) to conjugate the polymer to the deacetylated fucoside 2 (see 2a, in the Experimental section for the structure and synthesis). IR analysis confirmed the absence of alkyne and azide stretching peaks, indicating the complete conversion of hPG-propargyl into the desired product hPG-20.* NMR additionally confirmed the absence of the terminal alkyne proton after conjugation. 

Conclusion

We described the preparation of a series of broad-spectrum inhibitors for medicinally relevant 6-bladed β-propeller fucose-specific lectins (FleA, SapL1 and BambL). Multivalency plays a major role in adhesive events at the early stages of infection, allowing simultaneous low-affinity interactions between carbohydrate ligands and their receptors. To attempt to block the adhesion of the pathogen to host tissues, we synthesized two types of carbohydrate-based inhibitors for the target lectins: a set of glycoclusters and a glycopolymer. The glycopolymer simultaneously presents 20 fucoside units in a non-structured network. The glycocluster are a set of inhibitors that can display 3, 4, or 6 fucoside units, of which the dimensions were easily tuned by the length of the spacer that connects the core of the molecule to the peripheric sugar ligand. These compounds have a high variability in dimensions and could be obtained from readily available polyethylene glycols and L-fucose starting materials. Investigating and comparing their potencies will help rationalize their binding properties and guide future optimization steps. Later, we will show that the characteristics of the scaffold and the multivalency that it provides ensure high affinity for their lectin targets.

2.4 Experimental Section

General information

Chemicals were obtained from commercial sources and were used without further purification unless noted otherwise. Solvents were purchased from Biosolve (Valkenswaard, The Netherlands). Moisture-sensitive reactions were performed under nitrogen or argon atmosphere. Solvents were dried over activated molecular sieves (4 Å or 3 Å). Amberlite IR120 H + form was washed with MeOH before using it for reactions or neutralization. Chromatographic purifications were performed using 230-400 mesh silica. TLC was performed on Merck precoated Silica 60 F₂₅₄ glass plates. Spots were visualized by UV light and 10% H 2 SO 4 in MeOH, a KMnO 4 or ninhydrine stain (prior 10% PPh 3 in DCM for azides). Microwave reactions were carried out in a Biotage ® microwave Initiator (Uppsala, Sweden). The microwave power was limited by temperature control once the desired temperature was reached. Sealed vessels of 2-5 mL and 10-20 mL were used. 1 H and 13 C NMR were performed on an Agilent 400-MR or a Bruker 600 UtraShield spectrometer. Chemical shifts (δ) are reported in ppm relative to tetramethylsilane, and peak assignments were established based on additional 1 H-1 H COSY and 1 H- 13 C HSQC experiments. High-resolution mass spectrometry (HRMS) analysis was performed using an ESI-QTOF II spectrometer (Bruker) and Applied Biosystems 4700 MALDI TOF/TOF instrument. Infrared (IR) spectroscopy was performed using Universal Attenuated Total Reflectance (UATR) accessory of Perkin Elmer Spectrum Two FT-IR. Purification of final products using reparative HPLC was performed with a C18 column (Dr. Maisch GmbH) at a flow rate of 12.5 mL/min. Runs were performed using a gradient of 100% water to 100% acetonitrile over 125 min. Pure fractions were collected and freeze-dried before characterization. Purity of the final compounds was checked by analytical HPLC (Shimadzu), eluting the compounds on a C18 column (Dr. Maisch GmbH) with a gradient of 2% acetonitrile in water to 100% acetonitrile in a run of 30 minutes at a flow of 0.7 mL/min. The signal was obtained by an UV detector model SPD-20A at wavelength of 254 nm. Integration of the peaks for purity determination was per-formed in the LabSolutions Software (Shimadzu). l-fucose (1.065 g, 6.5 mmol, 1 eq.) was suspended in 6 mL of 2-chloroethanol. Sulfamic acid (126 mg, 1.3 mmol, 0.2 eq.) or Amberlite IR-120 H + resin (100 mg/mmol of fucose) was added to the mixture. The solution was refluxed upon stirring overnight.

Synthesis of the ligand 3

The resin was filtrated off the mixture, then the alcohol was evaporated and the crude material 2 purified by flash silica chromatography (DCM→DCM:MeOH 85:15). After rotatory evaporation of the solvents, product was collected as an α,β mixture. The compound was dissolved in 6 mL of pyridine and 3 mL of Ac 2 O was added to the solution at 0 °C. After 16 hours of stirring at room temperature, the solution was diluted in EtOAc, transferred in a separatory funnel and washed with HCl 1 M, NaHCO 3 sat. and brine solution. The organic phase was dried over sodium sulfate and evaporated in vacuo. Peracetylated fucoside 1 was obtained with a yield of 68% (1.565 g) in a α:β ratio of approximately 7:3. 1 H and 13 1 (680 mg, 1.9 mmol, 1 eq.), NaN 3 (618 mg, 9.6 mmol, 5 eq.) and TBAI (140 mg, 0.4 mmol, 0.2 eq.) were dissolved in 4 mL of DMF. The mixture was stirred at 90 °C for 6 hours, until it reached full conversion. Reaction work-up consisted in liquid extraction in EtOAc, washing the organic solution two times with water and once with brine solution. Halogenated solvents were avoided during workup since they can react violently with sodium azide, giving explosive compounds. 41 After drying over NaSO 4 , the filtrate organic solution was evaporated in vacuo. The resulting crude was purified by silica flash chromatography (Tol→Tol:EtOAc 8:2, 1% iPrOH). The alpha product was separated from the beta counterpart in 43% yield (294 mg). 1 H and 13 2 (216 mg, 0.6 mmol, 1 eq.), and SnCl 2 were dissolved in 6 mL of MeOH. 660 µL of HCl 1 M (1.1 eq.) was added to the stirring solution. Reaction run at room temperature for 5 hours, until full conversion to a compound strongly staining in ninhydrin on TLC. Then, the solvent was evaporated, and the crude was charged on a silica gel column. The product was eluted in a solution with a gradient of 1%→20% MeOH in DCM, with addition of 0.1-1% NEt 3 . In the fractions containing residual NEt 3 , the molecular ratio between the two species was calculated from the integration of relative signals in 1 H NMR and the yield corrected accordingly. Compound 3 was obtained in a final yield of 99%. The consumption of the azide was confirmed by IR. The spacers where prepared following procedures described in literature. 37,38,43,44 Metallic sodium (1.5 mmol, 0.1 eq.) was added to a solution of di-(n=1), tri-(n=2), or tetra-(n=3) ethylene glycol (45 mol, 3 eq.) in 20 mL of dry tetrahydrofuran. At complete dissolution of sodium, tert-butyl acrylate (15 mmol, 1 eq.) was added and the solution stirred for 20 h. After neutralization with 2 mL of HCl 1 M, the residue was dissolved in 100 mL of brine and extracted thrice with 100 mL of EtOAc. The combined organic layers were dried with NaSO 4 . The solvent was evaporated under reduced pressure, and the crude directly used without further purification in the next step. The residue was dissolved in 12 mL of dry DCM and cooled to 0 °C with with an ice bath. NEt 3 was added (40 mmol, 3 eq.) to the stirring solution, followed by Ms-Cl (33.5 mmol, 2.5 eq.). After stirring for 16 h, NEt 3 ·HCl salt was precipitated and the mixture filtered under applied pressure on celite. The filtrate was additionally washed with water and brine in a separatory funnel. DCM was removed by rotary evaporation, carefully to remove any trace of solvent before the following step with NaN 3 , as that can result in the formation of potentially explosive diazidomethan. 41 NaN 3 was added (65 mmol, 5 eq.) to the crude material dissolved in 20 mL of DMF. Reaction mixture was stirred overnight at 60 °C, after which DMF was evaporated almost completely. The remaining residue was diluted in EtOAc and washed with water and brine. Solvent was removed in vacuo and the crude material was purified by silica gel column chromatography (PE:EtOAc 9:1 for the spacer with n=2, 8:2 for n=3,4). Products were obtained as pale-yellow oils (yields over 3 steps: 62% n=1, 63% n=2, 72% n=3). Presence of the azide was confirmed by IR spectroscopy. 1 H and 13 C NMR analysis (600 MHz, CDCl 3 ) corresponds to what was previously reported. 37,38,43,44 The tert-butyl esters intermediates (1 eq.) were dissolved in 30 mL of DCM and 10 eq. of TFA was added to the solution, which was stirred at room temperature for 1.5 hours. Then, the solvent was evaporated and the product was obtained as a yellowish oil after flash chromatography (DCM:MeOH 9:1). Yields obtained were: 90% for 9-azido-4,7-dioxanonanoic acid (spacer 4, n=1), 97% for 12-azido-4,7,10-trioxadodecanoic acid (spacer 5, n=2), 79% for 15-azido-4,7,10,13tetraoxapentadecanoic acid (spacer 6, n=3). 1 H and 13 C NMR analysis (600 MHz, CDCl 3 ) corresponds to what previously reported. 37,38,43,44 Peptide coupling reaction was performed as follows: 1 eq. of amino fucoside 3, 2.5 eq. of either 4, 5, or 6 and 3 eq. of HATU were dissolved in dry DCM under inert atmosphere. DIPEA (3.5 eq.) was immediately added to the solution. The mixture was stirred overnight at room temperature, then washed in a separatory funnel with HCl 1 M, NaHCO 3 and brine, consecutively. The organic phase was dried over sodium sulfate, filtered and the filtrate was dried in vacuo. The residual crude material was purified by flash chromatography. EtOAc 100%→ EtOAc:MeOH 95:5 was used as eluent in the case of azide 7 (n=2) and 9 (n=4), while 1% to 5% MeOH in DCM was chosen for the purification of 8 (n=3). Yields obtained for were: 37% for 7, 53% for 8, 34% for 9.

Azide reduction was performed as follows: 7, 8, or 9 (1 eq.) and SnCl 2 (2.5 eq.) were dissolved in MeOH, and 1 eq. of HCl from a 2 M aqueous solution was added to the stirring mixture. After 4 hours and 30 min solvent was evaporated and the resulting crude was purified by silica gel chromatography (DCM:MeOH 9:1, 0.1% NEt 3 ), giving yellowish fluffy solids 10, 11, and 12. Full conversion was calculated for each of the amino compounds with different PEG lengths. 

The synthesis of the cores 14, 15, 16

General procedure

Compound 13 (2 eq. per core valency) and the appropriate bromomethyl benzene (1 eq.) were dissolved under Ar atmosphere in dry DMF. NaH 60% in mineral oil (2.5 eq. per core valency) was added at 0 °C to the stirring solution. Reaction was stirred 17 hours at room temperature. Reaction work-up consisted in extraction in EtOAc, washing the organic phase with brine and water. Organic solvent was removed by rotary evaporation and the remaining crude material was purified by silica gel chromatography.

The ester hydrolysis was performed by stirring the compound in a solution 2 M NaOH:THF:dioxane 1:1:2 for 16 hours. At full conversion, Amberlite IR-120 H + resin was added until neutral pH, then filtered. The filtrate was evaporated in vacuo to give the corresponding product.

4-mercapto-phenylacetic acid ethyl ester ( 13)

N H O O O OAc OAc AcO O O O O NH 2 HS OEt O R R S CO 2 H R = S CO 2 H R = R R R S CO 2 H R = R R R R R
4-Mercapto-phenyl-acetic acid (3.2 g, 19 mmol, 1 eq.) was dissolved in 20 mL of ethanol. Amberlite IR-120 H + resin (2 g) was added to the mixture. The solution was refluxed overnight. The resin was removed by filtration and the solvent removed by rotary evaporation. The crude material was purified by silica flash chromatography (PE: EtOAc 9:1). Product 13 was obtained as a colourless oil in 91% yield. Tris-1,3,5-(4-(sulfanylmethyl) phenylacetic acid) benzene ( 14)

N H O O O OAc OAc AcO O O O O NH 2 HS OEt O R R S CO 2 H R = S CO 2 H R = R R R
Reaction followed the general procedure, starting from 13 and 1,3,5-tris(bromomethyl)benzene.

The ester was purified by silica gel chromatography, (Hex:EtOAc 9:1→7:3). Acid 14 was obtained as a white powder in 41% yield over 2 steps. 

Tetrakis-1,2,4,5-((4-(sulfanylmethyl) phenylacetic acid) benzene (15) R R S CO 2 H R = S CO 2 H R = R R R S CO 2 H R = R R R R R
Reaction procedures followed the general procedure, starting from 13 and 1,2,4,5-tetrakis(bromomethyl)benzene. The ester was purified by silica gel chromatography, (PE:Tol:EtOAc 7:1:2.). Acid 15 was obtained as a white powder in 87% yield over 2 steps. Hexakis-(4-(sulfanylmethyl) phenylacetic acid) benzene ( 16)

H O OAc OAc AcO HS OEt O R R S CO 2 H R = S CO 2 H R = R R R S CO 2 H R = R R R R R
Reaction procedures followed the general procedure, starting from 13 and hexakis(bromomethyl) benzene. The eluent used for flash chromatography was a mixture of PE:Tol:EtOAc 4:4:2 + 1% iPrOH. Ethyl ester 16 was obtained as a white solid in 61% of yield over 2 steps. 

The synthesis of multivalent compounds

N H O O n O OH OH HO O H N O S R R R R R R= n = 2 hexa-2 n = 3 hexa-3 n = 4 hexa-4 N H O O n O OH OH HO O H N O S R R R= N H O O n O OH OH HO O H N O S R R R R= n = 2 tri-2 n = 3 tri-3 n = 4 tri-4 n = 2 tetra-2 n = 3 tetra-3 n = 4 tetra-4

General procedures

Trivalent series: Acid 14 (1 eq.), HATU (4.5 eq.), and 10, 11, or 12 (12 eq.) were dissolved in dry DMF under inert atmosphere. Immediately after the solvent, DIPEA (16 eq.) was added to the mixture at room temperature. The orange solution was stirred overnight, then diluted with EtOAc and transferred into a separatory funnel. The organic solution was washed with water, HCl 1 M, NaHCO 3 and brine, consecutively. The organic phase was dried over sodium sulphate, filtered, and dried by rotary evaporation. The residual crude was purified by flash chromatography. MeOH 5% to 10% in DCM was used as eluent in the case of tri-3 and tri-4, while for the purification of tri-2 was chosen a gradient of 1% to 8% MeOH in DCM.

The obtained Per-O-Acetylated compounds were deprotected in a 0.1 M solution of MeONa in MeOH. The solution was stirred overnight at room temperature and neutralized with Amberlite IR-120 H + when reaction was completed. The solution was filtrated to remove the resin, then dried by rotary evaporation in vacuo. A pure white solid was obtained in quantitative yield for the second step.

Compounds were additionally purified by HPLC (C 18 , gradient of 100% water to 100% acetonitrile) and freeze-dried. Final compounds were obtained as white powders (tri-2: 59% before HPLC, 33% after; tri-3: 28% before HPLC, 14% after; tri-4: 65% before HPLC, 23% after).

Tetravalent series:

Acid 15 (1 eq.), HATU (6 eq.), and 10, 11, or 12 (16 eq.) were dissolved in dry DMF under inert atmosphere. Immediately after the solvent, DIPEA (16 eq.) was added to the mixture at room temperature. The orange solution was stirred overnight, then work-up was performed as described for the trivalent series. The crude material was purified by flash chromatography in eluent DCM:MeOH 95:5 → 90:10. The obtained compounds were deacetylated as described above for the trivalent series.

Compounds were additionally purified by HPLC (C 18 , gradient of 100% water to 100% acetonitrile) and freeze-dried. Final compounds were obtained as white powders (tetra-2: 24% before HPLC, 13% after; tetra-3: 24% before HPLC, 20% after; tetra-4: 35% before HPLC, 17% after).

Hexavalent series:

Acid 16 (1 eq.), HATU (9 eq.) and 10, 11, or 12 (24 eq.) were dissolved in dry DMF under inert atmosphere. Immediately after the solvent, DIPEA (30 eq.) was added to the mixture at room temperature The orange solution was stirred overnight, then work-up was performed as described for the trivalent series. The crude was purified by flash chromatography in eluent DCM:MeOH 95:5 → 85:15 for hexa-2, while DCM:MeOH 95:5 → 90:10 was the gradient chosen for the rest. The obtained compounds were deacetylated following the procedure described before.

Compounds were additionally purified by HPLC (C 18 , gradient of 100% water to 100% acetonitrile) and freeze-dried. Final compounds were obtained as white powders after final purification (hexa-2: 29% before HPLC, 13% after; hexa-3: 31% before HPLC, 10% after; tetra-4: 38% before HPLC, 11% after). HPLC purity (254nm): 96%. 

tri-2 N H O O O OH OH HO O O R= N H O S R R N H O O O OH OH HO O O R= O O S R R H N O S R R O

HRMS (ESI+, Q-TOF) m/z:

HPLC purity (254nm

): 95%. tri-3 N H O O O OH OH HO O O R= N H O S R R N H O O O OH OH HO O O R= O O S R R H N O S R R N H N H O O O OH OH HO O O R= O O N H O O O OH OH HO O O R= N H O S R R R

HRMS (ESI+, Q-TOF) m/z:

HPLC purity (254nm

): 98%. tri-4 N H O O O OH OH HO O O R= N H O S R R N H O O O OH OH HO O O R= O O S R R H N O S R R N H N H O O O OH OH HO O O R= O O

HRMS (ESI+, Q-TOF) m/z:

tetra-3 N H O O O OH OH HO O O R= O O S R H N R R O S R N H N H O O O OH OH HO O O R= O O R R N H O O O OH OH HO O O R= N H O S R R R R R

HRMS (ESI+, Q-TOF) m/z:

HPLC purity (254nm

): 97%. tetra-4 N H O O O OH OH HO O O R= O O S R H N R R O S R N H N H O O O OH OH HO O O R= O O R R R R

HPLC purity (254nm

): 96%. hexa-2 N H O O O OH OH HO O O R= O O S R H N R R O S R N H N H O O O OH OH HO O O R= O O R R N H O O O OH OH HO O O R= N H O S R R R R R
hexa-3 N H O O O OH OH HO O O R= O O S R H N R R R R O S R N H N H O O O OH OH HO O O R= O O R R R R

HPLC purity (254nm

): 98%. hexa-4 N H O O O OH OH HO O O R= O O S R H N R R R R O S R N H N H O O O OH OH HO O O R= O O R R R R

Synthesis of polyglycerol-fucose conjugate (hPG-20)

The polymer hPG-OH has been synthesized according to reported procedure. 39,45,46 To a solution of hPG-OH (186 mg, 0.26 mmol OH groups) in 5 ml anhydrous DMF, NaH (13.9 mg, 0.57 mmol, 2.2 eq., 60% dispersion in mineral oil) was added. After stirring the reaction for 3 hours at room temperature, potassium iodide (8.7 mg, 0.052 mmol, 0.2 eq.) was dissolved in minimum amount of DMF and added to the reaction mixture. After cooling the mixture to 0 °C, propargyl bromide (40 µL, 0.44 mmol, 1.7 eq.) was added and stirred overnight. The reaction mixture was extracted with EtOAc , the combined organic layers were concentrated in vacuo and the crude product was purified by dialysis in chloroform (48 h) to obtain a light brownoil. The IR spectra showed a visible C≡CH stretching peak at 2112 cm -1 . Carbon NMR is used to calculate the relative abundance of the different protons that compose the polymer. The percentage of propargyl was calculated to be 16% of 125 OH groups in hPG-OH = 20 end groups. The molecular weight of hPG-propargyl was calculated to be 10494 g/mol and the yield 72%.

The hPG-propargyl polymer was dissolved in water followed by the addition of the fucose ligand (1.3 eq. per propargyl). Separately, 0.1 eq. of copper sulphate pentahydrate was dissolved in water and added to the reaction mixture. 0.3 eq. of sodium ascorbate was also dissolved in water separately and added to the reaction mixture. The reaction was carried out at 100 °C in the microwave for 60 min. CupriSorb™ (Seachem®) resin was added to the reaction mixture and stirred, followed by filtration of the resin. The solvent was evaporated and the crude reaction mixture was purified by dialysis using a cellulose-based dialysis cassette (MWCO: 2K) against deionized water for 3-4 days and freeze-dried to obtain the final compound hPG-20 in 91% yield. The final compound was characterized using NMR and IR. The average molecular weight of hPG-20 was calculated as: 10494 + 20*232.2= 15138 g/mol. 

Introduction

The successful development of synthetic multivalent systems and the optimization of their design are strongly interconnected with the characterization of their biological effect. A careful choice of the method for studying carbohydrate-lectin interactions is necessary to get valuable results and it must be selected on a case-by-case basis. In evaluating lectin inhibitors, one would typically look at improving the K d of binding as a sign of efficacy. However, if the synthetic compound has to compete with a natural ligand to reveal its therapeutic qualities, the measure of inhibitory potency (in terms of IC 50 ) in a competitive binding assay could be more informative than the mere thermodynamic profile. Another aspect is the dissociation rate (k off ) of the process, a crucial parameter to measure the time a drug spends in contact with its biological target. This kinetic parameter has been recognized as a critical element for drug optimization since it reflects the duration of efficacy in vivo and target selectivity. 1,2 There is no single assay which can obtain all these different interaction parameters. In our search for novel inhibitors of β-propeller lectins, we employed different biophysical approaches to assess the binding properties of the synthesized compounds. To have a broader understanding of the binding event, we operated with in-solution assays and with techniques where one binding partner is immobilized on a surface. We first employed fluorescence polarization (FP), a sensitive method that allows operating at low concentrations (frequently in the nanomolar range), minimizing protein and inhibitor consumption. Its miniaturized working conditions permit to screen relatively large sets of compounds in a short time thus providing a preliminary overview of the inhibitors' activities. 3 Based on the FP results, a few selected compounds were then chosen for more in-depth studies, such as isothermal titration calorimetry (ITC), which is the method most frequently used to analyze both monovalent and multivalent carbohydrate-lectin associations in solution. ITC allows the precise determination of the thermodynamic parameters associated with the binding process (ΔG, ΔH, ΔS, K d ) in a single experiment. 4 However, the critical aspect of the technique is the need for significant amounts of lectin and glycoside ligand (in the milligram scale), which makes ITC unsuitable as a high-throughput method.

On-surface techniques, such as surface plasmon resonance (SPR) or glycan arrays, more realistically reflect the biological circumstances of binding interactions, since glycans exist in nature as a dense decoration on the cell surface. Technologies such as SPR allow us to monitor receptor-ligand interactions in real-time while mimicking their biological context (e.g. the interface between the cellular membrane and the extracellular matrix). A drawback of SPR is that the protein sensor chips are expensive and have a limited potential for being reused. Glycoside ligands are typically immobilized when aiming at high signal-to-noise ratios. However, the immobilization of complex synthetic glycans is costly and more frequently small molecules (e.g. monosaccharides) are chosen for immobilization in competitive binding SPR assays. This allows for the reuse of the same chip multiple times but does not provide direct measurement of binding affinities. Importantly, avidity enhancements have shown to be dependent on which binding partner is immobilized. 5 The best results with SPR are obtained when the setup for analysis has the lectin immobilized on the detection surface with which the binding of the soluble inhibitor is measured. 6 However, only the upper echelon of instruments is capable of this high sensitivity. As a valid alternative to SPR, we used bio-layer interferometry (BLI) to estimate compound affinities. This technology has previously been applied to the study of lectin-multivalent glycoconjugates interactions in a reliable, low-cost and time-efficient fashion. 7 Applying different techniques to study the mechanism of multivalent binding is required to better understand the process at a molecular level. 8 In this chapter, we report on the potency and affinities of the synthesized compounds (Chapter 2) towards their targets FleA, SapL1 and BambL. We will correlate the results of the different platforms, highlighting agreements and discrepancies between their outputs, and confirm the power of multivalent ligand binding for the inhibition of lectins.

Protein production and purification

The biological evaluation of the inhibitors requires sufficient production of the lectin targets. Each protein was expressed in recombinant form in a heterologous system (Escherichia coli), for which a pre-established protocol was used. The lectin gene was cloned in a vector containing antibiotic resistance as selective marker (Figure 1) and the resulting plasmid was transformed into the appropriate E. coli strain. LB medium was used for the cell culture and was supplemented with an antibiotic (here ampicillin) to ensure the selection of cells carrying the desired plasmid. Only for SapL1, rhamnose or glycerol were added to the growth media to improve protein solubility and 3 folding, as previously described. 9 The proteins were subsequently purified by either sugar affinity chromatography or immobilized metal affinity chromatography (IMAC). To benefit from a high-yielding purification, the coding sequence of the two fungal lectins, FleA and SapL1, was fused to an N-terminal 6xHis tag cleavable by the Tobacco Etch Virus (TEV) protease, as previously done. 9,10 The 6xHis tag allows to separate the desired lectin from the mixture of other bacterial proteins through Nickel affinity chromatography, a type of IMAC. After elution of the protein, TEV protease is used to cleave off the tag and recover the protein as close as possible to its wild-type form. 11 Our attempts to facilitate the purification of BambL by fusing a cleavable 6xHis tag at the N-terminus using the vector pProEX-Htb, failed at the TEV cleavage stage. Instead, the recombinant protein was obtained from the expression of pET25b-bambL plasmid, as for its earliest characterization. 12 The bacterial lectin was then purified by mannose affinity chromatography followed by dialysis to remove the sugar used to elute the protein. Buffer exchange was done for all proteins as the last step, when required. 

Evaluation of potency by competitive fluorescence polarization assay

With the targeted lectins in hand, we screened the inhibitory properties of the synthesized compounds (Chapter 2) by a competitive binding assay based on fluorescence polarization (FP). In this assay, the inhibitors are evaluated on their ability to displace a fluorescent fucoside probe (FucFITC, Figure 2) from the binding site. This fluorescein-labelled fucoside was developed in the group of Titz to screen a library of mannose derivatives for the inhibition of LecB. 13 Traditionally, fluorescein is the most commonly used agent to label ligands in FP. Other fluorescein-monosaccharides have been used in binding assays to evaluate synthetic ligands for various lectins, such as FimH, 14 BC2L-A, 15 LecA, 16 and several galectins. 17 Using the same chemistry of Hauck et al., 13 we synthesized the FucFITC reporter probe starting from 2-aminoethyl 2,3,4-tri-O-acetyl-α-l-fucose (compound 3, Chapter 2). The compound was reacted with fluorescein 5(6)-isothiocyanate (FITC) in presence of a base and consequently deacetylated in standard Zemplén conditions. The synthesized FucFITC has an excitation peak at 490 nm and an emission peak at 520 nm, the same wavelengths at which fluorescein has its maximum absorption and emission, respectively. The fluorescent probe was first incubated in a dilution series for each of the three targeted lectins in separate direct binding experiments, confirming a dose-dependent signal and the validity of the method (Figure 2). For the competitive binding assay, the probe concentration was fixed at 6 nM and the lectin concentrations at 100 nM. The mixture was then challenged with serial dilutions of the competing fucosides. The inhibitory potencies observed for commercial αMeFuc (IC 50 = 111 µM for FleA, 24 µM for SapL1 and 1 µM for BambL) were in accordance with the binding affinities obtained by other techniques in the literature. 9,[19][20][21] As an additional control, we used 2-azidoethyl α-l-fucose (compound 2a, Chapter 2), obtained by deacetylation of azido fucoside 2 (Chapter 2). We did not find a considerable difference between these two monovalent compounds, which have potency in the same µM range (IC 50 s in Table 1). This was expected since they contain the same carbohydrate part responsible for the main interactions in the binding site.

In general, the results confirmed the power of multivalency as IC 50 values improved from the micromolar range for the monosaccharide references to the nanomolar range for the multivalent counterparts (Table1). Increasing both spacer length and valency contributed to the improved binding to FleA and SapL1. For these fungal lectins, the impact of spacer length was clear: glycodendrimers with PEG length n=4 were the most potent over smaller compounds of the same type. The beneficial effect of valency was evident from the results of hPG-20, the most potent binder. The bacterial lectin BambL, instead, did not show striking preferences. Surprisingly, all synthesized dendrimers inhibited the bacterial lectin with almost equal potency, and none of the 3 valency or dimensions appear to be significantly privileged. Only hPG-20 slightly outperformed the other compounds in the inhibition of BambL. The binding pockets of BambL are more open with a shallow groove leading to the central funnel, and these binding sites are symmetrically equivalent. We speculate that this architecture might play a role in easing the accessibility of each of the compounds into the binding sites, allowing the inhibitors to achieve strong binding with only few units of ligand bound. The situation for FleA (and its homologous SapL1) is likely more complex since the protein is known to dimerize and have non-equal binding sites, some of which are more buried with surface loops blocking access to the central funnel. 22 Alternatively, we may have reached the detection limit of competitive binding to BambL in the experimental setup we have developed here. As the affinity is derived from the displacement of the fluorescent probe, the affinity of the probe itself can be a limiting factor: the higher the affinity of the fluorescent ligand, the wider the range of inhibitor potencies that can be resolved. 23 Later experiments, however, will confirm the little dependence of affinity for BambL on the compounds' valency and dimension (ITC at 3.4, BLI at 3.5). 

Evaluation of potency by isothermal titration calorimetry

Due to the time-consuming measurements and the high quantity of protein necessary in some techniques, we selected only the four inhibitors with the largest size (compounds with PEG n=4 and hPG-20) for further biophysical analysis. The more in-depth studies include isothermal titration calorimetry (ITC), which has been reviewed as a powerful tool to obtain enthalpy/entropy determinants during the formation of both monovalent and multivalent carbohydrate-lectin associations. 4,24 The ITC experiments that we performed (Table 2, 3 and 4) confirmed the trends previously seen by FP (Table 1). In the ITC measurements, BambL bound the monovalent reference with a stoichiometry (N) value close to 6, indicative of an active recombinant protein. The fungal lectins showed a stoichiometry value of around 4, which corresponds to the four binding sites that have a higher relative affinity and is expected based on previous findings in the literature. 10,25 The N values for multivalent compounds suggest that most of the binding sites are occupied. This calls for a likely mixed chelate-aggregative binding, whose precise architecture cannot be determined based solely on the compound:protein ratio. The fucosylated inhibitors showed great affinity enhancements (β factors) compared to the monovalent analogue, with the affinity improving hundreds of times per single sugar unit. Interestingly, the compound with the best affinity, hPG-20, is also the one with the worst β/v value. This can be explained considering the thermodynamic parameters of the interaction: although the compound has on average 20 ligand per molecule available for binding, ΔH of interaction is only ca. 5 to 8 times higher than for the monovalent fucoside, indicating that not all ligands are involved in the binding event.

Yet, there is some danger in trying to exactly interpret thermodynamic data since an aggregating behavior was observed by the naked eye after each ITC titration. Multiple events can contribute additively to the final free energy of binding, even aggregation and/or precipitation, if associated with a release or consumption of heat. In this case, however, such irreversible aggregating behavior is not reported by calorimetry, at least not by the curve shape. The curve shape is dictated by the c value, defined as: c=(N×[P])/K d where K d is the dissociation constant (M -1 ), P is sample cell concentration (M), and N is stoichiometry. A good sigmoidal shape is obtained with strong binders when the c value is constant during the experiment and has a value between 10 and 100, approximately. In our experiments with multivalent fucosides the c value satisfied these conditions, so we can safely assume that aggregation happens on a slower timescale than titration, as previously hypothesized by Toone et al. for the crosslinking of ConA via multivalent ligands. 26 They also postulated enthalpy-entropy compensation as a hallmark for aggregation, where a gradual reduction of ΔH is accompanied by an increase of ΔS during the binding of successive saccharide units. 27 Opposite to what was described, favourable enthalpic forces and unfavourable entropy costs increase gradually from the interaction with the lowest valency inhibitor (tri-4) to the highest (hPG-20). Still, the overall free energy of interaction (ΔG) shows little variation (Figure 4). For direct comparison of the results, the stoichiometry has been calculated as the ratio of compound per protein containing 6 binding sites (FleA and SapL1 monomers, or BambL trimer). The relative standard deviations were not higher than 15%. 

Evaluation of potency by bio-layer interferometry

Applying different techniques to study the mechanism of multivalent binding is always advisable to better understand the process at a molecular level. 8 BLI is a biophysical technique in which the binding is quantified based on the variation in mass of molecules binding to the surface (like SPR).

In BLI, the target protein can be immobilized on the sensor's surface, while its binding partner comes from the bulk solution (or vice versa). Thanks to this setting, problems related to aggregation should be eliminated. The reliability of this method for monitoring multivalent carbohydrate-protein interactions has recently been confirmed in a study on bacterial lectins LecA, LecB and BambL. 28,29 Before the BLI experiments, protein targets were biotinylated in order to immobilize them on a streptavidin-coated sensor. Unfortunately, the binding event with the monovalent reference could not be detected due to insufficient sensitivity of this technique. The binding interaction between the immobilized proteins and multivalent compounds, instead, could be followed in real-time when the sensor was submerged in the solutions of fucosides at different concentrations (Figure 5). The sensorgrams reported a gradual association, where the signal increased with the compound concentration. The dissociation step was much slower, and total dissociation was not reached within the timeframe of the experiment, as typically observed with multivalent inhibitors. 7,28 By fitting the experimental curves to determine the kinetic rate constants k on and k off , the affinity of compounds can be obtained through the relation K d =k off /k on . Because the nature of multivalent binding is not easily described in a fitting curve, the BLI analysis is not as straightforward as with monovalent ligands. Perhaps the 1:1 fit model cannot precisely interpret the complex rebinding process typical of multivalent systems. In our analysis, however, the curvature of the experimental signal was enough to determine the kinetic parameters. There is not yet enough literature data on BLI-derived affinities of multivalent compounds on β-propeller lectins for a direct comparison. Still, other researchers report curve fittings similar to ours. 28 The experiments showed affinity values about 10-fold higher (lower K d ) than those obtained by ITC in the inhibition of the fungal lectins, but the discrepancy was smaller for the bacterial BambL (Table 5). A discrepancy of this nature is not surprising considering that in the BLI experiment one of the binding partners is immobilized, so its K d 's might be better labelled as an apparent K obs . Different techniques measure inherently different properties. It has been pointed out in a recent publication that drastically different outcomes can be obtained from solution to surface experimental approaches, and that these variations are highly dependent on the accessibility of the binding motif. 30 The arrangement of glycans and the linker used for immobilization have been shown to influence affinity on the glycan array setting. Its is likely that the arrangement of a protein on the surface can have a similar effect when the setting is reversed. 30,31 The different affinities between ITC and BLI for the fungal vs the bacterial lectins may relate to their orientation on the surface. The proteins were immobilized to the surface of a streptavidin-coated sensor through biotinylation of their lysine residues. BambL has only one lysine per monomer, opposite to the binding surface, while FleA and SapL1 have several, some of which close to the binding sites. Possibly, an inconvenient immobilization of the lectins to the sensor has influenced the exposure of their binding sites. Furthermore, the two fungal lectins possess two opposite faces where binding sites are located, so their opportunities to be cross-linked are higher than those for BambL, presenting only one binding face. Our results on BambL align with previous BLI results, 28 where the valency of the ligand did not seem to impact the observed affinity significantly. Although it cannot be proved it at this stage, we think that the presentation of BambL on the surface could partially impair the cross-linking ability of the multivalent compounds, while FleA and SapL1 have more possibilities for orientation and remain accessible to multiple modes of binding. In contrast, all binding sites and modalities are accessible in solution during ITC. Together with ITC, BLI supplemented the thermodynamic understanding of the binding event with its kinetic aspect. Since BLI allows to study biomolecular interactions over time, it offers information on kinetic constants (k on and k off ). In particular, the residence time (t R ), mathematically defined as the reciprocal of k off , has been assigned a key role in influencing biological activity. This parameter can be used as a preliminary prediction of the efficacy of action in vivo and a temporary distinction between 3 desired selectivity and off-target binding. 2 There are examples where cellular activity correlates to k off better than to K d . 32 For this reason, the dissociation constant gives an important dimension to SAR studies in early drug discovery. The t R values of the tested multivalent inhibitors range from a few minutes (when binding FleA) to several hours (when binding SapL1 or BambL). The BLI results indicate that the increase in affinity is not directly accompanied by the increase in residence time. We do not have comparative data on the monovalent fucoside, but other monovalent glycosides were reported with t R of mostly seconds or sometimes minutes. 33,34 For example, a glycomimetic inhibitor of LecB increased the t R of the natural ligand from 45 seconds to 17 minutes. 34 It is conceptually possible that multivalent compounds can elongate the t R of the monovalent ligand by anchoring to the target in more points. Hours-long residence times have sometimes been observed for other multivalent systems, 29 other times not. 7

Conclusion

Potent inhibitors are needed to help elucidate the involvement of β-propeller lectins in pathogenicity and the immune response. Furthermore, they are intended for use as anti-adhesive agents in an attempt to block infections before tissue invasion and worsening of symptoms. Since anti-adhesive therapy does not generate selective pressure on the pathogen, it is a particularly compelling strategy in the context of antimicrobial resistance. Our multivalent fucosides are potent inhibitors, binding their protein targets with avidities in the nanomolar range, as confirmed by diverse biophysical methods (FP, ITC, BLI). They remarkably increase the affinity for fucose, the natural ligand, improving the K d hundreds of times per single sugar unit incorporated into the final structure. For example, the K d of FleA binding increased from the low affinity of about 100 µM for the monosaccharide, to the high affinity of ca. 0.15 µM for the multivalent tetra-4. Divided by the four sugar units, that is an over 150-fold increase per fucose. Especially for the fungal lectins FleA and SapL1, the best affinities were obtained with the compounds presenting the longest investigated spacer length (PEG 4 ). These results indicate a longer linker helps to accommodate the ligand into the binding pocket and engage in chelating and/or cross-linking mechanism. The effect of valency is also clear from the results obtained on the high valency polymer hPG-20, whose K d was consistently the lowest for every protein and in every biophysical method.

Comparing the ITC results obtained for BambL with the ITC data in the literature, the multivalent fucosides we prepared reach the best affinity reported so far, at the best of our knowledge. Curiously, BambL was an exception since no striking differences in the binding properties of the inhibitors were detected when changing dimension or valency. It could be that strong binding can be achieved with only few of the fucose units bound, since the binding sites of BambL are more open and accessible compared to those of FleA and SapL1. This concept is not entirely new; similar results were obtained in a study with modified valency mutants of RSL, a homologous lectin of BambL. 35 In this study, the avidity of RSL for a fucosylated surface was identical when the lectin was allowed to bind with all six or with only three of its binding sites. The authors concluded that three binding sites are sufficient to elicit an efficient multivalency effect. Thus, it is possible that a similar process apply to BambL and could explain the results of our assays. Divalent ligands for FleA have also shown greatly improved affinities for fucose. Occupying only two out of six binding sites in each protein monomer, β values of 15-59 were reached. 10 Contrary to the stagnant RSL avidity, increasing the valency of compounds actually increase the affinities for FleA further. The gradual improvement of K d with the valency of fucosides in the study 10 is thus comparable to what we observed in our binding assays with FleA and SapL1.

3

Experimental Section

General information

Transformed E. coli cells with recombinant plasmids were available in-house. The bacterial cells with the plasmid were then cultured in Lysogeny Broth (LB) medium containing 100 μg/mL ampicillin under constant shaking (180 rpm) at 37 °C. The temperature was decreased to 16 °C when the value of the optical density of the culture (OD 600 ) reached 0.4. At an OD 600 range of 0.6-0.7, production of target protein was induced by the addition of 0.1 mM isopropyl-β-thiogalactoside (IPTG).

Protein expression proceeded overnight at 16 °C. The cells were centrifuged at 4 °C for 5 minutes at 5000 x g to obtain pellets. DENARASE ® endonuclease (c-LEcta GMBH) was used to treat the cell pellets for a short duration (10 minutes) at room temperature while placed on a rotating wheel.

Cells were disrupted at 1.9 kbar using one shot cell disrupter (Constant system Ltd, UK) to release the desirable proteins from the cytoplasm, and centrifuged (22000 × g, 30 min, 4 °C) to separate them from insoluble cellular components. Supernatants were filtered with 0.45 μm membranes (PES, ClearLine). Immobilized metal affinity chromatography with Nickel-NTA His-Trap™ FF columns (Cytiva) was run on an NGC chromatography system (Bio-Rad) with a flow rate of 1 ml/ min, eluting the proteins with an increasing gradient of imidazole. The second chromatographic elution of SapL1 was done on a cOmplete™ His-Tag Purification column (Roche Diagnostics GmbH) to avoid unspecific interactions. Imidazole was removed from the pooled fractions using a PD10 desalting column (Cytiva). Tag cleavage was performed by treating the protein solution overnight at 19 °C with TEV protease (1:50 w/w, enzyme:protein ratio, produced and purified in house), 1 mM ethylenediaminetetraacetic acid (EDTA) and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP). To purify BambL, affinity chromatography was performed on a mannose-agarose column (Sigma-Aldrich) on an NGC chromatography system (Bio-Rad). Size exclusion chromatography of BambL was performed using a High-Resolution ENrich™ SEC 70 column (Bio-Rad) on NGC chromatography system (Bio-Rad). Excess mannose was eliminated by dialysis using 3.5K MWCO SnakeSkin™ Dialysis Tubing (ThermoFisher Scientific). SDS-PAGE (18% or 15% for BambL, 12% for FleA and SapL1) was used to examine the eluted fractions. Gels were stained overnight using InstantBlue™ Coomassie staining solution (Abcam). The proteins were concentrated to the desired concentrations by centrifugation (Vivaspin, Sartorius or Microsep™ Advance Centrifugal Device, PALL) and the concentration was determined by UV absorbance at 280 nm using a NanoDrop 2000 spectrophotometer (Thermo Scientific).

FITC was purchased from Sigma-Aldrich as a mixture of 5-and 6-isothiocyanate and used without further purification. Reactions were monitored using thin layer chromatography (TLC) on silica gel (Silica gel 60 F254, Merck). Spots were visualized by UV light or with a sulfuric acid stain. Chromatography purifications were carried out using silica gel (0.04-0.063 mm, Merck). Mass analyses (ESI) were recorded with an ESQUIRE 3000+ (Bruker Daltonics). NMR spectra were recorded with a liquid Bruker Avance III 400 MHz spectrometer (Bruker).

Synthesis of the fucose-fluorescent probe

FucFITC 6)-isothiocyanate, 1.1 eq., 171 mg) were dissolved in 5 mL of DMF. Commercial FITC is composed of a mixture of two regioisomers (with the thiocyanate in position 5 or 6, marked in red on the structure above). The two isomers are indistinguishable spectrally, either by wavelength or intensity. The mixture is perfectly suitable for many purposes, including ours (according to the producer). The orange reaction mixture was stirred overnight at room temperature. The solvent was evaporated, and the crude material was purified by silica gel chromatography with a gradient of 2→6% MeOH, 8→4% Tol in DCM with 0.1% AcOH. Acetylated FucFITC was obtained as dark orange solid (140 mg). ESI -confirmed the mass of the intermediate(s) with a peak at 721.11 m/z, corresponding to [M-H + ] -(calcd for [C 35 H 33 N 2 O 13 S] -= 171.17 m/z). Deacetylation was performed in Zemplén conditions, dissolving acetylated FucFITC in 1 mL of MeOH and consequently adding 200 µL of 1M MeONa methanolic solution. The mixture was stirred overnight at room temperature, then neutralized with Amberlite IR-120 H + resin. After filtering off the resin and rotary evaporation, the product was purified on silica gel with a gradient of 5→20% EtOH, 0→5% MeOH in DCM with 1% AcOH. The product was obtained in 50% yield over two steps as a mixture of isomers, with a predominance of the compound with thiourea on the carbon 5. 1 H and 13 C NMR in CD 3 OD and DMSO-d 6 confirmed the product, which corresponded to what was previously reported in literature. 13 Mass analysis further confirmed the product with a positive ESI + peak at 597.20 m/z (calcd for [C 29 

FleA production and purification

FleA was expressed and purified as previously described. 10,36 In brief, the FleA gene was introduced in the Pet32-TEV expression vector using NcoI and XhoI restriction sites. The coding sequence of FleA is in this way fused to an N-terminal 6xHis-Trx tag cleavable by TEV protease. Escherichia coli BL21 Star (DE3) cells harbouring the plasmid pET32b-TEV-fleA. Culture and cell lysis was performed as described in 3.7.1. The soluble extracts were loaded on a 1 mL His-Trap FF column. After impurities were washed away, the bound proteins were released using an increasing gradient of imidazole (20 mM to 500 mM imidazole in 500 mM NaCl and 20 mM Tris-HCl pH 8.0). The purity of the protein fractions was checked by SDS-page electrophoresis. The fractions containing FleA were combined, and the buffer was exchanged to 100 mM NaCl and 20 mM Tris-HCl pH 8.0. His-tag cleavage was run overnight by the addition of TEV protease as described above (3.7.1). The following day, the mixture was purified again by nickel affinity chromatography, with the cleaved protein collected from the flow-through. Pure FleA was concentrated until desired concentration using a centrifugal device with a 10 kDa cut-off. Pure FleA was obtained in a yield of about 10 mg/L of culture. 

SapL1 production and purification

SapL1 was expressed and purified as previously described. 9 In brief, the SapL1 gene was introduced in the pProNde vector where the NcoI restriction site of pProEx HTb (EMBL, Heidelberg) has been replaced by a NdeI restriction site by PCR. Analogous to FleA, the SapL1 coding sequence was fused to an N-terminal 6xHis tag cleavable by the TEV protease, in this case under the regulation of trc promoter into pProNde. SapL1 was expressed in E. coli BL21trxB (DE3) strain, with a protocol resembling that for FleA except for the addition of 1% l-rhamnose or glycerol in the growth media prior to induction. Purification of the lectin followed the same procedure used for FleA. The pure protein was obtained in about 4 mg/mL yield. 

BambL production and purification

BambL was expressed and purified as previously described. 12 In brief, the BambL gene was introduced in the pET25 vector using NdeI and BamHI restriction sites. The lectin was expressed in E. coli BL21(DE3) cells as described in section 3.7.1. The protein was purified by affinity chromatography. Different from the fungal lectins, affinity chromatography was performed on the supernatant using a mannose-agarose or fucose-agarose column. BambL was eluted using a buffer containing high sugar concentration (20mM Tris-HCl pH 8.0, 50 mM d-Man). The purified protein was extensively dialyzed against Milli-Q water. For some fractions contaminated by other proteins, size exclusion chromatography (SEC) was additionally used. Pure BambL was obtained in ca. 7 mg/L of culture. 

Fluorescence polarization

A stock solution of protein (final concentration 100 nM) and FucFITC (final concentration 6 nM) were added to 3-fold serial dilutions of testing compounds in duplicates on a black 96 well microtiter plate (COSTAR TM 96). The starting concentration for the multivalent compounds were adjusted according to their potency. In most of the cases, the serial dilutions started at 40 µM for FleA, 16 µM for SapL1 and 1 µM for BambL. The starting concentration for the monovalent compound was 3 mM and 5-fold dilutions were used in this case. All components were dissolved in the same buffer (20 mM Tris-HCl, 100 mM NaCl, pH 8.0). After addition of the reagents, the microtiter plates were shaken for 1 hour at room temperature in the dark. The fluorescence was measured using a CLARIOstarPlus plate reader (BMG Labtech) with excitation filters at 480 nm and emission filters at 530 nm. The same gain was maintained for all measurements relative to the same protein.

A fluorescence intensity spectral scan of the multivalent compounds alone was also performed to confirm there was no interference with the analysis. The data were analyzed with CLARIOstar Mars Software using a 4-parameter fit. The point of inflection was used to determine the IC 50 value of each experiment. The standard deviation was calculated over the two independent IC 50 values obtained in Microsoft Office Excel suite. Binding curves for the monovalent references and the best multivalent inhibitors were drawn on Graphpad Prism 9.5.1 and presented at section 3.7.9. The rest of the data is available on request.

Isothermal titration calorimetry

Isothermal titration calorimetry was performed on a Microcal VP-ITC (Malvern Panalytical) at 25 °C and the data was analyzed using the Microcal PEAQ-ITC Analysis Software (one set of sites model). Protein targets were placed in the sample cell at concentrations ranging between 50 and 8.5 μM. The titration was performed with 30 injections of a solution of monovalent compound (1 or 3 mM) or multivalent compound (range 200-15 μM) in the same buffer as the protein (20 mM Tris-HCl, 100 mM NaCl, pH 8.0) under continuous stirring. At least two independent titrations were run, and standard deviations were calculated over the average value of the obtained parameters. The experiments where the standard deviation was above 20% for K d were excluded. The titration curves are shown at section 3.7.9.

Bio-layer interferometry

Prior analysis, proteins (10 mg/mL in PBS solution at pH 7.4) were biotinylated using 12 equivalents of biotin from a 100 mM solution of biotinamidohexanoyl-6-amino-hexanoic acid-hydroxysuccinimide ester (Sigma-Aldrich) in DMF. The mixture was incubated for 30 minutes while stirring. Afterwards, the excess biotin and solvent were removed on a desalting column, eluting the protein with PBS buffer. The binding interaction between the biotinylated proteins and multivalent compounds was analyzed with an Octet Red 96 instrument (ForteBio) using a streptavidin sensor. The sensors were purchased from ForteBio (PALL), pre-coated with streptavidin. Prior to use, they were immersed for 10 min in PBS buffer to remove the protective sucrose layer from the sensor surface. After that, biotinylated protein at 100 nM concentrations was loaded on the sensor. After a washing and equilibration step, the sensor was submerged in solutions of multivalent fucoside at different concentrations (range 2 μM-10 nM) to obtain the relative association curve. The sensor was dipped in a solution containing only buffer to dissociate the compound, although complete dissociation was never observed. The binding event with the monovalent reference could not be detected due to the low sensitivity of the technique. Resulting curves were analyzed with ForteBio Data Analysis 9.0 Software, using a full association and dissociation 1:1 fit model to extrapolate K d values and relative errors. Sensorgrams and fitting curves are shown at section 3.7.9.

Note: I am thankful to V. Chazalet and E. Gillon (CNRS) for their technical support in lectin expression, purification, and biophysical measurements. I thank Dr. S. Fort (CNRS) for providing me access to the chemistry lab for the synthesis of the fluorescent probe. For the BLI experiments, I am grateful to Institut de Chimie Moléculaire de Grenoble (ICMG, UAR2607) for access to the interactions characterization platform and to Dr. J. Dejeu (DCM, Université Grenoble Alpes) for his assistance. 
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Introduction

More and more techniques are becoming available in the fields of structural and cell biology, medicinal and computational chemistry for studying protein-ligand interactions. Using a combination of these methods provides a more precise picture of the phenomenon under observation, such as the multivalent binding of a lectin to its ligand(s). Complementary to the determination of binding affinities, tools that elucidate the molecular structure of lectin-ligand complexes are helpful in investigating the mode of binding for such biological partners.

X-ray crystallography is one of these techniques. The X-ray diffraction pattern of a lectin-ligand complex illustrates the mode of sugar recognition at the atomic level. Crystallography is an invaluable tool in medicinal chemistry, even though controlling crystallogenesis is still challenging, especially for systems of relatively high valency. Only a few examples of the crystallization of multivalent complexes are available in the literature. [1][2][3] Another technique that can provide insights into the architecture and properties of lectin-glycocluster complexes is atomic force microscopy (AFM). AFM has been used before to study the size and shapes of supramolecular assemblies formed between LecA and multivalent ligands. 4 Likewise, advances in the characterization of proteins and protein complexes have also been achieved using analytical ultracentrifugation (AUC), which monitors the sedimentation of macromolecules. This method has proven effective in studying aggregation phenomena and shed light on the mechanism of multivalent interaction in some studies. [5][6][7] In the following paragraphs, we will show how we used these three techniques to elucidate the binding modality of the synthesized inhibitors to their lectin targets.

While many available tools are dedicated to identifying the most potent binder within a pool of compounds and studying the structural basis of this interaction, another critical aspect of drug development is selectivity. The simultaneous application of different biophysical approaches and theoretical predictions with pharmacodynamic/pharmacokinetic models is key to successfully deciphering the "glycocode" and developing therapeutics that use such language. In this chapter, we investigated the potential off-target affinity of the multivalent fucosides for LecB, a functionally similar fucose-binding lectin from P. aeruginosa.

X-ray crystallography

X-ray crystallography is one of the most powerful techniques to determine ligand-protein interactions at the atomic level, providing structural information that can accelerate drug discovery. Crystallogenesis requires a supersaturated state, i.e. the concentration of the species in solution beyond its solubility limit. Then, the formation of the crystal occurs through the transformation from a disordered state to a partially ordered one (nucleation) and, secondly, the growth of such small, ordered assemblies into bigger crystals. Crystallization of macromolecules such as proteins is very challenging, 8 since they may assume several distinct solid states, need high levels of supersaturation to nucleate, and have slower crystal growth kinetics than small molecules. 9 A common method to promote supersaturation of a protein solution is the vapor-diffusion method. Typically, a drop of protein solution below its solubility limit is placed over a reservoir of the mother liquid. The slow evaporation of water from the drop increases the protein concentration to supersaturation levels to induce crystallization.

We applied the hanging-drop vapor-diffusion method to the crystallization of FleA and BambL in the presence of trivalent fucosides (tri-2, tri-3, tri-4). Despite several attempts, protein precipitation occurred at the expense of nucleation. It is not surprising that the flexibility and bulkiness of multivalent compounds can disturb the organization of the protein into an ordered crystal. Additionally, the formation of cross-linked structures can induce protein precipitation. We tried to mitigate the aggregation process when repeating the co-crystallization experiment with BambL in a "dry" format. In this method, the protein solution is applied to the dry powdered compound, which slowly dissolves under the crystallization conditions during the usual hanging-drop experiment.

Unfortunately, this method favored precipitation over crystallization once again. In another attempt, we crystallized the proteins separately from the compounds and applied a soaking method to bring the inhibitor in contact with its target. We obtained crystals of BambL alone (Figure 1) by screening several conditions similar to those published in the literature. [10][11][12] Then, the crystals of BambL were soaked in a solution of trivalent compound tri-4, but cracking of the crystal was observed on a very short timescale (Figure 2). We observed significant damage to the BambL crystals about three minutes after adding the compound solution, which suggests the inhibitor disturbs the crystal lattice. We proceeded with the X-ray diffraction experiment at SOLEIL Synchrotron (Saint Aubin, France), but the collected data revealed only the apo-structure and no ligand could be observed in the electron density. 

Atomic force microscopy

The atomic force microscope can image individual biomolecules at very low concentrations, scanning the surface with a sharp cantilever tip (<20 nm wide). Its spatial resolution is in the nanometer scale, and the possibility to measure in different media, e.g. in solution, makes it an appropriate technique for imaging biological samples. 13,14 AFM has been used before to unravel complex oligomerization processes. 15 It has also been successfully applied to study the size and shapes of supramolecular assemblies formed between lectins and their multivalent ligands. 16,4 Since our multivalent fucosides appear to induce protein aggregation and promote precipitation, we decided to use AFM to study the formation of lectinligand arrangements. We explored lectin samples in the presence of a few multivalent compounds at different concentrations and on various substrates to analyze if these parameters influence the aggregation in cross-linked networks or chains.

Sample preparation is critical in AFM since the biomolecules need to be well attached to a biocompatible surface before measuring. The most widely used substrate is mica, a layered silicate that is easily cleaved to provide an atomically flat surface to which biomolecules are physically adsorbed. 17 In our experiments, a lectin (mainly FleA) and a multivalent inhibitor were first incubated in a 1:1 ratio. Then, the pre-formed complex was deposited on a freshly cleaved mica surface and, finally, the sample was dried at room temperature and atmospheric pressure before imaging. At high concentrations (up to 2.5 µM) the surface appeared fully covered, but no specific molecular organization could be identified. Lowering the concentration should encourage the growth of smaller-sized aggregates that are easier to interpret. However, it was difficult to find elements on the surface at the lowest concentration tested (25 pM). We suspected the material had accumulated in a few localized areas, making the detection dependent on time/luck. The concentration of 500 pM was found to be a good compromise between the two situations: at this concentration, we could detect small and regular aggregates. In the high-resolution images, it is possible to identify the composition of such aggregates as the systematic repetition of small grains, which can be identified as lectin proteins. The height profile of the grains was about 3-4 nm, which is consistent with the dimensions of FleA, if laying on its "long" face (Figure 3, bottom). These structures were absent in a control experiment with tri-4 alone (not shown), confirming that the grains can be attributed to the FleA protein. Such a perfect match between the observed and expected size of the objects is rarely reached due to the relatively large size of the tip radius compared to the nano-object under observation and the flattening/expanding effects of attractive/repulsive forces between the two. We also analyzed the aggregates formed by BambL in the presence of tri-4 at the same 500 pM concentration, observing a similar pattern to what was previously detected with FleA (Figure 4). We then explored the effects of valency, testing FleA in the presence of tetra-4, hexa-4 and hPG-20 (Figure 5). The use of different multivalent compounds did not produce drastic changes. Instead, similar structures to the experiments with tri-4 (Figure 3) were obtained, at least concerning the internal organization. Surprisingly, the sample's topography in the absence of any compound revealed that the lectin alone organizes with the same elongated structure with aligned grains. This observation indicates the protein tends to self-assemble when drying on mica. Additionally, the low reproducibility of the aggregate shape hints at surface effects that are highly dependent on the drying process. Apparently, there is none to little impact of the presence of multivalent compounds in the organization of lectin assemblies with a definite architecture.

We additionally imaged the mixtures on hydrophilic silicon and functionalized gold substrates to investigate if the organization of lectin molecules in rice-grain bundles, as in Figures 345, is dependent on the substrate used. The system on thiol-functionalized gold is particularly relevant as it allows measuring in water and immobilizing the analytes on the surface without forcing them to lay on a flat surface. However, sample preparation is more complex, and more variables must be controlled (roughness of gold, concentration of thiol, time of reaction, etc.). The images obtained on Si and Au surfaces (Figure 6) confirmed that the formation of aggregates is influenced by the substrate. The observed surface coverage was different from the mica samples and self-assemblies with a particular pattern where not found. Recognizing the structures formed on the surfaces remained difficult. The lectins likely form 3-D aggregates that cannot be characterized by AFM, rather than 2-D macromolecular layers for which AFM is a more suitable detection method. 

Analytical ultracentrifugation

To try and decipher the mechanism of cross-linking, we studied the formation of aggregates by analytical ultracentrifugation (AUC). Unfortunately, the analysis of the sedimentation profile when the proteins were in a 1:1 molar ratio with the simplest compound, tri-4, turned out to be inaccessible. The formation of insoluble aggregates of high mass was supported by a fast decrease of absorbance at λ 280 nm to below the detection limit. This might be an indication that the multivalent binders induce lectin aggregation too efficiently to study the mechanism in detail. Therefore, we decided to focus on the AUC analysis of the smaller protein, BambL, in the presence of substoichiometric quantities of multivalent fucosides (Figure 7). A sedimentation coefficient of 2.96 S was found for the pure lectin in buffer solution, corresponding to a protein with a molecular weight of 27 kDa, which is acceptably close to the real molecular weight of 28.1 kDa. For the mixtures, the comparison of absorbance intensities before and at the beginning of any centrifugation experiment showed that 19% to 46% of the sample had already settled as insoluble complexes. Only the part of the sample remaining in solution would be analyzed. Just 0.1 equivalent of tri-4 (0.15 eq. of fucose per protein) was enough to link 2 or 3 proteins intermolecularly, giving peaks at S=4.37 and 5.48, corresponding to species of 46 and 64 kDa. These values appear to be lower than the expected MWs but are consistent when considering a greater friction of the real inhibitor-lectin complex compared to the theoretical sphere used in the calculation. Increasing the amount of tri-4 by a factor of three resulted in a less defined oligomeric state, with the dimer and trimer peaks broadening, indicative of species in dynamic interchange with each other. An even more pronounced effect was observed when 0.1 equivalent of the higher valency hexa-4 were used, which caused only a central peak to appear. These findings show that the binding mode involves a significant amount of aggregation, but other mechanisms such as chelation cannot be excluded a priori. It is likely that an interplay of different binding modalities is responsible for the final affinities. Our results are in accordance with β-propeller lectin inhibitors possessing PEG spacers, for which a mixed chelating-aggregating mechanism has already been suggested. 5,18,19 

Fluorescence polarization to investigate binding selectivity

If it is true that multivalent fucosides bind their lectin targets in a mixed chelating-aggregating manner, this behavior could have consequences in terms of selectivity. To investigate this, the FP competitive assay previously used on BambL, FleA and SapL1 (Chapter 3) was repeated on another fucosebinding lectin, LecB. 20 This lectin is a virulence factor for Pseudomonas aeruginosa, an opportunistic bacterium listed by WHO as a priority 1 pathogen for research and development of new antibiotics. LecB belongs to the family of β-sandwich lectins and possesses four binding sites, where two calcium ions mediate the interaction with saccharides (Figure 8). The potency values obtained for LecB are compared to the results of the previous FP assay with BambL (Table 1), since the two lectins are reported to have a very similar affinity for αMeFuc (0.99 µM for BambL 12 and 0.4 µM for LecB 21 ). The selectivity of the multivalent compounds in the competitive binding assay was not very high. Although these compounds are not the most potent LecB inhibitors, 22 they showed a decent inhibitory activity in the nanomolar range, following a trend very similar to what was observed for BambL. The mechanism of binding can once more explain this result. Chelation is not possible in all four binding sites of LecB (especially for the binding sites about 48 Å apart), nor the symmetry and the valency of the compound always match that of the protein receptor. However, the contribution of chelation cannot be dismissed since the compounds were tailored to span a 38-39 Å distance between β-propeller lectin binding sites, which is enough to span the two closest binding sites in LecB. According to our calculations, even the shortest spacer (PEG 2 ) can extend to approximately 

Conclusion

In this chapter, we studied the mechanism by which multivalent inhibitors bind their lectin targets. Our attempts to crystallize the lectin-inhibitor complexes for their study at the molecular level were unsuccessful since the presence of multivalent molecules promoted precipitation rather than the organization of the protein into an ordered crystal lattice. The alternative soaking strategy also went wrong, we suspect that the tight packing of the apo crystals did not allow for the diffusion of the compounds. Unfortunately, no ligand could be observed in the electron density after X-ray diffraction. However, our attempts were still limited since only known conditions were utilized for protein crystallization, which might not be optimal for our systems. It may be beneficial to explore new crystallization conditions with different commercial screening kits or tailored conditions. In light of later AUC findings, the protocol might be optimized further by using lower concentrations and molar ratios.

Atomic force microscopy was used to analyze the arrangement of lectins in cross-linked networks or chains, since this technique was applied to study the size and shapes of supramolecular assemblies formed between other lectins and multivalent ligands before. Unfortunately, the heterogeneity of the aggregates formed with FleA and BambL was detrimental to AFM characterization. The difficulty of obtaining a monodisperse entity to study by AFM hints at a dependence of the assembly architecture on the sample preparation. The risk of searching for analytes that are not relevant to this thesis convinced us to abandon AFM studies. Perhaps further investigations into the optimization of sample preparation and a more extensive search for structures on the support could provide a clearer idea of which assembly processes are taking place. Nonetheless, aggregates are likely 3-D objects (cross-linked networks of various size) rather than 2-D (chains), and proper characterization of the protein-ligand complex architectures remains difficult.

Analytical ultracentrifugation studies with BambL confirmed the presence of aggregates of a large size. A consistent part of the samples precipitated before analysis, which indicates that complexes containing more than three proteins are not soluble at the concentration used during these AUC experiments. The broad peaks obtained in the measurements are indicative of complexed species in a rapid interchange between each other in solution. The study of the aggregates by AUC could not completely elucidate the mechanism of binding. A mixed behavior is likely, with a significant component of protein aggregation induced by multivalency. Further experimental investigations are needed to fully elucidate the binding modality, for example, through molecular modeling. 23 Protein aggregation can represent an inadvertent difficulty for the study of molecular interactions at the molecular level. On the other hand, these difficulties also suggest their possible applications, such as disturbing biofilm formation, 6 or regulating cellular communication. 24 The implications in this specific context will need to be further explored.

We hoped that the characteristics of the scaffold and the multivalency that it provides would ensure not only high affinity but also specificity towards β-propeller lectins of human pathogens. However, this does not seem to be the case. A screening of inhibitory potencies of the multivalent compounds 4 towards a different fucose-binding bacterial lectin, LecB, was performed to test the selectivity for β-propeller lectins. The nanomolar range IC 50 s obtained by FP indicate that other mechanisms than a 1:1 chelation are taking place. Although there is not a perfect fit between the overarching structure of the compounds and the symmetry of LecB, statistical rebinding and cross-linking mechanisms are likely responsible for the good potencies observed. This indicates once more that the synthesized multivalent fucosides interact with lectins through many more processes than only chelation. This indicates that the multivalency effects of statistical rebinding and aggregation might be much more beneficial for the inhibition of lectins by the synthesized inhibitors than mere chelation.

Experimental section 4.7.1 Crystallography

Crystals of BambL were obtained using the hanging-drop vapor diffusion technique. Equal volumes of pure protein at 9 mg/mL in 100 mM NaCl and 20 mM Tris-HCl at pH 8.0 were mixed with precipitant solution. The 2 µL drops were incubated at 19 °C until crystals appeared.

Crystals suitable for X-ray analysis were obtained in solutions containing:

-PEG 8K 25% or 28%, 0.1 M sodium acetate pH 5, 0.2 M trisodium citrate -PEG 8K 24%, 0.1 M or 0.2 M sodium acetate pH 5, 0.1 M trisodium citrate -PEG 6K 20%, 24%, 25%, 26%, 27%, 30% or 38%, 1 M or 0.5 M LiCl, 0.1 M Bicine, pH 9.

As cryoprotectant prior to cooling in liquid nitrogen, crystals were immersed in a drop containing the same mother liquor supplemented with 30% PEG 6K or 8K, when this percentage was originally lower than 28%. In soaking experiments, 0.1 µL of a tri-4 solution (5mM stock solution in 100 mM NaCl and 20 mM Tris-HCl, pH 8.0) was added to the protein or the cryoprotectant drop, and the crystals were fished within a maximum of 3 minutes. Data collection was performed on the beamline Proxima 2 at SOLEIL Synchrotron (Saint Aubin, France) and processed using the CCP4 program package 7.1.004. 25 The structure was determined by the molecular replacement method with Phaser, 26 using the structure of BambL trimer PDB code 6ZFC as starting model. WinCoot 27 was used to visualize the electron density and check for the presence or absence of the ligand.

In "dry" experiments, 1 µL of 5mM solutions of tri-2, tri-3, and tri-4 (100 mM NaCl and 20 mM Tris-HCl, pH 8.0) were set to dry on a siliconized glass circle cover slide (12 mm, Hampton research). The drops were left to dry at room temperature for at least 24 hours. Then, 1 µL of BambL and 1 µL of precipitant solutions were added to the dried compound. The precipitant used for these experiments were PEG 8K 24%, 0.2 M sodium acetate pH 5, 0.1 M trisodium citrate, and PEG 6K 25 or 35%, 1 M LiCl, 0.1 M Bicine pH 9. The drop was finally set on top of the reservoir, as for the usual hanging-drop vapor-diffusion method. In a separate experiment, 0.2 µL from tri-4 solutions at 250 µM, 100 µM, 10 µM, 1 µM, and 0.5 µM in precipitant condition PEG 6K 26%, LiCl 1M, 0.1 M Bicine pH 9 were set to dry. The experiment proceeded as above.

In standard co-crystallization experiments, 1 µL of tri-2, tri-3, and tri-4 from 1 mM and 0.5 mM stock solutions were mixed in a 1:1 or 1:2 ratio to BambL volume. The 1 µL precipitant solutions added to these mixtures were the same as for their dry version, mentioned before. The cocrystallization experiments with FleA were run with a solution of protein at 8 mg/mL in 40 mM NaCl and 20 mM Tris-HCl at pH 8.0, mixed with tri-2, tri-3, and tri-4 at a final concentration of 1 mM. Then, 1 µL of the lectin-inhibitor mixture was added to 1 µL of precipitant solution. The precipitant conditions were: BCS 1-32, 28 in another experiment where FleA and the trivalent fucosides were mixed at a lower molar ratio. This was achieved by mixing 10 µL of 10 mg/ml FleA with 1 µL of tri-2, tri-3 or tri-4 5 mM stock solutions. The mixtures were centrifuged at 12000g for 10 min, then 1 µL of their supernatant was mixed with 1 µL of each precipitant solution on the coverslip. All co-crystallization experiments proceeded as normal for the hanging-drop method, with the drops sealed on top of the precipitant solution and incubated at 19 °C.

Atomic force microscopy

Solutions of lectin and a multivalent compound were incubated for 2 hours at room temperature. Then, 20 μL of the solutions were deposited on a mica or silicon surface, freshly cleaved with adhesive tape. The samples were dried overnight in a desiccator at room temperature and ambient pressure. These conditions were also used for the preparation of samples containing protein only.

For the measurement in water, a flat gold surface on mica* was glued onto a glass support. Then, the mica layer was peeled off to uncover the gold. The surface was rinsed with water and ethanol, dried under nitrogen flow and finally cleaned with UV/Ozone cleaner (model 42-220, Jelight Inc.). The support was submerged in a 1 mM solution of the surface modification reagent HS-(CH 2 ) 11 -EG 6 -COOH in ethanol overnight at room temperature. The day after, the surface was rinsed with ethanol to remove the excess thiol and dried. The thiol-functionalized surface was dipped in a solution of EDC and NHS for 10 min, after which the pre-incubated mixture of FleA and tri-4 was added.

The conjugation reaction was run for an additional 10 minutes, after which the surface was rinsed again. The sample was fixed onto a glass petri dish filled with Milli-Q water during measurement. All images were taken with an Atomic Force Microscope Dimension ICON, in peak force tapping mode.

Images and height profiles were analyzed using the Gwyddion 2.61 software. 31,**

Analytical ultracentrifugation

Samples of BambL (0.25 mg/ml, about 25µM) and mixtures with different equivalents of compounds were prepared just before the measurements. The 12 mm path length 2-sector aluminum centerpiece cells with sapphire windows, filled with about 380 μL sample and 400 μL buffer as a reference, were put in an An60Ti rotor in a Proteomelab XL-I analytical centrifuge (Beckman Coulter) at a temperature of 20 °C. First, a wavelength scan was performed at 3000 rpm in the middle of the cell to check the height of the absorbance peak at 280 nm. This height is assumed to be proportional to the concentration of material present (that absorbs at 280 nm). Then a single velocity scan was performed at 280 nm to see if the absorbance was constant over the height of the cell. If the absorbance is not constant or not equal to the value of the wavelength scan, there is sedimentation (at this low speed) indicating the presence of very large (probably ill-defined) aggregates. High-speed experiments were not performed on large aggregates. If the absorbance was constant, the machine was stopped, the sample was homogenized and then the AUC was run at 60000 rpm. Changes in solute concentration were detected by 250 absorbance scans measured at 280 nm over a period of 5-6 hours.

*A kind donation from H. Bonnet (DCM, Université Grenoble Alpes). **I am grateful to Franck Dahlem for his assistance in imaging and data analysis.

Analysis and fitting of the data were performed using the software SedFit v.14.3. 32 A continuous c (s) distribution model was fitted to the data, taking every 2 nd scan. The resolution was set at 200 over a sedimentation coefficient range of 0.0-15.0 S. Parameters were set for the partial specific volume at 0.7068 mL/g for BambL, the buffer density of 1.00298 g/mL, and the buffer viscosity at 1.0165 mPa s, as calculated using SEDNTERP v3.0.3 for 100mM NaCl/20mM Tris-HCl buffer at pH=8. The frictional coefficient, the baseline, and the raw data noise were floated in the fitting. The meniscus was also floated after initial estimations from the raw data.*

Competitive fluorescence polarization assay

Typically, a stock solution of LecB (final concentration 100 nM) and FucFITC (final concentration 3 nM) were added to 5-fold serial dilutions of testing compounds in duplicates on a black 96-well microtiter plate (COSTAR TM 96). The starting concentration for multivalent compounds was 280 µM. The starting concentration for the monovalent compound was 3 mM. All components were dissolved in the same buffer (20 mM Tris-HCl, 100 mM NaCl, pH 8.0). After addition of the reagents, the microtiter plates were shaken for 1 hour at room temperature in the dark. The fluorescence was measured using a CLARIOstarPlus plate reader (BMG Labtech) with excitation filters at 480 nm and emission filters at 530 nm. The same gain was maintained for all measurements relative to the same protein. The data were analyzed with CLARIOstar Mars Software using a 4-parameter fit. The point of inflection was used to determine the IC 50 value of each experiment. The standard deviation was calculated over the two independent IC 50 values obtained in the Microsoft Office Excel suite. The exact concentrations of testing compounds against BambL are reported in the protocol in Chapter 3, paragraph 7.6.

*I am grateful to Dominique Thies-Weesie for running the AUC experiments.

Chapter 5 Anti-adhesive properties

This work was carried out at the Department of Biology, Utrecht University, under supervision of Dr. Hans de Cock.

Introduction

Fungal infections are a growing threat to human health. Especially with the increasing number of people in compromised immune conditions, alongside the rising number of pathogenic fungi resistant to available drugs, the incidence of fungal diseases has dramatically expanded in the last few decades. 1 The filamentous fungus Aspergillus fumigatus is, among the more than 400 species in the genus Aspergillus, the primary causative agent of infections in humans. 2 It is estimated that we inhale several hundreds of A. fumigatus conidia (asexual spores) per day, 3 which are normally eliminated from the lung of healthy individuals without causing inflammation. However, individuals with deficient immune systems, cystic fibrosis, or asthma, among others, cannot efficiently recognize and remove conidia, leading to disease. Aspergillosis affects more than 14 million people worldwide, 4 and it can manifest as allergic, invasive, or non-invasive infections (Figure 1). 5,6 Invasive aspergillosis (IA) is one of the worst outcomes, with uncontrolled growth of the fungus and consequent invasion of the lung tissue that can culminate in dissemination into the vascular system and potentially other organs of the host. Strikingly, of the ~350,000 patients who contract IA annually, 50 to 90% will die even if treated with antifungals. [7][8][9] Even more prevalent conditions are chronic pulmonary aspergillosis (affecting about 3 million people), allergic bronchopulmonary aspergillosis (>4 million people), and severe asthma with fungal sensitization (>6.5 million people). 4 What makes Aspergilli, especially fumigatus, such an efficient pathogen? The small size of Aspergillus conidia, about 2-3 µm in diameter, facilitates their dispersion in air and their penetration into the lung alveoli. Furthermore, these conidia are highly resilient to stress (e.g. oxidative stress, drought, low nutrients, thermal shock) and can germinate at body temperature, 11 which likely contributes to the high infection rates. Upon germination, dormant (or resting) conidia evolve into different morphotypes (Figure 2). 12 Breaking of dormancy can be triggered by the availability of resources, such as sugars or other nutrients in the presence of water, 13 upon which the conidia swell up to double their dormant size. The following step in conidial life is polarized growth, characterized by the formation of a germ tube. The germination process culminates in the development of longer hyphae into an intricate network known as mycelium. After a certain period of mycelial growth, conidiophores are formed, which are aerial hyphal branches specialized in the formation and maturation of new asexual spores. The morphotypes express a variety of components as a defense against the immune system. The most immunologically inert form of A. fumigatus is the dormant conidium, which is protected by a hydrophobic rodlet layer. The hydrophobin RodA masks the pathogen-associated molecular patterns (PAMPs) underneath and protects the spore from the dependent dectin-1 and dectin-2 responses, which bind to α-mannose, α-and β-(1,3)-glucan components of the cell wall. 12,15 These components get exposed, together with other polysaccharides (e.g., chitin), when the rodlet layer is degraded during isotropic growth. Alongside RodA, the stealth protein CcpA was more recently identified and shown to be involved in the surface shielding of pathogen surface antigens and immune evasion. 16 Next to these components, the surface of the conidium exposes dihydroxynaphthalene (DHN) melanin, the pigment that gives the fungus its typical greenish coloration. DHN-melanin plays an important role in conidial survival after phagocytosis since it avoids acidification of phagosomes and, consequently, intracellular killing. 17,18 Next to these surface components, several secondary metabolites contribute to A. fumigatus survival. These include gliotoxin and fumagillin, small molecules that have immunosuppressive activity on macrophages, neutrophils, and T-cells. 19 Additionally, A. fumigatus produces other factors that protect against reactive oxygen species (ROS) generated by macrophages (e.g., superoxide dismutases, catalases, peroxidases, and peroxiredoxins) and pump out toxic metals like copper, a transition metal that catalyzes the production of highly reactive hydroxyl radicals (metal transporters). 20 On top of the numerous defense mechanisms to escape recognition or killing by the host, another difficulty in treating aspergillosis is that specific groups of people can have different susceptibility to the disease depending on their specific immune status or underlying chronic disease. For example, in the lungs of cystic fibrosis (CF) patients, where A. fumigatus is the most prevalent fungal pathogen, 21,22 excessive mucus production compromises mucociliary clearance and allows the fungus to persist in the airways. 23,24 A related problem is the lack of a standardized in vivo model for studying aspergillosis, caused by discrepancies in experimental variables in different animal models and the difficulty of addressing all specific aspects of the disease. 25,26 Another complicating factor in A. fumigatus infections is its resistance to many classes of antifungal drugs. Since the first case of itraconazole resistance was detected in 1997, an increasing number of reports on azole-resistant strains followed, contributing to increasing public health concerns. 9,27 All these aspects make A. fumigatus a problematic but crucial target for therapeutic interventions. Considering the growing number of patients harboring resistant Aspergilli, alternative treatments are urgently needed. Some effort has already been put into highlighting novel therapeutic targets. 10,28,29 Although targeting patients directly would be feasible, for example, balancing the Th1/Th2 cytokine response in ABPA or CF patients, 30 targeting fungal components would be more beneficial to serve all immunocompromised patients or provide prophylaxis to those who will receive immunosuppressive therapies.

On the pathogen side, the lectin FleA is a promising target since it does not alter the immune response based on neutrophils but rather involves the early interaction of conidia with epithelial cells. 31 Thus, the blockage of FleA might facilitate the clearance of the pathogen at the initial stage of infection since many immunocompromised patients can still develop an immune response in most cases. Recombinant FleA was prepared to demonstrate interactions of the lectin with mucins, 32 bronchial, 31,33 and alveolar 34 cells in a fucose-dependent manner. The FleA-dependent binding of conidia to mucins was further confirmed by comparing the adhesion levels of WT with ΔfleA conidia. 32 FleA deficient strains were additionally used to demonstrate that the stimulation of alveolar macrophages by A. fumigatus conidia requires the fucose binding activity of FleA. 32,34 However, the expression of a FleA-GFP protein was accumulating only on the surface of resting conidia. It was detected temporarily in wide distribution within fungal cells, but the FleA-fluorescent protein did not appear on the hyphal surface, 34 which limits this strategy. Other papers also report substantial fluorescence signals of RFP-labeled FleA 32 or anti-FleA polyclonal antibodies 33 in resting conidia, only faintly in swollen conidia, and none in hyphae. At least, targeting FleA seems conceivable for more pathogenic Aspergilli. A BLASTP search on FungiDB 35 resulted in a high query alignment of FleA amino acid sequence with species such as A. flavus, A. lentulus, and A. fischeri, also human pathogens (Figure 3). Next to Aspergilli, Scedosporium spp. is the second-most prevalent fungus in the lungs of CF patients, 36 and the homolog of FleA, SapL1, has recently been found and characterized in S. apiospermum. 37 FleA-targeting antifungals can therefore have a broader potential in the battle against mycoses.

The development of FleA inhibitors is desired not only as a therapeutic opportunity but also to fully understand the involvement of this lectin in fungal pathogenicity. In vitro studies showed that FleA plays a role in infection (mediating adhesion) and inflammatory response (via IL-8 production), 33 but on the other hand, it binds to airway mucins and is required for macrophage interaction, 32,34 conversely driving the immune response. Conidia lacking FleA by gene deletion were much less recognized by macrophages and phagocytosis was strongly reduced, which could explain the increased fungal burden in infected mice. 32 Although in vivo studies proved increased pathogenicity of FleA-deficient conidia in mice, such studies were done on immunocompetent mice 32 or fail to reproduce the situation of a cystic fibrosis lung. 34 Remarkably, extracellular germination of conidia is inhibited by bronchial epithelial cells in a FleA-dependent manner 31 which assists in immune evasion since the formation of new morphotypes is retarded. Preventing association to epithelial 5 cells might increase fungal recognition and clearance if germination proceeds. Since A. fumigatus is arguably the most harmful agent in our study, this work is primarily oriented towards understanding the role of FleA in fungal adhesion and growth. We want to discover if this role can be modulated by multivalent FleA inhibitors. To assess the potential of the synthesized inhibitors as anti-adhesive agents, we evaluated their properties in a cell-based infection assay. 

Probing the role of FleA in fungal growth

We first wanted to understand if FleA has a function in fungal growth independent of the presence of host cells. To check its potential role in the swelling and germination of conidia, we followed the growth kinetics by live cell imaging via an oCelloScope ™ system (BioSense Solutions). 38,39 Applying this technology, we could take a snapshot of A. fumigatus' stage of life in minimal medium every hour, for 24 hours, in an automated fashion. The images obtained (Figure 4) can then be translated into kinetic curves which describe the swelling and germination processes (Figure 5). Similar growth curves were obtained in the absence or presence of FleA (1 µM), αMeFuc (1 mM), or tri-4 (33 µM, equivalent to 0.1 mM of fucose), indicating that such conditions have no significant effect on the germination process. In other words, the kinetics of conidial swelling and hyphal development were not affected by FleA inhibitors (Figure 5). This result contrasts what was observed on bronchial epithelial cells, where FleA was shown to be involved in inhibiting the germination of extracellular conidia. 31 The exact mechanism for this fungistatic process is not yet elucidated in detail, especially the FleA receptors or clusters thereof on the host side are still unknown. 

Spore aggregation

Filamentous fungi are known to form pellets with important advantages in industrial applications, 41 such as ease of harvest and high yield of some proteins. Fungal aggregates can be formed by the coagulation of spores in the early life stages, after which spores germinate and finally form bigger pellets. 42 Since the synthesized inhibitors were shown to aggregate FleA molecules, we wondered if they could also aggregate spores. To test this, we analyzed the effect of tri-2 on conidial aggregate formation via oCelloScope™ imaging (Figure 6). The experiment shows that tri-2 does not significantly promote the aggregation of spores at the range of concentration tested (300 µM to 10 nM). In a later experiment that assessed the adhesion of spores to human epithelial cells (paragraph 5.5), we utilized the supernatant mixture to analyze the aggregating properties of tri-4 and tetra-4. The images obtained there (Figure 9) confirmed what was seen with tri-2 because we did not observe a 5 significant difference in the number of fungal spore aggregates in the treated vs the untreated samples (Figure 7). 

Toxicology test

To demonstrate the feasibility of our approach, we focused on the inhibition of conidial adhesion to human lung epithelial cells. Other groups used similar expermiments to investigate the involvement of FleA in the adherence or germination of fungal conidia on pneumocytes. 43,44,31 While these studies exclusively use the bronchial cell line BEAS-2B, we employed alveolar type II A549 cells, to which spore association was also confirmed and linked to FleA recognition. 34 We checked for the potential toxicity of the inhibitors towards A549 cells using a commercial WST-1 kit to assess cell viability and cytotoxicity. Apart from the negative control, only the experiment with hPG-20 was significantly different from the untreated cells (Figure 8), but with a still high viability of 85% at a 100 µM concentration. In contrast, treatment of cells with Triton X-100 showed a complete loss of cell viability. 

Evaluation of anti-adhesive properties

To evaluate the anti-adhesive potential of the synthesized inhibitors, we tested their properties in a cell-based infection assay. In our adhesion assay, A549 cells were cultured in a well-plate until a confluent layer was obtained, then challenged with A. fumigatus conidia in the presence or absence of FleA inhibitors. After incubation and washing to remove unbound spores from the cell layer, imaging was performed by confocal microscopy (Figure 9). The detection of fungi was facilitated by the availability of Af293.1, a strain originally derived from a clinical isolate and genetically modified to constitutively express red fluorescent protein. 45 Cell nuclei were stained with Hoechst fluorescent dye for visualization. 46 Cell and spore counts were calculated by ImageJ software and used to express adhesion efficiencies.

Because of the encouraging safety profile of the multivalent dendrimers (section 5.4), we proceeded to test the anti-adhesive properties of the compounds with the best and worst affinity enhancements per sugar, tetra-4 and tri-4, alongside αMeFuc as the monovalent counterpart. While previous works looked exclusively at differences in adhesion after pre-incubating the spores with fucosides to mimic a prophylactic administration, we additionally investigated the effect of FleA inhibitors post-infection. In the latter setting, the multivalent compounds showed anti-adhesive activity that was even slightly stronger than with pre-incubation (striped bar in Figure 10). The most substantial inhibition was observed with 0.1 mM tetra-4, which reduced adhesion by 38% when pre-incubated with spores, and even 49% when added post-infection compared to the untreated control. At that same dilution, the monovalent αMeFuc was ineffective (Figure 11) and needed 10 times higher concentration (1 mM) to elicit any measurable anti-adhesive properties. An intermediate effect between these two conditions (19 to 37% reduction of adhesion) was obtained with tri-4, as predicted from their relative potencies. Because of solubility issues, we could not test the non-glycosylated core to exclude unspecific effects. However, also hPG-20 could consistently reduce adhesion in a separate experiment (Figure 12), suggesting that the anti-adhesion properties observed are not due to non-specific effect of the aromatic scaffold, but rather the multivalent presentation of several fucose moieties. A complete blockage of adhesion was not observed under the tested conditions. Perhaps the most effective concentration was not reached, but a more likely scenario is that other cellular components that mediate adherence are still operative, both on the fungal (RodA, CspA, AfCalAp) and the host (H-ficolin, E-cadherin, Dectin-1) side. 47 Given the ability of the multivalent fucosides to aggregate FleA, it is logical to question whether these anti-adhesion properties also function to aggregate entire spores. Although conidial aggregation was reported previously with similar inhibitors, 43 we did not observe significant differences in the number or dimensions of fungal spore aggregates in treated versus untreated samples in the absence of cells (Figure 7, at 5.3). To further validate the cell assay, a control experiment was run (Figure 13) to check for possible interference of fetal bovine serum (FBS) present in the growth medium. βMeGal (methyl beta-dgalactoside) was also assayed as an extra negative control. FBS is the liquid fraction remaining after the blood coagulation of a bovine fetus, which contains many components essential for cell growth, such as hormones, lipids, sugars, growth factors, and antibodies. 48 FBS is routinely added to DMEM media to facilitate cell survival and proliferation; as such, it was present in all cellular assays we have performed. In the experiment in Figure 13, no significant difference in spore adhesion was observed between the control experiment, where the infection was done in media containing FBS, and the one without it. As expected, the adhesion level obtained for βMeGal, a monosaccharide not recognized by FleA, is comparable to the two controls. The result obtained with the trivalent fucoside tri-4, significantly different from the rest, confirms that the anti-adhesive effect is fucose-specific. 

Conclusions

After determining the affinity of the synthesized multivalent fucosides for FleA, we were interested to know the effect of lectin inhibition in a biological setting. As a proof of concept for the utilization of the synthesized fucosides, we focused on FleA inhibition directly on the surface of A. fumigatus conidia. We did not observe reduced kinetics of germination of A fumigatus conidia in the presence of αMeFuc or tri-4, which contrasts the observation on bronchial epithelial cells, where FleA was shown to be involved in inhibiting the germination of extracellular conidia. 31 This indicates that the binding of FleA to fucose does not directly translate into the inhibition of germination. What exactly happens on the surface of pneumocytes is not clear. Still, some insights already point to the stimulation of PI3-kinase antifungal activity, 31 that is in some cases involved in the internalization of pathogens on the host cell. 49,50 The situation is complex because the inhibition of PI3-kinase pathway did not fully restore the germination capability of external conidia, indicating that other processes are responsible for the fungistatic effect of epithelial cells.

We evaluated the ability of the compounds to inhibit the association of fungal spores to A549 cells and found that, within the scope of the experiments, tetra-4 and hPG-20 were the most effective in reducing adhesion. Anti-adhesive therapy is believed to be beneficial as a prophylactic treatment in preventing microbial infections, in the same way that human milk oligosaccharides are known to lower the risk of bacterial or viral infections in infants. [51][52][53][54] Following this idea, our anti-adhesive assay looked at the adhesion efficacies of conidia where FleA receptors were pre-occupied by the precedent addition of fucosides. Additionally, we looked at the ability of compounds to reverse adhesion after the epithelial layer was already challenged with fungal spores. Surprisingly, the later administration did not impair the anti-adhesive properties of the multivalent fucosides, indicating that their avidity can drive the protein off the cellular surface. This effect might have to do with the binding kinetics, as multivalent binding can increase residence times. 55 Alternatively, there could be other processes modulating the ability of spores to aggregate that, in turn, affect the chances of association to the host surface. 42 Before a clear hypothesis can be speculated, more work should be concentrated on expanding the scope to different A. fumigatus strains and experimental conditions, especially taking into account the heterogeneity of the system. It has already been shown that even genetically identical conidia show wide phenotypic variations that can impact pathogenicity depending on the environmental conditions. [START_REF] Richichi | Synthesis of a Selective Inhibitor of a Fucose Binding Bacterial Lectin from Burkholderia ambifaria[END_REF]57 Nevertheless, this study provides a stimulus for a paradigm change and gives anti-adhesive agents a potential for treatment not limited to prophylaxis. Preventing adhesion and, at the same time, not decreasing germination kinetics might be a strong combination to trigger clearance of conidia from the lung environment as germinating conidia increasingly expose pathogen-associated molecular patterns (PAMPs) at their surface to facilitate immune recognition. 6 The best chance to combat microbial infections effectively is via a combination therapy, where multiple virulence factors are targeted. In this study, FleA inhibition was not enough to entirely arrest the adherence of spores to alveolar cells. This is not surprising since several fungal cellular 5 components participate in recognition events with the respiratory epithelium. 58 While it has been observed that a single inhibitor can block pathogen adhesion even in the case of multiple adhesion mechanisms, 59 this does not seem to be the case here. It may be possible to achieve a synergistic effect through the inhibition of multiple targets. This work serves to expand the arsenal of approaches to the defend against aspergillosis but is not limited to this one pathogen. The same anti-adhesive agents could be used to inhibit other fucose-binding lectins to better understand, prevent, and treat other fungal or bacterial lung infections.

Experimental section

Phylogenetic analysis

The sequence of FleA (sequence input from UniProt: Q4WW81 LECF_ASPFU Fucose-specific lectin OS=Neosartorya fumigata, strain Af293) was used as the query for a BLASTp search in the kingdom of fungi, selecting the filter for organism:ascomycota>eurotiomycetes>eurotiales>Aspergillaceae>Aspergillus. The obtained hits were collected in a multi-FASTA format. The phylogenetic tree was constructed and visualised with the software Mega. 60 Poor hits were excluded, as well as already characterized proteins that are not lectins.

oCelloScope measurements

A. fumigatus strain Af293.1 was routinely grown at 37 °C on PDA (potato dextrose agar) plates. Three-day-old conidia were harvested with sterile Milli-Q® (Millipore Corp) water and filtered through cotton wool to remove hyphae. Spores were counted with a Bürker Türk counting chamber and diluted to the desired density. The solution of spores was maintained at 4 °C until use.

For growth kinetics, 4x10 3 conidia were plated in each well of a Corning ® 96-well Clear Flat Bottom UV-Transparent Microplate (Greiner bio-one, Cellstar), diluted in minimal medium and supplemented with 10 mM L-Ala, since this amino acid was found to trigger germination in Aspergilli. 61 FleA or fucosides were added to the suspensions of spores when needed, keeping the same final volume in each well. As a negative control, spore suspension in minimal medium without growth trigger was monitored. Imaging was performed using an oCelloScope TM system (BioSense Solutions). Measurements (in at least triplicates) were started after 45 min. incubation time to allow the conidia to settle at the bottom of the well. Objects were scanned every hour for 24 hours. Uniexplorer 9.0.0.7805 Software (BioSense Solutions) was used to distinguish dormant, swollen, and germinated spores. Area, Circularity, and X and Y coordinates were the analyzed features used to group the three subpopulations. Resting conidia were selected as those with Circularity>0.97 and Area<1.3×Area t=0 . Swollen conidia were grouped with parameters Circularity>0.97 and Area>1.3× Area t=0 . Conidia were labeled as germinated when Circularity<0.97 and Area>1.3×Area t=0 . Curves were constructed in Rstudio software, the coding environment for R, using mainly the R package GrowthRates. The complete quantitative data are shown in Table 1.

For the study of spore aggregation, 4x10 3 conidia/well were plated in six replicates for each condition. The size of aggregates was not determined quantitively because aggregates of more than three spores cannot be accurately determined. However, no striking differences were observed by visual inspection. Because of the greater availability of compound tri-2, the concentration dependence experiment (Figure 6) was run with this trivalent dendrimer. Figure 7 shows no significant difference between the number of aggregated spores in the control experiment and in the presence of multivalent compounds tri-4 or tetra-4 at the concentration used for the anti-adhesion assay. In 5 this case, the supernatant solutions from the wells used for the anti-adhesion and the related washing steps were directly plated into a Corning ® 96-well Clear Flat Bottom UV-Transparent Microplate (Greiner bio-one, Cellstar) for oCelloScope™ analysis. Measurements were started after 45 min to let the conidia set at the bottom of the well. Uniexplorer 9.0.0.7805 Software (BioSense Solutions) was used to distinguish and count aggregated spores from single spores. Excel was used to calculate the relative ratios, standard deviations, and plot graphs in Figures 6 and7. P max denotes the maximum population of swollen or germinated conidia (asymptotic value). The time τ indicates the inflection point at which the population is equal to ½ P max . Flat curves at null population were obtained when values were not reported (-).

WST-1 viability assay

A549 cells were seeded in a microtiter plate in a concentration of 10 4 /well and grown for one day in DMEM with 10% FBS to almost full confluence at 37 C and 5% CO 2 atmosphere.* Specific compound concentrations (except for positive control wells, see Table 2) were added, and the plate was incubated for another 24 hours after which the WST-1 reagent was added to each well. Triton X-100 is a common detergent used for cell lysis; as such, it was added to the negative control 10 minutes prior to the WST-1. Cells were incubated with the cell proliferation reagent for 1 hour to allow the color to develop. Each condition was repeated in at least triplicates. Absorbance was detected at 450 nm with a BioTek Synergy H1 microplate reader. Viability was measured in relation to the absorbance values according to the manufacturer's protocol (Cayman Chemical). Statistical analysis was performed in Rstudio Software to calculate mean values and confidence intervals (CI 95 ). Significance was analyzed using the Welch's unpaired t-test (P-values of ≤0.05 were considered significant). The original absorbance data are reported above in Table 1. A scan of absorbance between 300 and 700 nm was also read to confirm no interference of inherent compounds' absorbance with the WST-1 probe. 

Adhesion assay

The adhesion assay in Figure 10 was designed similar to what was previously published. 62 200 µL of A549 cells at a starting concentration of 2x10 5 were grown on 8 mm glass coverslips (ThermoFisher Scientific) until a confluent layer was formed.* A. fumigatus strain Af293.1 was grown and harvested as specified in 5.7.1. Conidia were preincubated with fucosides at different concentrations (1 mM for the monosaccharide, 0.1 mM for multivalent compounds) for 1 hour. Then, they were added (5x10 5 spores per well, MOI 1) to A549 cells and incubated for an additional 4 h. In conditions without pre-incubation, the compounds were directly added to the wells after 1 hour of infection. Unbound conidia were carefully removed by washing four times with media (DMEM + 10% FBS). Cells were fixed with 4% paraformaldehyde at room temperature for 10 min. To count the * A great thanks to Jacq van Neer for providing A549 for all the cell-based assays.
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total number of cells per field, 1 μg mL -1 Hoechst stain (BD Biosciences) was added to each well and incubated for other 10 minutes. Af293.1 conidia express a red fluorescent protein (RFP) for visualization. Coverslips were mounted with FluorSave ™ (Merck Millipore) onto glass slides and dried overnight before confocal analysis. Each condition was replicated at least two times on different coverslips. Confocal imaging was performed on a Zeiss LSM 700 microscope using an EC Plan-Neofluar 40x/1.30 oilDIC M27 objective. Images were taken using the 405 and 555 nm laser lines. Fluorescence emission of Hoechst was detected using the 400-600 nm spectral band, and red fluorescence emission of RFP was detected with the 560-700 nm spectral band. The Z-stacks of about 10 fields per coverslip were randomly chosen and used as technical replicates. Fiji image processing package of ImageJ (www.fiji.sc) was used to calculate the number of nuclei and spores in each image. Statistical analysis was performed comparing the expected number of bound spores on the cellular surface of a field to the experimentally observed values. Normalization of the cell number was not done because each replicate had a significantly similar number of cells and to avoid overtreatment of data. However, cell count in the control experiment was not equal to the rest but about 1/6 lower. Even through this difference, the anti-adhesion effect of the treatment was significant, indicating that an even stronger result could be obtained in the presence of more reproducible cell counts. Statistical analysis was performed by a chi-square test, followed by Bonferroni's multiple comparison test. SPSS software and Microsoft Office Excel suite were used for calculations.** The significance of results was additionally confirmed by running a one-way ANOVA, followed by Tukey as post-hoc test, both run in Rstudio software.

Prior to the anti-adhesion assay with multivalent compounds, a separate experiment with only αMeFuc at a concentration of 1mM and 0.1 mM was run as a control assay (Figure 11). The cell layer was infected with spores preincubated with the compound (no post-addition) at a MOI of 2. Cells and spores were incubated for 4 hours before washing and staining. At least two biological replicates were made for each condition. Statistical analysis was performed in Rstudio Software, simplified to an average ratio of conidia/cells and expressed in percentages in relation to the control. The graph was plotted with bars relative to standard error. Both one-way ANOVA followed by Tukey as posthoc test and Welch two sample t-test were used to determine p-values and confirm the significance of results.

To ensure that the aromatic core in tetra-4 and tri-4 has no non-specific effect that influences the compound's anti-adhesive properties, we additionally tested the fucoside with the polymeric scaffold, hPG-20, in a separate experiment (Figure 12). The compound was tested at the concentration of 0.1 mM as the other multivalent compounds in Figure 10. For this, we used the same experimental procedure and data analysis as in the assay with αMeFuc of Figure 11.

The control experiment depicted at Figure 13 was performed in a similar fashion. Cells were infected with spores pre-incubated with compounds in absence of FBS. Only when stated, 10% FBS was added to the DMEM media. βMeGal was tested at 1 mM concentration and tri-4 at 0.1 mM. The average adhesion levels and relative standard errors were calculated from triplicates for each condition. Calculations were made in Rstudio as described above.

** I am thankful to Martin Tegelaar for the statistical analysis of results. 6

Summary

Only few drugs on the market act through interference with protein-carbohydrate interactions.

Examples of such glycodrugs include miglitol, fondaparinux, acarbose, and oseltamivir (Figure 1). This lack of representation in the pharmaceutic arena is problematic, as carbohydrates are the first layer of information encountered on a cell and they dominate many biological processes. Despite their potential, glycodrug research is still far behind other drug classes in the pharmaceutical arsenal. The PhD4Glycodrug Consortium* is an international training network that focuses on the early phases of glycodrug discovery to train excellent researchers with the knowledge and expertise to support the development of carbohydrate-based drugs, now and in their future careers. One of the pipelines of PhD4GlycoDrug aims at blocking lectins produced by lung pathogens. This approach is plausible because pathogens take advantage of the glycans at the surface of the cell for attachment and, therefore, as a first point of infection. Chapter 1 of this thesis discusses the recognition process based on lectin-carbohydrate interactions. A spotlight is given to multivalency, the way that nature enhances intrinsically weak affinity between biological partners by presenting multiple copies of the same ligand simultaneously. Multivalency offers the best opportunity to achieve strong inhibition of lectins with multiple binding sites, such as the pathogenic lectins BambL, FleA, and SapL1. These proteins can be targeted in an anti-adhesive approach to treat lung infection caused by B. ambifaria, A. fumigatus, and S. apiospermum, respectively. B. ambifaria and A. fumigatus are well-known pathogens which are resistant to a wide spectrum of anti-infectives. S. apiospermum is an emerging pathogenic fungus whose identification and treatment remain challenging. The lectin SapL1 from the latter pathogen has been discovered and validated as a potential target within the PhD4GlycoDrug framework. It is a protein with a structural homology to FleA, and they both share features with the bacterial lectin BambL. For example, they all fold as β-propeller lectins and possess a weak affinity for fucosides. There is no known synthetic inhibitor of SapL1 according to the literature. On the contrary, BambL and FleA started gaining attention about 10 years ago, and have since been targeted with some form of multivalent design. This chapter gives a short literature review on the most potent of these ligands.

Chapter 2 describes the successful design and synthesis of new multivalent inhibitors for these three medicinally relevant lectins. In search for the optimal carbohydrate presentation, a series of multivalent fucosides were prepared that vary in valency and spacer length. We explored two main scaffolds: a dendrimer-like structure that uses a central benzene to direct valency and a high-valency polymer based on hyperbranched polyglycerol (hPG). The chapter walks the reader through the synthetic steps used to prepare the ten final compounds.

The potencies of the inhibitors were screened in a competitive fluorescence polarization assay, presented in Chapter 3. Additional biophysical studies (i.e., isothermal titration calorimetry and bio-layer interferometry) were used to assess the binding affinities for the fucoside-lectin complexes and each confirms the same trend in their results. The different techniques all reveal high avidities, with K d s shifting from the micromolar range of the monovalent reference to the nanomolar range for the novel multivalent inhibitors. Unlike the two fungal lectins, the bacterial protein BambL does not show a preferential affinity for a particular valency or dimension.

Studies on the supramolecular complexes of the inhibitors with their target lectin and their differences in binding modalities are described in Chapter 4. We applied structural biology techniques to investigate the binding modes, for example, X-ray crystallography. Despite numerous attempts, the ligand could not be found in the crystallized BambL after soaking experiments. Equally challenging was the determination of the architecture of assemblies by atomic force microscopy. Although both techniques are reputably powerful in elucidating the mechanism of interaction, these multivalent systems might still be too complex. Difficulties may be attributed to the flexibility of the 6 compounds, which could be detrimental to the tight packing of crystals into a repetitive cell unit. The analysis of topographic maps by AFM might be hindered by the flexible ligands that can form cross-linked networks on the surface. The complexity of aggregated structures was confirmed by the results of analytical ultracentrifugation studies. These results show that the cross-linking ability of the compounds is already relevant at low molecular ratios of inhibitors to the protein.

To bring the project to a fulfilling end, the experiments in Chapter 5 exemplify the use of the multivalent fucosides for the inhibition of FleA directly on the surface of A. fumigatus conidia. A. fumigatus is the first cause of fungal lung infection in cystic fibrosis patients. It causes both chronic and invasive diseases in other patients too, especially those with severely immunocompromised functions. To evaluate the properties of the synthesized compounds as anti-infectious agents, they were tested in an anti-adhesion assay on A459 cells. These are alveolar epithelial cells to which FleA binding was previously confirmed in the literature. The multivalent inhibitors showed markedly improved anti-adhesive ability compared to the monovalent fucoside. Furthermore, their safety profile has also been confirmed by a WST-1 viability assay on the same cell line. The multivalent ligands were additionally used to study the function of FleA in the early stage of life of A. fumigatus. Interestingly, we did not observe inhibition of swelling or germination of conidia of A. fumigatus, indicating that FleA is not involved in these life stages of the fungus. This finding goes in contrast to FleA-dependent delay of growth reported on lung cells. On the host cell surface, targeting FleA with multivalent inhibitors could interfere with inhibition of germination and trigger exposure of PAMPs. The results of this study will help to elucidate the molecular mechanism of FleA interactions, but full characterization would require different techniques to complete the picture. Nonetheless, the information we gained so far can guide the development of new antifungal agents for the Aspergillus genus, and also for other emerging pathogens such as S. apisospermum.

We emphasize the belief that multivalent fucosides are promising pharmaceuticals for the treatment and prevention of aspergillosis and other infections. The advances made with the research described here make us hopeful that one day we can attain a full arrest of conidial adhesion and prevent this infectious disease. In the future, more potent ligands or a synergistic therapeutic regime could be developed to integrate the exceptional mechanism of multivalent inhibitors into pharmaceutical interventions.

Conclusion and Perspectives

The discovery of antibiotics has probably been one of the most significant advances in medicine of the last century. Similarly, the clinical need for antifungal drugs has been increasing in the last few decades, since the incidence of fungal diseases has dramatically expanded. 1 However, the rapid emergence of microbial strains resistant to available drugs, along with the increase in the number of immunocompromised people, demands the elaboration of novel defenses to combat infections. 2,3 This work aims to explore alternative treatments for lung diseases caused by A. fumigatus, S. apiospermum, and B. ambifaria, using an approach based on anti-adhesive therapy. This type of medication has several advantages compared to the drugs currently available on the market; it is especially unlikely to cause resistance. We intended to design broad-spectrum inhibitors that can target the three β-propeller lectins from the organisms mentioned above: FleA, SapL1, and BambL, proteins involved in pathogen-host recognition. We took advantage of their similarities in structure and function to design potent multivalent inhibitors that could interfere with their biological activity. All synthesized compounds showed strong affinity for each targeted protein, but their antiadhesive properties were checked only in the context of A. fumigatus infections. When we evaluated the ability of the FleA inhibitors to block the adhesion of fungal spores to A549 cells, we found that multivalent compounds are at least ten times more effective than the monovalent counterpart. It is reasonable to think that a similar potency could be observed for S. apiospermum. Also a filamentous fungus, it is frequently confused with Aspergillus for its similar histopathology. 4 However, as S. apiospermum was not present in our depository, we could not test this hypothesis yet. This was also true for the bacterium B. ambifaria. Similar to SapL1 inhibition on S. apiospermum, the effect of BambL inhibition on B. ambifaria interactions with human epithelial cells has yet to be investigated. Nevertheless, the inhibitors we obtained for FleA of A. fumigatus have potential in the prevention and treatment of aspergillosis. As such, these results provide a proof of concept for the use of antiadhesive agents in lung infections, and should encourage the expansion of their application to other organisms and their molecular targets.

Focusing on tackling aspergillosis, a lot of steps must still be taken before they can be used for medical intervention. Although we obtained promising results on the reduction of fungal adhesion to alveolar cells, the scope of this study was still limited to one cell line (A549) and one fungal strain (Af293.1). It would certainly be useful to expand this result to different respiratory epithelium cells, such as nasal or bronchial cells, or lung organoids. Similarly, more efforts could be concentrated on broadening the scope to different A. fumigatus strains, from laboratory strains to clinical isolates. Another critical point is the lack of representation of the real sick lung, since it is difficult to address all the specific aspects of the disease. For example, it is challenging to mimic, in vitro, the effects of immune suppression, the interplay with other cells of immune function, or the altered mucus barrier in CF patients. Current in vitro models mimicking lung infections are almost all limited to the pulmonary cell line A549. Other options that better represent the physiological situation exist, although more complicated, such as the ex vivo use of rescued human tissues or lung-on-chip models. 5 Lung organoids derived from healthy donors or CF patients would provide excellent model systems to study infectious pulmonary diseases. Airway organoids were already used to study respiratory syncytial virus infections, 6 but not yet fungal infections. Adding even more complexity, many papers have emphasized the problem of heterogeneity in fungal colonies, which manifests in protein secretion, gene expression, and germination morphotypes. [7][8][9][10] As a result, genetically identical conidia mature into phenotypically different conidia and hyphae. Differences in the environmental conditions can in some cases drive this variation, but even aspergillus hyphae that experience identical conditions can still be heterogeneous in RNA composition. 11 This heterogeneity can have implications for the reproducibility of the results, so robust test systems are necessary to accurately determine the effectivity of compounds.

Another aspect of FleA inhibition is crucial for the design of new intervention strategies and needs to be elucidated further: its influence on germination. Although we did not observe any effect of FleA inhibition on swelling and germination of spores in the absence of human cells (Chapter 5), Richard et al. 12 reported a remarkable fungistatic activity of bronchial epithelial cells (BEAS-2B) in a FleAdependent manner. Similarly, a retardation of A. fumigatus in the germination of the fungus on alveolar epithelial cells (A549) was reported in comparison to A. niger, 13 but not yet linked to FleA activity. This means that, next to the reduction of adhesion to lung cells, the FleA inhibitors could reverse the delay of germination at the lung cell surface. These findings fed our curiosity about the involvement of FleA in the modulation of A. fumigatus growth in the lung. If its interaction on the epithelial surface may retard the transition to new morphotypes, then it may also help to evade clearance by the immune system. Hyphae are more susceptible to immune recognition since they expose more immune-reactive surface components like PAMPs (e.g., β-glucan). 13 Those molecular motifs, once recognized by host receptors, induce phagocytosis and cytokine signaling, eventually resulting in fungal killing and activation of adaptive immune response. 14 In contrast, FleA-dependent binding to lung cells retards this germination process and delays the subsequent immunological clearance of the developing conidia. It is thus important to understand the host-fungus intercommunication to identify new intervention targets that aim at preventing the development of aspergillosis and associated lung damage.

To prove that FleA has a role in the inhibition of A. fumigatus germination on A549 alveolar cells as on BEAS-2B, multivalent fucosides can be used to modulate FleA activity. In a growth experiment, we have already noticed that A. fumigatus growth is retarded on A549 cells (Figure 2), which agrees with previous work. 13 Unfortunately, we could not proceed with testing the effects of our multivalent FleA inhibitors on spore growth with this cell line. Still, we believe that these inhibitors have considerable potential in the study of A. fumigatus pathogenicity, similar to other multivalent fucosides that were used to probe the role of FleA on the fungal germination on BEAS-2B epithelial cells. There are a lot of options for the application of FleA inhibitors, but they are likely not the final solution to combat aspergillosis. A synergistic type of therapy might be necessary, even when a delay in germination or a reduction of adhesion can be achieved through FleA inhibition. In our hands, FleA binding was not enough to entirely arrest the adhesion of the pathogen to epithelial cells. It might be that complete inhibition of FleA was not reached at the dose used, but most likely other mechanisms of adhesion are also taking place. A number of conidial adhesins have been described or found as putative proteins in the genome of A. fumigatus. 16 The mutant strains with the deletion of cspA gene, encoding for cell surface protein A, adhere poorly to the extracellular matrix. 17 Another example is the protein AfCalAp, shown to mediate conidial adhesion to laminin. 18 It might be therefore necessary to have a concomitant inhibition of FleA and other adhesion factors to arrest spore attachment to pulmonary cells completely. Alternatively, the use of anti-adhesive agents could be combined with pharmacotherapies that target proteins involved in functions other than adhesion. To reduce the use of traditional antifungal agents, they could be combined with anti-adhesion therapies. This cocktail might also increase their effectivity. To remain in the field of glycoscience, there is a huge potential for intervention, since 90% of the cell wall of A. fumigatus is composed of polysaccharides. 19 Interfering with their biosynthesis could affect the morphotypes and virulence.

In our anti-adhesion experiments, a dose-dependence effect of multivalent compounds on spores' association to A549 cells was not investigated. It could be that a higher concentration of fucosides will reach more satisfying anti-adhesive properties. An alternative to increasing the dose is ameliorating the affinity of the compounds for their biological targets. A stronger binding might be reached by designing new glycomimetic structures for the natural ligand, which mimics its bioactive function and enhances its intrinsically weak affinity. The glycomimetic ligand can be further multiplied into a multivalent structure to achieve an exponential improvement of affinity. The fucose-mimetic structures prepared so far for BambL and FleA inhibition are relatively modest since they only modify the aglycone part of the sugar. Such modifications involve the anomeric position or the C(2) position at most. 20,21 The affinity of the monovalent ligand might benefit from larger in silico screenings that also consider the rest of the structure or attempt more substantial modifications. Computational analyses can be powerful to get new insights. A recent work used a computational pocket prediction algorithm SiteMap with an 19 F NMR fragment screening to predict three druggable secondary sites in the trimer of BambL. 22 The presence of an allosteric site in BambL is intriguing. It opens the way to designing allosteric inhibitors for β-propeller lectins, and suggests bifunctional multivalent ligands for BambL could be developed. Although more intense characterization of the allosteric sites was spent on BambL in the study, also similar sites were briefly discussed for FleA and RLS lectins. In FleA, SiteMap identified one druggable site with a different shape and size than BambL, which could represent an opportunity to drive selectivity.

In another striking case, (2E)-hexenyl α-L-fucose (2EHex) was reported to inhibit FleA with a remarkable affinity in the nanomolar range, 23 that no other compounds in libraries of modified fucoses could reach before. The reason for this surprising activity was not explored further, but doing so might be advantageous. Molecular dynamics or protein crystallography can help further 6 understand and disclose new opportunities for drug design. It is possible that the affinity of 2EHex depends on Van der Waals interactions along a hydrophobic gateway and that the length of this hydrophobic interaction surface spans about six carbons, since (2E)-octanyl α-l-fucose (with two carbons more) has a much lower affinity. A similar behavior was observed for butyl α-d-mannoside, which achieved a 1000-fold increase in affinity with respect to mannose for FimH, a lectin targeted for treating urinary tract infections caused by E. coli. 24 Even more encouraging, 2EHex is more selective than unmodified fucose, since it showed potent inhibition of FleA binding to mucin but not for LecB from P. aeruginosa. On the contrary, we observed the binding to LecB with the multivalent fucosides of our design, although the inhibition was not as potent. A concomitant effect on LecB is not problematic in our specific case, but selectivity could be an issue for other off-target activities. Combining 2EHex with the PEG spacer and the aromatic core of this study might provide both more potent and selective inhibitors (Figure 3). Because of this, it is a route worth pursuing. ). On the bottom, the IC 50 value (inhibition of FleA binding to mucin) relative to 2EHex is from ref. 23 To optimize the molecular structure of the prepared inhibitors, some modifications could be made on the spacer that connects the ligand to the multivalent scaffold. Passing from a flexible to a rigid spacer can drastically impact the properties of multivalent compounds: a tighter binding could be achieved and protein aggregation might be discouraged. The rigidity of the scaffold has previously been exploited to achieve a tailored drug design, even in our group. 25 A more rigid structure should also be easier to co-crystallize with the protein target to better understand their organization at the molecular level. Successful examples of X-ray crystallography with multivalent compounds are often obtained with more rigid structures 26 rather than flexible linkers that cannot be accurately resolved in the electron density. 27 One can also imagine a hybrid multivalent compound with mixed ligands that can target different proteins on the same organism or different pathogens at once. A hybrid construct can also target one protein, if it possesses more than one binding site with different specificity. 28,29 There is indeed a lot of space for creativity in multivalent drug design. Our experience shows that there are many possibilities to further optimize the ligand, spacer, and scaffold used and fine-tune the inhibition.

Expanding the application of broad-spectrum β-propeller inhibitors even further, one could think of breaching to other uses in medicine, for example, medical devices. A frequent problem with lung pathogens is that they often cause nosocomial infections, illnesses that are acquired in the healthcare facility. Possible routes of infection are mechanical ventilators, bronchoscopes, or catheters. 30,31 For now, the main solution to reduce the impact of hospital-acquired infections is following extensive hygiene measures. For ventilator-acquired infections, in particular, disinfection of respiratory equipment and removal of condensate in the closed ventilation circuit are the most typical preventive procedures. These procedures are often insufficient, since patients receiving mechanical ventilation for more than 2 days will develop ventilator-acquired pneumonia in percentages ranging between 5 and 40%. 32 One solution we propose is to coat the tubing of mechanical ventilators and/ or endotracheal tubes with multivalent inhibitors of lectins to trap pathogens before they come in contact with the patient. This application could contribute to reducing the risk of acquiring infection from the environment of intensive care units, but the definite design will have to take into account various practical aspects. It requires reliable chemistry for immobilization and anticipate the risk of inducing bio-film formation on the ventilator itself. The sugar coating could also be tuned to incorporate different saccharides and target also other lung pathogens, such as galactose to trap P. aeruginosa via LecA recognition. 34 A similar idea where the tubing is coated with an alloy of gold, silver, and palladium is currently in clinical trials, 33 demonstrating the need and applicability of antiinfectious medical devices.

Nederlandse samenvatting

Slechts weinig geneesmiddelen op de markt werken door interferentie in interacties tussen eiwitten en koolhydraten. Voorbeelden van dergelijke "glycodrugs" zijn miglitol, fondaparinux, acarbose of oseltamivir (figuur 1). Dit gebrek aan representatie in het farmaceutisch arsenaal is problematisch, omdat koolhydraten de eerste laag informatie zijn die op een cel wordt aangetroffen en ze veel biologische processen domineren. Ondanks hun potentieel loopt het onderzoek naar glycodrugs nog steeds ver achter vergeleken bij andere soorten medicijnen. Het PhD4Glycodrug Consortium* is een internationaal trainingsnetwerk dat zich richt op de vroege fasen van glyco-onderzoek, om uitstekende onderzoekers op te leiden met de kennis en expertise om de ontwikkeling van op koolhydraten gebaseerde geneesmiddelen te ondersteunen, nu en in hun toekomstige carrière. Een van de doelen van PhD4GlycoDrug richt zich op het blokkeren van lectines geproduceerd door pathogenen van longziektes. Omdat deze pathogenen zich hechten aan het glycaan op het celoppervlak is dit een kritieke stap in de infectie. In hoofdstuk 1 van dit proefschrift wordt het herkenningsproces op basis van lectine-koolhydraatinteracties besproken. Er wordt aandacht besteed aan multivalentie, de manier waarop de natuur de intrinsiek zwakke affiniteit tussen biologische partners versterkt door meerdere kopieën van hetzelfde ligand gezamenlijk te presenteren. Multivalentie biedt ook de beste mogelijkheid om de werking te remmen van lectines met meerdere bindingsplaatsen, zoals de pathogene lectines BambL, FleA en SapL1. Door middel van een antiadhesie techniek kunnen deze eiwitten worden afgeschermd om longinfecties door respectievelijk B. ambifaria, A. fumigatus en S. apiospermum te voorkomen. B. ambifaria en A. fumigatus zijn bekende ziekteverwekkers die resistent zijn tegen een breed spectrum van anti-infectiemiddelen. S. apiospermum is een opkomende schimmelaandoening waarvan de identificatie en behandeling moeilijk blijft. Het lectine SapL1 van de laatste ziekteverwekker is ontdekt en gevalideerd als een potentieel farmaceutisch doelwit binnen het PhD4GlycoDrug-raamwerk. Het is een eiwit met een structurele homologie aan FleA, en ze delen beide kenmerken met het bacteriële lectine BambL. Ze hebben alle drie de tertiare structuur van β-propellerlectines en bezitten een zwakke affiniteit voor fucosiden. Er zijn geen synthetische inhibitors van SapL1 bekend in de literatuur. BambL en FleA daarentegen begonnen ongeveer 10 jaar geleden meer aandacht te krijgen en zijn sindsdien onderzoeksonderwerp met multivalentie als thema. In dit hoofdstuk wordt een kort literatuuroverzicht gegeven over de meest potente liganden.

Hoofdstuk 2 beschrijft het succesvolle ontwerp en de synthese van nieuwe multivalente inhibitors voor deze drie medicinaal relevante lectines. Een reeks multivalente fucosiden is gecreëerd die variëren in valentie en linkerlengte. We onderzochten twee hoofstructuren: een dendrimer-achtige structuur die vanuit een centraal benzeen de valentie bepaald, en een polymeer met hoge valentie op basis van hypervertakt polyglycerol (hPG). Het hoofdstuk leidt de lezer door de synthetische stappen die worden gebruikt om de tien definitieve moleculen te bereiden.

De potenties van de inhibitors werden gescreend in een competitieve fluorescentie polarisatie (FP) assay, gepresenteerd in hoofdstuk 3. Aanvullende biofysische studies (d.w.z. ITC en BLI) worden gebruikt om de bindingsaffiniteiten voor de fucoside-lectineparen te beoordelen, waarmee de trend in potentie bevestigd wordt. De verschillende technieken onthullen allemaal de hoge aviditeit, waarbij de micromolaire affiniteit van de monovalente fucose wordt verbeterd tot nanomolaire affiniteit voor de nieuwe multivalente inhibitors. In tegenstelling tot de twee schimmellectines heeft het bacteriële eiwit BambL geen voorkeursaffiniteit voor een bepaalde valentie.

Studies naar de supramoleculaire complexen van de inhibitors in hun lectine en de verschillen in hun bindingspatroon worden beschreven in hoofdstuk 4. We pasten structurele biologische technieken toe, waaronder röntgenkristallografie, om de bindingswijze te onderzoeken. Ondanks de vele pogingen kon het ligand niet in de kristalstructuur van BambL worden gevonden. Even uitdagend was de structuurbepaling van de eiwitcomplexen met behulp van atomic force microscopie (AFM). Hoewel beide technieken vaak gebruikt worden om bindingspatronen te onderzoeken, zijn deze multivalente systemen mogelijk te complex voor dergelijke technieken. Dit kan te wijten zijn aan de flexibiliteit van de verbindingen, wat schadelijk kan zijn voor de celeenheden van eiwitkristallen. De analyse van topografische kaarten door AFM kan worden belemmerd door de flexibele liganden die cross-linked netwerken aan de oppervlakte kunnen vormen. De complexiteit van geaggregeerde structuren werd bevestigd door de resultaten van analytische ultracentrifugatiestudies (AUC). Deze resultaten tonen aan dat het cross-linking vermogen al relevant is bij lage concentraties van de moleculen bij de lectinen.

Om het project tot een goed einde te brengen, illustreren de experimenten in hoofdstuk 5 het gebruik van de multivalente fucosiden voor de inhibitie van FleA direct op het oppervlak van A. fumigatus conidia. A. fumigatus is een belanrijke oorzaak van schimmelinfectie in de longen bij patiënten met cystische fibrose (CF) en veroorzaakt zowel chronische als invasieve ziekten bij andere patiënten, en vooral bij patiënten met ernstig immuungecompromitteerde functies. Om de eigenschappen van de gesynthetiseerde moleculen als anti-infectiemiddelen te evalueren, werden deze getest in een anti-adhesietest op A459-cellen. Dit zijn alveolaire epitheelcellen waarin de functie van FleA eerder in de literatuur is aangetoond. De multivalente inhibitors vertoonden een duidelijk verbeterd anti-adhesievermogen ten opzichte van de monovalente fucoside. De veiligheid is onderzocht door een WST-1 levensvatbaarheidstest op dezelfde cellijn. In een chemischbiologische toepassing werden multivalente liganden gebruikt om de functie van FleA in de vroege levensfase van A. fumigatus te bestuderen. De resultaten van deze studie zullen helpen om het moleculaire mechanisme van FleA-interacties op te helderen, maar verdere karakteriseringen zullen nodig zijn om het beeld te voltooien. Toch kan informatie die tot nu toe is verkregen de ontwikkeling van nieuwe anti-infectiemedicijnen voor het Aspergillus infectie begeleiden, evenals voor andere verschijnende pathogenen zoals S. apisospermum.

We benadrukken dat multivalente fucosiden veelbelovende geneesmiddelen zijn voor de behandeling en preventie van aspergillose en andere infecties. De vooruitgang die is geboekt met het hier beschreven onderzoek maakt ons hoopvol dat we ooit de conidiale schimmeladhesie volledig kunnen voorkomen en zo deze infectieziekte kunnen bestrijden. In de toekomst kunnen meer potente liganden of een synergetisch therapeutisch regime worden ontwikkeld waarin het uitzonderlijke mechanisme van multivalente inhibitors kan worden geïntegreerd in farmaceutische interventies.

Résumé en français

Seuls quelques médicaments sur le marché agissent par interférence avec les interactions protéineglucide. Parmi ces glycodrogues, on peut citer le miglitol, le fondaparinux, l'acarbose ou l'oseltamivir (figure 1). Ce manque de représentation dans l'arène pharmaceutique est problématique, car les glucides sont la première couche d'information rencontrée sur une cellule et ils dominent de nombreux processus biologiques. Malgré leur potentiel, la recherche sur les glycodrogues est encore loin derrière les autres classes de médicaments de l'arsenal pharmaceutique. Le consortium PhD4Glycodrug* est un réseau de formation international qui se concentre sur les premières phases de la découverte de glycodrogues, afin de former d'excellents chercheurs possédant les connaissances et l'expertise nécessaires pour soutenir le développement de médicaments à base de glucides, aujourd'hui et dans leur future carrière. Le chapitre 2 décrit la conception et la synthèse réussies de nouveaux inhibiteurs multivalents pour ces trois lectines d'intérêt médical. Pour trouver la présentation optimale des glucides, nous avons préparé une série de fucosides multivalents dont la valence et la longueur de l'espaceur varient. Nous avons exploré deux principaux échafaudages : une structure de type dendrimère qui utilise un benzène central pour diriger la valence et un polymère de haute valence basé sur un polyglycérol hyperbranché (hPG). Le chapitre guide le lecteur à travers les étapes de synthèse utilisées pour préparer les dix composés finaux.

La puissance des inhibiteurs a été évaluée dans un test compétitif de polarisation de fluorescence, présenté dans le chapitre 3. D'autres études biophysiques (c'est-à-dire la calorimétrie isotherme de titration et l'interférométrie en bicouche) sont utilisées pour évaluer les affinités de liaison pour les couples fucoside-lectine et chacune confirme la même tendance dans ses résultats. Les différentes techniques révèlent toutes des avidités élevées, avec des K d s passant de la gamme micromolaire pour la référence monovalente à la gamme nanomolaire pour les nouveaux inhibiteurs multivalents. Contrairement aux deux lectines fongiques, la protéine bactérienne BambL ne présente pas d'affinité préférentielle pour une valence ou une dimension particulière.

Les études sur les complexes supramoléculaires des inhibiteurs dans leur lectine cible et leurs différences de liaison sont décrites dans le chapitre 4. Nous avons appliqué des techniques de biologie structurale pour étudier le mode de liaison, par exemple la cristallographie aux rayons X. Malgré les nombreuses tentatives, le ligand n'a pas été retrouvé fixé à la lectine BambL après les expériences de trempage. La détermination de l'architecture des assemblages par microscopie à force atomique a été tout aussi difficile. Bien que ces deux techniques soient réputées pour leur capacité à élucider le mécanisme d'interaction, ces systèmes multivalents pourraient être trop complexes pour ces techniques. Cela peut être dû à la flexibilité des composés, qui pourrait nuire à l'empilement régulier pour obtenir un crystal ou de leur taille qui est trop grosse pour diffuser dans les canaux de solvent des cristaux. L'analyse des cartes topographiques par AFM pourrait être entravée par la flexibilité des ligands qui peuvent former des réseaux réticulés à la surface. La complexité des structures agrégées a été confirmée par les résultats des études d'ultracentrifugation analytique. Ces résultats montrent que la capacité de réticulation des composés est déjà importante à de faibles rapports moléculaires inhibiteur:protéine.

Pour mener à bien ce projet, les expériences du chapitre 5 illustrent l'utilisation des fucosides multivalents pour l'inhibition de FleA directement à la surface des conidies d'A. fumigatus. A. fumigatus est la première cause d'infections pulmonaires fongiques chez les patients atteints de mucoviscidose et provoque également des maladies chroniques et invasives chez d'autres patients, en particulier ceux dont les fonctions immunitaires sont gravement compromises. Pour évaluer les propriétés des composés synthétisés en tant qu'agents anti-infectieux, ils ont été testés dans un essai d'anti-adhésion sur des cellules A459. Il s'agit de cellules épithéliales alvéolaires auxquelles la liaison du FleA a été précédemment confirmée dans la littérature. Les inhibiteurs multivalents ont montré une capacité anti-adhésion nettement améliorée par rapport au fucoside monovalent. Leur profil de sécurité a également été confirmé par un test de viabilité WST-1 sur la même lignée cellulaire. Dans une approche de biologie chimique, les ligands multivalents ont été utilisés pour étudier la fonction de FleA dans le premier stade de vie de A. fumigatus. Les résultats de cette étude aideront à élucider le mécanisme moléculaire des interactions du FleA, mais une caractérisation complète nécessiterait différentes techniques pour compléter le tableau. Néanmoins, les informations que nous avons obtenues jusqu'à présent pourraient guider le développement de nouveaux agents antifongiques pour le genre Aspergillus, mais aussi pour d'autres pathogènes émergents comme S. apisospermum.

Nous insistons sur le fait que les fucosides multivalents sont des produits pharmaceutiques prometteurs pour le traitement et la prévention de l'aspergillose et d'autres infections. Les progrès réalisés dans le cadre des recherches décrites ici nous donnent l'espoir qu'un jour nous pourrons complètement bloquer l'adhésion des conidies et prévenir ainsi l'infection qui en découle. À l'avenir, de meilleurs ligands ou un régime thérapeutique synergique pourraient être développés, dans lesquels le mécanisme exceptionnel des inhibiteurs multivalents pourrait être intégré en pharmaceutique.

What an incredible journey this has been.

Life as a PhD is such a mix of emotions that can hardly be explained to someone who hasn't experienced one. I started my doctorate as a bet, telling myself: "if it is not for me, I will change job". I wish someone had prepared me to the hard parts. I did not expect that I would have to deal so many times with failure, to go out of my comfort zone frequently, to confront my low self-esteem on a daily basis, to search for motivation in the darkest and wettest days in the Netherlands. It has been exhausting at times. Moving internationally three times, trying to plan the research activity accordingly, seeing my family twice a year at most, dealing with the French administration (even worse than the Italian one, honestly!). On the other hand, I just liked the lab work so much that I would never quit. This PhD has taught me so much. I was a chemist when I started, but I have learnt so much more in the biotechnology and microbiology fields that I can hardly define myself as just a chemist now. I was so curious to discover new things, that I could not avoid jumping from one technique to the other. Ultimately, I think it was not even the genuine interest that kept me going. I think it has more to do with the support network I was lucky to have, which I want to thank many times over, beginning with my supervisors.

Roland, you gave me so much freedom to explore, that I definitely feel like an independent professional now. I am sorry I only came to your office when I had problems, I realized it must be tough to constantly receive my drama stories! At the end, however, it was anyway nice because we always had something to laugh about. I like your humour and I think it pairs well with mine. I also appreciate your empathy; you are an understanding person. I must say, although I often had to wait a lot for your corrections, I think you have an incredible gift with scientific writing. That's why I think you will write an amazing laudatio for me! Okay, this was the last little joke ;) Thanks for everything.

Annabelle, I hope that naming you co-supervisor does not come across as reductive. You gave me great opportunities of professional growth during the one year in your lab. I think you should be proud of how you created such a nice place there, together with colleagues at CERMAV. It was such an organized lab and it felt like a family, I never had anything like that before. Thanks for all your support. You have always been very responsive, also with paperwork and things that have nothing to do with science. Whenever I had a problem, I knew you would find a solution in the end. You gave me a lot of peace of mind. You also came with new ideas like the BLI and AFM, and you trusted me to try them. I am sorry that in the year we spent together many things went wrong, like a global pandemic and your health conditions. I would have loved to spend more time together and more talking about your garden, food and travels.

Hans, you are not officially my supervisor, but I do consider you as such. It is thanks to you if I am satisfied of what I have achieved in the end. During the last year I was desperate to find something that would make my research step up and, most of all, prove that all of this was for something. I came to you with just a few microliters of compounds, and you gave me everything in return. I did not know anything about Aspergillus before, and now I am in love with fungi! Shortly after I met you, I was already in your lab, joining your lab meetings and your group dinners. You are such a kind and generous person; I can't thank you enough for your guidance and for making me feel so welcome.

Additional supervision came from my Thesis Monitoring Committee. It was very stressful for me to have to prove myself in front of these smart people (Tom Wennekes, Romain Vivès, Sami Halila), but the fact that they are very friendly people helped indeed. Tom in particular, thanks for having me over during your group outings. I really like your attitude and the people you choose to work with! I met such wonderful scientists. I even met two female Nobel Prize winners, incredible! Especially thanks to the PhD4GlycoDrug Consortium, sometimes I was struck by the amount of brilliant people in a room. I feel even guilty to think that it happened to me: there are few people in the world as smart as these. James had warned me that "[…] competitions for these sort of awards -the M. Skłodowska-Curie position -is fierce, so make sure to give your 110%. " I hope your minion made you proud, as you asked.

Since the beginning of this PhD, I had Cyril as a companion. Managing together all our special duties and privileges has been a blessing. I was so relieved to have someone that would understand me always. Besides, you are a great friend and party beast. However, you also know very well how to drive me mad… I do not know if it is more silly or cute that you do it intentionally just to see my explosive reactions. Thanks for all the light moments, doing top-tens, putting soap or mix of beverages in our water bottles as a prank. Thanks for more serious times too, like saving my relationship with Sjors. I am so happy you brought more of Roos in my life as well, and I wish you guys all the best for the future (but I will always be the lab-wife, ok?). Roos, you are such a talented woman and I admire your strong character. Keep it up.

There was a time at the beginning of our doctorate when we had a big group of people joining together for lunch breaks. Vito and Gael were in that group. I am happy to still see you two around and know you as neighbours now. Sorry if I always comment your David Bowie eyes, Vito, they are just beautiful. I am happy that I met them some more times recently and we did not loose contact while I was in France.

Torben, you were also joining the lunch group and, at the same time, you were my fume-hood neighbour. I am so grateful for all the non-stop chat all-day-long, and your tips for synthesis. Although it was a difficult time for you, you always have a rational mind and emotional space for my problems too. I award you also with the longest vocal message ever sent to me, congrats! Reshmi was also being supportive in the lab. Thank you for the kind words and the glassware donations.

Diksha, immense thank you for the synthesis of the polymer-based compound. It was also very nice to exchange a chat at the coffee machine, and I remember your laugh vividly.

Fred, you were such a calm desk mate. Just seeing you would make me relax. I am happy we started meeting outside work too. You are a delicate soul, and I am happy that your good company is in my life.

Sitting next to Fred was Rosanne. As soon as I met you, Rose, I knew we could be good friends. It sparkled in a sort of electricity, like when you feel that things are right. I am so happy that coffee by coffee, chat by chat, we started to know each other more, until I discovered that we like basically the same things. Soon you became my concert mate, and we evolved into telling each other more about our new hobbies and opening up more and more as friends. I really like how you think. You understand me in a way that is always relaxing and recharging being around you. Thanks for your support in these last phases of my PhD, although you had to struggle already for your own. Thanks Arwin, for assistance for chemistry lab-related things, computer issues, and dirty topics like male toilettes. Thanks Justyna, our amazing NMR technician, for being always helpful with analyses and so friendly. Thanks Javier, for all HRMS measurements. Thanks John Kruijtzer, for training me with the HPLC system. Thanks to rest of the people at CBDD that I did not mention by name for the good atmosphere, fun lab outings and such.

Colleagues (soon friends) of the PhD4GlycoDrug network came to Utrecht too, like Dania, Gabri, Ele and Nives. Why were you so snobby during our Master in Milano, Gabri? Because you are actually a super fun person and look what good friends we are now! I discovered also that you are a little devil, and I love joking with you. Thanks for teching me how to ski, so I could survive to the day of my defence. Ele, I admire you a lot. You are such a hard worker, and you are so matrure. I mean you always do what is right, say always what is right to say. You are also kind and entertaining, you always find something to talk about. Thanks for all the mirto provided along with chats. Nives, I am sorry we overlapped for only a few days in Utrecht. What I can say is, I felt a lot better leaving my desk to you because I knew it would be in good hands. Those are the hands that bake delicious goodies after all! I am sorry I never overlapped in secondment with Mujtaba, but I had a pleasant time together during Consortium meetings. Courageous of you to start a youtube channel for science dissemination, I totally support that! I also wish I had overlapped with Tiago somewhere. You are such a lovely guy Tiago, everyone feels that around you. You are brave, full of energy and interests. It is really pleasurable talking to you about whatever new topic you discovered and you want to bring up. Plus, tour by Tiago is always perfect. I hope to get more in the future! Dania, you were the greatest gift of this Consortium. I am so grateful for having to share my project with you. We had a perfect match: enough overlap to help each other, not enough to step on each other's path. You are so generous, and you taught me a lot of things. The project made much more sense after we would talk about it together. Not to forget, I would have one lectin less to target without you. We spent a bit more than 2 years in the same place, Utrecht or Grenoble, seeing our friendship growing stronger and stronger. We shared so many exciting moments, and so many dark ones too. You are so passionate, enthusiastic, and you have the power to transmit this to people. You bring everyone together in harmony and laughter. Thanks for showing me your love with kisses, tacos, hugs, songs, bad words in Mexican. Your love is in everything, really. Thank you also for bringing with you Rodri (Grito), our ESR13. Fortunately there was you to balance the temperament of that woman. You are the purest good that good can be. You are warm bread baked in the morning with marmalade on top. I am friends with you because I like how crazy and sweet you are, not because you are an entity with Dania. Never leave Europe guys! I moved to France at the beginning of 2020, and I quickly felt like at home. I must give credit to the fabulous Valerie and Emilie, who make the lab in CERMAV run so smooth. You always have what we need or can find that information. You are super organized and super friendly. Valerie, thank you for teaching me how to express proteins and for your jokes and smiles. Emilie, thank you for teaching me basically every technique for analyzing binding interactions, for the protein provided and your quick availability for every problem I would face, even later on when I was already back in the Netherlands.

It was a great time to be in that lab when also Sima, Sue, Dylan, Rafa and Kanhaya were there. You were my only resource when, just a couple of months from my arrival, we were in lock-down. Fortunately, I had some glycopedia writing to do to fill my time at home, with the guidance of the great Serge Perez. You were so supportive, knowing that I was living alone. Thanks, Serge, for the help with the e-chapter, for your knowledge and for showing me FleA in virtual reality. Thanks for entering my office for a casual chat, bringing along your big smile. Sima, thanks for coffees and gossips, your support in the lab and your positive attitude. Rafa, thank you for your lab playlist, always in celery mode. Thank you for all the fun time in the lab and outside. Thank you also for lending a helping hand when I had to jump a precipice and, with that, overcome my fears. You are not so Malo after all! Kanhaya, I envy you ability to keep calm. Thanks for your chill approach to problems, for your being kind, for Indian food and movies. Bene, I really hoped you would join us in Grenoble at some point for the glycopedia secondment, and you broke my heart when you did not. I would have enjoyed more of your sweetness, compassion and resilience.
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Moving back to the Netherlands, I went through a whole new cultural shock again. Fortunately, I could meet some old friends and find my same spot in CBDD. Even more fortunately, I was close to Helena and Ilhan. I always complain about Ilhan because he drives me crazy, but in secret I really like him. Ilhan, you are very annoying when you throw stuff at me and when you comment my size, but we know your bullying it's just a mask because you are actually sweet and funny. I hope you can admit that we are friends someday. Helena, you are welcome from the entertainment I provide you from the other side of the desk. Sorry (or maybe not?) for forgetting my h-es sometimes. I am so happy that you joined our department, and I could spend so much time whit you in the lab and outside. Remember that sad/happy Friday evening dancing in the lab and corridors? Thanks for being clumsy and crazy with me. Thanks for lunch breaks together everyday, and for having always good advice and deep emotional sensitivity.

The last year of PhD was difficult because I had to take decisions on how to conclude the project in the time I was given. Thanks to the availability of Dominique Thies-Weesie, we could add some ultracentrifugation data. Thank you, Dominique, for putting the time on it, although my samples were a little tricky. You were very patient in explaining me the links between sedimentation and macromolecular complexes.
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 11 How do lectins read the sugar code?

Figure 2 .

 2 Figure 2. The multivalency effect can be deconvoluted in more distinct mechanisms.

Figure 3 .

 3 Figure 3. β-Propeller lectins have been grouped into 6 different classes based on their fold (redrawn from source: UniLectin3D online database at https://www.unilectin.eu/propeller/). The oligomerization state of PropLec6A is shown schematically with donut shapes. The different colors refer to distinct peptidic chains.

Figure 4 .

 4 Figure 4. The overall structure of the targeted lectins: FleA, SapL1, and BambL (PDB codes 4AGI, 6TRV and 3ZW2, respectively). A) Side view. B) Top view. Different monomers of the same protein are depicted in different shades of grey. The fucoside ligand is colored in blue and occupies each binding site. On the bottom are the microorganisms from which the three lectins are derived.

Figure 5 .

 5 Figure 5. An overview of the conserved and (semi)conserved interactions with αMeFuc in the binding site (bs) of BambL, SapL1 and FleA.

Figure 6 .

 6 Figure 6. Monovalent inhibitors of BambL and FleA.[START_REF] Richichi | Synthesis of a Selective Inhibitor of a Fucose Binding Bacterial Lectin from Burkholderia ambifaria[END_REF]57 In blue, the modifications generated on the aglycone of the standard ligand.
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 7 Figure 7.The first example of BambL inhibition via a multivalent compound.58 
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 8 Figure 8. Multivalent compounds based on rigid aromatic cores for the inhibition of BambL.59,60 
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 9 Figure 9.The first example of FleA inhibition in the nanomolar range, achieved using an octameric silsesquioxane scaffold.61 
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 10 Figure 10. A hybrid strategy between glycomimetic and multivalent glycoconjugate for the inhibition of FleA, designed by C. Dussouy et al.57 

Figure 11 .

 11 Figure 11. The most potent multivalent glycomimetics for the inhibition of BambL and FleA, based on a hexavalent cyclopeptide scaffold.[START_REF] Goyard | Multivalent Glycomimetics with Affinity and Selectivity toward Fucose-Binding Receptors from Emerging Pathogens[END_REF] 
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Figure 1 .

 1 Figure 1. The mannosylated asterisks inhibit Con A with an IC 50 of 89 nM in a hemagglutination inhibition assay.
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 22 Figure 2. A graphic representation of the basic elements for the multivalent drug design. Valency and dimensions of the inhibitors are tailored to the structure of the target (in grey, a β-propeller lectin).

Figure 3 .

 3 Figure 3. The polymeric scaffold hPG, known to have a globular shape.
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Figure 4 .

 4 Figure 4. The convergent and divergent approaches to the synthesis of multivalent compounds, here exemplified on the hexavalent dendrimer. In red, the multimerization steps where multivalency is introduced.

Figure 5 .

 5 Figure 5. The main hydrogen bond interactions found outside the fucose binding pocket between BambL and tissue antigens H type 2 and Lewis y, found by docking and MD simulations.
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 26 Figure6. The main building block for the synthesis of the set of inhibitors. In the same color are depicted the functionalities that will react together to form the final structures (after reduction for the azido group).

Scheme 1 .

 1 Scheme 1. Synthesis of the elongated ligands 10-12. Reagents and conditions: a) 2-chloroethanol, Amberlite IR-120 H + , reflux; b) Ac 2 O, Pyridine (68% over 2 steps); c) NaN 3 , TBAI, DMF, 90 °C (48% α); d) SnCl 2 , HCl aq. , MeOH (quantitative); e) HATU, DIPEA, DCM (7: 37%; 8: 53%; 9: 34%).
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Scheme 4 .

 4 Scheme 4. Synthesis of hPG-20. Reagents and conditions: a) NaH, KI, propargyl bromide (72%); b) 2a, CuSO 4 , Na ascorbate, 100 °C, microwaves (91%).
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 2 Chloroethyl 2,3,4-tri-O-acetyl-l-fucopyranoside(1) 
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 243 General procedure for the synthesis of functionalized PEGs 4

13 C

 13 NMR (151 MHz, CD 3 OD) δ: 138.27 (4 C, Cq), 136.61 (4 C, Cq), 134.70 (4 C, Cq), 134.00 (2 C, CH Ar ), 132.15 (8 C, CH SAr ), 131.08 (8 C, CH SAr ), 45.71 (4 C, COCH 2 Ph), 37.75 (4 C, SCH 2 Ph).
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13 C

 13 NMR (151 MHz, CD 3 OD) δ: 173.90 (6 C, C=O), 139.56 (3 C, C qAr ), 135.71 (3 C, C qSAr ), 135.54 (3 C, C qSAr ), 131.71 (6 C, CH SAr ), 130.70 (6 C, CH SAr ), 129.27 (3 C, CH Ar ), 100.56 (3 C, C-1α), 73.62 (3 C, C-4), 71.64 (3 C, C-2), 71.32 (3 C, CH 2 O), 71.24 (3 C, CH 2 O), 70.50 (3 C, CH 2 O), 70.02 (3 C, C-3), 68.25 (3 C, CH 2 O), 67.79 (3 C, CH 2 O), 67.68 (3 C, C-5), 43.32 (3 C, COCH 2 Ph), 40.61 (3 C, CH 2 N), 40.30 (3 C, CH 2 N), 39.52 (3 C, SCH 2 Ph), 37.62 (3 C, COCH 2 ),

2 16 .

 16 72 (3 C, CH 3Fuc ).

13 C

 13 NMR (151 MHz, CD 3 OD) δ: 173.95 (6 C, C=O), 173.87 (3 C, C=O), 139.57 (3 C, C qAr ), 135.71 (3 C, C qSAr ), 135.53 (3 C, C qSAr ), 131.70 (6 C, CH SAr ), 130.70 (6 C, CH SAr ), 129.27 (3 C, CH Ar ), 100.56 (3 C, C-1α), 73.62 (3 C, C-4), 71.64 (3 C, C-2), 71.57 (3 C, CH 2 O), 71.46 (3 C, CH 2 O), 71.30 (3 C, CH 2 O), 71.28 (3 C, CH 2 O), 70.48 (3 C, CH 2 O), 70.02 (3 C, C-3), 68.25 (3 C, CH 2 O), 67.79 (3 C, CH 2 O), 67.68 (3 C, C-5), 43.33 (3 C, COCH 2 Ph), 40.60 (3 C, CH 2 N), 40.28 (3 C, CH 2 N), 39.51 (3 C, SCH 2 Ph), 37.65 (3 C, COCH 2 ), 16.71 (3 C, CH 3Fuc ).

13 C

 13 NMR (151 MHz, CD 3 OD) δ: 139.57 (3 C, C qAr ), 135.72 (3 C, C qSAr ), 135.54 (3 C, C qSAr ), 131.69 (6 C, CH SAr ), 130.71 (6 C, CH SAr ), 129.27 (3 C, CH Ar ), 100.56 (3 C, C-1α), 73.61 (3 C, C-4), 71.64 (3 C, C-2), 71.56 (6 C, CH 2 O), 71.53 (3 C, CH 2 O), 71.45 (3 C, CH 2 O), 71.33 (3 C, CH 2 O), 71.27 (3 C, CH 2 O), 70.47 (3 C, CH 2 O), 70.02(3 C, C-3), 68.25 (3 C, CH 2 O), 67.79 (3 C, CH 2 O), 67.68 (3 C, C-5), 43.34 (3 C, COCH 2 Ph), 40.61 (3 C, CH 2 N), 40.28 (3 C, CH 2 N), 39.51 (3 C, SCH 2 Ph), 37.66 (3 C, COCH 2 ), 16.71 (3 C, CH 3Fuc ).

13 C

 13 NMR (151 MHz, CD 3 OD) δ: 173.96 (4 C, C=O), 173.83 (4 C, C=O), 136.30 (4 C, C qAr ), 136.00 (4 C, C qSAr ), 135.55 (4 C, C qSAr ), 133.82 (2 C, CH Ar ), 132.27 (8 C, CH SAr ), 130.84 (8 C, CH SAr ), 100.55 (4 C, C-1α), 73.61 (4 C, C-4), 71.63 (4 C, C-2), 71.57 (4 C, CH 2 O), 71.45 (4 C, CH 2 O), 71.30 (8 C, CH 2 O), 70.49 (4 C, CH 2 O), 70.01 (4 C, C-3), 68.25 (4 C, CH 2 O), 67.79 (4 C, CH 2 O), 67.68 (4 C, C-5), 43.37 (4 C, COCH 2 Ph), 40.62 (4 C, CH 2 N), 40.29 (4 C, CH 2 N), 37.65 (4 C, SCH 2 Ph), 37.26 (4 C, COCH 2 ), 16.73 (4 C, CH 3Fuc ).

2

 2 

2 1H NMR tetra- 2 Analytical HPLC tetra- 2 (

 222 blank subtracted)

2 1H NMR tri- 3 Analytical HPLC tri- 3 (

 233 blank subtracted)

2

 2 

2 2. 4 . 8 3

 2483 NMR and IR spectra of hPG-20 hPG-20; hPG-propargyl (alkyne) Note: hPG-20 was synthesized by Dr. D. Haksar. n Chapter Evaluation of binding affinities This work was carried out at CERMAV (CNRS), Université Grenoble Alpes.
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Figure 1 .

 1 Figure 1. Schematic representation of the gene constructs used for the expression of the three protein targets.

  ,18 

Figure 2 .

 2 Figure 2. An example of an FP direct binding experiment (left) with BambL using FucFITC (right) as reported probe.

Figure 3 .

 3 Figure 3. Representative curves of microcalorimetry titrations of FleA with multivalent compound tetra-4 (left, strong binding) and monovalent fucoside 2a (right, weak binding).

Figure 4 .

 4 Figure 4. An overview of the thermodynamic parameters associated with the multivalent binding events, as obtained by ITC.

3

 3 

Figure 5 .

 5 Figure 5. Representative BLI curves of FleA with the fucose-polymer hPG-20. The blue lines correspond to experimental sensorgrams and the red lines correspond to the fitting.

2 -

 2 Aminoethyl 2,3,4-tri-O-acetyl-α-l-fucose (compound 3 in Chapter 2, 1 eq., 133 mg), DIPEA (1.1 eq., 80 µL) and FITC (Fluorescein 5(

  H 28 N 2 O 10 S] + = 597.15 m/z) and a negative ESI -at 595.08 (calcd for [C 29 H 27 N 2 O 10 S] -= 595.14). The compound was stored in the dark at -20 °C and defrosted only prior to use.

Figure 6 .

 6 Figure 6. The overlap of the excitation and emission spectra of FucFITC.

3

 3 

Figure 7 .

 7 Figure 7. A) The chromatogram of FleA purification, before and after cleavage of the histidine tag. B) SDS-page 12% polyacrylamide gel of some main fractions from both columns.

Figure 8 .

 8 Figure 8. (A) The chromatograms of SapL1 purification before and after cleavage of the histidine tag, and (B) the corresponding SDS-page 12% polyacrylamide gels.

Figure 9 .

 9 Figure 9. (A) The chromatograms and (B) SDS-page 18% polyacrylamide gel relative to the purification of BambL.

3

 3 

Figure 1 .

 1 Figure 1. Crystals of BambL (before soaking).

4

 4 

Figure 2 .

 2 Figure 2. Visible cracking of a BambL protein crystal during a soaking experiment with tri-4.

Figure 3 .

 3 Figure 3. AFM images of FleA and tri-4 1:1 mixtures, dried on mica. The height profile is shown for the cross-section indicated by the white lines in the sample at 500 pM and is consistent with the size of FleA. Protein monomers are shown for size comparison in magenta and grey (PDB code 4AGI).

4

 4 

Figure 4 .

 4 Figure 4. AFM images of 1:1 mixture of BambL and tri-4 at 500 pM, dried on mica. The relative height profile of the white cross section is shown next to the protein structure and dimensions. One protein monomer out of three is shown in magenta (PDB code 3ZW2).

Figure 5 .

 5 Figure 5. AFM images of FleA and multivalent compounds in a 1:1 mixture at 500 pM or FleA alone at the same concentration (dried samples on mica).

Figure 6 .

 6 Figure 6. AFM images of FleA and tri-4 in a 1:1 mixture at 500 pM on the silicon (dry) and functionalized gold (wet) supports.

4

 4 

Figure 7 .

 7 Figure 7. Distribution of the sedimentation coefficients for mixtures of BambL with different concentrations of tri-4 and hexa-4.

Figure 8 .

 8 Figure 8. Structure of LecB (also known as PA-IIL): one out of four monomers is shown in magenta, Ca 2+ ions are shown in yellow. The distances between binding sites are indicated with dashed lines (PDB code: 5A6X).
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Figure 1 .

 1 Figure 1. Common lung diseases caused by Aspergilli. Illustration by Q. M. Holzapfel and K. Verburg, 10 within the terms and conditions of the Creative Commons Attribution (CC BY) license.

5 Figure 2 .

 52 Figure 2. The transition between different morphotypes during fungal growth. Adapted from ref, 10,14 and used under CC BY 4.0.

Figure 3 .

 3 Figure 3. Hits obtained from a BLAST protein alignment in Aspergilli, with the FleA sequence as input. The phylogenetic tree excludes poor hits and characterized proteins that are not lectins.

40

 40 

Figure 4 .

 4 Figure 4. Representative pictures for the imaging of A. fumigatus growth over 24 h

Figure 5 .

 5 Figure 5. Kinetic curves for swelling and germination of A. fumigatus 293.1 strain in minimal medium, plotted as the percentage of swollen or germinated spores over the total population by time. Curves were obtained from at least triplicates per condition. The complete data is reported in the Experimental Section at 5.7.2.

Figure 6 .

 6 Figure 6. The number of aggregated spores is not dependent on the concentration of compound tri-2.

Figure 7 .

 7 Figure 7. Compounds tri-4 and tetra-4 do not increase the number of aggregated spores in solution.

Figure 8 .

 8 Figure 8. WST-1 viability assay on A549 cells. The concentration of fucosides was 1mM for αMeFuc, 0.1 mM for multivalent compounds. As control, 1% Triton X-100 was used. Values are represented as mean ± CI 95 from independent replicates, where ns: not significant, ****p < 0.0001, **p < 0.01 (Welch's unpaired t-test).

Figure 9 .

 9 Figure 9.Representative confocal images of spores of fungal strain Af293.1 (red) adhesion on alveolar A549 cells (blue), when cells were untreated (A) or treated with 100 µM tetra-4 (B). Spores were allowed to adhere for 4 hours after infection, followed by washing and staining.

Figure 10 .

 10 Figure 10. Adhesion of Af293.1 conidia to A459 cells. The black bars refer to the conditions where compounds and spores were pre-incubated 1 hour prior to infection. The white-striped bars refer to the conditions where compounds were added 1 hour after infection. *Significant difference to the control (chi-square test, followed by Bonferroni's multiple comparison test).

Figure 11 .

 11 Figure 11. Control experiment for the antiadhesion assay with αMeFuc at different concentrations. Error bars represent the standard error.

Figure 12 .

 12 Figure 12. Adhesion of Af293.1 to A459 in the presence and absence of hPG-20. Error bars represent the standard error.

Figure 13 .

 13 Figure 13. Control experiment for the adhesion of Af293.1 to A459. The control experiments, in grey, refer to untreated cells in standard DMEM media, supplemented or not with 10% FBS. The samples treated with glycosides were tested in the absence of FBS. Error bars are relative to the standard error.

Figure 1 .

 1 Figure 1. Examples of approved carbohydrate-based drugs. Fondaparinux (Arixtra®) is an anti-coagulant agent. Miglitol and acarbose are α-glucosidase inhibitors used to control glycemic levels in patients with diabetes mellitus type 2. Oseltamivir (Tamiflu®) is an anti-infectious agent against influenza virus A, which acts by inhibiting the viral neuraminidase.

15

 15 

Figure 2 .

 2 Figure 2. The rapid growth (A) of A. fumigatus conidia (red) is not observed in the presence of A549 cells (blue), where conidia remain dormant (B). The two representative images were taken on samples fixed 10 hours after infection.

Figure 3 .

 3 Figure 3. Multimerization of a fucoside ligand into a multivalent structure. On top, the IC 50 values that we report in this work (FP, Chapter 3). On the bottom, the IC 50 value (inhibition of FleA binding to mucin) relative to 2EHex is from ref.23 

Figuur 1 .

 1 Figuur 1. Voorbeelden van goedgekeurde geneesmiddelen gebaseerd op koolhydraten.

Figure 1 .

 1 Figure 1. Exemples de médicaments à base de glucides approuvés. L'un des pipelines de PhD4GlycoDrug vise à bloquer les lectines exprimées par les pathogènes pulmonaires. Ceci est crédible car les pathogènes profitent des glycanes à la surface de la cellule pour s'attacher et, par conséquent, comme premier point d'infection. Dans le chapitre 1 de cette thèse, le processus de reconnaissance basé sur les interactions lectine-glucide est discuté. Une attention particulière est donnée à la multivalence: le moyen dont la nature renforce l'affinité intrinsèquement faible entre les partenaires biologiques en présentant simultanément plusieurs copies du même ligand. La multivalence offre la meilleure possibilité pour obtenir une forte inhibition des lectines présentant des sites de liaison multiples, comme les lectines de pathogènes BambL, FleA et SapL1. Ces protéines peuvent être ciblées dans une approche anti-adhésive comme le traitement d'infections pulmonaires causées par B. ambifaria, A. fumigatus et S. apiospermum, respectivement. B. ambifaria
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-Azidoethyl 2,3,4-tri-O-acetyl-α-l-fucopyranoside (2)

  

			O	Cl			
	C NMR analysis corresponds to what previously reported in 2O literature. 40 OAc OAc AcO
			O	N 3			
	AcO	O OAc OAc				
			O	N 3			
	HO	O OH OH				
			O	NH 2			
	AcO	O OAc OAc				
				O			
	AcO	OAc O OAc O	N H	O	O	NH 2
				O			
	AcO	OAc O OAc O	N H	O	O	O	NH 2

2-Azidoethyl α-l-fucopyranoside (2a)

  

					O	Cl
		AcO	O OAc	OAc	
				O	N 3
		AcO	O OAc OAc	C NMR analysis corresponds to what
	previously reported in literature. 40					
				O		N 3
		HO	O OH OH	
	2 (107 mg, 0.32 mmol, 1 eq.) was dissolved in 3 mL of a 0.1 M solution of MeONa in MeOH.
	Solution was stirred overnight at room temperature and neutralized with Amberlite IR-120 H + . The
	O solution was filtrated to remove the resin, then dried by rotary evaporation in vacuo. A pure white NH 2 solid was obtained in quantitative yield (71 mg, 0.3 mmol). 1 H and 13 C NMR analysis corresponds
	to what previously reported in literature.	AcO	O OAc OAc	
						O
		AcO	OAc O OAc O	N H	O	O	NH 2

1 H NMR (600 MHz, CDCl 3 ) δ:

  

	5.45 (dd, J = 10.8, 3.3 Hz, 1 H, H-3), 5.32 -5.26 (d, J = 3.4, 1 H,
	H-4 ), 5.15 (dd, J = 10.9, 3.6 Hz, 1 H, H-2), 5.08 (d, J = 3.6 Hz, 1 H, H-1α), 4.34 (q, J = 6.6 Hz, 1 H,
	H-5), 4.04 (dt, J = 11.0, 5.5 Hz, 1 H, OCH 2 ), 3.74 (dt, J = 10.3, 4.9 Hz, 1 H, OCH 2 ), 3.22 -3.30 (m,
	2 H, NCH 2 ), 2.15 (s, 3 H, CH 3OAc ), 2.10 (s, 3 H, CH 3OAc ), 1.96 (s, 3 H, CH 3OAc ), 1.15 (d, J = 6.4 Hz,
	3 H, CH 3Fuc ).

1 H

NMR (600 MHz, CD 3 OD) δ:

  

	5.43 (dd, J = 10.8, 3.3 Hz, 1 H, H-3), 5.31 (d, J = 3.4, 1 H, H-4 ),
	5.13 (dd, J = 10.9, 3.6 Hz, 1 H, H-2), 5.08 (d, J = 3.6 Hz, 1 H, H-1α), 4.23 (q, J = 6.6 Hz, 1 H, H-5),
	3.95 (dt, J= 10.5, 4.9 Hz, 1 H, OCH 2 ), 3.65 (dt, J= 10.7, 5.0 Hz, 1 H, OCH 2 ), 3.23 (t, J= 5.0 Hz, 2
	H, NCH 2 ), 2.16 (s, 3 H, CH 3OAc ), 2.06 (s, 3 H, CH 3OAc ), 1.97 (s, 3 H, CH 3OAc ), 1.15 (d, J = 6.4 Hz, 3
	H, CH 3Fuc ).

1 H

NMR (600 MHz, DMSO-d 6 ) δ:

  

	5.38 (dd, J = 10.9, 3.5 Hz, 1 H, H-3), 5.17 (d, J = 3.5 Hz, 1 H,
	H-4), 5.00 (d, J = 3.7 Hz, 1 H, H-1α), 4.96 (dd, J = 10.9, 3.7 Hz, 1 H, H-2), 4.25 (q, J = 6.6 Hz, 1 H,
	H-5), 3.81 (dt, J = 11.1, 5.7 Hz, 1 H, OCH 2 ), 3.59 (dt, J = 10.3, 4.8 Hz, 1 H, OCH 2 ), 2.13 (s, 3 H,
	CH 3OAc ), 2.05 (s, 3 H, CH 3OAc ), 1.93 (s, 3 H, CH 3OAc ), 1.05 (d, J = 6.4 Hz, 3 H, CH 3Fuc ).

13 C

NMR (151 MHz, CDCl 3 ) δ: 170

  

	.71 (1 C, C=O Ac ), 170.59 (1 C, C=OAc), 170.42 (1 C, C=OAc),
	96.82 (1 C, C-1α), 71.32 (1 C, C-4), 68.22 (1 C, C-2), 68.05 (1 C, C-3), 65.27 (1 C, C-5), 64.56
	(1 C, OCH 2 ), 39.23 (1 C, NCH 2 ), 20.88 (1 C, CH 3OAc ), 20.78 (2 C, CH 3OAc ), 16.02 (1 C, CH 3Fuc ).

2.4.4 General procedure for the synthesis of elongated ligands 10, 11, 12

  

	AcO	O OAc OAc O	NH 2	HO	O	O n = 2,3,4 N 3 n	1) HATU, DIPEA, DCM 2) SnCl 2 , HCl, MeOH	AcO	O O OAc OAc	N H	O	O	NH 2 n
		3				4 ,5,6				10,11,12		

H NMR (600 MHz, CD 3 OD) δ:

  

				O	Cl	
	AcO	O OAc	OAc		
			O	N 3	
	AcO	O OAc OAc		
			O		N 3	
	HO	O OH OH		
			O	NH 2	
	AcO	O OAc OAc		
					O	
	AcO	OAc O OAc O	N H	O	O	NH 2
	1		5.34 (dd, J = 10.6, 3.4 Hz, 1 H, H-3), 5.27 (d, J = 3.4 Hz, 1 H,
	N H H-4), 5.05 (dd, J = 10.7, 3.7 Hz, 1 H, H-2), 5.03 (d, J = 3.8 Hz, 1 H, H-1α), 4.22 (q, J = 6.5 Hz, 1 H, O O O O NH 2 H-5), 3.75 (m, 3 H, CH 2 O), 3.72 -3.68 (m, 2 H, CH 2 O), 3.67 -3.61 (m, 4 H, CH 2 O), 3.53 (dt, J = O 10.5, 5.4 Hz, 1 H, CH 2 O), 3.45 -3.39 (m, 2 H, CH 2 N), 3.12 (t, J = 4.9 Hz, 2 H, CH 2 N), 2.47 (t, J = O OAc OAc AcO 6.0 Hz, 2 H, CH 2 C=O), 2.14 (s, 3 H, CH 3OAc ), 2.05 (s, 3 H, CH 3OAc ), 1.95 (s, 3 H, CH 3OAc ), 1.12 (d,
	J = 6.5 Hz, 3 H, CH 3Fuc ).					

13 C

NMR (151 MHz, CD 3 OD) δ: 174

  CH 3OAc ), 16.15 (1 C, CH 3Fuc ).

	O
	.29 (1 C, NC=O), 173.16 (1 C, C=O), 172.75 (1 C, C=O), 171.96 (1 C, C=O), 97.62 (1 C, C-1α), 72.49 (1 C, C-4), 71.27 (1 C, CH 2 O), 71.24 (1 C, CH 2 O), 69.40 (2 C, C-2, C-3), 68.12(1 C, CH 2 O), 67.83 (1 C, CH 2 O), 67.79 (1 C, CH 2 O), 65.78 (1 C, C-5), 40.68 (1 C, CH 2 N), 40.33 (1 C, CH 2 N), 37.31 (1 C, CH 2 C=O), 20.61 (1 C, CH 3OAc ), 20.44 (1 C, H O O OAc OAc AcO O O NH 2 N H O O O OAc OAc AcO O O O NH 2 1 H NMR (600 MHz, CD 3 OD) δ: 5.35 (dd, J = 10.6, 3.5 Hz, 1 H, H-3), 5.28 (dd, J = 3.5, 1.4 Hz, 1 H, H-4), 5.06 (dd, J = 10.6, 3.7 Hz, 1 H, H-2), 5.04 (d, J = 3.7 Hz, 1 H, H-1α), 4.23 (q, J = 6.6, 1.2 Hz, 1 H, H-5), 3.78 -3.70 (m, 5 H, CH 2 O), 3.70 -3.61 (m, 8 H, CH 2 O), 3.54 (ddd, J = 10.4, 6.0, 4.8 Hz, 1 H, CH 2 O), 3.48 -3.38 (m, 2 H, CH 2 N), 3.15 -3.11 (m, 2 H, CH 2 N), 2.48 (t, J = 6.1 Hz, 2 H, CH 2 C=O), 2.15 (s, 3 H, CH 3OAc ), 2.06 (s, 3 H, CH 3OAc ), 1.96 (s, 3 H, CH 3OAc ), 1.13 (d, J = 6.5 CH 3OAc ), (1 C, N Hz, 3 H, CH 3Fuc ).

13 C

NMR (151 MHz, CD 3 OD) δ: 175

  

	.04 (1 C, NC=O), 172.28 (1 C, C=O), 171.91 (1 C, C=O),
	171.61 (1 C, C=O), 97.63 (1 C, C-1α), 72.51 (1 C, C-4), 71.52 (1 C, CH 2 O), 71.36 (1 C, CH 2 O),
	71.20 (1 C, CH 2 O), 71.15 (1 C, CH 2 O), 69.41 (2 C, C-2, C-3), 68.19 (1 C, CH 2 O), 67.85 (1 C,
	CH 2 O), 67.81 (1 C, CH 2 O), 65.79 (1 C, C-5), 40.65 (1 C, CH 2 N), 40.33 (1 C, CH 2 N), 38.04 (1
	C, CH 2 C=O), 20.68 (1 C, CH 3OAc ), 20.45 (1 C, CH 3OAc ), 20.41 (1 C, CH 3OAc ), 16.17 (1 C, CH 3Fuc ).

2-(3-(2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethoxy)propanamido)ethyl 2,3,4-tri-O- acetyl-α-l-fucopyranoside (12)

  

			O					
	AcO	OAc O OAc O	N H	O	O	O	O	NH 2
	1							
	HS	O						
			OEt					
		R =						
				CO 2 H				
	R	S						
		R						

H NMR (600 MHz, CD 3 OD) δ: 5

  

	.33 (dd, J = 10.5, 3.2 Hz, 1 H, H-3), 5.26 (d, J = 3.1 Hz, 1 H,
	H-4), 5.04 (t, J = 5.2 Hz, 1 H, H-2), 5.02 (d, J = 4.0 Hz, 1 H, H-1α), 4.21 (q, J = 6.4 Hz, 1 H, H-5),
	3.74 -3.56 (m, 17 H, CH 2 O), 3.55 -3.51 (m, 1 H, CH 2 O), 3.45 -3.38 (m, 2 H, CH 2 N), 3.14 (t, J =
	4.4 Hz, 2 H, CH 2 N), 2.48 (t, J = 5.5 Hz, 2 H, CH 2 C=O), 2.14 (s, 3 H, CH 3OAc ), 2.05 (s, 3 H, CH 3OAc ),
	1.95 (s, 3 H, CH 3OAc ), 1.11 (d, J = 6.3 Hz, 3 H, CH 3Fuc ).

13 C

NMR (151 MHz, CD 3 OD) δ: 174

  

	.52 (1 C, NC=O), 172.18 (1 C, C=O), 171.86 (1 C, C=O),
	171.59 (1 C, C=O), 97.48 (1 C, C-1α), 72.39 (1 C, C-4), 71.34 (1 C, CH 2 O), 71.23 (1 C, CH 2 O),
	71.20 (1 C, CH 2 O), 71.19 (1 C, CH 2 O), 71.16 (1 C, CH 2 O), 70.81 (1 C, CH 2 O), 69.27 -69.25 (2 C,
	C-3, C-2), 68.16 (1 C, CH 2 O), 67.79 (1 C, CH 2 O), 67.76 (1 C, CH 2 O), 65.68 (1 C, C-5), 40.63 (1
	C, CH 2 N) , 40.26 (1 C, CH 2 N), 37.32 (1 C, CH 2 C=O), 20.79 (1 C, CH 3OAc ), 20.63 (1 C, CH 3OAc ),
	20.45 (1 C, CH 3OAc ), 16.16 (1 C, CH 3Fuc ).

1 H NMR (600 MHz, CDCl 3 ) δ: 7

  

	.23 (d, J = 8.2 Hz, 2 H, H Ar ), 7.15 (d, J = 8.2 Hz, 2 H, H Ar ), 4.14
	(q, J = 7.1 Hz, 2 H, OCH 2 ), 3.55 (s, 2 H, CH 2benz ), 3.43 (s, 1 H, SH), 1.24 (t, J = 7.2 Hz, 3 H, CH 3 ).

13 C NMR (151 MHz, CDCl 3 ) δ: 171

  

	.48 (1 C, C=O), 131.82 (1 C, C q ), 130.10 (2 C, CH Ar ), 129.81
	(2 C, CH Ar ), 129.44 (1 C, C q ), 61.03 (1 C, OCH 2 ), 40.92 (1 C, CH 2benz ), 14.28 (1 C, CH 3 ).

2 1 H NMR (600 MHz, CD 3 OD) δ: 7

  .16 (s, 12 H, CH SAr ), 7.02 (s, 3 H, CH Ar ), 3.97 (s, 6 H, SCH 2 Ph), 3.48 (s, 6 H, COCH 2 Ph). CH SAr ), 130.79 (6 C, CH SAr ), 129.22 (3 C, CH Ar ), 45.88 (3 C, COCH 2 Ph), 39.88 (3 C, SCH 2 Ph).

13 C NMR (151 MHz, CD 3 OD) δ: 139.59 (3 C, Cq), 138.00 (3 C, Cq), 134.49 (3 C, Cq), 131.46 (6 C,

  CH SAr ), 131.41 (12 C, CH SAr ), 42.12 (6 C, COCH2Ph), 34.96 (6 C, SCH 2 Ph).

1 H NMR (600 MHz, CD 3 OD) δ: 7.13 (d, 24 H, J = 8.1 Hz, CH SAr ), 6.83 (d, 12 H, J = 8.2 Hz, CH SAr ), 4.16 (s, 12 H, SCH 2 Ph), 3.59 (s, 12 H, COCH 2 Ph). 13 C NMR (151 MHz, CD 3 OD) δ: 137.35 (6 C, Cq), 135.94 (6 C, Cq), 135.16 (6 C, Cq), 132.15 (12 C,

10, 11, 12 14 15 16

  

  calculated for C 78 H 115 N 6 O 27 S 3 [M+H] + =1663.6972, found: 1663.6888; calcd for C 78 H 114 N 6 NaO 27 S 3 [M+Na] + =1685.6792, found: 1685.6819; C 78 H 114 N 6 Na 2 O 27 S 3 [M+2Na] 2+ =854.3345, found: 854.3350.

  calculated for C 84 H 127 N 6 O 30 S 3 [M+H] + =1795.7759, found: 1795.7740; calcd for C 84 H 126 N 6 NaO 30 S 3 [M+Na] + = 1817.7578, found: 1817.7584; calcd for C 84 H 126 N 6 Na 2 O 30 S 3 [M+2Na] 2+ = 920.3738, found: 920.3739.

2 1 H NMR (600 MHz, CD 3 OD) δ:7.18

  (s, 12 H, CH SAr ), 7.02 (s, 3 H, CH Ar ), 4.76 (d, J = 1.9 Hz, 3 H, H-1α), 3.98 (s, 6 H, SCH 2 Ph), 3.93 (dq, J = 6.7 Hz, 3 H, H-5 ), 3.77 -3.73 (m, 6 H, H-2, H-3), 3.71 (t, J = 6.2 Hz, 9 H, CH 2 O), 3.65 (d, J = 1.5 Hz, 3 H, H-4), 3.62 -3.55 (m, 36 H, CH 2 O), 3.54 -3.51 (m, 3 H, CH 2 N), 3.51 (t, J = 5.4 Hz, 6 H, CH 2 O), 3.46 (s, 6 H, COCH 2 Ph), 3.45 -3.41 (m, 3 H, CH 2 O), 3.34 (t, J = 5.4 Hz, 6 H, CH 2 N), 3.30 -3.27 (m, 3 H, CH 2 N), 2.44 (t, J = 6.2 Hz, 6 H, CH 2 CO), 1.20 (d, J = 6.6 Hz, 9 H, CH 3Fuc ).

  calculated for C 90 H 139 N 6 O 33 S 3 [M+H] + =1927.8545, found: 1927.8587; calcd for C 90 H 138 N 6 NaO 33 S 3 [M+Na] + =1949.8365, found: 1949.8389; calcd for C 90 H 138 N 6 Na 2 O 33 S 3 [M+2Na] 2+ = 986.4131, found: 986.9167.

		HO	OH	OH							
	R=	HO	OH O OH O	N H	O	O	O	O	H N	O	S	R
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													R
							O					O	S	R
	R=	HO	OH O OH O	N H		O	O	O	O	N H
	HPLC purity (254nm): 95%.							
	tetra-2											
												R	R
							O			O		S	R
	R=	HO	OH O OH O	N H		O	O	N H		
													29 (4 C, C qAr ),
	136.00 (4 C, C qSAr ), 135.54 (4 C, C qSAr ), 133.80 (2 C, CH Ar ), 132.29 (8 C, CH SAr ), 130.82 (8 C,
	CH SAr ), 100.56 (4 C, C-1α), 73.61 (4 C, C-4), 71.65 (4 C, C-2), 71.31 (4 C, CH 2 O), 71.24 (4 C,
	CH 2 O), 70.52 (4 C, CH 2 O), 70.02 (4 C, C-3), 68.26 (4 C, CH 2 O), 67.80 (4 C, CH 2 O), 67.69 (4 C,

1 H NMR (600 MHz, CD 3 OD) δ: 7.23 -7.17 (m, 16 H, CH SAr ), 6.91 (s, 2 H, CH SAr ), 4.76 (bd, J = 1.8 Hz, 4 H, H-1α), 4.05 (s, 8 H, SCH 2 Ph), 3.85 (q, J = 6.7 Hz, 4 H, H-5), 3.76 -3.70 (m, 20 H, H-2, H-3, CH 2 O), 3.65 (d, J = 1.8 Hz, 4 H, H-4), 3.59 -3.54 (m, 16 H, CH 2 O), 3.54 -3.47 (m, 12 H, CH 2 O, CH 2 N), 3.49 (s, 8 H, COCH 2 Ph), 3.43 (ddd, J = 10.7, 7.3, 3.9 Hz, 4 H, CH 2 O), 3.35 (t, J = 5.5 Hz, 8 H, CH 2 N), 3.30 -3.27 (m, 4 H, CH 2 N), 2.44 (t, J = 6.1 Hz, 8 H, COCH 2 ), 1.19 (d, J = 6.5 Hz, 12 H, CH 3Fuc ). 13 C NMR (151 MHz, CD 3 OD) δ: 170.90 (4 C, C=O), 170.55 (4 C, C=O), 136.C-5), 43.36 (4 C, COCH 2 Ph), 40.63 (4 C, CH 2 N), 40.31 (4 C, CH 2 N), 37.63 (4 C, SCH 2 Ph), 37.28 (4 C, COCH 2 ), 16.73 (4 C, CH 3Fuc

  C 102 H 150 N 8 Na 2 O 36 S 4 [M+2Na] 2+ =1118.4416, found: 1118.4475.

). HRMS (ESI+, Q-TOF) m/z: calculated for C 102 H 151 N 8 O 36 S 4 [M+H] + =2191.9114, found: 2191.9246; calcd for C 102 H 150 N 8 NaO 36 S 4 [M+Na] + =2213.8933, found: 2213.9001; calcd for 2

  calculated for C 110 H 167 N 8 O 40 S 4 [M+H] + =2368.0162, found: 2368.0275; calcd for C 110 H 166 N 8 NaO 40 S 4 [M+Na] + =2389.9982, found: 2390.0134; clcd for C 110 H 166 N 8 Na 2 O 40 S 4 [M+2Na] 2+ =1.206.494, found: 1206.4978; calcd for C 110 H 168 N 8 O 40 S 4 [M+2H] 2+ =1184.5121, found: 1184.5142.

  (m, 12 H, CH 2 O, CH 2 N), 3.49 (s, 8 H, COCH 2 Ph), 3.44 (ddd, J = 10.6, 7.2, 4.0 Hz, 4 H, CH 2 O), 3.35 (dd, J = 6.3, 4.6 Hz, 8 H, CH 2 N), 3.30 -3.27 (m, 3 H, CH 2 N), 2.44 (t, J = 6.2 Hz, 8 H, COCH 2 ), 1.20 (d, J = 6.6 Hz, 12 H, CH 3Fuc ). C=O), 136.30 (4 C, C qAr ), 136.00 (4 C, C qSAr ), 135.55 (4 C, C qSAr ), 133.82 (2 C, CH Ar ), 132.24 (8 C, CH SAr ), 130.85 (8 C, CH SAr ), 100.55 (4 C, C-1α), 73.60 (4 C, C-4), 71.63 (4 C, C-2), 71.56 (8 C, CH 2 O), 71.52 (4 C, CH 2 O), 71.44 (4 C, CH 2 O), 71.32(4 C, CH 2 O), 71.27 (4 C, CH 2 O), 70.48 (4 C, CH 2 O), 70.01 (4 C, C-3), 68.25(4 C, CH 2 O), 67.80 (4 C, CH 2 O), 67.68 (4 C, C-5), 43.37 (4 C, COCH 2 Ph), 40.62 (4 C, CH 2 N), 40.28 (4 C, CH 2 N), 37.65 (4 C, SCH 2 Ph), 37.25 (4 C, COCH 2 ), 16.73 (4 C, CH 3Fuc ). calculated for C 118 H 183 N 8 O 44 S 4 [M+H] + =2544.1211, found: 2544.1148; calcd for C 118 H 182 N 8 NaO 44 S 4 [M+Na] + =2566.1030, found: 2566.0985; calcd for C 118 H 182 N 8 Na 2 O 44 S 4 [M+2Na] 2+ =1294.5464, found: 1295.0500.

	HRMS (ESI+, Q-TOF) m/z:

R 1 H NMR (600 MHz, CD 3 OD) δ: 7.23 -7.18 (m, 16 H, CH SAr ), 6.93 (s, 2 H, CH Ar ), 4.76 (bd, J = 2.1 Hz, 4 H, H-1α), 4.06 (s, 8 H, SCH 2 Ph), 3.93 (q, J = 6.6 Hz, 4 H, H-5), 3.76 -3.72 (m, 8 H, H-2, H-3), 3.71 (t, J = 6.2 Hz, 12 H, CH 2 O), 3.65 (d, J = 1.9 Hz, 4 H, H-4), 3.63 -3.55 (m, 49 H, CH 2 O), 3.51

2 13 C NMR (151 MHz, CD 3 OD) δ: 174.00 (4 C, C=O), 173.81 (4 C,

  qAr ), 136.55 (6 C, C qSAr ), 135.19 (6 C, C qSAr ), 132.19 (12 C, CH SAr ), 131.22 (12 C, CH SAr ), 100.54 (6 C, C-1α), 73.60 (6 C, C-4), 71.63 (6 C, C-2), 71.31 (6 C, CH 2 O), 71.22 (6 C, CH 2 O), 70.52 (6 C, CH 2 O), 70.00 (6 C, C-3), 68.26 (6 C, CH 2 O), 67.79 (6 C, CH 2 O), 67.68 (6 C, C-5), 43.37 (6 C, COCH 2 Ph), 40.64 (6 C, CH 2 N), 40.31 (6 C, CH 2 N), 37.62 (6 C, COCH 2 ), 34.91 (6 C, SCH 2 Ph), 16.75 (6 C, CH 3Fuc ). calculated for C 150 H 223 N 12 O 54 S 6 [M+2H] 2+ =1624.16985, found: 1624.6711; calcd for C 150 H 222 N 12 Na 2 O 54 S 6 [M+2Na] 2+ =1646.6557, found: 1646.6544.

	HRMS (ESI+, Q-TOF) m/z:

1 H NMR (600 MHz, CD 3 OD) δ: 7.26 (d, J = 8.2 Hz, 12 H, CH SAr ), 7.22 (d, J = 8.2 Hz, 12 H, CH SAr ), 4.76 (bd, J = 1.7 Hz, 6 H, H-1α), 4.17 (s, 12 H, SCH 2 Ph), 3.92 (q, J = 6.6 Hz, 6 H, H-5), 3.78 -3.69 (m, 30 H, H-2, H-3, CH 2 O), 3.65 (bd, J = 1.9 Hz, 6 H, H-4), 3.59 -3.49 (m, 54 H, COCH 2 Ph, CH 2 O, CH 2 N), 3.43 (ddd, J = 10.7, 7.2, 3.9 Hz, 6 H, CH 2 O), 3.36 (t, J = 5.4 Hz, 12 H, CH 2 N), 3.31 -3.27 (m, 6 H, CH 2 N), 2.44 (t, J = 6.1 Hz, 12 H, COCH 2 ), 1.19 (d, J = 6.6 Hz, 18 H, CH 3Fuc ).

13 C NMR (151 MHz, CD 3 OD) δ: 173.90 (6 C, C=O), 173.75 (6 C, C=O), 137.30 (6 C, C HPLC purity (254nm): 98%.

  Hz, 12 H, CH SAr ), 7.23 (d, J = 8.3 Hz, 12 H, CH SAr ), 4.76 (bd, J = 1.7 Hz, 6 H, H-1α), 4.19 (s, 12 H, SCH 2 Ph), 3.92 (q, J = 6.6 Hz, 6 H, H-5), 3.74 -3.69 (m, 30 H, H-2, H-3, CH 2 O), 3.65 (bd, J = 1.6 Hz, 6 H, H-4), 3.61 -3.55 (m, 48 H, CH 2 O), 3.55 -3.48 (m, 30 H, COCH 2 Ph, CH 2 O, CH 2 N), 3.43 (ddd, J = 10.6, 7.2, 4.0 Hz, 6 H, CH qAr ), 136.57 (6 C, C qSAr ), 135.20 (6 C, C qSAr ), 132.20 (12 C, CH SAr ), 131.23 (12 C, CH SAr ), 100.58 (6 C, C-1α), 73.62 (6 C, C-4), 71.66 (6 C, C-2), 71.60 (6 C, CH 2 O), 71.47 (6 C, CH 2 O), 71.32 (6 C, CH 2 O), 71.31 (6 C, CH 2 O), 70.52 (6 C, CH 2 O), 70.04 (6 C, C-3), 68.27 (6 C, CH 2 O), 67.81 (6 C, CH 2 O), 67.69 (6 C, C-5), 43.42 (6 C, COCH 2 Ph), 40.67 (6 C, CH 2 N), 40.30 (6 C, CH 2 N), 37.69 (6 C, COCH 2 ), 35.56 (6 C, SCH 2 Ph), 16.75 (6 C, CH 3Fuc ). calculated for C 162 H 248 N 12 O 60 S 6 [M+2H] 2+ =1756.7524, found: 1756.7491; calcd C 162 H 246 N 12 Na 2 O 60 S 6 [M+2Na] 2+ =1778.73435, found: 1778.7306.

1 H NMR (600 MHz, CD 3 OD) δ: 7.26 (d, J = 8.3 2 O), 3.37 (t, J = 5.4 Hz, 12 H, CH 2 N), 3.28 -3.31 (m, 6 H, CH 2 N), 2.44 (t, J = 6.2 Hz, 12 H, COCH 2 ), 1.19 (d, J = 6.6 Hz, 18 H, CH 3Fuc ).

13 C NMR (151 MHz, CD 3 OD) δ: 173.91 (6 C, C=O), 173.67 (6 C, C=O), 137.46 (6 C, C HRMS (ESI+, Q-TOF) m/z:

  .65, 70.36, 69.40, 68.81, 67.73, 66.43 (Fuc, C-5), 65.85 (Fuc, CH 2 CH 2 N), 62.60, 50.10, 15.25 (Fuc, CH 3 ).

	1 H NMR (600 MHz, Deuterium Oxide) δ: 8.14 (d, J = 7.7 Hz, 1 H, triazole), 4.72 (s, Fuc, H-1),
	4.67 (s, Fuc, OCH 2 CH 2 ), 4.07 -3.40 (m, hPG CH, hPG CH 2 , Fuc: H-2, H-3, H-4, OCH 2 CH 2 N ),
	3.12 -3.05 (m, Fuc, H-5), 1.03 -0.98 (m, Fuc, CH 3 ).
	13 C NMR (151 MHz, Deuterium Oxide) δ: 125.69 (C-triazole), 98.00 (Fuc, C-1), 77.95, 72.06,
	71.51, 70

Table 1 .

 1 Inhibitory potencies towards FleA, SapL1 and BambL, as obtained from a competitive FP assay.

		Compound	FleA IC 50 (nM ± sd)*	SapL1 IC 50 (nM ± sd)*	BambL IC 50 (nM ± sd)*
	Monovalent	α-Me-Fuc 2a	111,000 ± 14,000 57,000 ± 17,000	24,000 ± 11,000 61,000 ± 17,000	1,400 ± 200 3,200 ± 300
		tri-2	794 ± 29	147 ± 10	43± 1
	n = 2	tetra-2	619 ± 15	69 ± 3	44 ± 2
		hexa-2	144 ± 4	101 ± 7	34 ± 1
		tri-3	517 ± 47	82 ± 6	44 ± 1
	n = 3	tetra-3	173 ± 14	60 ± 5	26 ± 1
		hexa-3	137 ± 1	89 ± 1	28 ± 3
		tri-4	234 ± 5	79 ± 1	39 ± 2
	n = 4	tetra-4	160 ± 10	69 ± 3	26 ± 1
		hexa-4	148 ± 6	43 ± 6	31 ± 3
	Polymer	hPG-20	24 ± 2	16 ± 1	9 ± 0.1

*Sd=standard deviation. Values are calculated as an average over two independent experiments. Exact concentrations of species in solution for each experiment can be found in the Experimental Section.

3 Table 2 .

 32 Affinities of multivalent ligands for Flea, determined by microcalorimetry

				FleA			
		K d (nM)	β(/v) a	ΔH (kJ/mol)	-TΔS (kJ/mol)	ΔG (kJ/mol)	N b
	ref. 2a	97,600 ± 300	-	-39 ± 4	16 ± 4	-23 ± 0	4.1
	tri-4	240 ± 24	407(136)	-112 ± 1	74 ± 1	-38 ± 0	1.4
	tetra-4	149 ± 17	655(164)	-185 ± 3	145 ± 3	-39 ± 0	1.2
	hexa-4	115 ± 4	849(142)	-246 ± 6	206 ± 6	-40 ± 0	0.8
	hPG-20	60 ± 4	1627(81)	-335 ± 1	293 ± 1	-41 ± 0	0.4

Table 3 .

 3 Affinities of multivalent ligands for SapL1, determined by microcalorimetry

				SapL1			
	K d (nM) β(/v) ref. αMeFuc 68,100 ± 4,400 -	-63 ± 11	27± 2	-36 ± 12	3.52
	tri-4	60 ± 3	1148(383)	-105 ± 5	64± 5	-41 ± 0	1.27
	tetra-4	60 ± 2	1137(284)	-160 ± 8	119± 8	-41 ± 0	0.95
	hexa-4	25 ± 3	2735(456)	-199± 13	155 ± 12	-44 ± 0	0.72
	hPG-20	19 ± 2	3681(184)	-335 ± 1	291 ± 1	-44 ± 0	0.32

a ΔH (kJ/mol) -TΔS (kJ/mol) ΔG (kJ/mol) N b

Table 4 .

 4 Affinities of multivalent ligands for BambL, determined by microcalorimetry

				BambL		
		K d (nM)	β(/v) a	ΔH (kJ/mol)	-TΔS (kJ/mol)	ΔG (kJ/mol)	N b
	ref. 2a	2,135 ± 80	-	-50 ± 1	17 ± 1	-32 ± 0	5.43
	tri-4	3.7 ± 0.7	578(193)	-105 ± 11	57 ± 10	-48 ± 1	2.91
	tetra-4	3.0 ± 0.9	713(178)	-201 ± 11	152 ± 12	-49 ± 1	1.47
	hexa-4	4.7 ± 0.9	455(76)	-296 ± 9	249 ± 10	-48 ± 1	1.05
	hPG-20	2.1 ± 0.1	793(40)	-335 ± 0.1	286 ± 1	-49 ± 1	0.42
	The affinity results and thermodynamic parameters in Tables 2, 3 and 4 are reported with standard deviations (± sd) over
	duplicate experiments. Representative titration curves for all compounds are reported in the Experimental section at 3.7.9.

a β affinity enhancement values are calculated as K d, mono /K d, multi . The affinity enhancement per single sugar is shown in brackets and calculated as β/v, where v stands for valency.

b

Table 5 .

 5 Affinity values obtained by BLI. aThe values of K d ± sd were calculated from four independent experiments at different concentration of inhibitor.

			FleA			SapL1			BambL	
	Cmpd	K obs	(nM)	t R (min)	K obs	(nM)	t R (min)	K obs	(nM)	t R (min)
	tri-4	25.9 ± 0.3	10	2.7 ± 0.1	100	0.8 ± 0.1	147
	tetra-4	7.4 ± 0.1	36	3.6 ± 0.1	100	1.1 ± 0.1	152
	hexa-4	4.1 ± 0.1	5.4	1.2 ± 0.2	500	1.6 ± 0.1	119
	hPG-20	3.5 ± 0.2	15	0.8 ± 0.1	695	1.2 ± 0.1	112

a

4

  40 Å and thus might chelate the two closest binding sites of LecB. More importantly, statistical rebinding and cross-linking mechanisms are possible for all compounds and likely contribute to the good IC 50 values obtained.

Table 1 .

 1 Potency values obtained by FP competitive assay, using FucFITC as reporter probe.

		LecB		BambL	
	Compd	IC 50 (nM) ± sd	rel. potency (per sugar) a	IC 50 (nM) ± sd	rel. potency (per sugar) a
	αMeFuc	6,900 ± 800	-	1,400±200	-
	2a	6,100 ± 1,100	1.1	3,200 ± 300	0.4
	tri-2	156 ± 32	44(14)	43±1	33(11)
	tetra-2	253 ± 135	27(7)	43±2	33(11)
	hexa-2	214 ± 65	32(5)	34±1	41(7)
	tri-3	149 ± 15	46(15)	44±1	32(11)
	tetra-3	117 ± 1	59(15)	26±1	54(14)
	hexa-3	136 ± 16	51(8)	28±3	50(8)
	tri-4	151 ± 25	46(15)	39±2	36(12)
	tetra-4	129 ± 1	54(13)	26±1	54(14)
	hexa-4	137 ± 6	50(8)	31±3	45(8)
	hPG-20	136 ± 4	51(3)	9±0	156(8)

a

The relative potency is calculated in relation to αMeFuc as IC 50, mono / IC 50, multi . The value in brackets refers to the relative potency per sugar, obtained by dividing the potency by the valency of each compound. IC 50 values are calculated on two independent experiments.

Table 1 .

 1 Swelling and germination data obtained by oCelloScope™ analysis.

	Condition	Morphotype	P max (%)±sd	τ(h)±sd
	control neg (MM, no Ala)	swelling	36.97±0.35	9.6±0.1
	control pos (MM, Ala)	swelling	88.28±0.52	8.09±0.06
	FleA 1 µM	swelling	90.68±0.64	7.75±0.07
	αMeFuc 1 mM	swelling	88.42±0.37	7.51±0.04
	αMeFuc 0.1 mM	swelling	88.83±0.75	7.31±0.09
	αMeFuc 0.1 mM no ala, MQ	swelling	1.53±0.03	1±0.06
	αMeFuc 0.1 mM no ala, MM	swelling	34.31±0.46	8.82±0.12
	tri-4 33 µM	swelling	81.91±0.26	6.67±0.03
	tri-4 3.3 µM	swelling	94.08±0.33	7.25±0.04
	tri-4 0.33 µM	swelling	91.32±0.38	7.09±0.04
	tri-4 33 µM no ala, MQ	swelling	4.46±0.09	1±0.26
	tri-4 33 µM no ala, MM	swelling	42.68±0.43	7.67±0.12
	control neg (MM, no Ala)	germination	27.79±0.2	11.15±0.07
	control pos (MM, Ala)	germination	84.98±0.32	11.08±0.04
	FleA 1 µM	germination	88.33±0.82	11.21±0.09
	αMeFuc 1 mM	germination	82.67±0.34	11.33±0.04
	αMeFuc 0.1 mM	germination	83.28±0.4	11.31±0.05
	αMeFuc 0.1 mM no ala, MQ	germination	-	-
	αMeFuc 0.1 mM no ala, MM	germination	34.31±0.38	11.58±0.1
	tri-4 33 µM	germination	77.1±0.26	9.9±0.03
	tri-4 3.3 µM	germination	85.92±0.33	10.94±0.04
	tri-4 0.33 µM	germination	83.24±0.38	11.03±0.04
	tri-4 33 µM no ala, MQ	germination	-	-
	tri-4 33 µM no ala, MM	germination	37.08±0.43	9.46±0.12

Table 2 .

 2 WST-1 assay results. a

	Group	Mean	CI 95
	buffer	3.014333	0.082853
	tritonX 1%	0.2505	0.017635
	tri4 0.1mM	3.1	0.146878
	tetra4 0.1 mM	2.910333	0.532091
	hexa4 0.1 mM	2.880333	0.425659
	hPG20 0.1 mM	2.606	0.273266
	αMeFuc 1 mM	3.05275	0.158603
	a Average of absorbance data at 450 nm and related confidence intervals.
	The significance is expressed in relation to the control (buffer).

Design & Synthesis

2-(3-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)propanamido)ethyl 2,3,4-tri-O-acetyl-α-lfucopyranoside (11)

C NMR (151 MHz, CD 3 OD) δ: 173.96 (6 C, C=O), 173.68 (6 C, C=O), 137.31 (6 C, C qAr ),

H NMR hexa-2Analytical HPLC hexa-2 (blank subtracted)

H NMR tetra-3Analytical HPLC tetra-3 (blank subtracted)

1 H NMR hexa-3Analytical HPLC hexa-3 (blank subtracted)

H NMR tri-4Analytical HPLC tri-4 (blank subtracted)

1 H NMR tetra-4Analytical HPLC tetra-4 (blank subtracted)

H NMR hexa-4Analytical HPLC hexa-4 (blank subtracted)

Microcalorimetry titrationsOnly one of the replicates is shown for clarity.

Summary & Outlook

*https://www.phd4glycodrug.eu/project/
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