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Les résumés en Français 

 

Chapitre 1. Le système immunitaire 

 

Le contexte général de ce travail de thèse est le système immunitaire, source vitale de défense contre les 

agents pathogènes. L’immunité est divisée en deux systèmes communicants, l’immunité innée et 

l’immunité adaptative. Le paragraphe 1.2 décrit brièvement les acteurs cellulaires les plus importants de 

l’immunité innée. Ces cellules comprennent les macrophages, les neutrophiles, les basophiles, les 

éosinophiles, les mastocytes, les cellules tueuses (natural killer cells), et les cellules dendritiques (CD). 

Toutes ces cellules se développent sous la stimulation de certaines cytokines. 

Les CDs sont spécialement importantes car elles constituent un lien entre l’immunité innée et adaptative et 

leur rôle principal est d’induire l’immunité adaptative (paragraphe 1.2.1). L’identification de micro-

organismes étrangers par l’immunité innée est basée sur la reconnaissance de structures moléculaires 

conservés dans les micro-organismes et absentes chez l’hôte (paragraphe 1.2.2). Ces structures sont 

appelées “motifs moléculaires associés à des pathogènes” (PAMPs en anglais). Les récepteurs du système 

immunitaire inné qui reconnaissent les PAMPs sont appelés Pattern Recognition Receptors (PRR). Les PRRs 

peuvent être solubles, exprimés à la surface cellulaire ou intra-cellulaires. Les récepteurs lectine de type-C 

(CLRs) sont l’une des familles de PRRs. 

 

Chapitre 2. Les récepteurs lectine de type-C 

 

Les récepteurs lectine de type-C sont des lectines qui reconnaissent des groupements glucidiques 

spécifiques présents à la surface de leurs via un domaine structural appelé domaine de reconnaissance de 

carbohydrates (CRD). Cette reconnaissance est dépendante d’ions Ca2+ présents dans le site actif et ceci est 

expliqué dans le paragraphe 2.2. Apres contact avec le ligand, quatre voies peuvent être exploitées pour 

moduler le système immunitaire. La signalisation résultante dépend de plusieurs aspects, tel que la 

typologie du récepteur, son internalisation et la nature des ligands (paragraphe 2.2.1). Néanmoins, 

certaines constantes sont conservées parmi les différentes voies de signalisation : le motif basé sur la 

tyrosine, l’utilisation de SYK et SHP pour la modulation de la transcription et la coopération avec autre 

récepteur comme le récepteurs de type toll.  

Enfin, la dernière partie du chapitre (paragraphe 2.3) décrit les neuf différentes CLRs étudiées pendant ce 

travail de thèse : BDCA2, DC-SIGN, DC-SIGNR, dectin-2, dectin-1, langerin, LSECtin, MCL et mincle. Pour 

chacun d'eux des informations sur la structure, la spécificité de reconnaissance et la voie de signalisation 

ont été donnés. 
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Chapitre 3. Glycobiologie 

 

Les lectines décrites dans le chapitre précèdent peuvent déchiffrer le glycocode de glycans, porteur 

d’informations biologiques. Les glycans sont essentiels dans l’interaction cellule-cellule et la position de 

leurs groupements hydroxyle est cruciale pour la bio-reconnaissance. 

Les sucres sont extrêmement complexes et une raison de cette complexité découle de la grande variété de 

liaisons possibles pour la formation d’oligomères. Outre leur complexité, les carbohydrates ont faible 

affinité et spécificité pour leurs partenaires protéiques. Afin de surmonter ces difficultés, des mimétique de 

carbohydrates doivent être développés. Trois différentes sections du glycan peuvent être optimisées. Ceci 

est développé dans des parties du paragraphe 3.2. Une fois que les glycomimétiques ont été synthétisés, 

leur interaction avec de lectines doit être validé par des expériences biochimique in vitro et, notamment, 

par des techniques de criblage (puce a sucres et puce a lectines, paragraphe 3.3). 

L’optimisation et l’étude de ligand monovalent est la première étape vers le développement de inhibiteurs. 

Pour améliorer la faible affinité d’interaction, des ligands multivalentes sont ensuite envisagés afin 

d’atteindre l’effet d’avidité. Dans le paragraphe 3.4 différents exemples the ligands multivalents sont 

donnés.  

 

Chapitre 4. Applications 

 

Ce chapitre surligne la pertinence médicale de l’étude des interactions lectines-carbohydrates. Notamment, 

un focus a été fait sur le diagnostic (plusieurs maladies étant caractérisées par de changement de motif de 

glycosylation, sur l’imagerie pour pouvoir observer l’efficacité de l’internalisation au niveau cellulaire et sur 

le ciblage de lectines, fondamental pour la vaccination et le traitement du cancer. 

 

Chapitre 5. Les objectifs de cette thèse 

 

Le projet s’inscrit dans un contexte international et fait partie du réseau européen IMMUNOSHAPE. Le but 

du réseau est de combiner l’état de l’art de la synthèse chimique et des technologies de criblage pour 

développer des molécules immunothérapeutiques multivalentes basée sur des glycanes. Ma contribution 

au projet a été divisée en trois axes : 

 

- La production de neuf récepteurs lectine de type-C. Différentes approches ont été testées pour 

optimiser l’expression et la production en bactérie. De plus, pour améliorer artificiellement la 

multivalence des protéines et l’affinité pour leurs ligands, une nouvelle stratégie visant à 
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multimeriser le construct CRD a été développée. Le complexe multimeric final comprenant quatre 

CRD biotinilés a été appelle TETRALEC.   

 

- L’utilisation de méthodes de criblage d’interaction avec les ligands. Les techniques exploitées ont 

été : LectPROFILE assay, analyse par FACS, puce a sucre et a lectine. 

 

- La caractérisation de l’interaction entre les ligands et les lectines par des études biophysiques. Cet 

axe est divisé en deux parties. La première est basées sur l’étude d’interaction avec des ligands 

monovalents et sélectifs pour DC-SIGN, tandis que la deuxième partie étudiée l’interaction avec des 

ligands multivalents.  

 

Chapitre 6. Principes 

 

Ce chapitre décrit la théorie des techniques utilisées dans ce travail de recherche. 

 

Chapitre 7. Méthodes 

 

Ce chapitre décrit en détail toutes les procédures ainsi que tous les produits chimiques, biologiques et les 

équipements utilisés dans ce travail de recherche. 

 

Chapitre 8. Préparation de lectines recombinantes et test fonctionnel 

 

Ce chapitre contient les résultats de la production des différentes lectines. En première intention, deux 

types de constructions ont été réalisées : soit le domaine extracellulaire complet (ECD) soit seulement le 

domaine de reconnaissance des sucres (CRD). Plusieurs constructions ciblant le periplasm de E.coli afin 

d’obtenir la protéine directement soluble ont été essayées. Malgré la large gamme de constructions 

testées, cette approche a conduit soit un faible niveau d’expression soit une expression insoluble. Pour 

cette raison, la stratégie d’expression periplasmique a été abandonnée. Les résultats d’expression et 

purification sont présentés au paragraphe 8.2.1. 

 

Une stratégie alternative est présentée au paragraphe 8.2.2 et consiste en l’expression de protéines sans 

forme insoluble dans le cytoplasme bactérien, suivi par leur repliement in vitro. Trois constructions ECD ont 

été produites (chapitre 8.2.2.1). La production de DC-SIGNR-ECD a été réalisée sans obstacle majeur, et de 

rendements considérables de protéines pures et fonctionnelles ont été obtenus. Les rendements de dectin-
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2 Strep-ECD et mincle His-ECD étaient inferieur. Néanmoins, la fonctionnalité a été confirmée et la 

spécificité de reconnaissance de dectin-2 a été étudiée plus en détails. La production des constructions CRD 

a été plus fructueuse (chapitre 8.2.2.2). DC-SIGNR, BDCA2 et LSECtin His-CRDs ont été produits comme 

protéines fonctionnelles. MCL His-CRD a été produit et son l’intégrité structurelle a été confirmée mais 

l’absence de ligands connus a empêché l’évaluation de sa fonctionnalité. Dectin-1 et Dectin-2 His CRD ont 

été produits mais sont non-fonctionnelles.  

Enfin, la stratégie TETRALEC a été exploitée avec succès pour DC-SIGNR et MCL His-CRDs, tandis que des 

complexes TETRALEC avec biotynilation aléatoire ont été produits pour LSECtin et BDCA2 His-CRDs. 

DC-SIGNR TETRALEC a été étudié plus en détails et les résultats sont présenté dans le papier numéro 1 

(paragraphe 8.3). Le complexe a été caractérisé structuralement par SEC-MALS et la validation de sa 

fonctionnalité a été effectuée sur une puce à sucres dans le laboratoire de Dr. Niels Reichardt en Donostia-

San Sebastian (Espagne) et in cellulo en utilisant la cytométrie en flux et montrant une interaction avec 

Candida albicans dans le laboratoire de Pr. Bernd Lepenies en Hanover (Allemagne). 

 

Chapitre 9. Criblage : identification de composés sélectifs des CLRs humains 

 

Ce chapitre décrit l’utilisation de puces à sucre pour cribler l’interaction entre des panels de glycanses 

(synthétisés par l’équipe de Dr. Niels Reichardt) et des glycomimétiques (synthétisés par l’équipe de Pr. 

Anna Bernardi) avec nos lectines marques par un fluorophore. Dans le paragraphe 9.1.1, le papier numéro 

2 décrit une reconnaissance différentielle par trois lectines (DC-SIGN ECD, DC-SIGNR ECD et LSECtin CRD) de 

pairs de glycans qui sont des isomères de position. 

La deuxième partie du chapitre décrit le criblage de glycomimétiques et les résultats sont présentés dans le 

papier numéro 3 (paragraphe 9.2.1). L’interaction obtenu par criblage sur puce a été a été confirmée aussi 

par SPR pour DC-SIGN et DC-SIGNR ECDs et de nouveaux glycomimétiques reconnus par dectin-2 ECD ont 

été identifiés.  

 

Chapitre 10. Caractérisation de nouveau glycomimétiques spécifique vers DC-SIGN 

 

Ce chapitre décrit la caractérisation par compétition en SPR de composés glycomimétiques spécifiques de 

DC-SIGN et est divisée en deux sous-parties principales. L’une décrit la stratégie utilisée pour augmenter la 

stabilité des glycomimétiques synthétisés et la seconde la recherche de composés encore plus spécifiques 

de DC-SIGN. 

La première partie a été menée via deux collaborations différentes. Le papier numéro 4 (paragraphe 10.1.1) 

résulte d’une collaboration avec l’équipe de Pr. Anna Bernardi (Milano, Italie) pour caractériser l’effet du 

changement de liaisons glycosidiques par des liaisons avec un soufre. La deuxième collaboration a été 
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meée avec l’équipe du Pr. Jitka Moravcová pour le développement de C-glycosides et les résultats sont 

présentés au paragraphe 10.1.3. 

La deuxième partie du chapitre (paragraphe 10.2) regroupe les travaux menés par l’équipe du Pr. Anna 

Bernardi sur le concept d’une « poche de liaison de ammonium » par des études de modélisations 

moléculaires. Le criblage par SPR des multiples glycomimétiques développés en ce sens nous ont permis 

d’identifier le composé Man069 qui présente une forte affinité et spécificité pour DC-SIGN. Les études 

biophysiques et structurales que nous avons réalisés sur le complexe DC-IGN/Man069 concluent le 

chapitre. 

 

Chapitre 11. Conception de composées multivalents mannosylés pour le ciblage de CLR 

 

Ce dernier chapitre de résultats est basé sur une collaboration avec deux autres équipes du réseau 

IMMUNOHAPE : l’équipe de Prof. Yvette van Kooyk (Amsterdam, Pays-Bas) et l’équipe de Prof. Jeroen 

Codee (Leiden, Pays-Bas). Le projet à la base de cette collaboration etait le développement d’une molécule 

multivalente hautement définit pour la vaccination contre le cancer, un des objectifs finals du réseau 

IMMUNOSHAPE. Notre contribution a consisté en la caractérisation par interaction directe en SPR de 

différents glycoclusters. Les résultats de cette évaluation sont présentés au paragraphe 11.3. 

 

Chapitre 12. Conclusions et Perspectives 

 

Tous les résultats sont résumés dans ce chapitre.  

- Des remarques sur la production des lectines ont été faites dans le chapitre 9.1. Les moyens pour 

améliorer leur production sont aussi suggérés. 

- Les résultats de criblage sont résumés et d'autres expériences sont aussi suggérées pour leur 

valider. 

- Les résultats d’interaction pour l’ensemble des glycomimétiques monovalents testés contre DC-

SIGN sont résumés et comparés dans le chapitre 9.3. Un composé optimal a été identifié et son 

interaction avec DC-SIGN a été de plus étudiée structuralement.  

- Les résultats d’interaction pour l’ensemble des composés multivalents testés sont résumés et 

comparés dans le chapitre 9.4. 

 

Enfin, dans le chapitre 9.5 des conclusions plus générales sont donnée, notamment par rapport à 

l’identification de candidats potentiels permettant d’adresser l’objectif initial à long terme du réseau 

IMMUNOSHAPE : la modulation du système immunitaire.  
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1. The Immune System 
 

1.1 Introduction 
 

The immune system is our vital source of defense against infection and damage from external organism 

and toxin [1]. « Defense » and « immunity » appears as two crucial terms: while « defense » is used in a 

context of attack, implying defeat or victory, « immunity » is employed as synonym of resistance [2]. 

Immunity is a very complex network of soluble and cellular factors, with pro- and anti-inflammatory 

partners, and it is composed, in our body, by two communicating subgroups: the innate immune system 

and the adaptive immune system (Fig.1) [3]. 

 

 
Fig.1 The immune system. By sensing microbes (bacteria, parasites, fungi, and viruses), the innate immune system 

awakes the adaptive one. Dendritic cells (DCs) link the two components of immunity. DCs are involved in antigen 

phagocytosis, processing and presenting to lymphocytes (T Cells). Adapted from [2]. 

 

 

The innate immune system is passed down from generation to generation [3] and it is characterized by the 

ability to sort out the self-molecular patterns from non-self or altered elements. The adaptive immune 

system, on the other hand, can develop memory and can adjust itself in response to pathogens. These two 

defensive systems can communicate through cells that are devoted to antigen processing, called Antigen-

Presenting Cells (APCs).  

The strong interaction between the innate and adaptive systems is allowed by the production of cytokines 

and chemokines [4] but this aspect of immune regulation will not be detailed within this manuscript.  

 



36 
 

1.2 Innate Immune System 

 

Innate immunity, discovered by Elie Metchnikoff in 1916 during phagocytosis studies [5], describes the 

defense processes by which pathogens are recognized in an immediate yet nonspecific manner. Its typical 

timescale ranges from seconds to hours after antigen invasion [5]. The first physical defensive barrier is 

composed by cells of the epithelium, which is impenetrable by most external agents. Cells actively involved 

in immunity are divided into lymphocytes and phagocytes. Lymphocytes, which are the actors of the 

adaptive system, are T cells, B cells and Natural Killer (NK), while phagocytic [6] cells involved in the fast 

innate response include neutrophils and other types of granulocytes, macrophages, dendritic cells, and 

mast cells (Fig.2). 

 

 

 

Fig.2 Innate and adaptive immunity. The players (and inter-players) of the innate and adaptive immune 

systems. 

 

The granulocytes family is composed by neutrophils, eosinophils and basophils, they are all involved in 

phagocytosis and they can also release granules in the extracellular space upon stimulation [7]. 

Neutrophils, in particular, can kill the infectious microorganism by using Reactive Oxygen Species (ROS), 

which are generated by the NADPH oxidase [8].  

Macrophages are recruited to the inflammation site and are effective in ingesting microorganism as well as 

infected neutrophils. Once they have ingested the non-self-agent, macrophages migrate into lymph nodes 

or die [9]. 

Dendritic Cells (DCs), together with macrophages and B cells, act as the previously mentioned APCs: they 
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present antigens to the lymphocytes (T cells) using Major Histocompatibility Complex (MHC) molecules and 

secrete cytokines that stimulate innate immune cells. Despite the fact that they are considered as part of 

the innate immunity, macrophages and DCs are executing effectors of the adaptive immune system [10]. 

 

1.2.1 Dendritic cells and signals for adaptive immunity activation 

 

How fast the immune system responds to Pathogen-Associated (PAMPs) and Damage-Associated 

Molecules (DAMPs) is correlated to the availability of innate immune APCs [11]. Dendritic cells are the most 

potent APCs due to their ability to prime naïve T cells. DCs can be divided into plasmacytoid DCs (pDCs), 

monocyte–derived DCs (moDCs) and conventional DCs (cDCs) that all share the same hemapoietic cell 

progenitor. Although scarce [12], pDCs have important immunomodulation capabilities in T-cell mediated 

immune responses during viral infections and in the rapidly release type I interferon (IFN) [13]. moDCs are 

monocytes that have differentiated into DCs under inflammatory conditions and have a back-up role during 

acute inflammation [14]. cDCs, with a stellate morphology, which clearly distinguishes them from 

macrophages, have been shown to be the major cell type involved in migration into secondary lymphoid 

tissue and priming of naïve T cells[6].  By leading to an activation of the immune system or to its muffling, 

DCs play a pivotal and delicate role in balancing homeostasis as a down or over-regulation of the 

inflammation could, indeed, cause damage and disease [15]. 

How do DCs communicate with the adaptive immune system? When immature DCs encounter the antigen 

and receive other immune stimuli, they become mature. Endocytic receptors are then down regulated, 

CD40, CD80 and CD86 maturation markers are up-regulated, the level of MHC class II is raised and DCs 

migrate to the lymphoid organs where they communicate with T cells by three different signals (Fig.3a). The 

first one is based on the interaction between T cell receptors (TCRs) and MHC complexes loaded with 

antigenic peptide on DCs. The second signal involves the production of co-stimulatory signals and the 

interaction of the T cell co-stimulatory receptor CD28 with the ligand B7-1 expressed by DCs [16]. The third 

one is the production of inflammatory cytokines, IL-12 for instance, that helps T cell activation [6].  Without 

these three proper instructions from DCs, T cells would not be able to acquire effector functions and form 

memory cells [17]. The nature of the antigen presented and of the cytokine produced during DC maturation 

influences T cell differentiation. DCs can produce pro-inflammatory (IL-6) or anti-inflammatory (IL-10) 

cytokines and different chemokines, resulting in the recruitment of different T cell subsets at the infection 

site. CD4+T cell can differentiate into different T helper type cells Th1, Th2 or Th17.  

Immunological synapses form between MHC class I or II from DCs and naïve T cells to allow the transfer of 

information about pathogen invasion. Several adhesion receptors mediate this cell-cell junction (Fig.3b). 
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A b 

 

Fig.3 Activation of the adaptive immunity a) APC communication with T cells, adapted from [6], and b) electron 

micrograph (courtesy of J. W. Uhr) showing a B cell and T cell bound to each other. The bar = 1 μm.  
http://www.biology-pages.info/I/ImmSynapse.html. 

 

 

1.2.2 Pattern recognition receptors 

 

DCs, as professional sentinels of the innate immune cells, screen for pathogens by expressing Pattern 

Recognition Receptor (PRRs). They recognize non-self-elements and, thus, elicit the activation of immune 

response (inflammatory factor production). Two categories of patterns can be recognized by those 

receptors: Pathogen-Associated Molecular Patterns (PAMPs) and Damaged-Associated Molecular Patterns 

(DAMPs). Example of bacterial PAMPs are lipopolysaccharide (LPS), lipoproteins and peptidoglycan, while 

fungal PAMPs consist in carbohydrates of the cell wall [18]. PAMPs from viral origin are part of the 

glycoproteic envelope [19]. Once PAMPs are sensed by these receptors, DCs become activated with further 

production of chemokines and cytokines leading to inflammation (Fig.4). Inflammation could also be caused 

by damaged cells, e.g. by the above mentioned DAMPs, that results from tissue injury after bacterial 

infections. It is worth to note that DAMPs are also produced even in non-pathological conditions [20].  

 

http://www.biology-pages.info/I/ImmSynapse.html
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Fig.4 PAMPs and DAMPs. PAMPs and DAMPs interact with PRRs expressed by APCs with an effective cross 

talk between innate and adaptive immunity (PMN=polymorphonuclear leukocytes, it refers to 

granulocytes[21]). Adapted from [22].  

 

Those PRRs include the transmembrane C-type Lectin Receptors (CLRs) and Toll-Like Receptors (TLRs), 

together with the cytosolic receptors Nucleotide-binding oligomerization domain-Like Receptors (NLRs) 

and Retinoic acid-inducible gene-I-Like Receptors (RLRs) (Fig.5). 

 

 

Fig.5 The four different families of PRRs. CLRs, TLRs, NLRs and RLRs. Adapted from [23]. 

 

TLRs, the first class of PPRs identified, are localized at the cell surface or at the endosome surface.  

TLR1,2,4,6 sense lipids, while TLR3,7,8 recognize viral RNA. TLR9 identifies bacterial DNA and it is strongly 
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involved in pro-inflammatory responses. Its deregulation could contribute to disease progression, e.g. 

sepsis [24]. Cross talk between PRRs signalling pathways can enhance the specificity of PAMP recognition 

and a focus on the synergistic activation of TLRs and CLRs will be given in chapter 2.2.2. 

NLRs are involved in the regulation of inflammation and apoptosis during bacterial recognition. Finally, RLRs 

are helicases that sense viral RNA [25].  

Depending on the antigen, on the PRR and on the APC involved, the immune system will be shaped towards 

an initiation of the immune response or towards the maintenance of self-tolerance (Fig.6).  

This manuscript will focus on the specific PRR class of C-type lectin receptors, highlighting their structural 

and functional features and their contribution to the immune system response. C-type lectin receptors 

expressed by DCs are crucial for tailoring immune responses. They bind pathogens through the recognition 

of mannose, fucose, galactose and other carbohydrate structures. The combination of CLRs on APCs 

enables the recognition of most classes of human pathogens. 

After pathogen uptake, several signalling pathways can induce the expression of specific cytokines and, 

consequently, trigger T cell differentiation. Some CLRs can directly induce activation of nuclear factor-κB 

(NF-κB), others affect signalling by Toll-like receptors (DC-SIGN) [26]. Therefore, CLRs represent an 

attractive target for immunotherapeutics. 

 

 
Fig.6 CLRs and immunity. CLRs on DCs are the first step on the activation of the adaptive immune response. Adapted 

from [27].   
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2. C-type lectin receptors 

 

2.1 Introduction 

 

C-type lectin receptors are Glycan-Binding Proteins (GBPs) belonging to the large family of lectins. The term 

lectins derives from the Latin lectus, the past principle of legere, which means to choose or select [28]. In 

1954 W.C. Boyd proposed this name in order to highlight their peculiar specificity [29]. The definition of 

lectin excludes both antibodies and enzymes, as glycans are not a substrate whose biochemical nature will 

be altered upon binding to the lectin. Lectins recognize glycan thanks to specific structural domain called 

Carbohydrate Recognition Domain (CRD). To date, 14 different CRD folds have been described and four 

examples of lectin family involved in different aspects of the immune responses are shown in the following 

figure (Fig.7).  

 

 

 
 
Fig.7 Examples of four animal lectin families. (GL) galectin, (CL) C-type lectin, (MP) P-type lectin, (IL) I-type lectin [30]. 

 

The functions mediated by lectins are very diverse. Some lectins mediate interactions between cells and 

the extracellular matrix, while others are involved in the immune response. For example, L-Selectin is 

involved in lymphocytes homing [31] whereas serum mannose binding protein and ficolins activate the 

complement cascade [32] . Quality control is another important task of lectins. Calnexin and calreticulin in 
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the Endoplasmic Reticulum (ER) bind glucose on newly synthesized glycoprotein [33] and P-type lectins 

target lysosomial enzymes to endosomes by recognizing their mannose 6-phosphate [34]. 

In 1988, the group of Drickamer used for the first time the term « C-type lectin group » [35]  to identify 

Ca2+-dependent lectins.  

C-Type Lectins Receptors (CLR) bind to glycolipids and glycoproteins through a well-conserved globular 

domain CRD.  

 

2.2 C type lectin domains and glycan recognition: structural aspects 

 

CLRs are divided into soluble or transmembrane proteins. In the latter, the CRD is connected to the cellular 

transmembrane region. In many cases, this connection occurs thanks to a coiled-coiled sequence termed 

neck domain. This neck domain is composed of a repeated sequence and, depending on the number of 

repetition and its length, the entire extracellular portion of the CLR, called ExtraCellular Domain (ECD), can 

oligomerize with a stoichiometry specific for the lectin for one lectin to another. Figure 8 schematises a 

tetrameric CLR with a neck oligomerization (Fig.8) 

 

 

Fig.8 Schematic representation of a tetrameric CLR. The ECD is composed by the neck and the CRD. 

 

To encompass proteins that contains a CRD domain with typical structural fold but that do not bind sugars 

[36] or lectins that conserve CLR characteristic properties but that are not Ca2+ dependent [37], the more 

general term « C-type Lectin-Like Domains » (CTLD) was introduced afterwards. However, for common 

usage, in this manuscript the term CRD will be used and not CTLD when referring to the carbohydrate 

recognition domain. 
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The CRD is, overall, a loop, with beta-strands at the N- and C-termini connected by two alfa helices and 

three antiparallel beta sheets (Fig.9).  

a) 

 

b) 

 

Fig.9 Carnohydrate recognition domain a) Generic CRD structure b) DC-SIGN CRD binding to GlcNAc-Man3-
GlcNAc http://www.imperial.ac.uk/research/animallectins/ 

 

Four cysteines are involved in disulphide bridges, crucial for the correct folding of the protein CRD. Up to 

four Ca2+ binding sites are found, but only one is involved in glycan recognition and is particularly 

conserved. The other Ca2+ binding sites play an important role in the CLR structure stability. The conserved 

Ca2+ binding site is characterized by specific motifs that lead to different specificities of the glycan 

recognition. The EPN (Gluc-Pro-Asn) motif leads to the interaction with mannose-type ligands (mannose, 

GlcNac, glucose), that contains 3-hydroxyl and 4-hydroxyl groups in equatorial position (Fig.10a), while the 

QPD (Gln-Pro-Asp) motif drives the recognition towards galactose-type glycans (galactose and GalNac), 

where the 4-hydroxyl group is axial (Fig.10b)[38]. In both cases the carbonyl side chains are involved in 

hydrogen bond formation with the specific monosaccharide and also coordinate two bonds with Ca2+. The 

proline is involved in the backbone conformation.  

 
 

a b 

Fig.10 EPN and QPD motif. a) EPN, mannose-type, motif b) QPD, galactose-type, motif. Coordination bond 

are in green, H-bonds where hydroxyl acts as acceptor or donor are marked in pink or cyan dashed lines, 

respectively. Adapted from [35]. 
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In addition to the primary binding site, secondary binding sites could be crucial in the glycan recognition 

and allow a broader interaction with the protein surface [39]. 

17 different groups of CRDs are described, depending on their domain architecture, phylogeny and function 

(Fig.11). Group III or Collectin group, for example, includes mannose-binding protein (MBP) with the typical 

collagen-like triple helical tail. E-Selectin belongs to the group IV and selectins are leukocyte adhesion 

molecules specific for sialyl-Lewisx [40]. macrophage mannose receptor (MMR) belongs to the group VI 

[41],[35]. 

All the protein studied during my PhD belong are involved in the activation of immunity. For example, 

Dendritic-cell-specific intercellular adhesion molecule-3-grapping non-integrin (DC-SIGN) and Mincle belong 

to type II receptors (group II) and they are characterized by a short cytoplasmic tail, a transmembrane 

domain and an extracellular domain ending with a Ca2+-dependent CRD. NK Receptors (Group V) include, as 

well, transmembrane proteins, e.g. Dectin1, with short cytoplasmic domain but with a CRD often lacking 

the Ca2+ dependency. 

 

 

 

  
Fig.11 C-type lectin subfamilies [42] 
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2.2.1 CLR signalling 

 

Once a CLR encounter a pathogenic ligand, four different ways could be exploited to warn the immune 

system (Fig.12). 

 

 

Fig.12 Overview of the four motifs for signalisation a) direct CLRs coupling to Syk b) 
Indirect CLRs coupling to Syk c) CLRs with ITIM domain d) CLRs without ITAM or ITIM 

domain adapted from [43] 

 

- a) Direct CLRs coupling to Syk: CLR cytoplasmic tail possesses a tyrosine-based motif called 

hemiITAM (hemi-Immunoreceptor Tyrosine-based Activation Motif). Dimerization of two 

phosphorylated CLR leads to recruitment of the tyrosine kinase Syk via its tandem SH2 domains. 

This path leads to myeloid cell activation [43]. An example is dectin-1. 

- b) Indirect CLRs coupling to Syk: CLR cytoplasmic tail possesses a tyrosine-based motif and requires 

an ITAM containing adaptor molecule, such as Fc Receptor γ-chain (FCRγ). Again the 

phosphorylation events trigger Syk activation [43]. Examples are dectin-2 (Fig.13a), BDCA2 and 

mincle. 

- c) CLRs with Immunoreceptor Tyrosine-based Inhibition Motif (ITIM) domain recruits 

phosphatases leading to a subsequent down regulation of immune response [43]. An example is 

the Dendritic Cell ImmunoReceptor DCIR. 

- d) CLRs without ITAM or ITIM domain: these CLRs can signal after antigen capture of by other 

signalisation motives and modulate the signalling of other receptors. Examples are DC-SIGN are 

langerin [41]. DC-SIGN signalisation will be detailed afterwards.  
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The intracellular signalling pathways activated by dectin-2 and DCIR will be detailed below (Fig.13). 

Dectin-2 is a CLR that indirectly couples with Syk and the association with FCRγ via an arginine residue is 

required for Dectin-2 surface expression. When dectin-2 recognizes fungi, the activation of Syk regulates 

the production of ROS [44], used as microbicidal agents, and the activation of complex involved in gene 

transcription regulation (Fig.13a).[43] 

 

 

 

A b 

Fig.13 Dectin-2 and DCIR signalling. a) Dectin-2 indirect coupling to SYK and intracellular signalling pathway, 

adapted from [43] b) DCIR ITIM domain and phosphatase recruitment, adapted from [45]. 

 

DCIR, in contrast, bears an ITIM domain believed to mediate inhibitory signals in DCs (fig 13b). 

Phosphorylated ITIMs mediate recruitment of the SH2-containing tyrosine phosphatase-1 and 2 (SHP-1/2) 

which negatively controls NF-κB signalling to antigen response[45].  

DC-SIGN do not possess any ITAM or ITIM domain. Nevertheless, it possesses in the cytoplasmic tail a 

tyrosine motif, necessary for the intracellular signalling [46], and a di-leucine motif involved in 

endosomal/lysosomal pathway [47]. This motif was shown by Engering et al [48] to be involved in the 

internalization of DC-SIGN-ligand complex.  

The outcome of the signalling depends on multiple aspects, such as the type of receptor, the ligand (nature, 

architecture, density) and the internalization of the receptor involved. Nevertheless, some constants are 
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kept among the different CLR signalling: the tyrosine-based motif, the use of SYK and SHP for the 

modulation of gene transcription. Another common point is the ability to cooperate with other receptors to 

regulate myeloid cell functions [43]. 

 

2.2.2 CLR and TLR crosstalk 

 

CLRs expressed at the surface of APCs are not only involved in pathogen recognition but also in their 

internalisation and a simultaneous activation of CLRs and TLRs can occur to trigger the appropriate immune 

response. Both PRRs lead to the activation of both nuclear factor-kappa B (NF-κB) and the mitogen-

activated protein kinase (MAPK), resulting in an overlapping production of cytokines and chemokines. This 

net effect strikes, for example, during Candida infections, as shown in Figure 14, with a cooperation 

between TLR4/2 and dectin-1/2. MtD88 adaptor molecule is used by TLRs for the activation of the 

Interleukin Receptor-Associated Kinases IRAK1, IRAK2 and IRAK4 and subsequent ubiquitination of TNF 

Receptor Associated Factor TRAF6. Finally, MAPK and NF-κB are activated downstream. CLRs interaction 

with Syk triggers the recruitment of the Card9/Bcl10/Malt1 protein complex, leading as well to the MAPK 

and NF-κB activation (Fig.14) [49]. The final outcome is inflammation and the production of cytokines. 

 

 
 

Fig.14 Cross talk between CLR and TLR a) Dectin1/2 and TLR4/2 during Candida albicans infection adapted from [49] 
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 In 2018 S. Gringhuis et al. [50] have identified the mechanism by which DC-SIGN modulates TLR-dependent 

responses in human DCs (Fig.15). Mannosyl caps on the terminal D-arabinan (manLAM), found in 

pathogenic Mycobacterium, interact with DC-SIGN, leading to the activation of Raf-1. Activation of Raf-1, in 

turn, allows the acetylation of p65, the activating subunits of NF-kB, but only after TLR signalling had 

activated NF-κB. Indeed, TLR enables p65 translocation to the nucleus where the latter can then get 

activated by DC-SIGN downstream pathway. The acetylation of p65 extends the transcriptional activity of 

NF-kB and boost the transcription rate of anti-inflammatory IL10 gene.  

 

 

Fig.15 DC-SIGN and TLR4 during Mycobacterium infection. p65 and p50 subunits form NF-kB complex. Adapted from 

[51] 
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2.3 CLRs considered in the study 

 

This chapter will focus on the nine different CLRs investigated during my PhD: BDCA2, DC-SIGN, DC-SIGNR 

(L-SIGN), dectin2, dectin1, langerin, LSECtin, MCL and mincle. For each of them some information will be 

given, from structure features to binding specificities, from their contribution to the signalling cascade to 

the pathologies in which they are involved. 

 

2.3.1 Blood Dendritic Antigen 2 (BDCA2)  

 

BDCA2 is the only CLR considered in this study exclusively expressed by pDC  BDCA2 CRD has a typical CLR 

with an EPN sequence at the Ca2+ binding site that should lead to interaction with mannose-type glycans. 

However, Glu178 of the EPN motif is positioned outside the calcium binding site, which is partially occupied 

by the side chain of Arg179 [52]. A first study [53] in 2011 by glycan array indicated an unusual binding of 

BDCA2 towards galactose-terminated biantennary glycans. In 2015 S. Jegouzo et al. [54]  identified that 

BDCA2 binds in a very selective way glycans containing the epitope Galβ1-3/4GlcNAcβ1-2Man. Resolution 

of the CRD structure in the presence of this trisaccharide revealed that the mannose residue interacts with 

the primary binding site, while the other two sugars contribute to the interaction by occupying « a shallow 

groove » (Fig.16).  

 

 

Fig.16 Portion of BDCA2 CRD structure. Complex of BDCA2 CRD with Galβ1–4GlcNAcβ1–2Man adapted from [54] 

 

BDCA2 does not have an endocytic activity, being exclusively involved in intracellular signalling pathway.  Its 

cytoplasmic domain does not contain any known signalling motif, therefore it must associate to the 

transmembrane adaptor FCRγ, which interferes with TLR9-induced activation of pDCs and leads, eventually, 

to the inhibition of type I IFN secretion[55]. This is an attractive feature to evade type I IFN responses that 

is used by Hepatitis B virus to facilitate its spreading [56]. Finally, it was also shown that colorectal cancer 

cells express BDCA2 ligands [55]. 

 



50 
 

2.3.2 DC-SIGN and DC-SIGNR (L-SIGN) 

 

A lot could be said on DC-SIGN (by typing “DC-SIGN” on the research tool of PubMed, one would find 1500 

hits). Many thesis in our group have indeed focused on the study and the targeting of DC-SIGN1. However, 

for the sake of simplicity, in this chapter I will mainly focus on the similarities and differences between DC-

SIGN and its related CLR, DC-SIGNR, both studied during my PhD. For relevant publications based 

exclusively on DC-SIGN please refer to [57], [58], [59],[60],[61]. 

 

The names themselves indicate their importance in the initiation of T cell immunity by interacting with 

ICAM-3. Dendritic Cell Specific Intracellular adhesion molecule–3 (ICAM-3) Grabbing Nonintegrin (DC-SIGN) 

and DC-SIGN Related (DC-SIGNR) also termed Liver/Lymph node-Specific Intercellular adhesion molecule-3-

Grabbing integrin (L-SIGN) appear to be the product of a gene duplication and share 77% of homology [62]. 

The EPN motif is present in both proteins and enables mannose binding.  

Their binding to mannose derived glycans was studied by H. Feinberg et al [63],[64]. As typical feature of 

mannose binding mode to CLR, equatorial 3- and 4-OHs of the internal sugar form both coordination bonds 

with the Ca2+ (Fig.17). In addition, they form hydrogen bonds with amino acids that also serve as Ca2+ 

ligands. Moreover, the 6-OH forms a water-mediated contact with Asp367 (Asn379 in DC-SIGNR). 

 

  

a b 

Fig.17 Portion of DC-SIGN and DC-SIGNR CRD structure a) DC-SIGN and b) DC-SIGNR X-ray structure in complex 

with GlcNAc2- Man3. Adapted from [63]. 

One primarily difference between the two CLRs lays in the binding sites: Val351 of DC-SIGN is replaced by 

Ser363 in DC-SIGNR. This is the main reason why DC-SIGNR does not interact with fucose containing Lewisx 

antigens, while DC-SIGN enables the van der Walls interactions necessary for fucose interaction [37]. 

                                                           
1 https://tel.archives-ouvertes.fr/tel-00819832 and https://tel.archives-ouvertes.fr/tel-01497502 

https://tel.archives-ouvertes.fr/tel-00819832
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For both DC-SIGN and DC-SIGNR, the neck repetitions allow protein oligomerization into a tetramer with an 

affinity increase for glycan recognition. The final coil-coil unit of their neck domain is the most divergent in 

term of residues and confer different CRD presentations [65],[66]. SAXS analysis performed by Franck 

Fieschi group [57] revealed different coiled-coil neck arrangements that lead to structural differences : the 

« closed flower » conformation of DC-SIGN is characterized by the CRD alignment with the neck domain, 

while the « opened flower » organization of DC-SIGNR prevents DC-SIGNR to have the suitable oligomeric 

orientation for the recognition of some DC-SIGN ligand (Fig.18).  

 

 

Fig.18 Comparison of the CRD from DC-SIGN and DC-SIGNR. Closed flower for DC-SIGN and open flower for DC-

SIGNR, adapted from [57]. 

 

The different CRD orientation of the two lectins is responsible for different binding efficiency towards 

multivalent ligand. This has been recently confirmed by glycan functionalized quantum dots that showed 

that the spatial orientation of DC-SIGNR does not favour binding to multiple mannose residues [67]. 

The two receptors are also characterized by different expression patterns. DC-SIGN is highly found at the 

surface of monocytes and in subsets of immature and mature DCs in dermis, mucosa, spleen and placenta, 

while the name “L-SIGN” comes from the fact that it is expressed in endothelia cells of lymph nodes and 

liver but not on DCs. Similarly to DC-SIGN, DC-SIGNR is involved in HIV-1 virus infection by binding to gp120 

[60]. Moreover, being found in placenta, it is implicated in the HIV-1 virus mother to foetus transmission 

(Fig.19) [68].  
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Fig.19 The placenta, DC-SIGN/DC-SIGNR and HIV. The placenta plays an important role in the transmission of HIV-1 

infection from mother to foetus. Released viral particles may become adsorbed onto DC-SIGNR on the placental 

capillary endothelium [68]. 

 

DC-SIGNR can establish interactions with ICAM‐3‐expressing T cells and this may enable activated T cells to 

recirculate to the liver and to the lymph nodes [69]. DC-SIGNR do not possess ITAM-ITIM domains and 

shares potential internalization di‐leucine motif with DC-SIGN. Nevertheless, it is still under investigation 

whether it is an endocytic receptor, while DC-SIGN is confirmed to be involved in pathogen uptake. 

 

2.3.3 DC-Associated C-Type Lectin 1 (dectin-1) 

 

Dectin-1 is a natural killer (NK)-cell-receptor-like and it is found on the surface of peripheral blood 

leukocytes and DCs in muscle, stomach [70] and lung [71]. It is also called β-Glucan receptor because it 

recognises β-1-3 linked and β-1-6 linked glucan (laminarin and zymosan) from bacteria and fungi (A. 

fumigatus, C. neoformans, C. albicans). Its presumed binding site is a « shallow groove » [37] defined by 

Trp221 and His223, and modelling studies suggest that the interaction with laminarin is mostly driven by 

hydrophobic forces. Unfortunately, all the attempts to crystalize the CRD with long β-glucan chain have 

failed so far. One peculiarity of this lectin is that it does not require metallic ions for binding. Nevertheless, 

a Ca2+ binding site was found and a structural role was attributed to it. Figure 20 presents the X-ray 

structure of murine dectin-1 binding to β-glucan chain [37]. 

Gatner et al. [72] observed that during the recognition of zymosan, both dectin-1 and TLR2 were recruited 

and their synergistic collaboration was established as essential for the antifungal immunity.  
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Fig.20 Murine dectin-1 structure. Interaction with β-glucan chain [37]  

 

Dectin-1 possesses an hemiITAM motif that recruits Syk when phosphorylated. Dectin-1 is involved in many 

immune functions: recognition of fungi induction of respiratory burst [73], cytokine and chemokine 

production and differentiation of T helper cells [12]. As a consequence, defective surface expression of 

Dectin-1 results in mucosal fungal infections [74]. 

 

 

2.3.4 Dendritic cell associated C type lectin 2 (Dectin-2) 

 

 Dectin-2 belongs to the same family as BDCA2 but, unlike BDCA2, it is expressed by macrophages and 

dendritic cells in lung, spleen, lymph node and tonsils [75]. Dectin2 was predicted to interact with 

mannose-type sugars because of the presence of the EPN motif. It was known to recognize C. albicans, S. 

cerevisiae, M. tuberculosis and M. audouni [76] but the specific epitope remained undetermined until 2013. 

The first hit was given by T. Ishikawa et al. [77] who found that the O-linked oligosaccharide from the 

fungus Malassezia recognised by dectin-2 is a α1-2-linked mannobiose. Finally, in 2017 [78] dectin-2 

structure was solved and the binding to Manα1-2Man disaccharide was explained. The geometry of the 

binding site allows binding to terminal disaccharide units but also to Manα1-2Man in internal positions in 

more complex oligosaccharides (Fig.21). 
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Fig.21 Portion of Dectin-2 structure. Interaction with mannose based oligosaccharide, adapted from [78]. 

 

As for BDCA2, the lack of a cytoplasmic consensus motif requires the interaction with the adaptor FCRγ 

through a positively charged residue of the transmembrane region. Dectin-2 does not have an endocytic 

activity, being exclusively involved in intracellular signalling pathway. It is involved in the activation of 

CARD9 upon interaction with the hyphal form of C. albicans [79] (see figure 14). 

 

2.3.5 Langerin 

 

Langerin is characterized by a peculiar sugar specificity: although it possesses an EPN motif in its primary 

binding site, it also interacts with sulphogalactosides via electrostatic interactions between Lys299 and 

Lys313 and the sulphate in position 6 (Fig.22a)[80]. In addition, langerin coil-coiled repetition allows a 

trimeric oligomerization (Fig.22b)[81] and the interface between the trimer generates the binding sites for 

calcium independent binding to  different sulphated glycans such as glycoamminoglycans (heparin, heparin 

sulphate, chondroitin sulphate) [82] [80] (Fig.22b and c). 



55 
 

 

 
 

a b c 

Fig.22 Langerin structure. Langerin interaction with sulphogalactosides, adapted from[80] b) Trimeric structure of 

langerin and c) calcium independent binding to heparin. Adapted from[82]. 

 

Langerin recycles through early endosomal compartments Langerin and DC-SIGN do not have the same 

behaviour towards HIV-1 infection. While DC-SIGN resides in DCs from the subepithelium, langerin is 

specifically expressed by DCs of the skin and mucosa called Langerhans cell (LCs) and induces the formation 

of Birbeck granules, specific cytoplasmic organelles involved in antigen processing (Fig.23). LCs 

internalization pathway is thought to be involved in the inhibition of HIV-1 transmission upon binding with 

langerin, whereas DC-SIGN is responsible for the spreading of the virus [83].  

Langerin signalling appears to control the LC endosomal trafficking and endocytosis is regulated by a 

proline-rich motif in the receptor tail. It remains unknown if it regulates DC activation [43]. 
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Fig.23 Birbeck granules. Role of langerin in Birbeck granule formation. Adapted from [81]. 

 

2.3.6 Liver and lymph node sinusoidal endothelial cell C-type lectin (LSECtin) 

 

LSECtin was first described in 2004 [84] as closely related to DC-SIGN and DC-SIGNR in term of protein 

domain composition and genomic organization (Fig.24). 

 

 

 

Fig.24 Genomic organization of DC-SIGNR, DC-SIGN and LSECtin [85].  

 

Although reported to be exclusively expressed on liver and lymph node sinusoidal endothelial cells, LSECtin 

has been later found to be expressed in ex vivo isolated human peripheral blood and thymic DCs [86]. 

LSECtin is shown to initiate signalling after binding to Ebola via association with a 12-kDa DNAX-activating 

protein (DAP12) and to induce Syk activation [87].  

Its neck sequence contains cysteine residues that are potentially involved in inter-chain disulphide bond 

formation. This may results in a dimerization of LSECtin (Fig.25) [88], although a unique oligomeric 

structure has not been defined yet.   
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Fig.25 LSECtin. Hypothetical dimeric conformation of LSECtin. Adapted from [88] 

 

LSECtin possesses an EPN motif and it should recognize mannose and related sugars, sharing with DC-SIGN 

and DC-SIGNR the ability to bind to envelope viral proteins. However, the three lectins bind different 

viruses: LSECtin recognizes Ebola and Severe acute respiratory syndrome (SARS) but not hepatitis C virus, 

which is recognized by DC-SIGN and DC-SIGNR [86]. The first extensive investigation on LSECtin binding 

specificity was performed by A. Powlesland et al. [88] on an array of truncated viral glycans. They identified 

GlcNAcβ1-2Man as the minimum binding epitope. However, LSECtin CRD structure is yet to be solved, in 

order to get a closer view of its interaction with glycans.  

HIV virus is recognised by DC-SIGN and DC-SIGNR, while no virus capture was observed by LSECtin. 

However, T. Gramber et al [89] performed biological study which proved that LSECtin was able to interact 

with the HIV glycoprotein (gp120) but not with the HIV particle and, therefore, that the interaction with 

gp120 is not necessarily correlated to the capture of the virus. Moreover, they found that LSECtin, likewise 

DC-SIGN, is able to have an endocytic activity but with a different intracellular fate [89].  

 

2.3.7 Macrophages C-type lectin (MCL) 

 

Among the CLRs considered during my PhD, MCL is the less characterized. It is expressed by monocytes and 

macrophages. The consensus Ca2+ binding EPN motif is changed into EPD, but remains able to coordinate 

Ca2+ ion[90] (Fig.26).   
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a B 

Fig.26 MCL and DC-SIGNR. Comparison of the putative ligand binding sites in MCL and DC-SIGNR. Adapted from [90]. 

 

Common carbohydrate structures are not recognized by this unusual lectin, as shown by a microarray 

screening using MCL-fc construct on the CFG website and by experiments performed by the collaboration 

between our group and Niels Reichardt (see results chapter). Very little is known about MCL alone; 

however, it is often studied coupled to Mincle. Miyake et al. [91] reported that MCL induces Mincle 

expression upon stimulation by cord factor (trehalose-6,6’-dimycolate, TDM) as they observed a failure in 

the activation of the immune system in MCL-deficient mice. Since Mincle is barely detectable on resting 

cells, it is assumed that MCL recognizes TDM and then induces Mincle expression (Fig.27). 

 

 

 
Fig.27 Mincle expression. The supposed expression of Mincle upon MCL interaction with TDM, adapted from[91]. 

  



59 
 

The hypothetical TDM binding site of MCL may be a hydrophobic region that recognizes the acyl group of 

TDM [90]. MCL interaction with its ligands is an example of weak lectin-glycan binding that are not detected 

in vitro. 

 

2.3.8 Macrophage inducible Ca2+- dependent lectin (Mincle) 
 

Mincle is the only CLRs that specifically recognizes glycolipids [92]. It is expressed by macrophages, DCs, B 

cells, and neutrophils [93]. It strongly interacts TDM which is found in the cell wall of Mycobacteria, and it 

was the first PRR identified to recognize cholesterol crystals [94] through a Cholesterol Recognition Amino 

acid Consensus-like (CRAC) motif. The crystal structure of the interaction between cow Mincle CRD with 

TDM has been studied [95]. TDM (Fig) possesses two glucoses that bind to the two primary binding sites of 

Mincle, forming hydrogen bounds via their OH groups in position 3 and 4. However, a hydrophobic groove 

interacts with the acyl chains in position 6 of one glucose residues (Fig.28).  

 

 

 

Fig.28 Portion of Mincle structure. Model of the trehalose octanoate conjugate. Adapted from [96].  

 

The hydrophobic interaction is crucial for the strong binding. A solid phase binding competition assay 

showed that human Mincle binds threalose with 17-folder higher affinity than it binds glucose [95]. 

Mincle main targets are pathogenic glycans. It does not have high affinity binding towards the mammalian 

glycan array available at the CFG. 
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It is selectively associated with an ITAM containing adaptor and it is involved in IL-1β induction via NF-kB 

activation (Fig.29). 

 

 

Fig.29 Mincle A) activation of Mincle on APCs. B) Crystal structure with the  EPN motif indicated in yellow, the 
lipophilic region in green, and the cholesterol recognition/interaction amino acid consensus-like (CRAC) motif in 
purple [97].  

 
 

 

CLR figure overview (Fig.30): 

 
 

 
Fig.30 Graphical overview of the nine CLRs investigated during my PhD. The CLR different oligomerisation is shown 

together with the cytoplasmic domanin. 
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CLR table overview (Table.1): 
 

Name PDB Tissue/cell Ligand 

Intracellular 

Signalling 

Pathway 

References 

BDCA2 (Blood 

Dendritic Cell 

Antigen 2) 

3WBP pDCs 

Galβ1-

3/4GlcNAcβ1-

2Man 

 

ITAM containing 

adaptor 

 

M. Nagae et al (2014) 

Crystal structure of 

CRD of BDCA2, 

Proteins, 82:1512-

1518 

 

S. Jegouzo et al (2015) 

A novel mechanism 

for binding of 

galactose terminated 

glycans by the C-type 

carbohydrate 

recognition domain in 

BDCA2 

 

DC-SIGN 

(Dendritic Cell-

Specific 

Intercellular 

adhesion 

molecule-

Grabbing 

Nonintegrin) 

1SL4 

Dermis, 

mucosa, 

spleen and 

placenta 

Mannose 

 

LeX 

 

LeY 

 

LeA 

 

LeB 

Without 

ITAM or ITIM 

domain 

 

(Geijtenbeek et al 

(2000) Identification 

of DC-SIGN, a novel 

dendritic cell-specific 

ICAM-3 receptor that 

supports primary 

immune responses, 

Cell, 100: 575-85). 

 

. B. H. Geijtenbeek et 

al (2001) 

DC-SIGN, a Dentritic 

Cell-Specific HIV-1 

Receptor Present in 

Placenta That Infects 

T Cells In Trans—A 

Review, 

Placenta,22 

 

JJ. Garcia-Vallejo and 

Y. van Kooyk 

The physiological role 

of DC-SIGN: A tale of 

mice and men, 

Trends Immunol., 

34:482-6) 

 

G. Tabarani et al 

(2009) DC-SIGN neck 

domain is a pH-sensor 

controlling 

oligomerization: SAXS 

and hydrodynamic 

studies of 

extracellular domain, 

J Biol Chem, 284: 

1229-40 

 

DC-SIGNR (DC-

SIGN 

related)/LSIGN 

(Liver/Lymph 

node-Specific 

ICAM3 

1XAR 

Endothelia 

cells of lymph 

nodes and 

liver, 

placenta 

Mannose 

Without 

ITAM or ITIM 

domain 

 

U.S. Khoo et al (2008) 

DC-SIGN and L-SIGN: 

the SIGNs for 

infection, 

J Mol Med, 86: 861-74 

 

R.C. da Silva et al 

(2011) Role of DC-



62 
 

Grabbing 

Nonintegrin) 

SIGN and L-SIGN 

receptors in HIV-1 

vertical transmission, 

Hum Immunol, 74: 

305-11 

 

H. Feinberg et al 

(2001) Stuctural basis 

for selective 

recognition of 

oligosaccharides by 

DC-SIG  and DC-

SIGNR, Science, 294: 

2163 

 

Y. Guo et al (2017) 

Dissecting multivalent 

lectin-carbohydrate 

recognition using 

polyvalent 

multifunctional 

gycan-quantum dots, 

J Am Chem Soc, 

139:11833-11844 

 

Dectin-1 (DC-

associated C-

type lectin 1)/ 

Beta-Glucan 

Receptor 

2CL8 

(murine) 

Peripheral 

blood 

leukocytes 

and DCs in 

muscle, 

stomach and 

lung. 

Β-glucan 

(e.g. zymosan 

and laminarin) 

hemi-ITAM 

 

J. Brown et al (2007) 

structure of the 

fungal beta glucan 

binding immune 

receptor decti-1 : 

implications for 

function, Protein 

Science, 16 : 1042-

1052 

 

B.N. Gantner et al 

(2004) Collaborative 

induction of 

inflammatory 

responses by Dectin-1 

and Toll-like Receptor 

2, 

J Exp Med 179 : 1107-

17 

 

Dectin-2 (DC- 

associated C- 

type lectin 2) 

5VYB 

Macrophages 

and dendritic 

cells in lung, 

spleen, lymph 

node and 

tonsils 

α-mannan 

(Manα1-2Man) 

ITAM containing 

adaptor 

 

L. Graham and D. 

Brown (2009) 

The Dectin2 family of 

C type lectins in 

immunity 

and homeostasis, 

Cytokine, 48: 148-155 

 

H. Feiberg et al (2017) 

mechanism of 

pathogen recognition 

by human dectin 2, 

Journal of Biological 

chemistry 292 (32): 

13402-13414 

 

Langerin 3P7F 

LCs in epithelia 

(Birbeck 

granules) 

Mannose, 

sulphated 

glycosamminogly

can (GAG) 

Without 

ITAM or ITIM 

domain 

 

L. de Witte et al 

(2007) Langerin is a 

natural barrier to HIV-

1 transmission by 

Langerhans cells, 

Nature medicine, 13: 

387-371). 

 

M. Thepaut et al 
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(2009) Structural 

studies of Langerin 

and Birbeck granule: 

a macromolecular 

organization model, 

Biochemistry, 

48:2684-98 

 

J.C. Munoz-Garcia et 

al (2015) 

Langerin-Heparin 

interaction: two 

binding sites for small 

and large ligands as 

revealed by a 

combination of NMR 

spectroscopy and 

cross-linking mapping 

experiments, 

J. Am. Chem.Soc., 

137:4100-4110 

 

 

LSECtin (Liver 

and lumph 

node Sinusoidal 

Endothelial cell 

C-type lectin) 

— 

Liver and 

lymph node 

sinusoidal 

endothelial 

cells, isolated 

human 

peripheral 

blood and 

thymic DCs. 

GlcNAcβ1-2Man 

 

Without 

ITAM or ITIM 

domain 

 

Powlesland et al 

(2008) 

A novel mechanism 

for LSECtin binding to 

Ebola virus surface 

glycoprotein through 

truncated glycans, 

Journal of biological 

chemistry, 283:593-

602 

 

T. Gramber et al  

(2008) Interactions of 

LSECtin and DC-

SIGN/DC-SIGNR with 

viral ligands: 

differential pH 

dependence, 

internalization and 

virion binding, 

Virology, 373:189-

201) 

 

MCL 

(Macrophage C-

type Lectin) 

3WHD 

Monocytes 

and 

macrophages 

Unknown 

(Trehalose-6,6'-

dimycolate?) 

 

ITAM containing 

adaptor 

 

Furujawa et al (2013) 

Structural analysis for 

glycolipid recognition 

by C type lectins 

Mincle and MCL, 

PNAS, 110: 

 

Miyake et al (2013) 

C-type lectin MCL is 

an FcR -coupled 

receptor that 

mediates the 

adjuvanticity of 

mycobacterial cord 

factor, 

Immunity, 38:1050-

1062 
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Mincle 

(Macrophage 

inducible Ca2+-

dependent (C-

type) lectin) 

3WH2 

Macrophage, 

DCs, B cells, 

and 

neutrophils 

 

Cholesterol 

crystals 

Glycosyl 

diacylglycerols, 

e.g-trehalose-

6,6'-dimycolate 

 

ITAM containing 

adaptor 

 

S.J. Williams (2017) 

Sensing lipids with 

Mincle : stucture and 

function, 

Frontiers in 

Immunology, 8 :1662 

 

Rambaruth et al 

(2015) Mouse Mincle: 

characterization as a 

model for human 

Mincle and 

evolutionary 

implications, 

Molecules 20:6670-

6682 

 

Table.1 Overview of the nine CLRs studied during my PhD. The following information are summarised: PDB 
number, expression, ligand recognition, x, signalisation motif and relevant literature. 
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3. Glycobiology 

 

3.1 Introduction 

 

Protein-carbohydrate interactions serve multiple functions in the immune system, as anticipated in chapter 

2. This new chapter will focus on the world of glycans. 

 

Glycans are essential in cell-cell interactions and almost all cell-surface and secreted proteins are 

glycoproteins [98]. Gabriel A. Rabinovich qualified carbohydrates as “cousins” of nucleic acid, since DNA 

and RNA are essentially composed of polysaccharides, and “roommates” for proteins [99] since the 

glycosylation represents the major class of post-translational modifications. Glycosylation, which is the 

formation of a glycosidic linkage between the reducing end of β-GlcNAc chain and asparagine (N-linked) or 

the hydroxyl group of serine/threonine (O-linked), dramatically enhances the functional diversity of protein 

(Fig.31). 

 
Fig.31 Potential information content of DNA, RNA, protein and glycan. Protein expression is based on a genetically 
encoded template but post-translational modifications dramatically enhance their functional diversity. The 
biosynthesis of glycans is not encoded via a template-driven system. Adapted from [100]. 

 

While DNA and peptide are linear molecules with no branches, glycans are incredibly complex and this 

peculiar complexity comes from the necessity of a multitude of signals at the cellular level.  For DNA, there 

are 4096 possible ways to build a 6-mer, for protein 64 million, for sugars 193 million possible 

configuration. This complexity explains the 35 years delay between the development of tools for 

synthetizing sugars compared to those for DNA and peptides [100]. Even more intriguing is the ability of 

sugars to cover an immense diversity of biological functions with a non-template synthesis, as 

carbohydrates are not encoded by the genome. The genome codes, de facto, for enzymes like 
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glycosyltransferases and glycosidases that will subsequently determine the glycosylation patterns of 

glycolipids and glycoprotein [101]. 

N-glycosylation is found in all domains of life with some differences and three different types of N-gycans 

can be found in eukaryotes (Fig.32): high Mannose, Complex and Hybrid glycans. They share a common 

core structure that includes the first two N-acetylglucosamine residues and the first three mannose 

residues. [102] [103] 

 
b 

Fig.32 N-glycans. Three types of N-glycans 

 

There are several reasons for glycan complexity. Glycans can have α or β configurations, they can form 

bond via different linkage positions (11,2,3,4,6 for hexopyranose) (Fig.32), the ring size could be 

pyranosidic or furanosidic. They are usually branched to have their termini accessible in a high local density 

surface. Moreover, some sites undertake modifications such as acetylation or phosphorylation, for 

instance. The number of possible linkages points in Fig. 33 clearly underlines the high complexity that 

results from carbohydrate oligomer formation compared to nucleotides and amino acids [104]. 

 

 
Fig.33 Linkage points for oligomer formation from a) nucleotides, b) amino acids and c) carbohydrates, adapted from 
[104]. 

 

Carbohydrate hydroxyl groups are used for the coordination of Ca2+ ions and they participate in H-bond 

formation, while C-H bonds are involved in van der Waals interactions or π-interactions with Trp or Tyr. The 

position of one or two hydroxyl groups can be crucial for bio recognition. When considering the example of 
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mannose and galactose in CLR interactions, the axial or equatorial hydroxyl group in position 4 conditions 

the recognition by the EPN or QPD motif of the lectin. Mannose binding protein C-type lectin, for example, 

involves a Ca2+ ion to probe the presence of the equatorial 4-hydroxyl group together with two H bonds 

[105], as already described in chapter 2.2. (Fig.34) 

 

 
 

Fig.34 Example of calcium ion coordination. Glycan binding to a mannose binding protein. Adapted from [105]. 

 

Glycomics, with the analysis of the structure and function of glycans, gave to Glycobiology a dimension in 

biomedicine [100]. Although the chemico-physical properties of simple carbohydrates are known, the same 

thing does not apply to complex ones. In 2001 the Consortium for Functional Glycomics (CFG, 

http://www.functionalglycomics.org/) was created by James Paulson to help the investigation of 

carbohydrate roles in biological systems. The CFG is a fundamental resource of glycan microarrays with 

covalently attached hundreds of different carbohydrates. 

A discussion about carbohydrate necessarily involves references to lectins; while sugars are able to carry 

the biological information, lectins can read and decipher their glycocode [106]. Glycobiology is a relatively 

new field and methodologies to study the glycans, the lectins and their binding properties are currently 

evolving. The following figure gives an overview of different technologies exploited to study the glycan 

world (Fig.35). 
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Fig.35 Cracking the glycocode. Emerging technologies to explore structure-function relationships of the glycome. 
Adapted from [100].  
 

The very first bottleneck in this field resides in the glycan synthesis and analysis. Often, multistep synthesis 

is required and starts from the conversion of an available compound into the desired product using known 

reactions. Protective groups are used to drive the intermediate formation towards the suitable final 

product. Nevertheless, other undesired intermediate compounds could form, leading to low yield after 

purification step. Moreover, the manipulation of protective group itself is difficult and often requires 

multiple steps. The most advanced synthetic approach is an automated solid-phase synthesis strategy for 

glycan assembly, which can create 50-mers within days [107]. However, this approach is far from being 

commonly used by all the laboratories and, moreover, the production of each single building block required 

for the automated synthesis demands specific optimization. 

For more detailed information about technologies exploited during my PhD to study the relationship 

between glycan and CLRs, please refer to chapter 6 and 7. 

 

3.2 Design of Mimetic 

 

Besides their complexity and the difficulty of their synthesis, carbohydrates are characterized by low 

affinity interaction and overlapping specificity for their proteic partners. Natural sugars could bind to 

multiple lectins and are thus inappropriate to specifically target one single CLR. Moreover, their 

pharmacokinetic properties do not encourage the use of glycans as drugs:  carbohydrates, in fact, are 

rapidly digested or they cannot passively diffuse through the intestine.  
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To overcome all the above-mentioned difficulties, compounds able to selectively target carbohydrate 

binding sites with drug-like properties have to be developed [108]. 

 

3.2.1 Glycomimetic 

 

One approach to reach that goal is to synthesise compounds mimicking the natural sugar. Such 

glycomimetics are non-carbohydrate players that could be used as alternative because they often retain 

the geometry of natural molecules and modulate their biological activity. In the context of CLRs, the 

approach has been rationalized by defining three sections that should be taken into consideration during 

the glycomimetic design (Fig.36) [108]. 

 

 

Fig.36 Schematic glycomimetic design. Schematic representation of the three different section in the glycomimetic 

design for DC-SIGN. Adapted from [108]. 

 

This schematic representation applicable to different CLRs was particularly exploited for DC-SIGN. DC-SIGN 

was initially identified as a receptor of mannose in HIV infection [109], and the epitope necessary for the 

ligand recognition is Di-Mannose. Example of the “core monosaccharide” modification was recently 

corroborated by a collaboration between our group and the group of Anna Bernardi (Fieschi et al, 

unpublished), with a modification of the “core” mannose in position C-2 in order to reach Phe313 of DC-

SIGN. Details about the project will be provided in chapter 8.3.  

Glycosidic bonds are subject to glycosidase hydrolysis and effort should be directed towards other 

surrogated bonds, which is the second point addressed in the above scheme. Recently, a collaboration 

between our group and the group of Anna Bernardi [110] showed that a pseudo-1,2-thiol-mannobioside 

(thiol-psDi) has the same binding affinity for DC-SIGN than pseudo-mannobioside (psDi) but with enhanced 

stability towards glycosidases (Fig.37a and b). A better analysis will be given in chapter 8.3.  

Last but not least, adjacent monosaccharide units also influence the binding specificity. Recently, the 

question regarding the overlapping affinity between DC-SIGN and langerin has been addressed and a 
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rational design approach was used to selectively target DC-SIGN in disfavour of langerin [111].  Figure 

(Fig.37c) shows the structure of 6-amino-Man030 compound for which affinity and specificity enhancement 

towards DC-SIGN has been achieved by reaching a secondary binding site. 

 

a)  IC50 720 µM b)  IC50 776 µM c)  IC50 254 µM 

 
Fig.37 Glycomimetics against DC-SIGN developed by Anna Bernardi research group (a) psDi, b) thiol-PsDi and c) 6 
ammino-Man030. Adapted from [112], [110] and [111]. R=H 

 

The design of antagonists against DC-SIGN is engaging and the group of Rademacher brought its 

contribution by targeting lectin secondary druggable binding sites [39]. Efforts start to be made also on the 

development of mimics towards other lectins. For example, Rademacher group [113] studied ligand design 

for langerin. By combining in silico studies and 19F R2-filtered NMR, a 2-deoxy-2-carboxamido-α-

mannoside analogue was identified with a Kd of 4.3 mM, a 5-fold affinity increase over natural 

monosaccharide ManNAc (22 mM) (Fig.38). 

 

 

KD 4.3 mM 

 

 
Fig.38 Glycomimetic against langerin. 2-deoxy-2-carboxamido-α-mannoside analogue against langerin, from [113]. 
 

 

3.2.2 Non-glycomimetics  

 

The development of compounds that mimic carbohydrate has not been the only investigated approach. The 

research group led by Laura Kiessling contributed to the development of glyco and expecially non-glyco-

mimetics against DC-SIGN. By high-throughput fluorescence-based competition assay from two commercial 

libraries, 36000 non glycocompounds were screened against DC-SIGN as antagonist and one of them 

showed an inhibitory power of 1.6± 0.5 µM [114] (Fig.39a). Two series of DC-SIGN inhibitors were then 
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developed: a shikimic acid-derived glycomimetic scaffold series(Fig.39b), with  an IC50 of 3.2 ±0.6 mM (N-

acetylmannosamine IC50 = 11.2±0.7 mM) [115] and a quinoxalinones based collection that allowed to reach 

an IC50 of 0.31 µM± 0.13 (Fig.39c) [116]. 

 
   

a) IC50 1.6± 0.5 µM b) IC50 3.2 ±0.6 mM 

 

R1 R2 R3 

 
H 

 

c) IC50 0.31 ± 0.13 µM 

 

Fig.39 Antagonists developed in Laura Kiessling group a) b) shikimic acid derivative c) quinoxalinone derivative. 
Adapted from [114],[115] and [116]. 

 

 

The synthesis of mimetic compounds targeting CLRs has to be validated by functional in vitro biochemical 

tests. Screening techniques are used to assess whether the un-natural carbohydrate derivatives interact 

with lectins. The following paragraphs will give an overview on two main screening techniques exploited 

during my PhD: lectin microarray and glycan microarray. Of course, the putative candidates will 

subsequently be analysed with biophysical technique, such as Surface Plasmon Resonance and Isothermal 

Titration Calorimetry (chapter 6), to quantify and characterize the interaction with the lectin. The following 

paragraphs will give an overview on two main screening techniques exploited during my PhD: lectin 

microarray and glycan microarray. 

 

3.3 Screening technique 

 

Libraries of glycans and glycomimetics can be analysed by analytical tools such as lectin microarrays and 

glycomimetic/glycan arrays. In both techniques, series of molecules are attached onto a supporting 

material and used as a platform for biological sample screening [28]. 

 

3.3.1 Lectin microarray  
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Lectin microarrays are a fast tool to monitor carbohydrate and glycomimetic hypothetical interaction with 

the target lectin. The basic format consists in the immobilization of the lectin onto a surface (chip or plate) 

and the binding partner is added in solution. Lectins either adsorb on the surface or are covalently attached 

to it ; alternatively, immobilization can be achieved via a biotin moiety. The detection of the interaction can 

be direct or indirect. The direct one implies that the carbohydrate partner is labelled with a fluorophore, for 

example, and the fluorescence is measured immediately after binding. For indirect revelation, on the other 

hand, the partner is not labelled but is, for instance, recognized by a fluorescent secondary antibody. The 

revelation, in this second situation, occurs in two different steps [106]. 

During my PhD I had the possibility to work with a French company located in Orléans called GLYcoDiag 

(http://www.glycodiag.com/). They have developed LectPROFILE Plates to detect the interaction between 

adsorbed lectins and glycoproteins in solution by indirect revelation. The detailed technique is explained in 

chapters 6 and 7. 

 

3.3.2 Glycan/glycomimetic microarrays  

 

Glycan microarrays are based on the glycan attachment onto a surface. The glycan/glycomimetic can be a) 

covalently immobilized on gold or glass b) absorbed on nitrocellulose c) absorbed on polystyrenes through 

hydrophobic interactions d) immobilized by a biotin moiety. Again, fluorescence is used for detection using 

lectins labelled prior screening. The selection of the surface and the method of functionalization can be 

crucial for successful detection. The following figure contains a schematic representation of the necessary 

steps for glycoprofiling (Fig.40). [106] 
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Fig.40 Glycan array. Schematic representation of the glycan array technique, adapted from [117]. 

 

During my PhD, I had the possibility to work with Niels Reichardt laboratory located in Donostia-San 

Sebastian (Spain) (https://glycotechnology.net/) on their glycan microarray platform. Their platform is used 

to detect the interaction between immobilized glycans/glycomimetic and fluorescently labelled lectins. The 

detailed technique is explained in sections 6 and 7. 

 

3.3.2.1 TETRALEC strategy 

 

We have already mentioned that CLR have llow affinity for their saccharidic partners and that feature can 

be problematic for ligand screening. Besides, for some lectins, e.g. MCL, the entire protein interacts with 

the endogenous ligand, while the binding of the single CRD to the isolated glycan is undetectable by 

screening technique (chapter 2.3.7). 

To encompass this difficulty, the group of Drickamer [88] developed the first example of artificial CLR 

multivalency to enhance binding affinity. To study LSECtin binding to a panel of ligands, they created an 

artificial tetrameric protein exploiting the strong biotin /tetrameric streptavidin interaction. They produced 

recombinant LSECtin directly functionalized with biotin that formed with streptavidin a tetramer of CLRs, 

enabling multivalency at protein level. 

With the same purpose, we developed an artificial oligomeric protein displaying four CRDs in order to 

enable in vitro ligand binding biochemical assay. This multivalent tetramer is obtained by a site specific 
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biotin labeling of the CRD with the use of the bacterial enzyme Sortase A (SrtA), following the method 

improved by H. Antos [118]. In the Gram-positive Staphylococcus aureus, the SrtA cleaves the LPXTG motif 

present in target proteins and links them to the amino terminal group of five glycine of the peptidoglycan 

[119]. The enzymatic activity of SrtA has been widely used to links several compounds, protein to protein 

[120] or even PEG to surface[121]. Here, SrtA is used to enzymatically couple the N-Terminus of the protein 

to a biotinylated peptide. The resulting  biotinylated CRD is then complexed to  NeutrAvidin to obtain a final 

molecule exposing four glycan binding sides, named hereafter TETRALEC. 

Technical detailed about the strategy and some preliminary results will be given in chapter 8.1. 

 

3.4 Multivalent Ligands: Targeting CLRs 

 

Optimization of monovalent antagonists is the first step on the long road towards the development of 

inhibitors. Monosaccharides or small oligosaccharides in isolation, as already mentioned, tend to be low-

affinity ligands for lectins, often with dissociation constants in the millimolar range. Nature deals with the 

« low affinity » issue by exploiting multiple binding events. The accumulation of weak affinity leads to an 

apparent strong interaction, an effect called avidity. While affinity refers to the direct interaction of a single 

CRD with a monovalent ligand, avidity refers to the overall strength of multivalent interactions[117]. 

Multivalent binding plays a crucial role in the cell-surface recognition. Such multivalent binding could be 

achieved by different means and, in order to facilitate it and accommodate different targets, CLRs glycan-

binding sites have to clusterise. The result is either a clustering of single CLR in micro domains, or multiple 

CRDs in a single polypeptide chain or polypeptide oligomers each containing a single CRD (Fig.41)[122]. 

 

Fig.41 Multivalency. Single CLR in micro domains (blues), or multiple CRDs in a single polypeptide chain (red) or 
polypeptide oligomers each containing a single CRD (orange). 

 

 Multivalent ligands participate as well to high-avidity binding and contribute to the “glycan cluster effect” 

[123] or « velcro effect » that occurs when multivalency is reached on both protein and glycan side.  
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There are four main mechanisms by which multivalent ligands can interact with their receptors (Fig.42). 

Oligomeric CLRs could have their binding sites occupied by multiple binding elements (chelate effect) 

(Fig.42a), while monomeric receptors could clusterize to accommodate multivalent partners (clustering 

binding) (Fig.42b). As mentioned in chapter 2.2, CLRs could also possess secondary binding sites exploitable 

for binding (Fig.42c). Finally, the rebinding or statistical association phenomena (Fig.42d) occurs when 

multivalent ligands could display high epitopes concentrations leading to an increasing of apparent binding 

affinity [124]. 

Physiological multivalent ligands are too structurally heterogeneous or complex to be used in the 

identification of relevant molecular mechanism. Therefore, multivalent synthetic glycans or 

glycomimetics/non glycomimetics are created to identify high affinity ligand. The ultimate ligand should 

combine high monovalent affinity ligand with an appropriate multivalent presentation. Chemists can play 

around different parameters of the multivalent compounds: the scaffold structures, the nature and the 

number of binding elements and the density of binding elements. The scaffold, or main core, carries linkers 

or spacers to the terminal binding units. Multivalent ligands include both low valency compounds, such as 

short polymers, glycoclusters or peptide conjugates and high valency compounds, such as dendrimers, 

liposomes or nanoparticles (Fig43). The glycoclusters, hence, could expose several but controlled number of 

sugars/derivatives and the different way of presentation could help to rationalise the best presentation 

mode. 

 

 

Fig.42 Binding mode. Chelate binding (a), clustering binding (b), secondary binding (c) and rebinding (d). Adapted 

from [124].  
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Fig.43 Multivalent ligands: glycoclusters, protein and peptide conjugates, dendrimers, polymers, liposomes and 
nanoparticles. Adapted from [125]. 

Again, DC-SIGN was an attractive target and there are several examples of multivalent ligands that have 

been optimized towards this CLR. Firstly, dendrimers have been extensively exploited for CLR targeting 

purpose since they are non-toxic macromolecules with defined globular shape. The very first polyvalent DC-

SIGN antagonist is a polydisperse Boltor-type dendritic polyester platform functionalized with 16/32 copies 

of mannose (Fig.44a). The dendrimer bearing 32 mannose units inhibit gp120 binding with an IC50 in the µM 

range [126]. The group of Anna Bernardi has recently developed a rod-like dendrimer named Polyman 26 

(PM26) that was shown to inhibit DC-SIGN-mediated HIV infection in nanomolar concentrations and to be 

internalized by DCs into the endolysosomal compartment [127](Fig.44b). Neo-glycoproteins and 

glycopolimers can also be used as multivalent compound against DC-SIGN. For example, BSA bearing 30 

mannoses was showed to have a KD of 31 +-7 nM when interacting with DC-SIGN [64] while star-shaped 

glycopolymers have affinities in the picomolar range [128]. 

Glycofullerenes compounds, which facilitates spherical presentation of glyco-based epitopes, were 

synthetized by the group of Javier Rojo to block DC-SIGN interaction with Ebola pseudo type viral particles. 

(Fig.44c) [129]. Finally, the world at nano scale was as well explore, intrigued by the possibility to mimic the 

natural saccharidic presentation coupled to the peculiar optical properties of the metallic core. Gold 

nanoparticle (AuNPs) are an outstanding example of nanosystem that could be used in a biological context 

and, for instance, D.Arosio et al [130] functionalized AuNPs with α-fucosyl-β-alanyl amide in order to 

compete with HIV glycoprotein gp120 on DC-SIGN expressing cells (Fig.44d).  
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Multivalent ligands can be synthetized for two different purposes: to act as inhibitors or effectors. The 

inhibitors interfere with receptor-ligand binding, as above showed for DC-SIGN, while effectors could help 

to understand and manipulate a cellular response. For instance, a glycocluster carbohydrate-based vaccine 

against Streptococcus pneumoniae was created by coating gold nanoparticle with the repeating units of the 

bacterial capsular polysaccharide together with a T-helper peptide to evoke specific immune response 

(Fig.45) [131]. 

 

 
Fig.45 Multivalent ligand as vaccine. Streptococcus pneumoniae carbohydrate-based 
vaccine. Adapted from [131] 

 

 

a b 

 

 

C d 

Fig.44 Examples of multivalent inhibitors against DC-SIGN a) Boltom-type b) rod-like dendrimer PM26 c) Leb-
conjugated PAMAM c) glycofullerenes d)  AuNPs functionalized with α-fucosyl-β-alanyl amide. 

 



78 
 

 

A lot of the effort has been made towards the study of glyco-conjugates for possible in vitro and in vivo 

applications. The next chapter will show some examples of practical use of carbohydrate-based constructs. 

 

4. Applications 

 

In the previous chapter, the complexity of carbohydrates and some strategies exploited to study and 

enhance their interaction with CLRs were discussed. This part is meant to highlight how protein–

carbohydrate interactions have medical relevance for the treatment of immune - and inflammation-

mediated diseases. A focus will be made on the use of lectin-glycan interactions as tools for diagnosis, 

imaging and targeting (Fig.46). 

 

 

Fig.46 Exploitation of lectin-carbohydrate interaction in medical biology. Flowchart of possible applications of 

protein-carbohydrate interactions.  Adapted from [132], [133], [134]. 

 

4.1 Diagnosis 

 

As already commented in section 3, glycosylation is the most common post-translational modification and 

glycans are involved in multiple important biological functions. Several diseases are characterized by 

changes in the cell glycosylation pattern, features that can be exploited in the context of diagnosis. Being 
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able to diagnose disease at early stage of their development constitutes an important challenge, as it could 

be crucial for the success of treatment. With that goal, lectins can be used to detect glycan modifications 

[135], as shown in Table 2 that lists lectins used in cancer biomarker research: 

 

 

Table.2 List of lectins used in cancer biomarker research. Adapted from [135]. 

 

Lectin arrays, as explained in section x, is one of the possible techniques for the detection of glycan-lectin 

interactions. For instance, an array of 45 different lectins was used to detect the binding towards 

glycoproteins from colorectal cancer cells [136]. In particular, one lectin from Agaricus bisporus was 

identified as a potential new predictive biomarker. 

Another example of carbohydrate-protein interactions exploited for diagnosis concerns Rheumatoid 

arthritis (RA), a chronic autoimmune inflammatory disease in which most of the patients produces auto-

antibodies directed against immunoglobulin G (IgG).  Modification of IgG glycosylation has been associated 

with RA and a recent study by ultra-performance liquid chromatography showed that IgG glycan aberrancy 
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can be detected years before the beginning of the disease and considered as a novel risk factor for RA 

[137]. 

Glycan arrays have been considered in the context of diagnosis. They have been utilised to screen patient 

serum from blood to  facilitate diagnosis and identification of bacterial and viral markers (Fig.47) [132].  

 

 

Fig.47 Application of glycan array. Glycan array is used to screen bacterial, viral and cancer markers. Adapted [132] 

 

Microorganisms, such as Burkholderia pseudomallei, Bacillus anthracis, and Francisella tularensis, are 

indeed known to expose a wide variety of glycan-binding ligands on their cell surface, detectable by glycan 

array[138].  

Glycan arrays, composed of pathogen derived carbohydrates, have been exploited as well to detect in the 

sera antibody against malaria [139] and hemagglutinin proteins from human influenza virus were studied 

on carbohydrate array to define their binding epitope [140].  

 

4.2 Imaging 

 

As mentioned in chapter “Glycobiology”, natural sugar mimics are developed to target, for example, 

specific CLRs expressed by APCs. Qualitative and quantitative characterization of the compound-lectin 

interaction is a prerequisite before moving towards in vitro and in vivo studies. When performing 

experiments at the cellular level, being able to visualise if the designed compound has been internalized in 

the cell informs about its efficacy. Fluorescent conjugates are useful probes to track the internalization by 

microscopy. Zoran Arsov et al [141] designed a probe against DC-SIGN containing a D-mannose moiety for 

CLR targeting and a pH-sensitive rhodamine dye (Fig.48). 
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Fig.48 Example of smart probe. pH-sensitive “Smart” probe for DC-SIGN targeting. Adapted from [141]. 

 

This rhodamine-based probe becomes fluorescent in acidic conditions and, therefore, it enables after 

binding to DC-SIGN, to follow by microscopy internalization into endosomes. 

 

The already mentioned dendrimer PM26 (3.4) is another example of Fluorescent conjugates. Its rod-like 

spacer is naturally fluorescent dendrimer. Confocal microscopy was used to assess its internalisation by DCs 

into the endolysosomal compartment. Figure 49 shows in red human immature Monocyte Derived 

Dendritic Cells and in green the internalised DC-SIGN and PM26 complex. 

 

Fig.49 Example of imaging. DC-SIGN and PM26 complex internalisation by human immature Monocyte Derived 
Dendritic Cells. 

 

PM26 was therefore shown to be internalized via DC-SIGN-mediated endocytosis and it ended up in 

lysosomes. Moreover, further results of chemokines production indicated that it modulated diverse innate 

responses and that it should be further developed for immunomodulatory approaches. 
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4.3 Targeting 

 

Glycan are highly specifically recognised by lectins which makes them suitable carrier molecules to target 

drugs to different cells and tissues [142]. The use of targeted drug delivery reduces the side effects of drugs 

on healthy tissues by enhancing drug exposure on affected sites [101]. 

One example is the asialoglycoprotein receptor (ASGPR), a hepatic C-type animal lectin involved in the 

uptake of desialylated glycoproteins. It binds, in a Ca2+ dependent manner, to Gal and GalNac residues and 

has been exploited as a site for drug targeting using Gal exposing carriers. For instance, liposomes 

decorated with asialofetuin can be used as drug carriers for intracellular delivery to liver cells [143].  

While ASGPR targeting on hepatocytes is a mean for liver-specific drug delivery, targeting myeloid CLRs of 

the innate immunity has the additional advantage to shape immune responses. K. Brzezicka et al [134] 

showed that small structural glycan modifications can impact the uptake by DCs and subsequent T cell 

activation. In particular, they found that nonxylosylated ovoalbumin (OVA) glycoconjugate increased 

binding to SIGNR3, one murine isoforms of DC-SIGN, when compared to xylosylated-OVA and unconjugated 

OVA. The Internalisation of nonxylosylated OVA led to T cell differentiation in Th1 and a production of IL-2 

and IFN-γ (Fig.50). 

 

 

Fig.50 Targeting. Nonxylosylated and xylosylated ovoalbumin glycoconjugate SIGN3 targeting and T cell activation. 

Adapted from [134]. 

 

CLR targeting may be fundamental for vaccination and tumour therapy. The next chapter presents some 

examples of strategy for cancer vaccination. 

 

4.3.1 Vaccines against cancer 

 

The glycan “fingerprints”/ structure change with the development of cancer and inflammation. There is, 

indeed, a link between glycan structure and the progression of disease. The alteration could be either an 

under- or over-expression of naturally occurring glycans or the neo-expression of glycans normally 

restricted to embryonic tissues. Features typical of malignancy development are the increase of branching 
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of N-glycans, sialylation, shortening of O-glycans chain and appearance of Lewis type antigens in 

glycoproteins. An extensive list of tumour-associated carbohydrate antigens (TACAs) is presented in the 

following picture (Fig.51) [132]: 

 

 

 

Fig.51 TACAs. Tumour-associated carbohydrate antigens. Adapted from [132] 

 

Overexpression of glycoproteins such as mucin can be considered as tumour feature and used as diagnostic 

markers of cancer [144]. The expression of tumour-specific glycans is a consequence of decreased 

expression of normal epithelial glycans like disialyl-Lewis a, sialyl 6-sulfoLewis X and 3’-sulfated Lewis a 

epitopes [145]. 

Many tumour-associated glycans are poorly expressed in normal tissue and can be recognized as “self” if 

the immune system machinery has not been further activated. Moreover, similarly to pathogens and virus, 

tumour carbohydrates can escape the immune surveillance. For example, the glycoprotein MUC1 is a mucin 

highly expressed in breast cancer and is able to prevent monocyte differentiation to DCs.  

However, the immune system can be guided to target cancer cells through their glycosylation pattern. One 

way to trigger the immune system against cancer cells is based on the induction of cytotoxic T cells (CTLs) 

against tumour specific peptides by targeting DCs, as already mentioned in the previous chapter. Since DCs 
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are the professional APCs for the induction of immune responses, they are vital in vaccination strategies 

(Fig.52). 

 

 

Fig.52 Vaccination using CLRs targeting. DC targeting vaccination strategy. Adapted from [145] 

 

Glycans or glycomimetics specific for each CLR can be coupled to the antigenic peptide. It helps the 

targeting and the antigen internalization, ultimately improving tumour specific T cell response [145]. 

To date, this DC-based immunotherapy is mainly based on ex vivo generated autologous DCs loaded with 

tumour antigens [146]. DCs used in this strategy are derived from monocytes isolated from the patient 

blood. Cells are cultured in the presence of various cytokines to produce immature DCs and loaded with 

antigen before or following maturation. DCs can be targeted either with antibodies, against DC-SIGN for 

instance [147], or with carbohydrate selectively recognized by the desired CLR. 

 

The design of glycan-based ligands specific to each CLR would be highly valuable to shape the immune 

response towards the desired immunological response. This is precisely the goal of the ITN IMMUNOSHAPE 

network to which my PhD project belongs. 
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5. AIM OF THE THESIS 

 

The research work based on C-type lectin receptors and the development of their antagonist/agonist has 

started a long time before my arrival to the laboratory of Prof. Franck Fieschi. A tight collaboration 

established with the laboratory of Prof. Anna Bernardi (Università degli Studi di Milano) allowed the 

development of mannose-based glycomimetics selective towards DC-SIGN, while collaboration with Dr. 

Javier Rojo (Instituto de Investigaciones Químicas, CSIC, University of Sevilla) focused on the development 

of multivalent scaffolds (e.g. FP 7 ITN Carmusys). The pursuit aim was to optimise ligand affinity towards a 

single lectin without, however, looking at the potential cross reactivity between different CLRs 

 

A conceptually different approach was then undertaken to address the selectivity problem. A large number 

of glycans and glycomimetics had to be investigated to cover major immunomodulatory glycan structures. 

A large number of CLR receptors, as well, were targeted to interact with their counterpart by using 

screening technology. The objective was to take advantage of existing arrays and available compound 

libraries and focus on their derivatisation to improve selectivity and binding to specific CLRs. The CLR 

selective binding would allow specific APC targeting that could be used as powerful strategy to shape the 

immune response towards the desired immunological response. 

 

This project was part of a successful European ITN IMMUNOSHAPE consortium (http://immunoshape.eu/) 

which seeks to combine state of the art of synthesis and screening technology to develop lead structures 

for highly selective glycan based multivalent immunotherapeutics. 14 European academic and industrial 

partners with high-level expertise in different fields lead the IMMUNOSHAPE consortium, including 

biochemists from Grenoble (our group, Institut de Biologie Structurale) and Hannover (Prof. Bernd Lepenies 

group, Infection Immunology) carbohydrate chemists from Berlin (Pr. Peter Seeberger group, Max Planck 

Institute of Colloids and Interfaces), San Sebastian-Donostia (Dr. Niels Reichardt group, Glycotechnology 

Group), Milano (Pr. Anna Bernardi group, DIpartimento di Chimica), Sevilla (Dr. Javier Rojo group, 

Glycosystems Laboratory), Manchester (Prof. Sabine Flitsch group, The Manchester Institute of 

Biotechnology) and Leiden (Pr. Jeroen Codee group Leiden Institute of Chemistry), cell biologists and 

immunologist from Amsterdam (Pr. Yvette van Kooyk group, VU University Medical Centre, DC4U), 

Hannover (Prof. Bernd Lepenies group, Infection Immunology), Heidelberg (Dr.Reinhard S. Albiez and Dr. 

Frank Momburg group, Translational Immunology), experts of multivalent platform in Bilbao (Midatech 

Pharma, R&D/Nanoparticle Development Department) and in Orlèans (GLYcoDIAG). 

I have joined the network in June 2015, i.e. three months after it has started, and its workflow consists of 

several stages (Fig.53): 

http://immunoshape.eu/
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Fig.53 The principal architecture of IMMUNOSHAPE ITN consortium and group involvement. 
 

The final long-term goal of this multidisciplinary network was to tailor the immune system response and 

bringing together synthetic chemistry, biochemistry, structural biology, microarray technology and 

immunology will help to develop novel glycan based immunomodulators. 

The work performed during my PhD contributed to this large multidisciplinary research project by three 

different axes: 

 

1. CLR production  

Our main support to the project revolves around the production of DC-SIGN and langerin, for which the 

expression systems have already been set up in the Prof. Franck Fieschi laboratory, and the development of 

recombinant expression and purification protocols for seven other not commercially available human CLRs, 

namely BDCA2, DCSIGNR, Dectin-1, Dectin-2, LSECtin, MCL and Mincle. For each CLRs, two types of 

constructs were generated: the CRD, on one hand, and the full extracellular domain ECD, on the other. 

Multiple disulphide bridges (S-S) ensure the structural integrity of the carbohydrate binding domain but the 

proper S-S formation is a difficult task to achieve via bacterial recombinant expression. Thus, several 
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approach in parallel has been explored for CLRs production in this work:  

- The soluble and functional production of CLR in the bacterial periplasm, with its oxidative medium, 

through the combinatorial use of different strategies. Briefly, the signal peptide of proteins capable 

of crossing the periplasmic membrane were fused to the N-terminus of the CLR constructs. 

Expression was attempted in various bacterial strains.  

- The high yield expression in bacterial cytoplasm as inclusion bodies followed by refolding steps. 

Indeed, our team had already established expertise in this approach of protein expression in E.coli 

inclusion bodies (IBs). 

 

Finally, in the case of CRD production, monovalent binding can lead to poor ligand affinity impairing the 

screening in the first step. Thus, in order to artificially enhance the protein multivalency, and the affinity 

towards ligands, a strategy aiming to multimerize CRD constructs were developed, where specific biotin 

labelling of CRDs was coupled to the association to a tetramer of NeutrAvidin©. This final multimeric 

complex exposing four CRDs has been called the TETRALEC strategy.  

 

2. The use of ligand screening methods 

Two screening methods were exploited for functionality control assays: 

 

- During Blanka Didak (PhD student of the IMMUNOSHAPE ITN consortium) secondment in Grenoble 

(04/07/2016-15/07/2016), LECprofile assay from GLYcoDIAG Company (Ludovic Lademarre), was used to 

investigate protein functionality and selectivity. 

- During my secondment in the laboratory of Prof. Bernd Lepenies (11/12/2017-15/12/2017), human CLRs 

were screened against Group A Streptococcus using FACS analysis. 

 

Finally, glycan and glycomimetic microarrays were screened for their interaction with our library of 

recombinant human CLRs during my two secondments in the laboratory of Dr. Niels Reichardt (02/05/2016-

13/05/2016 and 03/04/2017-07/04/2017).   

 

3. Biophysical studies of CLR ligand interaction and specificity. 

The screening of the interaction between CLRs and ligands provided qualitative information about the 

binding. Nevertheless, quantitative information (IC50 and Kd) regarding the specificity and the strength of 

the interaction were needed to guide final selection of some glycomimetics. In addition, quantitative 

binding assays allow to follow the optimisation of other previously identified glycomimetics. Diverse 

biophysical studies were performed to evaluate the interaction in the context of mainly two different 

collaborations within the IMMUNOSHAPE network: 
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-Monovalent glycomimetics were designed by our chemistry partner in Milano (laboratory of Prof. Anna 

Bernardi) and screened for their ability to selectively bind specific CLRs. This work has been performed by 

our team using SPR (competition assay) and ITC techniques. 

 

-Simultaneously to the monovalent ligand development, the team in Leiden led by Jeroen Codee has 

synthetized multivalent compounds. Natural short chain glycans were loaded on a peptidic backbone with 

different multivalency and tested by SPR by using direct interaction assay. The candidates were also tested 

using ELISA and FACS analysis by the laboratory of Yvette van Kooyk. This last project was the first step on 

the design of a highly defined molecule for cancer vaccination by targeting CLRs.  

 

Below, a map representation of the IMMUNOSHAPE groups (Fig.54). In red are highlighted our closed 

collaborators. 

 

 

 

  

Fig.54 IMMUNOSHAPE network. In red CICbiomaGUNE (Niel Reichardt), GLYcoDiag (Ludovic Lademarre) , Leiden 
University (Jeroen Codee), VUmc (Yvette van Kooyk), Hannover Veterinary Universityt (Bernd Lepenies) and Università 
degli Studi di Milano (Anna Bernardi) 

 

 

 

 



89 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



90 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



91 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Part II. 

Materials & Methods 
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6. Principles 

 

6.1 Methods for protein characterization 

 

6.1.1 Circular dichroism (CD) 

 

The CD is a technique used to study the secondary structure of proteins (α-helices and β-sheets) by 

exploiting the different absorption of left-handed polarized light versus right-handed polarized light of 

optical active structure. α-helices and β-sheets have typical spectral signatures (Fig.55a). Thus, CD 

spectroscopy technique can be used as a sample quality analysis in order to control the correct folding of a 

given protein. 

 

 

 

a b 

Fig.55 Circular dichroism a) Typical far UV spectra signature for α-helices, β-sheet and random coil 
(www.isbg.fr/biophysics-characterisation/circular-dichroism). b) Equation used to calculate the molar ellipticity. mdeg 
is the CD signal, M the molecular weight in g/mL, C the concentration in g/L and L the path of the cell (cm). 
 

 

The spectropolarimeter JASCO J-810 was used and, once the blank subtraction was done, the CD signal, 

expressed mdeg, was converted in molar ellipticity (Fig55b). Please refer to 7.2.3 for the detailed 

preparation of sample. 

 

 

 

http://www.isbg.fr/biophysics-characterisation/circular-dichroism
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6.1.2 Size Exclusion Chromatography Multi Angle Laser Light Scattering SEC-MALLS (PAOL 

platform) 

 

Protein Analysis On Line (PAOL) is a platform that combines the separation of macromolecules in solution 

and their characterization in term of mass, composition and size (http://www.isbg.fr/biophysics-

characterisation/protein-analysis-on-line-paol/). Along with a Size-Exclusion Chromatography (SEC), it 

allows to perform simultaneously static and dynamic light scattering (MALS), as well as measurements of 

refractive index and absorbance. It In general, MALS techniques measure the light scattered from the 

particles within a sample, at defined angles. A block scheme of the instrument is depicted in Figure 56:  

 

 

Fig.56 SEC MALLS. General block scheme of SEC-MALLS instrument [148].  
 

Dynamic light scattering (DLS) and Static Light Scattering (SLS) are both exploited from MALS 

measurements. At a given angle (90°C), the intensity of fluctuation of the scattered light measured in DLS 

will be directly linked to the dynamical properties of the sample particles in solution. It will be possible to 

calculate their diffusion coefficient, thus their hydrodynamic radius, by using the following equation:  

 

 

 

Where D is the diffusion coefficient, KB the Boltzmann constant, T is the temperature (K), η the solvent 

viscosity and RH the hydrodynamic radius. DLS measurements are analysed in terms of particle size 

distribution, so that the presence of aggregates is easily detected. 

SLS measurements are obtained at multi angles and collect the time averaged scattered light as function of 

the scattering angle. For large particles > 20 nm, it allows to obtain indications of the radius of gyration, 

which is another estimation of the particle size. From the intensity of the scattered light and the knowledge 

from refractive index measurements, the molecular weight of the particles in solution can be determined:  

http://www.isbg.fr/biophysics-characterisation/protein-analysis-on-line-paol/
http://www.isbg.fr/biophysics-characterisation/protein-analysis-on-line-paol/
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2 

 

 

Where I is intensity of the scattered light, c the concentration in g/mL, (dn/dc) represent the variation of 

refractive index of the solution with the concentration, no the refractive index of the solvent and NA the 

Avogadro number. Absorbance and refractive index measurements are combined to determine 

stoichiometry complexes.  

 

6.2 Methods for characterization of protein-ligand interaction  

 

6.2.1 Lectin array (LectPROFILE) 

 

During my PhD, I had the opportunity to use the LectPROFILE platform developed by the GLYCoDIAG 

Company (http://www.glycodiag.com). Briefly, the lectins were absorbed on a 96/well black plate (Biomat) 

and then screened with glycoproteins (asialofetuin, thyroglobulin, etc.) and neo glycoproteins. The latter 

were as well provided by our industrial partner and were composed by a molecule of BSA functionalized 

with a controlled number of glycans (mannosylated BSA, galactosylated BSA, etc.). Both glycoproteins and 

neo glycoproteins possessed a molecule of biotin that helped the revelation of the binding by the use of a 

fluorescently labelled streptavidin. A schematic representation of the approach is given in Fig.57. 

 

 

Fig.57 LectPROFILE schematic representation. 
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The fluorescence intensity was measured by using the CLARIOstar® plate reader (BMG LABTECH). 

 

6.2.2 Glycan array 

 

During my PhD, I had the opportunity to perform two secondments in Dr Niels Reichardt’s laboratory 

(CICbioMAGUNE, Donostia-San Sebastian, Spain) and use their microarray platform. 134 synthetic N-

glycans (mostly parasite and plant structures) and glycomimetics from Anna Bernardi, containing a reactive 

primary amines at their reducing termini were printed onto N-hydroxysuccinimide NHS ester activated glass 

microarray slides Nexterion® H (Schott AG) (Fig.58).  

 

 

Fig.58 Glycan array glass slide. NHS ester glass microarray used during the two secondments [149]. 

 

Four spots for the same glycan and BSA as positive control were used. The fluorescence measurements 

after binding to labelled lectins were performed in an Agilent G265BA microarray scanner system (Agilent 

Technologies) and the quantification was achieved by ProScanArray® Express software (Perkin Elmer).  

 

6.2.3 Surface Plasmon Resonance (SPR) 

 

SPR is a biophysical technique that can study the biomolecular interaction of label-free compounds in real-

time. The phenomena can be understood from the electromagnetic theory about the light reflection, 

transmission, and absorption for the multi-layer medium. You can find all the detailed SPR principles in the 

book written by H. Raether [150]. 

Surface Plasmon Resonance is a phenomenon that occurs when polarized light hits a metal film (silver or 

gold) at the interface of media with different refractive indices (glass and air for instance). When the 

polarized light is addressed through a prism on a sensor chip with a gold film, the free electrons of the gold, 

named plasmons, will swing and act as a mirror by reflecting the light (Fig.59) [151].  
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Fig.59 SPR principle. The ligh is reflectd by the plasmons of the gold film 
http://biosensingusa.com/technologies/surface-plasmon-resonance/surface-plasmon-resonance-work/ 

 
At a specific incident angle called resonance angle, the plasmons absorb light, reducing the reflected light 

intensity and creating a dark line in the reflected beam (Fig.60). When a molecular binding event takes 

place near the gold film, a shift of the dark line is observed and, by monitoring this shift vs. time, we can 

study molecular binding events and binding kinetics. 

 

 

  

 

a b 

 

Fig.60 Plasmon resonance effect. a) At a specific angle, the plasmons absorb light and this can be seen by a dark line 
in the reflected beam. Adapted from http://biosensingusa.com/technologies/surface-plasmon-resonance/surface-
plasmon-resonance-work/.  b) The angle shift is seen in the sensorgram as a change of response during time, from 
[152]. 

 

Above the gold film, a dextran surface, in most cases, could be used for functionalization purposes. The 

compound immobilized on the latter is called ligand, while the partner in solution is the analyte. When 

these two components interact, the index of refraction at the metal surface changes and so does the 

resonance angle. This angle modification is detected by the BIAcore system and recorded by the BIAeval 

software as SPR signal or resonance units (RU).  

The graphical result is called sensorgram, where the RU are expressed as function of time, and it consists of 

an association, steady state and dissociation phase (Fig.61a). In the association phase, the analyte is 

injected and the obtained shift is originated from the differences between the flow buffer and the sample 

buffer. When the number of association events is equal to the number of dissociation events, the plateau 
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or equilibrium or steady state has been reached, and the response at this stage is called Req. Finally, during 

the dissociation phase, the analyte is not injected anymore over the surface and the number of dissociation 

events get the better over association events. When the affinity with the ligand is strong, harsh condition of 

regeneration of the surface could be used to go back to the value of the baseline at the beginning of the 

interaction. 

The analyte is injected at different concentration to obtain a sensorgram where signal is function of time. 

Information about the kinetics of reaction (kon or koff) for the association and dissociation respectively, the 

affinity (Kd) or, in the case of competition experiment, about the half maximal inhibitory concentration 

(IC50) are obtained. However, care must be used during the design of a SPR experiment: the analytes should 

have sufficient mass in order to generate a significant change in refractive index and also an overall affinity 

for the ligand comprises between Kd values of 1·10-4 - 1·10-12 in order to measure reliable binding. In the 

case of weak affinity between an analyte and the ligand, multivalent analyte compounds might be needed 

to improve the binding. Moreover, the mass transport limitation must be avoid, which is mainly caused by 

the analyte and surface sites being located physically at different point (Fig.61b) [153]. 

 

  

a b 

 

Fig.61 Analyte interaction and bulk effect a) Typical sensorgram of the analyte interacting with the ligand. The 
steady state corresponds to the equilibrium phase, while the dissociation happens when the analyte is not injected 
anymore over the surface b) bulk effect visual explanation (https://www.sprpages.nl). 

 

The analyte needs to transfer from the bulk solution to the immobilized ligand on the 3D dextran surface 

and this includes the diffusion of the analyte within the dextran layer. The mass transport limitation occurs 

when the rate of mass transport is equal or slower than the association rate constant.  

During my PhD, I had the possibility to use two different model to analyse the data: 4-parameter logistic 

and steady state affinity. 
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4-parameter logistic model for IC50 determination 

 

Small saccharide or monovalent glycomimetic have low MW and low affinity for the analyte and their 

binding to the ligand is therefore difficult to detect. An indirect approach by competition test has therefore 

been developed by our group and gives quantitative information on the inhibitory power of the small 

molecule (IC50). The sensor chip is functionalized with a glycoprotein, namely BSA mannosylated (BSA-Man), 

and the receptor, for which we want to evaluate the affinity of the tested compound, is co-injected over 

the surface at fixed concentration with increasing compound concentration (Fig.60). Surface and sample 

preparations are detailed in 7.2.9. The binding of the compound to the lectin-receptor will impair receptor 

binding to the ligand on the surface and will thus lowers the binding signal. Therefore, in this set up, the 

compound as the status of “inhibitors “of the analyte–ligand interaction (lectin/BASMan interaction in that 

example) (Fig.62). Indeed, as a function of the compound concentration used, an IC50 value (Inhibitory 

Concentration allowing 50% of signal inhibition) can be obtained and allows evaluating the affinity of the 

compound for the analyte in the conditions tested.  

  

Fig.62 Design of competition/inhibition SPR assay. Inspired by [154]. 
 

The Req maximal values are used to calculate the IC50 value through the following equation: 

 

 

 

Where Rhi is the maximal y-axis value of the curve, Rlo is the minimal y axis value of the curve, A1 the x axis 

value corresponding to the middle linear part of the curve ad A2 the slope. Moreover, Req maximal values 

were converted in percentage of protein activity by considering 100% of protein activity the Req maximal 

obtained in the condition without inhibitor (Fig.63) 
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a b 

Fig.63 SPR competition/inhibition assay sensorgram and curve. a) Example of sensorgram with increasing 
concentration of inhibitors and corresponding Req maximal values b) Conversion of Req maximal values in % of 
protein activity and IC50 graphical representation. 

 
This approach, however, has an important limitation: being primarily based on the affinity between the 

protein and the surface, the system can detect the interaction of the inhibitor with the protein only if it is 

less strong than the protein-surface interaction. For example, DC-SIGN has an affinity (Kd) for the 

mannosylated surface of 5 µM and, therefore, inhibition in the range of nM cannot be viewed. For 

interaction in the nM range, direct interaction assay is recommended, considering that strong affinity 

interactions increase the probability to observe a reliable signal even with small molecular weight 

compound. 

 

State affinity model for Kd determination 

 

In the direct interaction approach, the lectin is immobilized on the surface in an oriented way. Surface and 

sample preparations are detailed in 7.2.10. The lectin possesses a StrepTagII N-terminal sequence that is 

recognized by the StrepTactine. Once the StrepTactine is randomly immobilized on the sensor chip, it can 

recognize the tag and lead to an oriented immobilization of the protein by its N-terminus (Fig.64). 

 

IC50 

Req 

Req  % CLR activity 
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Fig.64 Oriented surface approach. Inspired by [154] and [125]. 

 

The multivalent ligand is injected at increasing concentration. The Kd is obtained with the steady state 

model by fitting a plot of Req against the concentration: 

 

 

 

Req is the RU at the equilibrium at a given concentration, Rmax the RU at the equilibrium at the highest 

concentration and C the concentration of analyte. Steady state affinity measurements are not affected by 

mass transportation limitations since they are based on report points taken at equilibrium 

When using multivalent compound, it is important to keep in mind that the found Kd reflects the affinity for 

the surface and not for an individual receptor. However, this multisite interaction onto a surface may be 

close to the real interaction mode at the cellular surface level (with respect to comparable density of the 

ligand onto the surface). In chapters 8.3 and 8.4 the term “apparent” Kd (or Kdapp) will be used.  

 

6.2.4 Isothermal Titration Calorimetry (ITC) 

 

ITC is another biophysical technique that can be used to study the biomolecular interaction of label-free 

compounds in real-time in solution. By measuring heat transfer during binding between ligand (glycan) and 

receptor (CLR), it determines binding stoichiometry (n), binding constants (Kd), and thermodynamics 

parameters (variations of enthalpy (ΔH) and entropy (ΔS)). The glycan is added at several intervals at 

increasing concentration and the heat released upon the binding is measured with respect to a reference 

cell. The output given by the iTC200 instrumentation is the heat absorbed or evolved during the binding 
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and data are afterwards integrated to obtain a titration curve (kcal/mole of injectant versus the molar 

ratio) that could be used for modelling and Kd calculation (Fig.65). 

 

Fig.65 Calorimetry principle  
(http://www.malvern.com/en/products/technology/isothermal-titration-calorimetry/default.aspx). 
 

The technique does not require any labelling. However, it requires some caution: the buffer composition 

must be identical for the ligand and receptor, nevertheless a titration ligand against buffer should be 

performed to remove the buffer contribution. Moreover, it require a substantial quantity of protein/ligand 

that can be calculated using the following equation: 

 

 

 

Where [R] is the concentration of the receptor in mol.L-1, Kd is the dissociation constant and n the 

hypothetical binding stoichiometry. The c value should be 10 < c < 1000 in the experiment set up to allow 

the determination of Kd value [155]. 

 

 

 

 

 

 

 

 

 

 

http://www.malvern.com/en/products/technology/isothermal-titration-calorimetry/default.aspx
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7. Methods 

 

7.1 Production of recombinant C-type lectin constructs 

 

7.1.1 Transformation of Ca2+-competent E.coli strains 

 

Four Ca2+-competent E.coli strains were used in this work, namely TOP10, BL21(DE3), Tuner (DE3) and 

Shuffle(DE3). The protocol of Ca2+-competent bacterial cell transformation consisted of the following steps: 

1 l of plasmid DNA was added to 25 l of commercially Ca2+-competent cells and gently shaken. After 30 

min of incubation on ice, heat-shock was performed for 45 s in 42°C water. 500 l of Luria Bertani (LB) 

broth were added to the reaction and incubation at 37 °C 180 rpm for 1 hour was performed. The sample 

was centrifuged at 4500 rpm for 10 min, the supernatant discarded and the pellet resuspended in a residual 

volume of supernatant. The re-suspended cells were plated on petri dishes with LB-Agar containing the 

respective antibiotic and incubated overnight at 37°C. 

 

7.1.2 Cloning of LSECtin His-CRD 

 

pUC57 plasmid containing synthetic human genes encoding human LSECtin CRD (amino acids 162-292) 

codon optimised for the efficient production in E. coli were manufactured by GeneCust Europe 

(Luxembourg) Additional sequences coding for a 6His tag, a factor Xa cleavage site and 3 Glycines were 

including between the initiation codon and the first encoding codon of the synthetic gene. pUC57 LSECtin 

vector and pET30b expression vector (from Novagen) were consecutively digested with NdeI and HindIII 

restriction endonucleases (from Fermentas-Thermo Fisher Scientific Inc). Reaction mixtures were prepared 

as shown in Table 3. 

Reaction mixtures For pUC57 LSECtin vector (µL) For pET30b vector (µL) 

DNA 7 (1 µg) 7.5 (1 µg) 

NdeI 2 2 

HindIII 2 2 

Buffer green 4 4 

H20 25 24.5 

Table.3 Digest assays of pUC57 LSECtin vector and pET30b vector. 
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The reaction was conducted for 1h at 37°C. Digested samples were analysed on a 1% agarose (w/v) gel 

prepared in TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA). 10 µL of each sample were loaded 

onto the gel and “Mass Ruler DNA ladder Mix ready-to-use” (from Fermentas-Thermo Fisher Scientific Inc) 

was used as a size marker. 

The digested pET30b vector and the LSectin insert were purified via the E.Z.N.A. Gel extraction kit (from 

OMEGA). 990 ng of pET30b vector was dephosphorylated using FastAP Thermosensitive Alkaline 

phosphatase following the manufacturer conditions. LSECtin fragment was ligated to the dephosphorylated 

pET30b vector using Rapid DNA Ligation Kit (from Roche). The reaction mixture was prepared as follows: 1 

µL digested pET30b vector was mixed with 7 µL of LSECtin insert and 2 µL of dilution buffer, then 10 µL of 

ligation buffer was added and mixed, finally 1 µL of ligase was added into the reaction . A negative control 

was performed by replacing LSECtin insert by water. The ligation reactions were carried out at room 

temperature for 15 min. Subsequently, 25 µl of commercial TOP10 E.coli cells were transformed wit 5 µl of 

ligation reaction as described in 7.1.1. The cells were plated on Petri dish with LB-Agar in the presence of 50 

µg/mL kanamycin and grown at 37°C overnight.  

Four clones were picked up from the LB-Agar plate and grown in 5 ml LB containing of 50 µg/mL kanamycin 

overnight at 37°C. Minipreps were prepared from 3 ml overnight culture with QIAprep Spin kit (from 

QIAGEN) according to manufacturer’s instructions, and the concentration of plasmid DNA was determined 

by measuring A260nm of the sample and knowing that 50 µg/mL double-stranded DNA has a A260nm = 1. 

The presence of LSECtin in the plasmids was tested by NdeI/HindIII restriction digest. Empty pET30b and 

pUC57 LSECtin His-CRD were used as controls.  

The reaction mix is described in Table 4.  

 

Enzyme mixtures for 6 samples Reaction mixtures 

7 µL green buffer 
5 µL (330 ng) plasmid  

5 µL enzyme mix 

positive control: pUC57 LSECtin  

negative control empty pET30b  

2 µL NdeI 

2 µL HindIII 

24 µL of H20 

Table.4 Preparation of NdeI/HindIII digestion mixtures for the test of positive DNA ligation. 

 

The reaction was conducted for 1h at 37°C. Digested sample were analysed in 1% agarose gel as described 

above.  
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7.1.3 Preparation of bacterial preculture 

 

From the transformation plate, one clone was selected and inoculated into 50 mL of LB both with the 

respective antibiotic and cultivated overnight at 37°C. The prepared pre-culture was used to start the 

culture for protein over-expression (in case of BL21(DE3), C41(DE3), Tuner(DE3)- for SHuffle(DE3) strain, a 

temperature of 30°C was recommended) or to purify the vector from the cells (in case of TOP10 cells). 

 

7.1.4 Preparation of bacterial culture samples for SDS-PAGE 

 

For each constructs, a 5 mL sample of the culture before induction and a sample of culture at the end of the 

culture were centrifuged at 4500 rpm for 15 min. The supernatants were discarded. To the pellets 

obtained, 0,5 mL of 6X SDS-PAGE sample loading buffer (with or without β-mercaptoethanol) wad added. 

After re-suspending, the cells were disrupted by sonication for 50 s at 10% amplitude. 

 

7.1.5 DC-SIGN and Langerin over-expression and purification 

 

Both protein over-expression and purification have been optimized before my arrival in the laboratory. For 

details, please refer to [57] and [81] respectively. 

 

7.1.6 Protein labelling 

 

Lectins were dialysed against 25 mM HEPES pH 8, 150 mM NaCl, 4 mM CaCl2 and 1 µL of 10 mg/mL Cy3-

NHS ester (GeneCopoeia) in DMSO was added each 0.3 mg of protein. The reactions were gently shaken at 

RT for 2 h and then at 4°C for 4 h. Excess dye was removed by repeated dialysis dialyzed (Spectra/Por® 

dialysis membrane, cut off 3.5 kDa, 9.3 mL/cm from Spectrum laboratories) of 3 h against 25 mM Tris-HCl 

pH 8, 150 mM NaCl, 4 mM CaCl2 (3hx2). The amount of attached Cy3 was estimated spectrophotometrically 

based on the dye epsilon (ε550 150 000 cm−1M−1) and protein epsilon.  

 

7.1.7 Over-expression and inclusion body preparation of all CLR constructs 

 

E.coli strain BL21(DE3) was transformed with pETt30b/CLR plasmid according to protocol in subsection 

7.1.1. 50 mL of overnight preculture was used to inoculate to 1L of LB broth with 50 µg/mL kanamycin. The 

cells were grown at 37°C for 2/3h, then the protein over-expression was induced by addition of IPTG to 

final concentration of 1 mM and the culture was continued at 37°C for 3h. Centrifugation at 5000xg for 20 



106 
 

min at 4°C allowed cells harvesting, followed by the pellet resuspension in 30 mL of 25 mM Tris-HCl pH 8, 

150 mM NaCl buffer and 1 tablet of “complete EDTA-free” (Roche) protease inhibitor cocktail. Cells were 

disrupted by sonication (sonicator BRANSON digital Sonifier® from Emerson Electric Co) for two rounds at 

90% amplitude for a total time of 12 min for each round, using 2 s sonication and 10 s pauses in between 

and keeping cells in ice. Inclusion bodies together with the cell debris were collected by centrifugation at 

100 000xg for 30 min at 4°C (ultracentrifuge with Ti45 rotor are from Beckman Coulter). To isolate inclusion 

bodies from bacterial cell debris, the pellet was resuspended using Potter-Elvehjem homogenizer in 30 mL 

of buffer containing 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2, 2 M urea and 1% Triton-X100 

(Anatrace®), centrifuged at 100 000xg for 30 min at 4°C. A washing step was performed by resuspending 

the pellet in 30 mL of 25 mM Tris-HCl pH 8, 150 mM NaCl buffer with Potter-Elvehjem homogenizer and 

centrifuged at 100 000xg for 30 min at 4°C. 

 

7.1.7.1 Refolding, purification and labelling of DC-SIGNR ECD 

 

Refolding. Inclusion bodies were solubilized with Potter-Elvehjem homogenizer in 30 mL of buffer 

containing 6 M Gdn-HCl (Euromedex), 150 mM NaCl, 25 mM Tris-HCl pH 8 and 0.01% β-mercaptoethanol 

and centrifuged at 100 000xg for 30 min at 4°C to eliminate the insoluble fraction. Solubilized DC-SIGNR 

ECD (typically 30 mL at around 5 mg/mL) was adjusted, before refolding, at a  concentration of 2 mg/mL in 

the refolding buffer detailed above. Then from this starting concentration of 2mg/mL the protein has been 

refolded by a 5x flash dilution into a buffer containing 1,25 M NaCl, 25 mM Tris-HCl pH 8, 25 mM CaCl2 at 4 

°C. The resulting protein solution was overnight against 4,59 L of 25 mM Tris-HCl pH 8 to remove Gdn-HCl. 

Two additional dialysis of 3h at 4°C against 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2 were 

performed. Precipitates were eliminated by several cycle of ultracentrifugation. 

 

Purification. Refolded DC-SIGNR ECD was purified in two steps at 4°C: an affinity chromatography followed 

by an exclusion chromatography. Firstly, refolded DC-SIGNR ECD solution was loaded onto a 20 mL 

Mannan-agarose column (Sigma) previously equilibrated in 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM 

CaCl2 buffer. After column washing, the elution step was performed using 25 mM Tris-HCl pH 8, 150 mM 

NaCl, 1 mM EDTA buffer. 2.5 mL/min flow rate was maintained during the purification. The use of Multi 

Step Protein Purification (MP3) platform (http://www.isbg.fr/samples-preparation/multistep-protein-

purification/article/multistep-protein-purification) allowed us to perform an exclusion chromatography 

automatically and immediately afterwards the affinity chromatography (Xpress FPLC system). A Superose-

12 column (from x)  was equilibrated in 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2 buffer and eluted 

in the same buffer with a flow rate of 1 mL/min. Eluted fractions were pooled and concentrated to 8 mg 

with VIVASPIN 20 (Sartorius, 5 kDa cut off) and frozen in liquid nitrogen for storage at -80°C 
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Protein labelling (section 7.1.5). Two different Degree of Labelling (DOL) were obtained for DC-SIGNR ECD. 

From the 2 mg dialyzed, 1 mg labelled with 1 µL and the other 1 mg with 3 µL of Cy3. The obtained DOLs 

were 0.4 and 0.95, respectively. 

 

7.1.7.2 Refolding, purification and labelling of Dectin-2 S-ECD 

 

Refolding. Inclusion bodies were solubilized with Potter-Elvehjem homogenizer in 30 mL of buffer 

containing 6 M Gdn-HCl, 150 mM NaCl, 25 mM Tris-HCl pH 8 and 0.01% β-mercaptoethanol and centrifuged 

at 100 000xg for 30 min at 4°C to eliminate insoluble part. Solubilized dectin-2 ECD (1,7 mg/mL, 30 mL) was 

refolded with a starting concentration of 1 mg/mL by flash dilution into buffer containing 1,25 M NaCl, 200 

mM Tris-HCl pH 8, 25 mM CaCl2 at 4 °C. The resulting protein solution was dialyzed overnight against 2.96 L 

of water to remove Gdn-HCl. Two additional dialysis of 3h at 4°C against 4.5L of 25 mM Tris-HCl pH, 150 

mM NaCl, 4 mM CaCl2 were performed. Precipitates were eliminated by by several cycle of 

ultracentrifugation. 

 

Purification. Refolded Dectin-2 S-ECD was purified at 4°C through an affinity chromatography using 

AktaFPLC system (GE Healthcare). Firstly, Refolded Dectin-2 ECD solution was loaded to 1 mL StrepTactin 

column (GE Healthcare) previously equilibrated in 25 mM Tris-HCl pH, 150 mM NaCl, 4 mM CaCl2 buffer. 

After column washing, the elution step was performed using 25 mM Tris-HCl pH, 150 mM NaCl, 4 mM CaCl2 

, 2.5 mM desthiobiotin (IBA) buffer. 1 mL/min flow rate was maintained during the purification. Eluted 

fractions were pooled, dialysed against 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2 and concentrated 

to 0.8 mg/mL, 1 mL and frozen in liquid nitrogen for storage at -80°C. 

 

Protein labelling (section 7.1.5). 250 µg of Dectin-2 ECD were dialyzed and labelled with 3 µL of Cy3, giving 

a DOL of  0.42. 

 

7.1.7.3 Refolding, purification and labelling of Mincle His-ECD 

 

Refolding. Inclusion bodies were solubilized with Potter-Elvehjem homogenizer in 30 mL of buffer 

containing 6 M Gdn-HCl, 150 mM NaCl, 25 mM Tris-HCl pH 8 and 0.01% β-mercaptoethanol and centrifuged 

at 100 000xg for 30 min at 4°C to eliminate the insoluble part. Solubilized Mincle His-ECD (3,346 mg/mL, 30 

mL) was refolded at a starting concentration of 1 mg/mL by a 5x flash dilution into buffer containing 1,25 M 

NaCl, 200 mM Tris-HCl pH 8, 25 mM CaCl2 at 4 °C. The resulting protein solution was dialyzed overnight 

against 3 L of water to remove Gdn-HCl. Two additional dialysis of 3h at 4°C against 4.5L of 25 mM Tris-HCl 
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pH 8, 150 mM NaCl, 4 mM CaCl2 were prepared. The precipitates were eliminated  by several cycle of 

ultracentrifugation. 

 

Purification. Refolded Mincle His-ECD was purified using AktaFPLC system in two steps at 4°C: an affinity 

chromatography followed by exclusion chromatography. Firstly, refolded Mincle ECD solution was loaded 

to 1 mL HisTrap column (GE Healthcare) previously equilibrated in 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 

mM CaCl2 buffer. After column washing, the elution step was performed using 25 mM Tris-HCl pH 8, 150 

mM NaCl, 4 mM CaCl2, 0.5 M Imidazole buffer. 1 mL/min flow rate of buffer was maintained during the 

purification. The eluted protein was dialysed against 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2 to 

eliminate imidazole and concentrated up to 2 mL. Mincle His-ECD was then injected into a methacrylate-

modified polymer containing Toyopearl® column (120 mL, 0.5-80 kDa, Tosoh Bioscience) previously 

equilibrated in 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2 buffer. 1 mL/min low rate of buffer was 

maintained during the purification. Eluted fractions were pooled into two different aliquots and 

concentrated to 0,3 mg/mL. 1,3 mL (pool n°1, hypothetical aggregation) and 1,587 mg/mL, 0.8 mL (pool 

n°2, hypothetical dimer), were both  frozen in liquid nitrogen for storage at -80°C. 

 

Protein labelling (section 7.1.5). 150 µg from pool n°1 and 300 µg from pool n°2 were dialyzed and labelled 

with 1 µL and 2 µL of Cy3, respectively. The obtained DOLs were 0.73 and 0.79, respectively. 

 

7.1.7.4 Refolding and purification of His-GGG-CRD constructs 

 

Refolding. Inclusion bodies were solubilized with Potter-Elvehjem homogenizer in 30 mL of buffer 

containing 6 M Gdn-HCl, 150 mM NaCl, 25 mM Tris-HCl pH 8 and 0.01% β-mercaptoethanol and centrifuged 

at 100 000xg for 30 min at 4°C to eliminate the insoluble part. Solubilized His-GGG-CRD was refolded by 5x 

flash dilution into refolding buffer at 4 °C. The resulting protein solution was dialyzed overnight to remove 

Gdn-HCl. Two additional dialysis of 3h at 4°C against 4.5L of 25 mM Tris-HCl pH, 150 mM NaCl, 4 mM CaCl2 

were performed. The precipitates were eliminated by several cycle of ultracentrifugation. 

 

Purification. Refolded His-GGG-CRD was purified using AktaFPLC system at 4°C: through an affinity 

chromatography. Firstly, refolded His-GGG-CRD solution was loaded to 1 mL HisTrap column previously 

equilibrated in 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2 buffer. After column washing, the elution 

step was performed using 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2, 0.5 M Imidazole buffer. 1 

mL/min flow rate of was maintained during the purification. The eluted protein was dialysed against 25 mM 

Tris-HCl pH, 150 mM NaCl, 4 mM CaCl2 to eliminate imidazole and concentrated. 

Values specific for each proteins are showed in the following table (Table 5): 
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His-CRD 

 
Refolding C (mg/mL) Refolding buffer Dialysis buffer 

Protein yield/L 
culture (mg) 

BDCA2 1 

1,25 M NaCl, 200 

mM Tris -HCl pH 8, 

25 mM CaCl2 

H2O 3 

DC-SIGNR 2 

1,25 M NaCl, 25 

mM Tris-HCl pH 8, 

25 mM CaCl2 

25 mM Tris-HCl pH 8 20 

Dectin-1 1 

1,25 M NaCl, 200 

mM Tris-HCl pH 8, 

25 mM CaCl2 

H2O 0.15 

Dectin-2 1 

1,25 M NaCl, 200 

mM Tris-HCl pH 8, 

25 mM CaCl2 

H2O 2,2 

LSECtin 1 

1,25 M NaCl, 200 

mM Tris-HCl pH 8, 

25 mM CaCl2 

H2O 0.7 

 
MCL 

2 

1,25 M NaCl, 25 

mM Tris-HCl pH 8, 

25 mM CaCl2 

25 mM Tris-HCl pH 8 7.6 

Mincle 1 

1,25 M NaCl, 200 

mM Tris-HCl pH 8, 

25 mM CaCl2 

H2O x 

 

Table.5 Refolding concentration, buffer for refolding and dialysis and protein yield/L culture for the His-CRD 
considered. 

 

His tag cleavage. His-GGG-CRD was cleaved using the factor Xa (Thermo Fischer) following the ratio 

recommended by the company: 1 µg of factor Xa per 50 µg of His-GGG-CRD protein at 1 mg/mL. The 

reaction was performed overnight at RT under agitation and then injected into Toyopearl® exclusion 

chromatography column previously equilibrated in 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2 buffer. 

1 mL/min flow rate of was maintained during the purification. Eluted fractions were pooled and 

concentrated up to 1 mg. 

Values specific for each proteins are showed in the following table (Table 6): 

 

Sample 
 

Volume (µL) 
 

Volume (µL) factor Xa Volume (µL) buffer 

 
BDCA2 

 
2500 (2 mg/mL) 96 2204 

 
DC-SIGNR 

 
483 (8.3 mg/mL) 80 3436 

 
MCL 

 
420 (7,2 mg/mL) 60 2520 
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Table.6 Required volumes for His tag cleavage of BDCA2, DC-SIGNR and MCL CRDs. 

 

Sortase-directed biotinylation and TETRALEC formation. The protocol from [156] was used for the 

biotinylation of GGG-CRD. The protein exposing three glycines at the N-terminus (1 equivalent) was mixed 

with the peptide biotin-LPRT-Ome (MW= 725.9 Da, Covalab) (5 eq.) and His-tag Sortase A (SrtA) (0.3 eq) 

from S.aureus, recombinantly produced in the lab,  in 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2 

buffer. The reaction was incubated at 37°C for 6h under agitation. The kinetic of reaction was followed by 

ESI-MS (electrospray ionization mass spectrometry) : 10 µL of reaction was analysed at 0h, 2h, 4h, 6h,8h 

and overnight. When the reaction was completed, the  solution was loaded onto a 1 mL HisTrap column 

previously equilibrated in 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2 buffer. After column washing, 

the elution step was performed using 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2, 0.5 M Imidazole 

buffer. 1 mL/min flow rate of buffer was maintained during the purification. The His tagged sortase was 

retained by the HisTrap column where the untagged biotin-CRD was eluted during the washing step and 

was pooled and dialysed against 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2 to eliminate un-reacted 

biotin. 

Finally, NeutrAvidin© (MW = 14.5 kDa, Thermo Fisher) sample previously labelled with Cy3-fluorophore 

(2.9 mg/mL, DOL=0.5) was mixed to Biotin-CRD with a molar ratio of 1:1 and the reaction was incubated 

overnight at 4°C under agitation. The obtained CRD-TETRALEC was frozen in liquid nitrogen for storage at -

80°C. 

Values specific for each protein are showed in the following table (Table 7): 

 

 

Sample 

 
Volume (µL)  

1 eq 
 

Volume (µL) 
Biotin-LPRT-Ome 

5 eq 

Volume (µL) Sortase 
0,3 eq 

TETRALEC (mg) 

 
BDCA2 

 
600 (140 µM) 210.2 25.2 unachieved 

 
DC-SIGNR 

 

506.5 (120 
µM) 

151.96 18 0.4 

 
MCL 

 
500 (120 µM) 150 18 0.62 

 

Table.7 Required volumes for sortase reaction on BDCA2, DC-SIGNR and MCL CRDs. mg of TETRALEC complex are also 
given. 
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Random biotinylation and TETRALEC formation. BDCA2 CRD (0,385 mg) was dialyzed against 25 mM HEPES 

pH 8, 150 mM NaCl and 4 mM CaCl2 and 69,8 µL (25 eq) of EZ-Link Sulfo-NHS-Biotin (Thermo Scientific) was 

used for random labeling on lectin primary amines. The reaction was conducted at RT for 1h, under 

agitation, and was followed by two dialysis against 25 mM Tris-HCl pH 8, 150 mM NaCl and 4 mM CaCl2. The 

Degree of Biotin (DOB) was determined using the Pierce Biotin Quantification kit (Thermo Scientific) and it 

revealed to be 2.18.  

Finally, NeutrAvidin sample previously labelled with Cy3-fluorophore (2.9 mg/mL, DOL=0.5) was coupled to 

random-BDCA2-Biotin-CRD with a molar ratio of 1:1 and the reaction was incubated overnight at 4°C under 

agitation. The obtained 0,789 mg of random TETRALEC was frozen in liquid nitrogen for storage at -80°C. 

 

7.2 Biochemical and biophysical protein characterization and ligand analysis 

 

7.2.1 Protein samples for SDS-PAGE. 

Gel SDS-PAGE 

Bis-acrylamide (30%), SDS (20%) and TEMED solution are from Euromedex. Acetic acid, persulphate acid 

and Brilliant blue R from Carlo Erba. The ladders Page ruler Unstained and Prestained proteins are from 

Thermo Fisher Scientific. 

1:1 volumes of protein solution and SDS-PAGE loading buffer 1X with or without β-mercaptoethanol (Carl 

Roth) were loaded on the gel. Generally, 10 µL of sample is loaded on 15% or 12% Tris. The gel migration 

undergoes for 45 minutes at 220 V with Bio-Rad system. 

 

Western-Blot 

After gel migration for 45 minutes at 220 V, proteins are transferred from the SDS-PAGE gel to a PVDG 

membrane (Bio-Rad) at 300 mA for 50 minutes using a buffer of transfer (25 mM Tris, 0.2 M glycine). 5% of 

milk diluted in PVS-tween20 was used to block for 1 hour. Anti-polyHistine-HRP antibodies (Sigma) from 

mouse were incubated for 1 hour, followed by three washes of 20 min with 50 mL of PBS-Tween20 buffer. 

The revelation was performed with the kit Sigma Fast 3-3’ Diamino benzidine tablet (Sigma) following the 

protocol recommended by the company 

 

7.2.2 Protein concentration determination 

 

Protein concentration was determined by measuring the absorbance at 280 nM through NanoDrop 2000c 

spectrophotometer (Thermo Scientific). Molar extinction coefficient ε and Abs 0.1% values (OD for 1 
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mg/mL of protein) obtained by the amino acid sequence in ExPASy server (ProtParam tool) are presented in 

the following Table 8 and 9. 

 

ECDs MM (Daltons) Isoelectric Point ε (L*mol-1*cm-1)  Abs 0.1% 

DC-SIGN 38845 5.1 70180 1.812 

Langerin 28359 7.7 56000 1.972 

DC-SIGNR 37167 4.92 60890 1.638 

Dectin-2 Strep 21404 5.79 65930 3.080 

Mincle His 22349 5.96 42565 1.905 

 

 

His-CRDs MM (Daltons) Isoelectric Point ε (L*mol-1*cm-1)  Abs 0.1% 

BDCA2 17111 7.14 44835 2.620 

DC-SIGNR 17202 5.85 48845 2.839 

Dectin-1 16833 6.35 44835 2.663 

Dectin-2 17009 5.95 50335 2.959 

LSECtin 16429 6.28 48845 2.973 

MCL 17322 6.43 43345 2.502 

Mincle 17911 5.74 39335/38960 2.196 

 

Table 8 and 9. Molecular weight, isoelectric points, molar extinction coefficient ε and Abs 0.1% values for the 
considered ECDs and CRDs. 
 

7.2.3 Sample preparation for circular dichroism 

 

Dectin-2 GGG-His-CRD and MCL GGG-His-CRD samples were analysed at a concentration of 1,46 mg/mL and 

7,681 mg/mL, respectively, by using a cuvette of 100 microns. The experiences were conducted at 20 °C. 

The reference was performed with the buffer 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2. 

 

 

 



113 
 

7.2.4 Sample preparation for SEC-MALS (PAOL platform) 

 

A KW 802,5 column was used and equilibrated with the filtered at 0,1 µm running buffer 25 mM Tris-HCl pH 

7,5, 150 mM NaCl, 4 mM CaCl2 at a 0.5 mL/min of flow rate. The calibration was done using 95 µL of BSA 2 

mg/mL in the running buffer.  The following Table 10 lists the sample analysed on the column after 20800xg 

centrifugation for 15 min at 4°C 

 

Proteins C (mg/mL) vol (µL) MW (KDaltons) Ε (mL.g-1.cm-1) Dn/dc (mL/g) 

BSA 2 95 66 667 0.186 

DC-SIGNR ECD 5 50 37,2 1936 0,191 

DC-SIGNR Fc 1,25 100 39,7 1625 0,188 

DC-SIGNR 
TETRALEC 

2,21 50 31 2311 0,191 

MCL TETRALEC 0,8 95 16,6 2607 0,196 

NeutrAvidin 2,9 20 14,48 1662 0,185 

 

Table 10. List of analysed CLRs at the SEC-MALS and their specifications. 

 

7.2.5 Sample preparation for lectin array analysis 

 

The protocol is under GLYcoDIAG Company property. 

 

7.2.6 Sample preparation for glycan array analysis 

 

Cy3 labeled C-type lectins were diluted in incubation buffer (25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM 

CaCl2, pH=7.5 containing 0.5% bovine serum albumin (BSA) and 0.005% Tween®-20). C-type lectin solutions 

(200 µL per array) were used to incubate individual wells on a glycan array slide at 4 °C for 18 hours. Arrays 

were washed with incubation buffer without BSA, H2O and dried in a slide spinner. 

Fluorescence measurements were performed on a microarray scanner (Agilent G2565BA, Agilent 

Technologies) at 10 µm resolution. Quantification of fluorescence was performed by ProScanArray® 

Express software (Perkin Elmer) employing an adaptive circle quantification method from 50 µm (minimum 

spot diameter) to 300 µm (maximum spot diameter). Average RFU values with local background subtraction 
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of four spots and standard deviation of the mean were reported using Microsoft Excel and GraphPad 

Prism® software. 

 

7.2.7 Sample preparation for FACS  

 

Heat-killed Candida albicans (InvivoGen) and GAS (ATCC cell lines) were stained for 15 min with 1µM of 

DNA-staining dye Syto61 (ThermoFisher Scientific) at 4°C. The samples were subsequently washed two 

times with 1x PBS. Then, samples were incubated for 1h either with 250 ng of the respective CLR-hFc fusion 

proteins in lectin-binding buffer (50 mM HEPES, 5 mM MgCl2, 5 mM CaCl2, pH 7.4) or with different 

concentrations of human CLR constructs in its respective lectin-binding buffer (25 mM Tris-HCl pH 8, 150 

mM NaCl, 4 mM CaCl2 , pH 8.0). After washing once with the lectin-binding buffer, the pellet was 

suspended in a 1:200 PE-conjugated goat anti-human Fc antibody (Dianova) and incubated for 20 min at 

4°C, for detection of the bound CLR-hFc fusion proteins. Finally, cells were washed two times and flow-

cytometric analysis was performed using an Attune NxT Flow Cytometer (ThermoFisher Scientific). The 

gating strategy applied was a first gate in the Candida albicans and GAS population, followed by a single cell 

population gating for doublets exclusion. In the single cell population gate, Syto61 positive cells were 

selected and further analyzed for CLR binding. The same gating strategy was performed for all experimental 

conditions within one experiment. Flow cytometry data were analyzed using the FlowJo version 10 

software (FlowJo). 

 

7.2.8 Sample preparation for ITC 

 

ITC experiments were performed at 25 °C using a TA Instrument Nano Isothermal Titration Calorimeter Low 

Volume (Nano ITC LV) with a 190 μL cell volume. Compound Man069 and DC-SIGN ECD were prepared in 25 

mM Tris-HCl at pH 8, 150 mM NaCl, 4 mM CaCl2 and 4% DMSO. The compound was stepwise injected (1.03 

μL) into DC-SIGN solution using 5 min intervals between injections. Then, 100 μM of DC-SIGN ECD and 2.5 

mM compound concentrations were used. The blank titrations (compounds to buffer) were done for 

subtraction of dilution heat from the integrated data. A one-site binding model was fit to the data 

(nanoAnalyse 2.20 TA), yielding association constants (KA) and binding enthalpies (ΔH).  

 

7.2.9 SPR surface preparation for inhibition test 

 

Biacore T200 was used for measurements on CM (carboxymethyl) 3 sensor chip S series (GE-Healthcare) 

and the system was equilibrated in HBS-P buffer (0.01 M HEPES pH7.4, 0.15 M NaCl, 0.05% P20). Flow cells 
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1, 2 and 3 were activated by a 1:1 ratio of 0.2 M N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (ECD) 

(GE-Healthcare) and 0.05 M N-hydroxysuccinimide (NHS). Flow cell 1 was used as reference and 

functionalized with BSA, while flow cells 2 and 3 were functionalized with mannotriose BSA. BSA and 

mannotriose BSA were used at a concentration of 60 µg/mL in 10 mM C2H3NaO2 (NaOAc) pH 4. Once the 

functionalization has occurred, 30 µL of 1M ethanolamine-HCl pH 8 (GE-Healthcare) were used to 

deactivate the un-functionalized reactive groups. Two consecutive washings were then applied: 5 µL of 10 

mM HCl and 5 µL of 50 mM EDTA. 2500-3500 RU of functionalization were considered adequate for the 

subsequent experiments. All the previous steps were performed using a flow of 5 µL/min 

For all the inhibition tests, the sensor chip was equilibrated in  25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM 

CaCl2, 0.05% P20 running buffer and ECD constructs were tested. 

 

Surface stability control: 20 µM of DC-SIGN is injected 3 times with a flow rate of 5 µL/min. Each single 

injection is followed by a surface regeneration with EDTA 50 M pH 8. The control of the surface stability 

could be ideally done after every 10 cycles of experiment to assess stability of the interaction. 

 

Lectin ECD titration and KDapp determination: titrations with DC-SIGN DC-SIGNR and langerin were 

performed at increasing concentration. DC-SIGN: 0,195 µM; 0.39 µM; 0.78 µM; 1,5 µM; 3,125 µM; 6,25 µM; 

12.5 µM; 25 µM; 50 µM. DC-SIGNR: the same concentration plus 80 µM. 

 

Sample preparation: lyophilized inhibitors were resuspended in 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM 

CaCl2 at the highest reachable concentration (6.5 mM-20 mM). 4% DMSO was eventually added to 

overcome water insolubility problem. All compound stock solutions were centrifuged at 13000 rpm at 4°C 

for 10 min to remove aggregates. 

All inhibition assays have been performed using serial dilution of the inhibitor by factor 2. The starting 

sample was made in a tot volume of 120 μl with a concentration of 20 μM DC-SIGN/langerin or 30 μM DC-

SIGNR and 5000 μM (or 2500 μM) of the selected antagonist.  

 

Results reproducibility: in order to have a statistical reproducibility, flow cells 2 and 3 were used to test the 

inhibitors. During all the run, an appropriate control compound was used.  

 

7.2.10 SPR surface preparation for direct interaction test 

 

Biacore T200 was used for measurements on CM3 sensor chip S series and the system was equilibrated in 

HBS-P buffer (0.01 M HEPES pH7.4, 0.15 M NaCl, 0.05% P20). This surface preparation for direct interaction 

test is characterized by two different stages of functionalization. Flow cells 1, 2, 3 and 4 were activated by a 



116 
 

80 µL of 1:1 ration 0.2 M N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) and 0.05 M N-

hydroxysuccinimide (NHS). The activation was followed by the functionalization with 170 µg/mL of 

StrepTactin (IBA, 1 mg/ml) in 10 mM NaOAc pH4 buffer using 5 µL/min of flow. Once this first 

functionalization has occurred, 80 µL of 1M ethanolamine-HCL pH 8 were used to deactivate the un-

functionalized reactive groups. Two consecutive washings were then applied at 100 µL/min : 100 µL of 10 

mM HCl and 100 µL of 1 M NaCl/ 50 mM NaOH. The second functionalization is performed by exploiting the 

Strep tag of DC-SIGN S. 49 µg/mL of DC-SIGN S in injected over the surface at flow of 5 µL/min. For more 

detail about the production of DC-SIGN S-ECD please refer to the thesis of Ieva Sutkeviciute2. Again, 80 µL 

of 1M ethanolamine-HCL pH 8 were used to deactivate the un-functionalized reactive groups. Two 

consecutive washings were then applied at 100 µL/min : 100 µL of 10 mM HCl and 100 µL of 1 M NaCl/ 50 

mM NaOH.  

The same procedure was applied for Langerin (55.9 µg/mL). For more detail about the production of 

langerin S-ECD please refer to the thesis of Eric Chabrol3.  

For all direct interaction tests, the sensor chip has to be equilibrated in the following running buffer: 25 mM 

Tris-HCl pH 8, 150 mM NaCl, 4 mM CaCl2, 0.05% P20. 

 

Surface stability control: 27 nM of Man-BSA was injected 3 times with a flow rate of 5 µL/min. Each single 

injection is followed by a surface regeneration with EDTA 50 M pH 8. The control of the surface stability 

could be ideally done after every 10 cycles of experiment to assess the continuity of the functionalization 

level.  

Man-BSA titration and Kdapp determination: a titration with Man-BSA was performed at increasing 

concentration. 

The regeneration was performed with 100 µL/min of 50 mM Gly-NaOH pH 12, 0.15% Triton X100, 25 mM 

EDTA pH8. 

Sample preparation: lyophilised ligands were re-solubilized in 25 mM Tris-HCl pH 8, 150 mM NaCl, 4 mM 

CaCl2 at the highest reachable concentration (0.25-6.5 mM). 4% DMSO was eventually added to overcome 

water insolubility problem. All compound stock solutions were centrifuged at 13000 rpm at 4°C for 10 min 

to remove aggregates. 

All direct interaction assays were performed using serial dilution of the compound by factor 2 and the 

starting sample was made in a tot volume of 120 μl. The regeneration was performed with 100 µL/min of 

50 mM Gly-NaOH pH 12, 0.15% Triton X100, 25 mM EDTA pH8. 

 

                                                           
2 https://tel.archives-ouvertes.fr/tel-00819832 
3 https://tel.archives-ouvertes.fr/tel-00743636 
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Results reproducibility: in order to have a statistical reproducibility, flow cells 2 and 3 were used to test the 

inhibitors. During all the run, an appropriate control compound was used.  

 

Software used for the analysis:  Biacore T200 Evaluation software 3.1 and OriginPro 2017  
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8. Recombinant CLR Production and Functional Test 

 

Proper folding of CLR CRDs requires the appropriate formation of disulphide bridges. This step is difficult to 

achieve via recombinant bacterial expression as E.coli cytoplasm constitutes a reductive environment. So 

far, most of the lectins produced in Pr. Fieschi laboratory are over-expressed as inclusion bodies and 

subsequently refolded in vitro. Such a strategy enables, for instance, high yield production of DC-SIGN ECD 

(50 mg/L of culture). However, this approach has some drawbacks: each refolding protocol is protein 

dependent and has to be individually optimised. Moreover, the functionality of the refolded protein has to 

be subsequently assessed, which could be problematic when no ligand has been identified or when the 

ligand is not commercially accessible. Therefore, for the seven non-commercially available considered CLRs, 

in addition to constructs that enable insoluble production, an alternative strategy was also investigated. 

The latter addresses proteins towards E.coli periplasm, which provides an oxidative environment suitable 

for disulphide bridges formation and protein functional production (Fig.66). 

 

Fig.66 bacterial cell wall section and location of the periplasm (3rd chapter of Microbiology 8th edition). 
 

Periplasmic targeting was attempted using the signal peptides of the proteins ompA (outer membrane 

protein)[157] and pelB (pectate lyase B)[158] both enabling inner membrane crossing via the SEC (SecB-

dependent) bacterial post translational machinery (figxa). DsbA signal peptide (disulphide bond A)[159] was 

also exploited to attempt co-translational membrane crossing via SRP (signal recognition particle) pathway 

(Fig.67a). The three signal peptides share the same overall amino acid organization (Fig.67b): the N-

terminus is charged, the central region is composed by hydrophobic amino acids and the C-terminus 

comprises polar amino acids. 
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a b 
Fig.67 Protein secretion pathway and signal peptides a) SEC post-translational pathway and SRP co-translational 
pathway (the TAT pathway was not explored). www.athenaes.com b) Overall amino acid composition of three 
signal peptides. 

 

However, this strategy presents an important disadvantage: the yield of production is often very low (in the 

μg range). The CRD of langerin is produced properly folded in the E.coli periplasm with a similar approach in 

our laboratory [160].  

 

8.1 Cloning 

 

A large range of constructs have been prepared for all the lectins, either before my arrival or during the 

beginning of my PhD. For clarity sake, and also because I have not been directly involved in their 

production, the details of their preparation will not be described, except for pET30b LSECtin His-CRD for 

which I have handled the cloning step.  A schematic flowchart of the construct strategy is found in Fig.68. 

 

 

 

 

 

 

 

 

 

 

http://www.athenaes.com/
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Fig.68 Cloning strategies. 
 

All the original human genes have been manufactured by GeneCust Europe (Luxembourg). They consisted 

in sequences optimised for E.coli expression to circumvent rare codon obstacles. The synthetic genes 

contained the coding sequence of the CLR ECD (DC-SIGNR: 80-399; dectin-2: 46-209; mincle: 40-219) 

preceded by three glycines for subsequent sortase functionalisation.  
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ECD constructs 

 

pASK constructs for soluble expression: 

The first series of constructs were made by the ligation of the lectin synthetic sequences into the pASK6 

periplasmic expression vector (IBA Lifesciences) between the BsAI cloning sites, which allow an orientated 

insertion. The resulting vectors encode for proteins presenting from N-terminus to C-terminus: the signal 

peptide of ompA (for periplasmic targeting), a Strep-tag II affinity tag, a Xa factor cleavage site, three 

glycines and the lectin ECD. This series of construct will be termed pASK6 ompA Strep-ECDs.   

 

Another series of constructs called pASK6 ompA His-ECDs was prepared from the former by replacing the 

Strep-tag II by a His Tag via site directed mutagenesis (QuikChange Lightning Multi Site-Directed 

Mutagenesis Kit from Agilent), a strategy that has in the past optimised the level of expression for other 

lectins studied in the laboratory.   

 

Constructs for insoluble expression: 

Four series of constructs were made to undertake insoluble expression trials in three different vectors 

- The first one was obtained by a deletion site-directed mutagenesis on pASK6 ompA Strep-ECD 

constructs by removing the ompA signal peptide. This series of construct will be termed pASk6 

Strep-ECDs. 

- The second one was obtained from the above series by NdeI/EcoRV restriction enzyme digestion 

and ligation into the pASK7+ vector (IBA Lifesciences) designed for cytoplasmic expression. This 

series of construct will be termed pASK7+ Strep-ECDs. 

- In pASK vectors, genes are under the control of a Tet promotor inducible with anhydrotetracycline. 

We decided to test a stronger promoter: the T7P of the pET30b vector (Novagen). Therefore, the 

third series was generated from the latter by XbaI/HindIII digestion and ligation into pET30b vector. 

This series of construct will be termed pET30b Strep-ECDs. 

 

For the reason mentioned above and because His Tag seems more prone to refolding approaches than 

Strep-tag II, the Strep-tag II of the pET30b Strep-ECDs series has been replaced by a His Tag (pET30b His-

ECDs vectors) by site-directed mutagenesis . 

 

In addition, a construct of DC-SIGNR ECD in pET30b without any tag was prepared as previously done for 

DC-SIGN in the laboratory. 
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pET30b constructs for soluble expression:  

From the pET30b Strep-ECD constructs, two additional sets of vectors for periplasmic soluble expression 

were created by the insertion of pelB and DsbA signal peptides by site-directed mutagenesis. This series of 

construct will be termed pET30 pelB Strep-ECD and pET30 DsbA Strep-ECD, respectively. 

Once again, on the two series of constructs mentioned above the His counterparts were prepared by 

replacing the Strep-tag II by a His Tag via site directed mutagenesis. This series of construct will be termed 

pET30 pelB His-ECD and pET30 DsbA His-ECD. 

 

CRD constructs 

 

All the CRD constructs were generated by site directed mutagenesis from the pET30b His-ECD vectors. The 

strategy consisted in a deletion to remove the N-terminal part of the ECD. The CRD sequences 

corresponded to amino acids 79-213 for BDCA2, 264-399 for DC-SIGNR, 111-247 for dectin-1, 75-209 for 

dectin-2, 162-292 for LSECtin, 81-215 for MCL and 77-219 for Mincle. 

For some of the CLRs (C80 for BDCA2, C76 for dectin2, C82 for MCL and C78 for mincle) the presence of a N 

terminal cysteine not involved in disulphide bridge formation was awaited to be problematic during the 

refolding procedure and was therefore substituted by a serine.  

 

8.1.1. LSECtin His-CRD Cloning 

 

LSECtin His-CRD synthetic sequence was transferred from the pUC57 vector in which it was originally 

cloned by GENECUST Europe to the pET30b expression vector. Both constructs were digested by NdeI and 

HindIII restriction enzymes (Fig.69a) and the LSECtin His-CRD fragment (indicated by the red arrow) was 

ligated into NdeI/HindIII digested pET30b. Insertion of LSECtin His-CRD was assessed by NdeI/HindIII digest 

on several cloned obtained after ligation and transformation (Fig.69b) 

  

a b 

Fig.69 LSECtin His-CRD cloning. a)Results of pUC57 LSECtin His-CRD and pET30b vector NdeI/HindIII digest. 
The band at 450 bp corresponds to LSECtin His-CRD. b) Screening of pET30b-LSECtin His-CRD clones by 
NdeI/HindIII digest. 1-2-3-4 = pET30b LSECtin His-CRD minipreps, 5 = negative control: empty pET30b, 6 = 
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positive control: pUC57 LSECtin His-CRD. 
 

The positive samples, characterised by presence of the 450 bp band corresponding to LSECtin His-CRD, 

were sent for sequencing to Genewiz (Takeley, United Kingdom). 

 

8.2 Strategies for Recombinant Protein Expression  

 

8.2.1 Expression as soluble folded CLR 

 

This strategy was based on the use of ompA, pelB or DsbA protein signal sequences and the capability of 

the lectin constructs to express the corresponding proteins was tested in E.coli. Protein expression was 

investigated by preparing samples of total expression (whole cells WC), inclusion bodies (pellet P after cell 

disruption) and soluble fraction (supernatant S after cell disruption). Different bacterial strains were tested:  

-Tuner cells, that are lacZY deletion mutants of BL21 and enables adjustable level of protein expression 

through a uniform IPTG induction,  

-Shuffle, an engineered E.coli K12 that promotes disulphide bond formation in the cytoplasm, and 

- conventional BL21(DE3) co-expressed with the helper plasmid pTUM4  created in Pr Arne Skurra 

(laboratory Technische Universitaet Muenchen, Freising-Weihenstephan, Germany), which contains four 

periplasmic chaperones and folding catalysts (the thiol-disulphide oxidoreductases DsbA and DsbC that 

catalyze the formation of disulphide bridges and the peptidyl-prolyl cis/trans-isomerases with chaperone 

activity, FkpA and SurA)[161] (Fig.70).  

 

 

Fig.70 pTUM4 helper plasmid, from [161]. 
 

Different plasmids were used according to the strain considered:  
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- pASK-IBA6 expression plasmid, that already contained the ompA signal sequences was used with 

BL21(DE3) expression systems.  

- pET30b vector was used for Tuner cells with constructs containing a DsbA or pelB signal sequence. 

- pASK-IBA7+ for cytoplasmic expression in SHuffle strain with no signal peptide was exploited.  

 

Considering the number of strains, constructs and lectins tested, it is not possible to exhaustively present 

all the results of soluble expression attempts. Therefore, only the example of Dectin-2 ECD will be 

presented for all the constructs/conditions tested. Besides, it is the only lectin for which there might be 

future exploitability. 

 

o As previously mentioned, pASK6 ompA construct was employed for expression in BL21(DE3)-

pTUM4 strain. Different temperatures (37, 20 and 25 °C) were tested as periplasmic expression can be 

sensitive to this parameter, with an optimal temperature around 25 °C.  

SDS-PAGE results indicate that dectin-2 ompA Strep-ECD strain (23.3 kDa, when expressed into periplasm: 

21.3 kDa) is expressed in high quantities in the insoluble fractions (red arrow) (Fig.71a). Anti-Strep western 

blot was also performed and confirmed the absence of the protein in the soluble fraction (Fig.69b).  

 

Fig.71 Dectin-2 ompA Strep-ECD expression. a) SDS PAGE analysis of pASK6 dectin-2 ompA Strep-ECD 
expression in BL21(DE3)-pTUM4 strain (23.3 kDa, when expressed into periplasm: 21.3 kDa). WC=whole cell, 
P=pellet, S=supernatant b) Fig. Anti-Strep western blot analysis of dectin-2 ompA Strep-ECD expression in 
BL21(DE3)-pTUM4 strain (23.3 kDa when expressed into periplasm: 21.3 kDa) . P=pellet, S=supernatant. The 
red arrows indicate the band corresponding to dectin-2 ompA Strep-ECD. 

 

o pASK7+ constructs were then employed for soluble expression in SHuffle strain cytoplasm. 

Different temperatures (30 °C for 3h or 16 °C overnight) were tested (Fig.72).  
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Fig.72 Dectin-2 Strep-ECD expression. SDS-PAGE analysis of pASK7+ dectin-2 Strep-ECD expression in 
SHuffle (21.4 kDa). - =before induction, P=pellet, S=supernatant. The red dotted arrow indicates the band 
where dectin-2 Strep-ECD should have been. 

 

In this case, SDS-PAGE results indicate that dectin-2 Strep-ECD is not over-expressed at all, nor even in the 

insoluble fraction (Fig.72, red dotted arrow). That was confirmed by anti-Strep Western Blot (data not 

shown). 

 

o Finally, pET30b vectors with constructs containing DsbA (data not shown) or pelB signal peptides 

were used for expression in Tuner strain. Expression of pET30b dectin-2 pelB His-ECD (23.26 kDa, when 

expressed into periplasm: 21.05 kDa) at different temperatures (37 and 22 °C) (Fig.73).  

 
Fig.73 Dectin-2 pelB His-ECD expression. SDS-PAGE analysis of pET30b dectin-2 pelB His ECD (23.26 kDa, 
when expressed into periplasm: 21.05 kDa) expression in Tuner. - =before induction, P=pellet, 
S=supernatant. The red arrows indicate the band corresponding to dectin-2 pelB His ECD. 

 

All the constructs appeared to express the corresponding CLRs in low quantities in the insoluble fraction 

(Fig.73, red arrows). Western blot was performed on pET30b dectin-2 pelB His-ECD expression in Tuner 

cells and revealed the presence of the protein in the soluble fraction (Fig.74, red arrows).  
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Fig.74 Dectin-2 pelB His-ECD Western Blot. Anti-His Western Blot analysis of pelB dectin-2 His-ECD 
expression in Tuner strain (23.26 kDa, when expressed into periplasm: 21.05 kDa). - = without induction 
WC= whole cells, P=pellet, S=supernatant. The red arrows indicate the band corresponding to dectin-2 pelB 
His ECD. 

 

It was therefore decided to proceed to the purification of the soluble fraction and cells obtained from 1 L of 

culture were disrupted with a micro fluidizer (Microfluidics Corp). The obtained sample was purified over a 

HisTrap column. Elution was performed with 0.5 M imidazole buffer. 20 mM of imidazole was added to the 

buffer during the washing step in order to remove contaminants at this stage (Fig.75).  

 

                                                                          a                                                                  b  

Fig.75 Dectin-2 pelB His-ECD. a) Chromatogram of dectin-2 pelB His-ECD purification on a HisTrap column and b) 
Western Blot analysis of pelB dectin-2 His-ECD purification (23.26 kDa, when expressed into periplasm: 21.05 kDa). 
Sample before (-) and after (+) induction. S=soluble fraction (before purification), FT=flow through. 7,8,9 = elution 
fractions. 
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pelB dectin-2 His-ECD is the only construct targeting periplasmic expression that was sufficiently expressed to 

be purified. However, the amount of protein obtained was too low (few micrograms). Moreover, 

functionality assay on a Mannan column was performed and did not allow the recovery of any functional 

protein. At that time, other functionality assays were not available in the laboratory (e.g. LECprofile assay). 

Being in the impossibility to assess dectin-2 ECD functionality, we did not pursue with this strategy. 

 

Indeed, despite the large range of constructs tested, most of the approaches investigated for functional 

expression led to either low expression level or insoluble expression. Therefore, the alternative strategy 

that consists in high yield production of insoluble proteins in inclusion bodies and their subsequent 

refolding was considered and periplasmic expression strategy was stopped. Nevertheless, periplasmic 

expression optimisation will still be explored latter on in the group. Table 11 

 

 

Table.11 Summary of all the attempts that have been made for soluble expression. Analysis of the fractions has been 
made as follows: I SDS-PAGE analysis performed on fractions before and after induction; II SDS-PAGE analysis  
performed on soluble (supernatant) or insoluble (pellet) fractions, III anti-Strep or anti-His Western Blot analysis 
performed on soluble (supernatant) or insoluble (pellet) fractions. * The soluble fraction was purified over a His-Trap 
column, an anti-His Western blot of the purified fractions revealed very dirty samples and poorly concentrated. ** The 
soluble fraction was purified over a His-Trap column, a anti-His Western blot of the purified fractions was really 
satisfactory, however the subsequent Mannan-Agarose column did not retain the protein. 
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8.2.2 EXPRESSION AS INCLUSION BODIES 

 

All the below mentioned CLRs have been cloned into pEt30b vector and expressed in BL21(DE3) E.coli 

strain.  Cells obtained from 1 L of culture were disrupted by sonication and inclusion bodies were collected 

and washed by several steps of ultracentrifugation. Finally, a 6 M Gdn-HCl buffer was used for their 

solubilisation and refolding was achieved through the flash dilution of the protein sample (at 2 mg/ml) into 

25 mM Tris-HCl pH 8, 1.25 M NaCl, 25 mM CaCl2 refolding buffer. Dialysis was then performed to remove 

the Gdn-HCl. Variations of the above-mentioned refolding conditions will be precised when required in the 

following sections. 

The presence of the protein at each step was assessed by SDS-PAGE analysis in reductive (with β-

mercaptoethanol) or in non-reductive (without β-mercaptoethanol) conditions. The absence of β-

mercaptoethanol allowed the visualization of inter protein molecular disulphide bridges that could result 

from incorrect in vitro refolding. 

 

8.2.2.1 ECD constructs 

 

Among the many constructs analysed, three different examples of ECD purification strategies will be 

detailed:  

 

-DC-SIGNR ECD construct was designed without any affinity tag. From the literature, mannose appeared as 

a suitable high affinity ligand for DC-SIGNR[63]. Therefore, Mannan affinity column, already available in the 

laboratory, was used for its purification.  

 

-Dectin-2 ECD also binds mannose type ligands and, recently, Manα1-2 has been identified as the minimum 

binding epitope [78]. However, all the attempts of purification through Mannan column were unsuccessful 

and we concluded that the affinity of dectin-2 for the Mannan column was probably weaker than that of 

DC-SIGNR. For this reason, Strep-tagged dectin-2 ECD construct was expressed and purified over a 

StrepTactin column. Besides, the Strep tag would enable the oriented functionalization of dectin-2 onto a 

SPR sensor chip for direct interaction studies.  

 

-Mincle ECD interacts with cord factor and no affinity column was available for its purification. Mincle ECD 

was constructed with a His tag and expressed and purified over a HisTrap column. 
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8.2.2.1.1 DC-SIGNR ECD over-expression and purification results 

DC-SIGNR ECD (37.28 kDa) shares 77% of identity with DC-SIGN, therefore refolding and purification were 

performed following the protocol already established for DC-SIGN ECD [57]. DC-SIGNR ECD was 

overexpressed in BL21(DE3) strain in good quantity (Fig.76, red arrow).  

 

 

 
Fig.76 DC-SIGNR ECD expression. SDS-PAGE (12%) analysis of DC-SIGNR ECD (37.28 kDa, red arrow) expression 
in BL21(DE3) cells. Sample before (-) and after (+) induction with 1 mM IPTG. 

 

The glycan binding properties of this lectin and its calcium requirement were used to perform Mannan-

Agarose affinity chromatography with an elution using EDTA buffer that allowed the recovery of functional 

proteins. Several runs of purification over an exclusion chromatography (Superose-12 column) were 

performed with the sample eluted from the Mannan-Agarose column to restore the Ca2+ buffer and 

eliminate aggregated proteins. The two steps purification was performed in an automated mode thanks to 

an Akta-Xpress platform (MP3 platform of the Institute). The sample eluted from the Mannan-agarose 

column is stored transiently in a Superloop and re-injected by 2 mL fractions onto the Superpose 12 

(column vol. : 120 mL). Thus, 4 to 5 consecutive injections are required to process all the DC-SIGNR sample 

eluted from the Mannan-agarose column. An example of the Mannan-Agarose and Superose 12 column 

coupled purifications is shown in Fig.77a. All steps of purification were monitored by SDS-PAGE (Fig.77b).  
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a b 

Fig.77 DC-SIGNR ECD purification (a) Chromatogram of DC-SIGNR ECD purification on a Mannan-Agarose 
column coupled to four consecutive Superose 12 columns ab) the SDS-PAGE analysis of DC-SIGNR ECD 
purification (37.28 kDa) in reductive (+ β-mercaptoethanol) /non-reductive conditions (- β-
mercaptoethanol). 

 

In the SDS-PAGE without β-mercaptoethanol, a partial reduction of disulphide bridges was observed and 

explains the presence of two bands of close molecular weight.  

Generally, the quantity of protein purified from 1L of culture reaches the very satisfactory yield of 10 mg, 

although far from what was obtained for DC-SIGN ECD (50 mg). 

DC-SIGNR ECD produced through this protocol has been used in interaction studies that have led to 

publications 1 (8.1.3), 2 (8.2.1.1) and 3 (8.2.2.1). 

 

8.2.2.1.2 Dectin-2 Strep-ECD over-expression and purification results 

Dectin-2 Strep-ECD (21.4 kDa) contains a N-terminal Strep Tag and was overexpressed in BL21(DE3) in good 

quantities (Fig.78, red arrow).  

 

Fig.78 Dectin-2 Strep-ECD expression. SDS-PAGE analysis of dectin-2 Strep-ECD expression in BL21(DE3) (21.4 
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kDa, red arrow). Sample before  (-) and after (+) induction. 
 

The refolding was achieved using a starting optimised protein concentration of 1 mg/mL of protein in 6M 

Gdn-HCl.  Refolding buffer optimization was attempted using two concentrations of Tris-HCl pH 8 buffer (25 

and 200 mM) without any improvement. The refolded proteins were purified over a StrepTactin column 

and eluted with D-desthiobiotin (Fig.79).  

 

 

a b  

Fig.79 Dectin-2 Strep-ECD purification a) Chromatogram of dectin-2 Strep-ECD purification on a StrepTactin 
column b) SDS-PAGE analysis of dectin-2 Strep-ECD purification. Reduced (+ β-mercaptoethanol) and non-
reduced (- β-mercaptoethanol) (21.4 KDa). 

 

 Notably, when the disulphide bridges are maintained, the protein maintains the globular shape and can 

run faster compared to when it is not elongated (condition with β-mercaptoethanol). Indeed, the SDS-PAGE 

in the absence of β-mercaptoethanol showed an apparent MW of the protein that is 5 kDa lighter that the 

actual MW (Fig.79b). 

Dectin-2 Strep-ECD is obtained in poor quantity (0.5 mg/L culture) but with high purity. This is mainly due to 

a very low yield of the refolding step. 

Finally, LectPROFILE platform from GLYcoDIAG Company (section 6.2.1) was used to assess the functionality 

of the protein. Man-BSA, Glc-BSA and Thyroglobulin were used as positive controls while Gal-BSA was the 

negative one, as dectin-2 is supposed to bind mannose type ligands (Fig.80). 
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Fig.80 Dectin-2 Strep-ECD LECprofile analysis. Dectin-2 was used at a concentration of 20 µg/mL and 80 
µg/mL concentration was used for the incubation with glycoproteins Man-BSA, Glc-BSA and Gal-BSA and the 
neoglycoprotein Thyroglobulin. 

 

The experiment proved the functionality of dectin-2 S-ECD by showing a strong interaction with mannose-

type glycoproteins and no interaction with galactose-BSA. 

Dectin-2 S-ECD produced through this protocol have been used in studies that have led to publication 3 

(8.2.2.1).  

 

8.2.2.1.3 Mincle His-ECD over-expression and purification results 

Mincle His-ECD (22.34 kDa) was expressed with a N-terminal His tag in BL21(DE3) in high quantity (Fig.81, 

red arrow).  

 

Fig.81 Expression of mincle His-ECD. SDS-PAGE analysis of Mincle His-ECD over-expression in BL21(DE3) 
(22.34 kDa, red arrow). Sample before (-) and after (+) induction. 
 

The refolding was achieved using a starting protein concentration of 1 mg/mL and the following refolding 

buffer: 200 mM Tris-HCl pH 8, 1,25 M NaCl, 25 mM CaCl2. 
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The refolded protein was purified over a HisTrap column with an elution by an imidazole containing buffer 

(data not shown), followed by an exclusion chromatography via Toyopearl HW 50S column (Fig.82).  

 

 

a b 

Fig.82 Mincle His-ECD purification a) Chromatogram of Mincle His-ECD exclusion chromatography 
purification on a Toyopearl column and b) the SDS-PAGE analysis of Mincle His-ECD purification (22.34 kDa) in 
reductive (+ β-mercaptoethanol) /non-reductive conditions (- β-mercaptoethanol). The red arrow indicate 
the monomeric mincle-His-ECD, the vialot arrow the hypothetical dimer. 

 

The non-reductive SDS-PAGE analysis indicated that the first peak (fr.35, red arrow) mainly contained 

aggregated protein, while the second one (fr.49, violet arrow) contained dimeric protein. As mentioned 

above, in the absence of β-mercaptoethanol, the protein maintains its globular shape and, therefore, on 

SDS-PAGE, it would run faster. In this case, the dimer would run up to a MW of 44 kDa. However, in 

oxidative condition, the monomer would be 5 kDa lighter, for the dimer this can correspond to 10 kDa. 

 Both peaks were recovered and 370 of protein µg/L of culture were obtained from the first peak, 1.27 

mg/L of culture from the second one. Both sample were labelled with Cy3 fluorophore for FACS analysis 

performed during a secondment in Hannover in the laboratory of Prof. Bernd Lepenies. Unpublished results 

from Lepenies research group have previously shown an interaction between Group A Streptococcus (GAS) 

and murine Mincle. Since murine Mincle is considered as a model for the human Mincle [95], FACS analysis 

was used to assess whether recombinant human Mincle would interact with GAS. Briefly, Cy3-labelled 

Mincle His-ECD was incubated with GAS cells labelled with SYTO61 fluorophore and FACS experiment was 

performed. These cytofluorimeter analysis revealed an interaction only between GAS and proteins 

collected from the second peak (green histogram) while no interaction was detected after the incubation 

with the first peak collection (orange histogram) (Fig.83).   



137 
 

 

a 

Fig.83 GAS recognition by Mincle His-ECD. Representative histograms of GAS interaction with Mincle His-
ECD from two distinct elution peaks) in red SYTO61-GAS, in blue the Cy3-NeutrAvidin©, in orange Mincle 
His-ECD from first peak and in green Mincle His-ECD from second peak. 

 

These results have led to the conclusion that Mincle His-ECD from the second elution peak was properly 

refolded and functional, while the first peak is mainly characterized by aggregated non-functional protein. 

Other assay will be performed to confirm the hypothesis.  

 

8.2.2.2 CRD constructs 

 

CRD constructs were designed after their ECD counterparts. As functional periplasmic ECD expression has 

been unsuccessful, CRD constructs enabling cytoplasmic expression in inclusion bodies were designed. 

Previous trials from our group [162] and some of our unpublished data suggest that a His Tag is more 

favourable than a Strep Tag for refolding attempts. Therefore, all CRD constructs bore N-terminal His Tag. 

The refolded proteins were purified over a HisTrap column and eluted by an imidazole buffer. Imidazole 

was removed by two cycles of dialysis. His Tag cleavage was enabled by the presence of the sequence 

specifically recognized by the protease Xa between the CRD sequence and the His-tag. Then an exclusion 

chromatography allowed the removal of the protease and of the N-terminal cleaved tag. 

Finally, purified CRDs deleted of the His-tag were used to produce TETRALEC molecules (paragraph 3.3.2.1). 

First of all, they were submitted to a sortase driven biotinylation which kinetic was followed by ESI-MS. A 

final HisTrap column was then used to separate the His-tagged sortase from the biotinylated CRD recovered 

in the flow through. Purified biotinylated CRD was finally coupled to Cy3 labelled NeutrAvidin© to obtain 

one molecule of TETRALEC.  

 

 

C
o

u
n

ts
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8.2.2.2.1 DC-SIGNR His-CRD 

DC-SIGNR His-CRD (17.2 kDa) expression in BL21(DE3) cells was relatively efficient (Fig.84a) and the 

production yield was very good compared to DC-SIGN CRD:  20 mg of proteins/L of culture were recovered 

from the HisTrap purification (Fig84b and c) against 10 mg for DC-SIGN CRD.   

 

a b c 

Fig.84 DC-SIGNR His-CRD expression and purification a) SDS-PAGE analysis of DC-SIGNR His-CRD expression (17.2 
KDa) in BL21(DE3), sample before (-) and after (+) induction with 1 mM IPTG. b) Chromatogram of DC-SIGNR His-CRD 
HisTrap purification and c) SDS-PAGE analysis of DC-SIGNR His-CRD HisTrap purification in non-reductive conditions. 
 

The imidazole gradient enabled the elution of two sequential peaks of protein. SDS PAGE analysis in non-

reductive condition showed that they both contain monomeric and dimeric species. Indeed, unwanted 

intermolecular disulphide bridge can result in protein dimerization. Fractions 10 to 22, corresponding to the 

enriched monomeric form, were collected. The dimeric form is supposed to be eluted at higher imidazole 

concentration due to the stronger interaction of two His-tags with the His-Trap column. A first attempt to 

remove the His-tag was performed on 2 mg of protein in the presence of imidazole but factor Xa digestion 

was incomplete, proving the importance of the dialysis step (elimination of imidazole) for cleavage 

(Fig.85a). Factor Xa had a molecular weight of approximately 43 kDa, consisting of two disulphide-linked 

chains of approximately 27 kDa and 16 kDa. On SDS-PAGE, the reduced chains had apparent molecular 

weights of 30 kDa (Fig. 85a, blue arrow) and 20 kDa (Fig. 85a, green arrow). DC-SIGNR CRD molecular 

weight after His-Tag removal is 15.7 kDa (red arrow). The cleavage was followed by an exclusion 

chromatography performed on a Toyopearl HW 50S column (Fig.85b) and revealed the presence of 

aggregates in the sample (Fig.85c). 1,18 mg/L of culture were recovered at this stage. A double band is 

present in Fig.85c and might represent the partial uncut of the His-tag. 
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a b c 

Fig.85 DC-SIGNR His-CRD His tag cleavage and purification a) SDS-PAGE analysis of the His Tag cleavage without 
protease Xa (-Xa), with Xa (+Xa) and with Xa in the presence of imidazole (+Xa + imidazole). The red arrow indicates 
DC-SIGNR CRD, the green arrow the 16 kDa chain of factor Xa, the blue arrow the 27 kDa chain of factor Xa b) 
Chromatogram of DC-SIGNR CRD size exclusion chromatography purification on Toyopearl HW 50S column and c) SDS-
PAGE analysis of DC-SIGNR CRD size exclusion purification ( 15.86 KDa) in non-reductive condition. 

 

Finally, the SrtA (28.13 kDa) catalysed reaction enabled a complete N-terminal protein labelling with the 

corresponding biotinylated peptide after 6h of reaction as demonstrated by ESI-MS (Fig.86a). The final 

purification was performed on a HisTrap column to remove the his-tagged sortase (Fig.86b). The 

biotinylated DC-SIGNR CRD (0.2 mg) was recovered in the flow through (red arrow) (Fig.86c). Nevertheless, 

the SDS-PAGE analysis of this last purification step revealed a contamination by the enzyme of DC-SIGNR 

CRD sample and the presence of DC-SIGNR CRD in the putative SrtA fractions (violet arrow) after imidazole 

elution, which indicates the presence of remaining SrtA-DC-SIGNR CRD complex. 

 

a b c 

Fig.86 DC-SIGNR CRD biotinylation a) sortase reaction followed by ESI-MS. b) Chromatogram of biotin-DC-SIGNR CRD 
HisTrap purification and b) SDS-PAGE analysis of DC-SIGNR CRD HisTrap purification (16.55 KDa) in non-reductive 
condition. 
 

The purified biotinylated DC-SIGN-CRD was then complexed via its biotin moiety to a tetramer of 

NeutrAvidin previously functionalized with Cy3-fluorophore (DOL 0,5), achieving the formation of TETRALEC 
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(0.4 mg). Some more details about the preparation and characteristion of the DC-SIGNR-CRD TETRALEC 

complex formation will be presented in the preliminary version of publication XX in this manuscript below.  

 

8.2.2.2.2 BDCA2 and LSECtin His-CRD 

The over-expression of BDCA2 (17.11 kDa) and LSECtin His-CRD (16.42 kDa) in BL21(DE3) were very 

satisfactory (Fig.87a and b, red arrows).  

 

a b 

Fig.87 BDCA2 and LSECtin His-CRD expression. SDS-PAGE analysis of a) BDCA2 (17.11 kDa, red arrow) and b) 
LSECtin (16.42 kDa, red arrow) His-CRD over-expression in BL21(DE3), sample before (-) and after (+) 
induction. 

 

BDCA2 His-CRD was purified after refolding over a HisTrap column (data not shown) with good yield of 

purification (4 mg/L culture). However, several assays of biotinylation performed after HisTag cleavage 

were unsuccessful. For some unknown reasons, the protein dramatically precipitated during the SrtA (28.13 

kDa, violet arrow) reaction. The SDS-PAGE analysis of purification did not reveal any presence of 

biotinylated BDCA2 CRD (16.38 kDa, Fr 2/3/4) while it showed a partial enzymatic degradation (Fig.88 a and 

b).  
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a b 

Fig.88 BDCA2 biotynilation a) Biotinylated BDCA2 CRD (16.38 kDa) from HisTrap purification and b) SDS-
PAGE analysis after HisTrap purification. 

 

 

Since the site-specific biotinylation, using the sortase strategy, did not function for BDCA2, an unspecific 

biotinylation, targeting lysine residues onto CRD surface, was performed. This strategy will produce a 

BDCA2 TETRALEC, with CRD randomly oriented with respect to the NeutrAvidin©. The degree of biotin 

labelling has been analysed and a degree of biotinylation of 2 was obtained per BDCA2 CRD. Finally, as 

Galβ1–4GlcNAcβ1–2Man was shown to be a high affinity ligand binding for BDCA2 [54], a LectPROFILE 

assay was performed to assess BDCA2 His-CRD functionality through binding to the Galβ1–4GlcNAcβ1–

2Man of Asialofetuin (Fig.89). Man-BSA and Gal-BSA were used as negative control. 

 

 

Fig.89 BDCA2 His-CRD LECtprofile analysis. BDCA2 was used at a concentration of 20 µg/mL and 80 µg/mL 
concentration was used for the incubation with glycoproteins Man-BSA, Gal-BSA and the neoglycoprotein 
Asialofetuin. 
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We started to work on LSECtin His-CRD by the end of my second year of PhD. Careful optimization has still 

to be performed on its purification. LSECtin His-CRD was refolded using 1 mg/mL starting concentration and 

subsequently purified on a HisTrap column (Fig.90a) with no further exclusion chromatography. However, 

this single step of purification was not sufficient to provide homogeneous sample, as demonstrated by the 

SDS-PAGE analysis of the purification (Fig.90b), which indicates the presence of both monomeric (fr.19) and 

dimeric species (fr.24 and 30). 

 

 

a b 

Fig.90 LSECtin His-CRD purification a) Chromatogram of LSECtin His-CRD HisTrap purification and b) the SDS-
PAGE analysis of LSECtin His-CRD HisTrap purification (16.42 KDa) in reductive (+ β-mercaptoethanol)/non-
reductive conditions (- β-mercaptoethanol).  

 

The peak corresponding to the monomeric fractions (fraction 19 to 24) was collected and led to 0.8 mg of 

protein/L of culture. Again, LectPROFILE assay was used to assess LSECtin His-CRD functionality (Fig.91) and 

revealed binding mainly towards mannose-BSA but also towards GlcNac and to a lesser extend to Gal-BSA, 

as already shown by Powlesland et al study [88]. This result confirmed the correct folding and functionality 

of the protein. 
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Fig.91 LSECtin His-CRD LectPROFILE analysis. LSECtin was used at a concentration of 20 µg/mL and 80 µg/mL 
concentration was used for the incubation with glycoproteins Man-BSA, Gal-BSA, GlcNAc-BSA, GalNAc-BSA and 
the neoglycoprotein Thyroglobulin. 

 

No assay of site specific biotinylation was performed yet. 

The LSECtin His-CRD produced here has been used in the study that led to publication 2 (8.2.1.1). 

 

8.2.2.2.3 Dectin-1, Dectin-2, Mincle, MCL His-CRD  

The over-expression of dectin-1 (18.83 kDa), dectin-2 (17 kDa), Mincle (17.91 kDa) and MCL (17.32 kDa) His-

CRDs in BL21(DE3) cells were satisfactory (Fig.92), as indicated by the red arrows.  

 

a b c 

Fig.92 Dectin-1, Dectin-2, Mincle and MCL HIS-CRD expressions. SDS-PAGE analysis of 
dectin-1 (18.83 kDa), dectin-2 (17 kDa), Mincle (17.91) and MCL (16.42 kDa) CRD over-
expressions in BL21(DE3), sample before (-) and after (+) induction. The red arrows indicate 
the band corresponding to the four CLRs. 

 

Dectin-1 His-CRD (18.83 kDa) was refolded using 1 mg/mL of starting protein concentration and purified on 

a HisTrap column (Fig.93a) with a poor yield of purification. SDS-PAGE analysis (Fig.93b) revealed the 
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presence of aggregated proteins and only a small fraction of contaminated monomeric dectin-1 His CRD 

was only present in the first elution peak (Fig93b, red arrow).  

 

 

a b 

Fig.93 Dectin-1 purification a) Chromatogram of dectin-1 His-CRD HisTrap (Nickel) purification and b) SDS-
PAGE analysis of dectin-1 His-CRD purification (18.83 kDa,red arrow) in non-reductive conditions. 

 

The fractions containing mainly monomeric protein (12-25 fractions) were pooled and allowed the recovery 

of 1.3 mg of protein. Those fractions were labelled with Cy3 fluorophore and FACS analysis on GAS  (section 

8.1.1.2.1.3, Mincle His-ECD) was performed to assess the protein functionality. As for Mincle, unpublished 

results from Lepenies research group showed an interaction between GAS and murine dectin-1 and we 

wanted to confirm this interaction with the refolded human dectin-1 CRD that we have produced. Briefly, 

Cy3-labelled dectin-1 His-CRD was incubated with GAS cells labelled with SYTO61 and FACS analysis was 

performed (Fig.94). SYTO61-GAS and Cy3-NeutrAvidin© were used as negative control. 

 

Fig.94 GAS recognition by dectin-1 His-CRD. Representative histograms of GAS interaction with dectin-1 His-
CRD (in red SYTO61-GAS, in orange Cy3-NeutrAvidin, in blues dectin-1 His-CRD). 

 

FACS analysis revealed no interaction with GAS cells. However, murine and human dectin-1 have difference 

on ligand recognition. Therefore, additional functionality assays need to be performed to establish the 

protein functionality.  

C
o

u
n

ts
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Mincle His-CRD (17.91 kDa) was refolded using 1 mg/mL of starting protein concentration and purified on a 

HisTrap column (Fig.95a). The various elution peaks analysed by SDS-PAGE revealed the presence of 

monomeric protein in only two fractions (Fig.95b, red arrows). These fractions were further purified on a 

Toyopearl HW 50S gel filtration column (Fig.95c). 

 

 

Fig.95 Mincle His-CRD purification a) Chromatogram of mincle His-CRD HisTrap purification and b) SDS-PAGE analysis 
of Mincle His-CRD His Trap purification (17.91 kDa, red arrows) in non-reductive conditions. c) Chromatogram of 
mincle His-CRD size exclusion purification on Toyopearl HW 50S column and b) SDS-PAGE analysis of mincle His-CRD 
size excusion purification (17.91 kDa) in reductive (+ β-mercaptoethanol, red arrows) and non-reductive conditions (- 
β-mercaptoethanol, red dotted arrows).  

 

The SDS-PAGE analysis in reductive conditions showed the presence of monomeric mincle His-CRD species 

(Fig.95d, red arrows), which surprisingly disappeared in the absence of β-mercaptoethanol (Fig.95d, red 

dotted arrows). This point and the elution volume from the Toyopearl size exclusion column suggest that 

mincle His-CRD is present only in an aggregate form, probably implying intermolecular disulfide bridges,  

and is therefore not suitable fur further analysis since not properly folded. 
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Dectin-2 His-CRD (17 kDa) seemed to be more promising than dectin-1 and mincle His-CRD. The imidazole 

elution from the HisTrap column revealed the presence of monomeric dectin-2 His-CRD (red arrows), with 

quite a good yield of purification (8 mg/L of culture) (Fig.96).  

 

a b 

Fig.96 Dectin-2 His-CRD purification a) Chromatogram of Dectin-2 His-CRD HisTrap purification and b) SDS-
PAGE analysis of Dectin-2 His-CRD HisTrap purification (17 kDa, red arrows) in reductive and non-reductive 
conditions. 

 

However, the SDS-PAGE condition without β-mercaptoethanol did not reveal the expected shift of MW, 

leading to the hypothesis that problem have occurred at S-S level. LectPROFILE assay was then used to 

assess the functionality of dectin-2 His-CRD. Man-BSA, Glc-BSA and GlcNAc-BSA were awaited to be 

recognised while Gal-BSA was used as a negative one (Fig.97).  

 

Fig.97 Comparison between Dectin-2 His-CRD and Dectin-2 Strep-ECD LectPROFILE analysis. Dectin-2 His-
CRD was used at a concentration of 100 µg/mL and 80 µg/mL concentration was used for the incubation with 
glycoproteins Man-BSA, Glc-BSA, GlcNAc-BSA and Gal-BSA. For Dectin-2 Strep-ECD were used the same 
conditions of Figure 78. 
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Unexpectedly, no significant recognition could be observed. By comparing the LECprofile from dectin-2 His-

CRD and dectin-2 Strep-ECD, only low fluorescence intensity signals were observed for the CRD interaction 

with the positive controls. Circular dichroism (CD) analysis was then performed to assess the dectin-2 CRD 

secondary structure integrity in comparison with the one of another CLR produced in the lab (DCIR) that 

was correctly folded (data not published) (Fig.98). 
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Fig.98 Dectin-2 His-CRD CD spectrum. 

 

CD spectrum revealed a shift of the intensity towards 210 nm, which is not a typical feature of β-sheet. This 

might indicate the presence of unfolded protein that could explain the production of non-functional 

protein. 

 

MCL His-CRD (17.32 kDa) was awaited to be difficult to handle as no ligand has been identified so far for 

this lectin making the assessment of the protein functionality after refolding difficult. 

The purification over a HisTrap column revealed a good yield (10mg/L culture), enabling the recovery of the 

monomeric MCL His-CRD (Fig.99).  

 

a b 
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Fig.99 MCL His-CRD purification a) Chromatogram of MCL His-CRD HisTrap purification and b) SDS-PAGE 
analysis of MCL His-CRD HisTrap purification (16.42 kDa) in reductive conditions. 

 

Since there is no tool to assess the protein functionality, Circular Dichroism analysis was performed to at 

least verify the integrity of the secondary structure (Fig.100). 
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Fig.100 MCL His-CRD CD spectrum. 
 
 
The CD spectra obtained confirmed the integrity of the secondary structure of MCL His-CRD, with the 

typical signature of β-sheets, and is fully comparable DCIR His-CRD CD spectrum (data not shown), which 

has the same fold. As for DC-SIGNR His-CRD, attempts were made towards the his-tag cleavage in the 

presence of low concentration of imidazole in order to avoid the dialysis step. However, the presence of 

imidazole again inhibited the cleavage, resulting in a less efficient his tag removal (Fig.101a). Purification of 

the cleaved protein using size exclusion column Toyopearl HW 50S revealed a very symmetrical elution 

peak suggesting a well-defined protein species with no aggregated form (1 mg/L of culture) (Fig.101b and 

c). These biochemical characterisations (CD+size exclusion) were very promising regarding the correct 

sample refolding and homogeneity. Indeed, despite the absence of known ligand to definitively validate its 

functionality, we pursued the process toward the generation of a MCL CRD-TETRALEC, a tool that could be 

of great help for further ligand identification. 

 

a b c 

Fig.101 MCL His-CRD His tag cleavage and purification a) SDS-PAGE analysis of MCL CRD His-tag cleavage 
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without protease Xa (-Xa), with Xa (+Xa) and with Xa and in the presence of imidazole buffer (+Xa +imidazole)  
b) Chromatogram of MCL CRD size exclusion Toyopearl purification and c) the SDS-PAGE analysis of MCL CRD 
size exclusion purification (15.907 KDa) in reductive (+ β-mercaptoethanol) and non-reductive conditions (- β-
mercaptoethanol). 

 

The labelling of MCL using the orientated SrtA strategy, as used for DC-SIGNR CRD,  was also successful 

(Fig.102a), leading to 0.55 mg of MCL CRD specifically biotinylated at its N-terminus (fraction 1, Fig.102c) 

after His-Trap SrtA removal (fraction 2, Fig.102b) 

 

 

a b c 

Fig.102 MCL CRD-biotynilation a) MCL-CRD biotinylation followed by ESI-MS, b) chromatogram of biotin-MCL CRD 
HisTrap purification and c) SDS-PAGE analysis of biotin-MCL-CRD after HisTrap purification (16.6 KDa) in non-
reductive condition. 

 

In the SDS-PAGE analysis without β-mercaptoethanol, a partial reduction of disulphide bridges was 

observed also in this case and explain the presence of two bands of close molecular weight. Nevertheless, 

other investigation should be performed.  

The purified biotinylated MCL-CRD was then complexed via its biotin moiety to a tetramer of NeutrAvidin 

previously functionalized with Cy3 fluorophore, achieving the formation of MCL-TETRALEC. 

 

Finally, Table 12 sums up of expression and yield of purification of the ECD constructs. The same table for 

CRD constructs is found in Table 13, with in addition the achievement of TETRALEC strategy. 

 

ECD constructs Expression Purification mg/mL culture 

Langerin  7 
DC-SIGN  50 

DC-SIGNR  10 
Dectin-2 Strep  0,5 

Mincle His  1,27 
 

Table 12. ECD expression and purification yield. Green = good, yellow = to improve 
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His-CRD 

constructs 
Expression 

Purification 
mg/mL culture 

Functionality 
Circular 

dichroism 
TETRALEC Random TETRALEC 

BDCA2  4  
Not 

necessary 
  

DC-SIGNR  20  
Not 

necessary 
 Perspective 

Dectin-1  1,3 ? Perspective Perspective Perspective 

Dectin-2  4  ✓ Perspective Perspective 

LSECtin  0,5  
Not 

necessary 
Perspective Perspective 

MCL  4 ? ✓  Perspective 

Mincle  X     
 

Table 13. CRD expression, purification yield, functionality assay, CD assay and TETRALEC formation. Green = good, 
yellow = to improve, red = not achieved. 
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8.3 TETRALEC, Artificial Tetrameric Lectins: a Tool to Screen Ligand and Pathogen 

Interactions 

 

The following section presents a preliminary version for a future article (target Journal: Glycobiology) 

investigating the binding enhancement enabled by the TETRALEC multivalency. Briefly, two natural and two 

artificial constructs of DC-SIGNR were considered: the natural tetrameric DC-SIGNR ECD and the 

monomeric DC-SIGNR CRD, the artificial tetrameric DC-SIGNR-TETRALEC and a dimeric DC-SIGNR-Fc fusion 

protein. SEC-MALS analysis was performed in order to confirm their oligomerisation level while mannose-

based glycan microarrays were used to assess the impact of multivalency on ligand recognition. Finally, 

FACS analysis on Candida albicans proved the functionality of DC-SIGNR-TETRALEC by entire cell recognition 

and show the discovery of a new CLR/pathogen interaction. 

 

The main outcome of these studies: 

Site specific TETRALEC strategy can be used to enhance multivalency at protein level. In addition, it was 

shown for the first time the interaction between DC-SIGNR and Candida albicans. 

 

Contributions: 

SEC-MALS analysis has been conducted with the support of the SEC-MALS analysis (PAOL platform in our 

laboratory), while glycan array were performed in Dr. N. Reichardt’s laboratory. Finally, Joao Monteiro, a 

PhD student in B. Lepenies laboratory in Hannover, performed FACS analysis. They also produced DC-

SIGNR-Fc fusion protein. 

 

My contribution to this study: 

I have prepared DC-SIGNR ECD, DC-SIGNR CRD and DC-SIGNR-TETRALEC.  

I have performed the glycan array experiments and contributed to the result interpretation.  

I have participated to the FACS experiments and result interpretation. 

I have produced the figures. 
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Target Journal: Glycobiology 

 

Introduction 

 

Glycans are essential for many biological processes ranging from critical roles in the maintenance of cell or 

tissue structure, molecular signal transduction, and cell recognition. The mechanisms by which they 

perform these diverse functions involve the interaction of the glycan with another endogenous or 

exogenous molecule. For instance, many cell-cell-interactions are carbohydrate driven1. Detection of 

pathogens such as viruses, fungi and bacteria is mediated by recognition of glycans express on the 

microorganism surface. Candida albicans, for instance, exposes hypermannosylated N glycans its the 

surface2. Indeed, the human immune system possesses Pattern Recognition Receptors (PRRs), expressed on 

dendritic cells, which are able to recognise pathogenic molecular motifs and activate the immunity3. 

Amongst those receptors, C-type lectin receptors (CLRs) are carbohydrate-binding proteins that are 

specifically involved in the recognition and the uptake of alterned-self and non-self glycans through their 

Ca2+dependent carbohydrate recognition domain (CRD). The crucial role played by CLRs in the balance of 

immune responses offers to CLR-glycan interaction pharmaceutical applications.4  

Human CLRs are generally characterized by low affinity for their glycan partners. Single interaction between 

the protein and the isolated monosaccharide or small oligosaccharide usually involves high degree of 

solvent exposure, thus leading to a poor affinity, in the millimolar range 5. Dectin-2 for example, a CLRs 

involved in the response against fungi6, has a dissociation constant (KD) of 2.5 mM when bound to its 

natural disaccharide ligand Manα1-2Man7. This apparent drawback, which is a typical feature of myeloid 

lectins, results from the necessity to recognise a set of different ligands. The globular structure of the CRD, 

in fact, does not contain any cavity, therefore the recognition of carbohydrates occurs through a largely 

open binding site, centred on the Ca2+, limiting in many cases the level of selectivity achieved. 
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Nature counters with the « low affinity » issue by exploiting multiple binding events. The accumulation of 

weak affinity bindings leads to an apparent strong interaction, an effect called avidity. While affinity refers 

to the direct interaction of a single CRD with a monovalent ligand, avidity reflects the overall strength of 

multivalent interactions8. Multivalent binding plays a crucial role the cell-surface recognition. It could be 

reached by different means. On the one hand, multimerisation can be achieved on the CLR side.9 The result 

is either a clustering of single CLR in micro domains, multiple CRDs along a single polypeptide chain10  or 

through oligomerisation of CRD-containing receptors11 (Fig.1) .In some cases an oligomerization domain, 

termed neck, serves as stalk to project CRDs from the cell membrane9. 

 

Fig. 1:. Strategy allowing avidity at the cell surface. Single CLR in micro domains (blues), or multiple CRDs 
in a single polypeptide chain (red) or polypeptide oligomers each containing a single CRD (orange). 
  

On the other hand, multivalent ligands also participate to high-avidity binding and contribute to the 

« glycan cluster effect » or « the velcro effect » that occurs when the multivalency is reached on both 

protein and sugar/glycan side. The interactions of DC-SIGN, a CLR expressed on DCs , implicated in viral and 

bacterial infections12 with its ligands remarkably illustrates this multivalency enhancement. Firstly, DC-SIGN 

is expressed on cell surfaces in a tetrameric form and these tetramers are further clustered into 

microdomains in lipid rafts, leading to a concentrated presentation of the binding sites at the cell surface. 

Secondly, surface glycans of the pathogens recognised by DC-SIGN, as for instance the high mannose type 

glycans of HIV envelope glycoprotein gp120, are also presented as clusters with an unusual density 13. 

In vitro assays performed to detect and characterize CLR/glycan interactions have to be technically adapted 

to mimic this multivalency, otherwise they would fail to reveal low binding strength events. At the ligand 

level, one way to increase valency is to present artificial multivalent ligands. Those would include both low 

valency compounds, such as short polymers, glycoclusters or peptide conjugates and high valency 

compounds, such as dendrimers, liposomes or nanoparticles. The glycoclusters, for instance could be 

optimised to expose a controlled and optimal number of sugars/derivatives with an optimised presentation 

mode14. Glycan arrays, which consist of a series of glycan molecules attached onto a supporting material 

and used as a platform for biological sample  screening are also a mean to present a dense surface of 

glycans15. On the protein side, lectin arrays 15 , the counterpart of glycan arrays, with lectin coated surfaces, 
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and Surface Plasmon Resonance 16, with lectin functionalised sensorchips, provide solid supports to study 

the interaction between the ligand and a dense protein surface. However, in solution study of 

protein/glycan in soluble phase can provide supplementary and complementary information to the one 

obtained by solid phase investigation but the artifices mentioned above developed to build up multivalency 

could not be employed in solution. One strategy that has been considered to force CLR multimerisation 

resides in the development of Fc-constructs. This approach based on the fusion of a CRD domain with an 

immunoglobin Fc domain enables dimerization 17. Nevertheless, this method provides limited 

oligomerization enhancement and higher level of multivalency may be required in some case. One way to 

create artificial protein tetramer is to proceed to a random labelling of the protein with a biotin tag and 

couple it to a tetrameric molecule of Streptavidine. This strategy presents two major drawbacks: the degree 

of labelling remains random and any of the accessible lysines can be targeted which may affect the 

lectin/sugar interactions. An alternative consists in appending a biotinylation sequence at the C-terminus 

end of the protein and co-expressing it with a biotin ligase. The protein, biotinylated on a single and specific 

lysine, can then be complexed to Streptavidin to provide tetrameric complexes 18. 

Here, we propose a strategy that enables site specific biotin labelling of the N-terminus of lectin CRD by 

exploiting the bacterial enzyme Sortase A (SrtA) based method 19. In the Gram-positive Staphylococcus 

aureus, SrtA catalyses the anchorage of target proteins, including virulence factors, to the cell wall. The 

enzyme cleaves the LPXTG motif present in the proteins and links them to the amino terminal group of five 

glycines of the peptidoglycan 20. Here, SrtA is used to enzymatically couple the N-Terminus of the protein 

CRD to a biotinylated peptide. The resulting  biotinylated CRD is then complexed with NeutrAvidin© to 

obtain a final molecule exposing four glycan binding sides named hereafter TETRALEC. 

In order to set up the TETRALEC strategy, a first construct was prepared with the CRD of DC-SIGNR 21. 

Lymph node-specific intercellular adhesion molecule-3-grabbing integrin or DC-SIGN related (L-SIGN or DC-

SIGNR) natural extracellular domain (ECD) is organized in a tetrameric conformation exposing four 

carbohydrate domains22. Therefore, a direct comparison in ligand interaction experiments with the artificial 

tetrameric TETRALEC can be performed. Two other DC-SIGNR constructs will be analysed in parallel: the 

monomeric DC-SIGNR CRD and an artificial dimer formed by an Fc fusion with DC-SIGNR CRD (Fig.2). We 

have characterised the oligomeric status by SEC-MALS of all the multimeric constructs. All the constructs 

were then used to screen in a comparative way a library of N-glycan microarray in order to evaluate the 

impact of the number of CRD presented and their geometry on the avidity-based recognition process. This 

library comprises high mannose N glycans such as the hypermannosylated N glycans exposed by pathogenic 

microorganism, e.g. Candida albicans. C. albicans is a benign colonizer of skin and mucosal surfaces in oral, 

gastrointestinal and genital tracts23. As an opportunistic fungal pathogen, an impaired immune system can 

result in infection dissemination in forms of candidiasis and systemic fungal infection (candidaemia). The 

highly glycosylated cell wall of C. albicans is  constituted by α-(1,6)-linked mannosyl repeat units with side 
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chains of α- or β-(1,2)-linked mannosyl r units connected to the backbone by a α-(1,2)-linkage as well as 

phosphate di-mannosyl esters and α-(1,3)-linked mannosyl units2. This glycosylation pattern contributes for 

its immunological signature and O-linked and N-linked mannans are the main pathogen associated 

molecular patterns (PAMPs) that engage pattern recognition receptors (PRRs), like Toll-like receptors (TLRs) 

and C-type lectins (CLRs)24,25. DC-SIGN interaction with N-mannosylated glycans of C. albicans is crucial for 

detection, binding and phagocytosis by human dendritic cells (DCs)2. DC-SIGNR shares 77% of amino acid 

homology to DC-SIGN and is a calcium-dependent mannose-specific CLR. DC-SIGNR is expressed in 

endothelia cells of lymph nodes, liver and placenta but not on DCs and is implicated in recognition of a 

broad range of pathogens, like HIV, SARS-CoV, M. tuberculosis and L. infantum 22. In addition, DC-SIGNR is 

also able to bind and internalize von Willebrand factor (VWF), a plasma glycoprotein responsible for 

platelet adhesion and aggregation26.  Despite an overlap in mannosylated glycans recognition of DC-SIGNR 

with DC-SIGN27, no binding of DC-SIGNR and fungi has yet been described to the best of our knowledge. 

Therefore, we used the different constructs to investigate, by a cytofluorimetric approach, interactions 

between DC-SIGNR and C. albicans. 

 

  

 

 

A B C D 

 

Fig.2: Four investigated constructs. A) ECD, b) TETRALEC, C) CRD and D) Fc-CRD. 

 

 

 

Results  

 

Design and synthesis of the TETRALEC 

 

The N-terminus of the protein CRD was extended with a poly-Gly chain (GGG) in order to be specifically 

functionalized by a biotinylated peptide during the reaction catalysed by the recombinant SrtA (Figure 4a). 
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The number of required glycines depends on the N-terminus accessibility but Theile et al 28 claim that one 

residue should be sufficient. The peptidic motif LPRT-OMe recognized by the Sortase A was appended to 

the biotin. The methylated extremity is an expedient that drastically reduces the reversibility of the 

reaction 19. 

The kinetic of the biotinylation reaction was followed by ESI mass spectrometry (ESI-MS). An intermediate 

thio-ester sortase-biotin first occurs, followed by the biotinylated peptide association to DC-SIGNR GGG-

CRD. As showed in figure 4b, the reaction could be considered completed after 4 to 6h of reaction. 

 

 

 

a b 

Figure 4 – The kinetic of DC-SIGNR biotinylation followed by ESI-MS. The peak at 15.862 kDa corresponds to the un-

tagged CRD and the peak at 16.577 kDa corresponds to the biotinylated CRD (15.862 + 0. 694 kDa). After 6h of reaction, 

the biotilylation is completed. 

 

The biotinylated DC-SIGNR-CRD was then purified and complexed via its biotin moiety to a tetramer of 

NeutrAvidin© previously labelled with Cy3 fluorophore. 

 

TETRALEC Structural characterization  

 

SEC-MALS analysis was performed on DC-SIGNR-TETRALEC, to confirm the expected tetrameric 

presentation of DC-SIGNR-CRD by one molecule of NeutrAvidin©, and on DC-SIGNR-ECD and DC-SIGNR-Fc. 

For the TETRALEC analysis, in addition to the refractive index detection, acquisition at two wavelengths 

were considered: 280 nm, with the contribution of both Cy3-NeutrAvidin and DC-SIGNR CRD, and 555 nm, 

with the solo contribution of Cy3-NeutrAvidin. The Cy3-NeutrAvidin alone eluted as main peak at 9.2 mL 

with a small shoulder at 8.2 mL of larger species. The extracted molar mass along the peak decreased 

slightly with the elution volume suggesting some heterogeneous aggregated state. We observed a plateau 

after 9.4 mL. The extracted molar mass was about 120 kDa corresponding to a dimer of the natural 

tetramer of NeutrAvidin (MWtheo = 2x58kDa). 
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We combined the refractive index detection and the 550 nm detection to determine an experimental 

extinction coefficient for Cy3-NeutrAvidin: 2890 ml.(g.cm)-1 close to the theoretical value (exptheo = 3100 

ml.(g.cm)-1). 

The complex eluted quite similarly to the NeutrAvidin alone with the main peak eluting at 9.1 mL. We 

observed also an additional shoulder at 8 mL (3%). Two additional contributions were detected at 10.5mL 

(5%) and 11.5 ml (28%) corresponding to free DC-SIGNR CRD with no 550nm absorption (Figure 5). The 

extracted molar masses of 38 and 17 kDa indicate a dimer and monomer of DC-SIGN CRD, respectively. 

Finally, the main peak at 9.1 mL shows a slightly decreasing molar mass with the elution volume, which 

could be due to a contamination by the shoulder. The mean molar mass is 144 +/- 1 kDa. Taking into 

consideration the theoretical extinction coefficient at 280 nm for NeutrAvidin-Cy3, the analysis gives molar 

masses for Cy3-NeutrAvidin of 69 kDa and for DC-SIGNR CRD of 74 kDa, thus a 4:4 complex (Mw theo 58 – 

66 kDa). Unfortunately, the analysis at 550 nm gives molar masses for Cy3-NeutrAvidin of 110 to 75 kDa 

and, and for DC-SIGNR CRD of 40 to 50 kDa, compatible with improbable stoichiometries going from 7:2 to 

5:3 of Cy3-NeutrAvidin:DC-SIGNR CRD. The discrepancy between the analysis considering 280 and 550 nm 

acquisition are related to bias in the determination of one or the various extinction coefficients. We 

consider that the presence of free Cy3-NeutrAvidin is unlikely because of the evidence of a peak of free DC-

SIGNR CRD in excess. The SEC-MALS experiment presented here would not give by itself a definitive 

conclusion but however support the formation of the 4:4 TETRALEC stoichiometry. 

  

A B 

Figure 5 – PAOL analysis of the TETRALEC. a) Measurement of the elution peak at 280 nm b) Measurement of the 

elution peak at 555 nm. Refractive Index is represented as line, Absorbance as dot. + = NeutrAvidin and x = DC-

SIGNR CRD 

 

The artificial construct DC-SIGNR Fc-CRD gave a main contribution at 8.9 mL, with a Mw =of 86.5 kDa and 

RH = 9 nm. This contribution corresponds to a dimer of DC-SIGNR-Fc (Mw theo = 79.4 kDa) (Figure 6). 

Finally, the analysis on the natural tetrameric DC-SIGNR-ECD gave a main contribution at 7.4 mL, with a Mw 

=of 155.6 kDa and RH = 7.7 nm. This contribution corresponds to a tetramer of DC-SIGNR-ECD (Mw theo = 

148.8 kDa) (Figure 6). 
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Figure 6 – SEC-MALS analysis of ECD construct (red) and Fc-CRD construct (in blue). The considered wavelength IS 
280 nm. 

 

The results described above confirmed the tetrameric nature of DC-SIGNR-ECD and the dimeric nature of 

Fc-CRD. 

 

Validation on glycan array 

 

Once the oligomeric status was assessed, N-glycan microarrays were exploited to evaluate the impact of 

the protein multivalency on ligand binding. DC-SIGNR natural ligands are N-linked high-mannose 

oligosaccharides, presented on several pathogens, while blood group antigens are not recognized. Thus, a 

135 N-glycan microarray (SI) was exploited to compare the three Cy3 labelled constructs DC-SIGN CRD, ECD 

and TETRALEC. Since DC-SIGN Fc-CRD binding was revealed by a different system using labelled anti-Fc 

antibodies, a direct comparison of the Fc-CDR data with the other constructs was not possible. To 

accurately appreciate the effect of multivalency, the concentration of active site had to be identical in each 

experiment. For this reason, while a concentration of 1 µM of the tetrameric DC-SIGNR-ECD and TETRALEC 

was fixed for the incubation, 4 µM and 2 µM were used for the monomeric DC-SIGNR-CRD and the dimeric 

DC-SIGNR Fc-CRD, respectively.  

These three constructs recognised the same ligands (Figure 7) but with different binding intensity. 

Monomeric CRD (0.2 DOL) was characterised by a binding weaker than the natural tetrameric ECD, and 

close to the background, but exhibited the same tendency of glycan recognition (Figure 7A). GL30-42-45 

and GL65 were indeed the only binders emerging from the background for the CRD and showed to be 

intensively recognised also by the ECD (0.4 DOL) and TETRALEC (0.5 DOL).  Incubation with DC-SIGNR ECD 

with a DOL 0.95 was also performed a comparable binding intensity to the 0.4 one. The CRD artificial 

tetrametisation in the TETRALEC led to an increase of the binding, with fluorescent intensity three-fold 

higher than the CRD, comparable to the ECD data (Figure 7B). Another noticeable feature of DC-SIGN 

TETRALEC binding profile is an increased specificity in ligand recognition compared to the two other 
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constructs. This presentation mode of CRD compared to the ECD seems to exacerbate differences between 

ligands with lower signal for the weaker ones. While, CRD and ECD constructs bind to a broad range of 

ligands, solely 10 glycans were strongly recognised by DC-SIGNR TETRALEC (Figure 8B). GL45 was shown to 

be among the highest binders and it is an atypical non-natural branching pattern presenting the Manα1-

3(Manα1-6Man) trisaccharide. The other glycans that were poorly recognised by DC-SIGN CRD and ECD 

constructs showed no binding to DC-SIGNR TETRALEC. As additional surprisingly remark, GL43, GL125 and 

GL134, which showed good interaction with the ECD construct, did not show any binding towards DC-

SIGNR TETRALEC. GL43 and GL134 possess the same branching on the 6-arm (Figure 8A). This behaviour 

could be explained by a more constrained spacing between the CRDs in the TETRALEC construct that could 

exclude some avidity binding effect with very weak ligands. Further analysis and experiments have to be 

performed to better understand and define this hypothesis. The Fc-CRD construct (Figure 8B) followed the 

same tendency of recognition observed for the other three constructs and share with the TETRALEC the 

increased specific recognition for some ligands. The full glycan array in included in SI. 
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Figure 7 – A) Glycan array incubation with DC-SIGNR CRD at a concentration of 4 µM. B) Relative glycan recognition of DC-SIGNR 

ECD and TETRALEC incubated a concentration of 1 µM. The normalisation was performed on the glycan with the highest 

fluorescence. 

A) 

B) 



164 
 

 

A 

G
L

3
0

G
L

4
2

G
L

4
3

G
L

4
5

G
L

4
7

G
L

4
8

G
L

4
9

G
L

5
0

G
L

5
2

G
L

5
3

G
L

5
4

G
L

6
5

G
L

1
2
5

G
L

1
3
4

0

10000

20000

30000

40000

50000

60000

70000

R
F

U

 Fc

 

B 

Figure 8 – A) Zoom on the signals of the twelve highest binders for DC-SIGNR ECD and TETRALEC. B) Zoom on the 

signals of the same binder for DC-SIGNR CRD-Fc. 

 

Binding to Candida albicans: cytofluorimetry assay 

 

Interaction of DC-SIGNR with the pathogenic fungus C.albicans was investigated by cytofluorimetry. DC-

SIGN was used as a positive control, taking into account the well-described role of this CLR in the 

recognition of C. albicans and DC-SIGN-mediated anti-fungal immune responses 2,29,30. Binding to heat-killed 
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C. albicans (HKCA) was observed for all DC-SIGNR-Cy3 constructs (Figure 9A), albeit to a minor extent when 

compared to the positive control, DC-SIGN ECD. 

 

 

 

Figure 9 – Heat-killed Candida albicans recognition by DC-SIGNR. (A, left) Representative experiment of the histograms obtained 
for HKCA binding by the different DC-SIGNR-Cy3 constructs. DC-SIGN ECD was used as a positive control. (…) (A, right) Mean 
fluorescent intensity (MFI) of DC-SIGNR-Cy3 constructs binding to HKCA. Data depicted are the average of at least three 
independent experiments. (B, left) Representative experiment of CLR-Fc fusion proteins recognition of HKCA. Fc and the secondary 
antibody were used as negative controls, while DC-SIGN-Fc is the positive control. (B, right) Average of the MFI values obtained. 
Data showed are the average of at least five independent experiments. Statistical analysis of the MFI results was performed using 
the unpaired Student’s t test, where p-values of <0.05 were considered to be significant (ns = not significant, * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001, **** p ≤ 0.0001).  
 

In addition, it is noticeable that DC-SIGNR TETRALEC presented the same binding profile than DC-SIGN, 

indicating that this construct possibly presents a higher avidity towards the mannosylated structures of C. 

albicans, which goes in accordance with the binding data obtained in the glycan array. Neutravidin did not 

impact binding to C. albicans, since no binding was observed when using the negative control neutravidin-

Cy3. Recognition of HKCA occurred whatever DCSIGNR oligomeric status, although a tendency of reduced 

binding is observed for DC-SIGNR CRD, which did not reach statistical significance. The binding profile to 

HKCA was also evaluated using CLR-Fc fusion proteins (Figure 9B). The Fc fragment works as a primary 
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antibody, hence enabling detection of binding events with an anti-Fc antibody. Oppositely to the DC-SIGNR-

Cy3 constructs that present direct labeling of the CLRs, the CLR-Fc fusion proteins employ an indirect 

labeling strategy. Thus, the labelling intensity cannot be directly compared to evaluate the impact of the 

dimeric presentation against the monomeric or tetrameric presentations for HKCA binding. DC-SIGNR-Fc 

also showed binding to HKCA, although to a lower degree than DC-SIGN-Fc (Figure 9B). The negatives 

controls (Fc and secondary antibody alone) did not evidenced binding to HKCA, when compared with the 

CLR-Fc fusion proteins. 

 

Discussion 

 

The crucial roles played by CLRs in many biological processes including pathogen recognition mechanism 

and/or modulation of immune response place them as strategic targets for pharmacological approaches. 

Besides several CLRs remain “orphan” with no ligand identified. Therefore, the screening and optimisation 

of CLR ligands has interested many research groups. However, while multimerisation of either the glycan or 

the CLR can be achieved onto a solid surface to embark upon such in vitro investigations, increasing the 

valency of the protein to perform in solution studies is less obvious. The most commonly chosen option is 

the creation of Fc fusion protein and it has been successfully used to screen for new CLR pathogen ligands. 

Such constructs allowed the identification of various interacting pairs: Mincle /P. carinii 31, 

Mincle/Streptococcus pneumoniae32, SIGNR3/Lactobacillus acidophilus33. Or MDL-1 (CLEC5A)/Listeria 

monocytogenes34.An alternative strategy has been developed by Drickamer group. They formed a complex 

in vitro between biotinylated lectin CRDs produced in E.coli and StreptAvidin. The biotinylation was enabled 

by the addition of a 15 AA sequence at the C-terminal end of the CRD35. This sequence contains a single 

Lysine in an appropriate context, which will be specifically biotinylated thanks to the co-expression of the 

bacterial biotin ligase birA. Complexation with streptavidin enabled the creation of a molecule presenting 4 

CRDs. This strategy was successfully utilized to facilitate purification of human DC-SIGN homologues on 

mannose-Sepharose and perform glycan array screening36. It was also used to study the interaction 

between artificial peptide-MHC oligomers with cell surface TCRs37. 

In this work, we present an alternative way to enable biotin-mediated tetramerisation of a DC-SIGNR CRD 

using peptide ligation with SrtA. This strategy only requires the introduction of a few (in theory even a 

single) glycine residues at the N-terminus of the protein of interest and could transfer under mild 

conditions any substrate carrying a LPXTG motif 28. In our case a biotin tag was appended and the reaction 

was made irreversible using a methyl ester peptide, but such an approach is potentially broadly applicable 

to incorporate various functions to the N-terminus of protein and not only a biotin. The enzymatic activity 

of SrtA has been widely used to link fluorescent tags38, glycosylphosphatidylinositol (GPI)  mimics 39 or even 
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PEG chains40. The functionalization being post purification, and not co-translationally like the BirA 

approach, it is not limited to protein recombinantly produced in E.coli. 

 

We also improve the quality of the final TETRALEC complex by changing the biotin partner for NeutrAvidin. 

NeutrAvidin is a deglycosilated tetrameric protein derived from avidin, its biochemical characteristics 

reduce non-specific binding compared to StreptAvidin 41.The biotin and avidin derivatives interaction is one 

of the strongest non-covalent interactions (KD=10-15M)42.  

 

Although similar artificial oligomeric constructs have been used to study Glycan/CLR interactions, to our 

knowledge they have never been through a complete characterisation prior starting binding studies. The 

objective of our approach was, besides a novel conception of artificial tetrameric lectins, to ensure that 

these synthetic constructs retain unaltered characteristics. For that purpose, we compared the TETRALEC 

behaviour in term of glycan recognition via glycan array with DC-SIGNR natural tetramer and evaluated the 

gain in term of binding triggered by the increase of valency by a comparison with dimeric and monomeric 

DC-SIGN CRD. A SEC-MALS analysis of all oligomeric lectins was performed, it awaited oligomeric status of 

the natural DC-SIGNR ECD and the DC-SIGN Fc-CRD construct and allowed us to  assume that in the 

TETRALEC construct four biotinylated DC-SIGNR-CRD were successfully complexed on a molecule of 

NeutrAvidin©. 

 

Very interestingly, the overall recognition glycan pattern was comparable for all construct with a clear 

binding enhancement triggered by the increase of valency. Besides for some reasons still to elucidate, it 

seems that the TETRALEC construct had an increased ligand selectivity. Those data clearly legitimate the 

use of our artificial lectin to perform ligand screening studies. 

 

Like many pathogens, C. albicans first encounter with host defense involves its detection and clearance by 

the innate immune system, where CLRs expressed in the surface of epithelia, endothelial and myeloid cells 

play a pivotal role. Since C. albicans has a unique and highly mannosylated cell wall, where N-glycans 

account for more than 90% of the glycans present at the surface, we investigated the possibility of DC-

SIGNR to interact with this fungal pathogen. Using the three different Cy3 labeled constructs of DC-SIGNR 

(DC-SIGNR CRD, DC-SIGNR ECD, DC-SIGNR TETRALEC) we evaluated two main points:  first, if DC-SIGNR is 

able to bind to HKCA and, in second place, how the oligomerization state of the impact pathogen 

recognition. All three constructs recognised HKCA with an intensity for the TETRALEC construct almost 

similar to that observed for DC-SIGN. On the contrary, NeutrAvidin-Cy3, the negative control, showed no 

interaction, indicating that this conjugation strategy represents a useful tool to identify novel CLR-pathogen 

interactions, with minimal unspecific binding. The different oligomerizations states of DC-SIGNR did not 
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significantly impact recognition of HKCA. CLR-Fc fusion have been used extensively to identify novel CLR-

pathogen interactions, namely fungi 43. In our case, the dimeric presentation of the Fc fusions denotes a 

markedly strong interaction between HKCA and DC-SIGN and the identification of a novel interaction to 

HKCA by DC-SIGNR. The preferential binding differences between DC-SIGN and DC-SIGNR to pathogens that 

possess high mannose oligosaccharides may be associated with the different capacities of the CLRs to 

accommodate the differential spatial conformations of sugar epitopes in their binding pockets due to their 

distinct properties of the neck domains44. 

The identification of an interaction between C. albicans and DC-SIGNR may open new fields of 

investigations and could be considered in pathologies due to C. albicans infections involving cells expressing 

DCSIGNR. In immunocompromised mice, gastrointestinal (GI) candidiasis can occur and destroy the gut 

mucosa 45 where DCSIGNR is expressed in the sinusoidal endothelial cells. In addition, DC-SIGNR is reported 

to be expressed in the placental villi and C. abicans is shown to cause chorioamnionitis, an inflammation of 

the fetal membranes due to a bacterial infection, after placenta invasion46,47. 

 

Materials and Methods 

 

Cloning 

Standard pUC57 plasmids containing optimized synthetic human genes encoding human DC-SIGNR ECD 

(amino acids 78-399) and CRD (amino acids 264-399) designed for the efficient production in E. coli were 

manufactured by GeneCust Europe (Luxembourg). PCR amplification using suitable primers and restriction 

enzyme digestion were used to sub-cloned into the pET30-b (Novagen) DC-SIGNR ECD between the NdeI 

and HindIII restriction sites and DC-SIGNR CRD between the XbaI and HindIII sites. The sequencing of each 

construction was done by Genewiz (Takeley, Royaume Uni). 

 

Protein expression and purification 

DC-SIGNR ECD was expressed in E. coli BL21(DE3) in 1 liter of LB medium supplemented with 50 μg/ml 

kanamycin at 37 °C. Expression was induced by addition of 1 mM isopropyl 1-thio-D-galactopyranoside 

(IPTG) when the culture had reached an A600 nm of 0.8 and maintained for 3h. The protein was expressed in 

the bacterial cytoplasm as inclusion bodies. Cells were harvested by a 20-min centrifugation at 5000 g at 4 

°C. The pellet was resuspended in 30 mL of a solution containing 150 mM NaCl, 25 mM Tris-HCl, pH 8 and 

one anti-protease mixture tablet (Complete EDTA free, Roche). Cells were disrupted by sonication and cell 

debris eliminated by centrifugation at 100,000 g for 45 min at 4 °C in a Beckman 45Ti rotor. The pellet was 

solubilized in 30 mL of 6 M guanidine-HCl containing 25 mM Tris-HCl pH 8, 150 mM NaCl and 0,01% (v/v) 

beta-mercaptoethanol. The mixture was centrifuged at 100,000g for 45 min at 4°C and the supernatant was 

diluted 5-fold with 25 mM Tris-HCl pH 8, 1,25 M NaCl and 25 mM CaCl2 by slow addition with stirring. The 
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diluted mixture was dialyzed against 10 volumes of 25 mM Tris-HCl, pH 8, 150 mM NaCl, 4 mM CaCl2 (buffer 

A) with 3 buffer changes. After dialysis, insoluble precipitate was removed by centrifugation at 100,000g for 

1h at 4°C. The supernatant containing DC-SIGNR ECD was loaded on Mannan agarose column (Sigma) for 

purification by affinity chromatography equilibrated with buffer A. After loading, DC-SIGNR ECD was tightly 

bound to the column and eluted in the same buffer without CaCl2 but supplemented with 1 mM EDTA 

(buffer B). This step was followed by SEC (Size Exclusion Chromatography) using a Superose 6 column (GE 

Heathcare) equilibrated with buffer A. Fractions were analysed by SDS-PAGE (12%) and DC-SIGNR ECD 

containing fractions were pooled and concentrated by ultrafiltration (YM10 membrane from Amicon). 

 

DC-SIGNR CRD was expressed in E. coli BL21(DE3) in 1 liter of LB medium supplemented with 50 μg/ml 

kanamycin at 37 °C. Expression was induced by addition of 1 mM IPTG when the culture had reached an 

A600 nm of 0.8 and maintained for 3h. The protein was expressed in the cytoplasm as inclusion bodies. Cells 

were harvested by a 20 min centrifugation at 5000 g at 4 °C. The pellet was resuspended in 30 mL of a 

solution containing 150 mM NaCl, 25 mM Tris-HCl, pH 8 and one anti-protease mixture tablet (Complete 

EDTA free, Roche). Cells were disrupted by sonication and cell debris eliminated by centrifugation at 

100,000 g for 45 min at 4 °C in a Beckman 45Ti rotor. The pellet was solubilized in 30 mL of 6 M guanidine-

HCl containing 25 mM Tris-HCl pH 8, 150 mM NaCl and 0,01% beta-mercaptoethanol. The mixture was 

centrifuged at 100,000 g for 45 min at 4°C and the supernatant was diluted 5-fold with 200 mM Tris-HCl pH 

8, 1,25 M NaCl and 25 mM CaCl2 by slow addition under stirring. The diluted mixture was dialyzed against 

10 volumes of Buffer A with 3 buffer changes. After dialysis, insoluble prepicipate was removed by 

centrifugation at 100,000 g for 1h at 4°C. The supernatant containing the His tagged DC-SIGNR CRD was 

loaded onto a HisTrap (GE Heathcare) at 4°C. Unbound proteins were washed away with buffer A before 

DC-SIGNR CRD was eluted with buffer C (150 mM NaCl, 25 mM Tris-HCl, pH 8, 4 mM CaCl2, 0.5 M 

imidazole). Eluted fractions were analyzed by SDS-PAGE (15%) and the DC-SIGNR CRD containing fractions 

were pooled and concentrated by ultrafiltration (YM10 membrane from Amicon).  

Each construct was checked by N-terminal amino acid sequencing and mass spectrometry. 

 

Labelling 

A total of 250 μL of 3.77 mg/mL solutions of DC-SIGNR ECD, 212,5 μL of 4.75 mg/mL solutions of DC-SIGNR 

CRD in 25 mM HEPES pH 7,25, 4 mM CaCl2 and 100 μL of 3.47 mg/mL solutions of NeutrAvidin in PBS pH 7.4  

2 were prepared. 1 μL, 4 μL and 2 μL, respectively of 10 mg/mL Cy3-NHS ester (Gene Copoeia) were added 

to the solutions and the reactions were gently shaken at RT for 2 h and then at 4°C for 4h. Excess dye was 

removed by two dialysis (3.5k Z-lyser from Thermo Scientific) of 3h against 25 mM Tris pH8, 150 mM NaCl, 

4 mM CaCl2. The amount of attached Cy3 was estimated spectrophotometrically based on the dye molar 
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extinction coefficient (ε 150 000 cm−1M−1) and proteins extinction coefficient ε. The obtained degree of 

labelling (DOL) was 0.4, 0.2 and 0.5.  

 

TETRALEC formation 

His tag cleavage. His-GGG-CRD was cleaved using factor Xa (Thermo Fischer) following the ratio 

recommended by the company: 1 µg of factor Xa per 50 µg of His-GGG-CRD protein at 1 mg/mL. The 

reaction was performed overnight at RT under agitation and then injected into Toyopearl® exclusion 

chromatography column previously equilibrated in 25 mM Tris pH 8, 150 mM NaCl, 4 mM CaCl2 buffer. 1 

mL/min flow rate of was maintained during the purification. Eluted fractions were pooled and concentrated 

up to 1 mg. 

 

Sortase-directed biotinylation and TETRALEC formation. The protocol from19 was used for the biotinylation 

of GGG-CRD. The protein exposing three glycines at the N-terminus (1 equivalent) was mixed with the 

peptide biotin-LPRT-OMe (MW= 725.9 Da, Covalab) (5 eq.) and His-tag Sortase A (SrtA) (0.3 eq) from 

S.aureus, recombinantly produced in the lab,  in 25 mM Tris pH 8, 150 mM NaCl, 4 mM CaCl2 buffer. The 

reaction was incubated at 37°C for 6h under agitation. The kinetic of reaction was followed by ESI-MS 

(electrospray ionization mass spectrometry) : 10 µL of reaction was analysed at 0h, 2h, 4h, 6h,8h and 

overnight. When the reaction was completed, the solution was loaded onto a 1 mL HisTrap column 

previously equilibrated in 25 mM Tris pH, 150 mM NaCl, 4 mM CaCl2 buffer. After column washing, the 

elution step was performed using 25 mM Tris pH, 150 mM NaCl, 4 mM CaCl2, 0.5 M Imidazole buffer. 1 

mL/min flow rate of buffer was maintained during the purification. The His tagged sortase was retained by 

the HisTrap column while the untagged biotin-CRD was eluted during the washing step and was pooled and 

dialysed against 25 mM Tris pH, 150 mM NaCl, 4 mM CaCl2 to eliminate un-reacted biotin. 

Finally, NeutrAvidin© (MW = 14.5 kDa, Thermo Fisher) sample previously labelled with Cy3-fluorophore 

(2.9 mg/mL, DOL=0.5) was mixed to Biotin-CRD with a molar ratio of 1:1 and the reaction was incubated 

overnight at 4°C under agitation. The obtained CRD-TETRALEC was frozen in liquid nitrogen for storage at -

80°C. 

 

SEC-MALS analysis 

The samples were centrifuged for 15 min  at 20800g just before the experiment. The elution buffer, 25mM 

Tris pH 7.5, 150mM NaCl, 4mM CaCl2, was filtered at 0.1 µm SEC-MALS experiments were conducted on a 

HPLC (Schimadzu, Kyoto, Japan) consisting of a degasser DGU-20AD, a LC-20AD pump, a autosampler SIL20-

ACHT, a communication interface CBM-20A, a UV-Vis detector SPD-M20A and a fraction collector FRC-10A, 

a column oven XL-Therm (WynSep, Sainte Foy d’Aigrefeuille, France) and a static light scattering detector 

miniDawn Treos, a dynamic light scattering detector DynaPro NANOSTAR, a refractive index detector 
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Optilab rEX (Wyatt, Santa-Barbara, USA). The samples were stored at 4°C, and a volume of 50 µl was 

injected, on a KW 802.5 column, equilibrated at 4°C, with the elution buffer, at a flow rate of 0.5 ml/min. 

 

Glycan array analysis 

Cy3 labelled C-type lectins were diluted in incubation buffer (25 mM Tris-HCl, 150 mM NaCl, 4 mM CaCl2, 

pH7.5 containing 0.5% (w/v) bovine serum albumin (BSA) and 0.005% (v/v) Tween®-20. Lectin solutions 

(200 µL per array) were used to incubate individual wells on a glycan array slide at 4 °C for 18 hours. Arrays 

were washed with incubation buffer without BSA, H2O and dried in a slide spinner. 

Fluorescence measurements were performed on a microarray scanner (Agilent G2565BA, Agilent 

Technologies) at 10 µm resolution. Quantification of fluorescence was performed by ProScanArray® Express 

software (Perkin Elmer) employing an adaptive circle quantification method from 50 µm (minimum spot 

diameter) to 300 µm (maximum spot diameter). Average RFU values with local background subtraction of 

four spots and standard deviation of the mean were reported using Microsoft Excel and GraphPad Prism® 

software. 

 

Generation of human DC-SIGNR-Fc fusion protein 

The production of human DC-SIGNR-Fc and DC-SIGN fusion proteins were performed as previously 

described 48, 49. Briefly, a human cDNA library was used as template (GE Dharmacon, Lafayette, CO, USA) 

and specific primers to amplify the CRD of DC-SIGNR were generated (Eurofins Genomics, Ebersberg, 

Germany). The DC-SIGNR and DC-SIGN primers were as follows: DC-SIGNR forward, 

gaattcctatcaagaactgaccgatttg; DC-SIGN forward, gaattcgtccaaggtccccagctccat; DC-SIGNR reverse 

ccatggattcgtctctgaagcaggc; and DC-SIGN reverse, ccatggacgcaggaggggggtttggggt. PCR was used to amplify 

the cDNA, followed by ligation into a pFuse-hIgG1-Fc expression vector (InvivoGen, San Diego, CA, USA). 

The DC-SIGNR-Fc expression vector  was used to transiently transfect CHO-S cells with MAX reagent 

(Invivogen). After 4 days of transfection, the supernatant was collected and the fusion proteins were 

purified with a HisTrap protein G HP column (GE Healthcare, Piscataway, NJ, USA). Protein purity was 

confirmed by SDS-PAGE with subsequent Coomassie staining. Western blot using an anti-human IgG-

horseradish peroxidase (HRP) antibody (Dianova, Hamburg, Germany) was also performed to detect the 

presence of the fusion protein.  

 

Flow cytometry-based binding to Candida albicans 

Heat-killed Candida albicans (InvivoGen, San Diego, CA, USA) was stained for 15 min with 1µM of DNA-

staining dye Syto61 (ThermoFisher Scientific) at 4°C. The samples were subsequently washed two times 

with 1x PBS. Then, samples were incubated for 1h either with 250 ng of the respective CLR-Fc fusion 

proteins in lectin-binding buffer (50 mM HEPES, 5 mM MgCl2, 5 mM CaCl2, pH 7.4) or with 1 µM of the DC-
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SIGNR-HisTag and DC-SIGNR-Neutravidin constructs in its respective lectin-binding buffer (25 mM Tris, 150 

mM NaCl, 4 mM CaCl2 , pH 8.0). After washing once with the lectin-binding buffer, the pellet was 

suspended in a 1:200 PE-conjugated goat anti-human Fc antibody (Dianova) and incubated for 20 min at 

4°C, for detection of the bound CLR-Fc fusion proteins. Finally, cells were washed two times and flow-

cytometric analysis was performed using an Attune NxT Flow Cytometer (ThermoFisher Scientific). The 

gating strategy applied was a first gate in the Candida albicans population, followed by a single cell 

population gating for doublet exclusion. In the single cell population gate, Syto61 positive cells were 

selected and further analyzed for CLR binding. The same gating strategy was performed for all experimental 

conditions within one experiment. Flow cytometry data were analyzed using the FlowJo version 10 

software (FlowJo, Ashland, OR, USA). 
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9. Screening: identification of selective ligands towards human CLRs 

 

The ligand microarray platform from Niels Reichardt’s laboratory of was exploited for high through put 

screening of a panel of glycans (synthetized by the laboratory of Niels Reichardt) and glycomimetics 

(synthetized by the laboratory of Anna Bernardi) with the fluorescently labelled recombinant CLRs that we 

produced. After an overnight incubation of the Cy3-labelled CLRs with the glycans/glycomimetics spotted in 

quadruplicate on a slide, the fluorescence was measured using a green channel laser. The interaction was 

revealed using Agila Scanner and the green spot obtained (Fig.103) possessed a colour intensity 

proportional to the strength of the interaction. After this first visualisation, ProScanArray® Express software 

allowed a proper evaluation of the shape of each single spot and a relative quantification of the interaction. 

The final considered output was the median relative fluorescence intensity per glycan. All the histograms 

presented in this chapter correspond to these values. 

 

 

Fig.103 Example of interaction detection by Agila Scanner. 

 

This qualitative characterization was explored for two purposes: 

1) in vitro refolding can result in non-functional CLRs, as explained in chapter 8.1, and, when possible, lectin 

array or FACS analysis were performed to assess the protein functionality. Nevertheless, glycan microarray 

was used as an additional technique to confirm the effective ligand recognition by the refolded CLRs.  

2) These glycans and glycomimetics microarrays were for the first time tested with the panel of human 

CLRs that we have produced. While some of the identified interactions were expected, others constitute 

new hits that need to be investigate in more details.  

 

9.1 Glycan array 

 

 The glycan array was composed of 135 N-, complex and hybrid glycans, with structures characteristic of 

parasites and fungi. All the glycans were printed by Sonia Serna, a researcher of Niels Reichardt’s 

laboratory. Figure 104a indicates the glycan stereochemistry and Figure 104b gathers the panel of glycans 

that were screened. 
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a 

 

b 

Fig.104 Glycan array a) glycan stereochemistry and b) panel of the 135 glycans printed on the array.  

 

The following CLRs were tested: BDCA2, LSECtin and MCL CRDs, DC-SIGN, DC-SIGNR, dectin-2, langerin 

ECDs. DC-SIGNR and MCL TETRALEC molecules were also tested, together with the random TETRALECs of 

BDCA2 and LSECtin.  

Particular focus was given to the interaction with six new glycans, namely GL126,127,128,129,130,131. 

These glycans are positional isomers and very interestingly three CLRs show a clear recognition selectivity 

for one elongated branch over the other. These results are described in the following revised paper.  
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9.1.1 Chemoenzymatic Synthesis of N-glycan Positional Isomers and Evidence for Branch 

Selective Binding by Monoclonal Antibodies and Human C-type Lectins Receptors 

 

The incomplete enzymatic elongation during the N-glycosilation performed by our collaborators at the 

CICbiomaGUNE for the glycan array synthesis gave rise to isomeric structure that only differs in one 

position. We explored the potentially selective interaction of these positional antennae isomers with three 

CLRs: DC-SIGN ECD, DC-SIGNR ECD and LSECtin CRD. DC-SIGN showed significant binding to the mono-

galactosylated biantennary glycan but not to the positional isomer galactosylated in the 3-arm only. 

Incubation with DC-SIGNR gave a different picture. It boundto the opposite mono galactosylated positional 

isomers (preference for a 6-arm extension). LSECtin behaved similarly to DC-SIGN with a preferential 

interaction for galactose or a N-acetyl galactose capping the 6-arm. Therefore, we identified pairs of 

positional N-glycan isomers that selectively bind to DC-SIGN, DC-SIGNR and LSECtin.  

 

The main outcome of these studies: 

The exploration of potentially selective interaction of positional antennae opens the door for further 

improvement on selectivity and affinity of the identified epitopes. 

 

Contributions: 

All the glycans were designed and printed by the group of Niels Reichardt, while the antibodies were 

provided by the group of Hokke (NL). 

 

My contribution to this study: 

I have prepared DC-SIGN ECD, DC-SIGNR ECD and LSECtin CRD required for glycan microarray experiments 

and performed all the described assays involving CLRs, analysed data and participated to the preparation of 

the paper manuscript. 
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9.1.2 Other glycan array screening 
 
BDCA2 random TETRALEC was also incubated on the glycan array (Fig.105a). BDCA2 ligand recognition has 

been studied extensively by [54] and Galβ1-3/4GlcNAcβ1-2Man was found to be the preferred binding 

epitope. The analysis performed with the random TETRALEC revealed a selective recognition of this specific 

epitope (GL22-25, GL31, GL58-62, GL80). In addition, when mannose is functionalised by fucose, the 

interaction is completely abolished (GL31-38, GL81/92). Nevertheless, positional isomers GL126 and GL127, 

carrying the recognised motif, did not show any binding. A possible explicative hypothesis could be done 

taking into account the presence of an additional GlucNAc in the other arm, making the TETRALEC not 

suitable for proper interaction. Finally, no binding occurred on mannose terminal glycans.   

 

MCL TETRALEC was incubated on the glycan array at a concentration of 50 µg/mL. As expected, no specific 

recognition was observed for the glycans and all the values were considered as background binding 

(Fig.105b). An incubation at 100 µg/mL was performed as well (data not shown) but did not reveal any 

binding enhancement. 

Indeed, no glycolipids were included in the glycan microarray used. In the future, collaboration will be 

establish to test MCL. 
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9.2 Glycomimetic array 
 
The glycomimetic array contained 40 glycomimetics derived from Man α12 Man and 11 fucose-derived 

compounds (Fig.106). All the glycomimetics were designed for discovery purpose and not to specifically 

target one lectin. 

 Four compounds were used as control : the linker alone (19.1), mannose glycosyl compound (19.2) 

mannose psDi (20) and Man030 (21) (chapter 3.2.1 and 8.3). All the glycomimetics were printed on the 

slides by Laura Medve, a PhD student from Anna Bernardi’s group. 

 

 

Fig.106 Glycomimetic array A) General structure of the mannose-based glycomimetics and B) substituents of 
the mannose-based glycomimetics. C) General structure of the fucose-based glycomimetics and D) 
substituents of the fucose-based glycomimetics. E) Control compounds.  

 
Since all the glycomimetics were derived from mannose and fucose, no interaction was expected with 
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BDCA2 nor LSECtin, while langerin, DC-SIGNR and dectin-2 were potential candidates in addition to DC-

SIGN. The following paper is based on the screening of this glycomimetic array against these four CLRs and 

it also includes the biophysical characterization of a few specific interactions. 

 
9.2.1 On-chip screening of a glycomimetic library with C-type lectins reveals structural features 
responsible for preferential binding of dectin-2 over DC-SIGN/R and langerin 

 
The main outcome of these studies: 

This new glycomimetic array provides a fast tool for screening of the interaction between non glyco 

compounds and four human myeloid CLRs, namely DC-SIGN, DC-SIGNR, langerin and dectin-2 ECDs. The 

qualitative interactions for DC-SIGN and DC-SIGNR with four glycomimetics that were identified were 

confirmed by quantitative biophysical characterization by SPR. The most interesting outcome of this study 

was the identification of glycomimetics potentially selective towards dectin-2 over DC-SIGN. 

 

Contributions: 

All the mannose and fucose-based glycomimetics were designed by the group of Anna Bernardi and printed 

and validated by the group of Niels Reichardt and Anna Bernardi.  

 

My contribution to this study: 

I have prepared and labelled DC-SIGN, DC-SIGNR, Dectin-2 and langerin required for glycomimetic 

microarray experiments and performed all the assays involving CLRs. Moreover, I have prepared DC-SIGN 

and DC-SIGNR for the SPR assay, performed the SPR experiments, analysed data, participated to the 

preparation of the manuscript and prepared some of the figures.
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9.2.2 Other glycomimetic array screening 
 
BDCA2 and LSECtin were not expected to interact with the printed glycomimetics. Nevertheless, incubation 

with BDCA2 random TETRALEC and LSECtin CRD (Fig.107) was performed but all the values were considered 

as background binding.  
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Fig.107 Other glycomimetic arrays a) BDCA2 random TETRALEC and b) LSECtin CRD incubation on the 

glycomimetic array. 

 

As expected, no binding was observed with any of the glycomimetic. 
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10. Characterization of new glycomimetics specific to DC-SIGN 

 

This chapter focuses on the optimization of glycomimetics in term of affinity and specificity towards DC-

SIGN. A tight collaboration with the chemistry laboratory of Prof. Anna Bernardi was established years ago 

to develop inhibitors selective for DC-SIGN in the context of HIV study. As already mentioned in chapter 

2.3.5, DC-SIGN and langerin both interacts with the mannose of the HIV gp120 but lead to different 

responses: DC-SIGN is involved in the spreading of the virus, while langerin blocks the infection. For this 

reason, glycomimetics that selectively inhibit DC-SIGN interaction with gp120 without affecting langerin 

interaction have to be developed. Since the two CLRs share the same natural disaccharide ligand Manα1-

2Man (Fig.108a), our team has been involved in the characterization of compounds that mimic Manα1-

2Man modified to be selective towards DC-SIGN. The first generation of glycomimetics led to the 

development of psDi (section 3.2.1) [112] (Fig.108b) as lead compound for the rational synthesis of a 

second-generation compound: Man030 (section 3.2.1)[163] (Fig.108b) .  

 

 

 

 

a b 

Fig.108 First and second generation glycomimetics against DC-SIGN a) Manα1-2Man structure and b) 

psDi/DC-SIGN CRD and Man030/DC-SIGN CRD structures. Adapted from [111]. 

 

Man030 was characterized by a good affinity towards DC-SIGN and implementation towards its selectivity 

was achieved by studying the structure of DC-SIGN and langerin CRDs. Langerin possesses two lysines in 

proximity of the binding site creating a positively charged environment. Man030 was, therefore, 

implemented into 6NH2-Man030 (section 3.2.1) (Fig.109), with a positive charge in C6 position to establish 

electrostatic repulsion with the positive charges of langerin lysines. This new glycomimetic combines 
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affinity enhancement and strong selectivity towards DC-SIGN, with a complete exclusion of binding towards 

langerin (IC50 >4400 µM). 

 

 

Fig.109 6NH2-Man030 structure, adapted from[111].  

 

Following up the project, a third generation of glycomimetics was developed, exploring two different but 

not mutually exclusive approaches: 

 

1) To enhance the robustness of the glycomimetic and its stability against glycosidases, thio 

glycomimetics were synthetized  by the group of Anna Bernardi.  

In addition, C-glycosides have been synthetized by the group of Prof. J. Moravcova (Institute of 

Chemical Technology, Praha, Czech Republic) 

 

2) To enhance affinity towards DC-SIGN, computational screening was performed by the 

group of Sonsoles Martin‐Santamaria (Centro de Investigaciones Biológicas, CSIC‐CIB, Madrid, 

Spain) to identify fragments that could interact with the protein in the vicinity of the Ca2+ binding 

site.  The X-ray structure of the psDi/DC‐SIGN complex (2XR5) indicated that the mannose 2-OH 

position (Fig.110, black arrow) was oriented towards the protein surface and not towards the 

solvent. Thus, this position of the ligand, that haven’t been exploited up to now by us, could be a 

site of optimization if fragments are observed in this area by the above mentioned computational 

screening. 

 

Fig.110 psDi/DC-SIGN CRD X-ray structure. The arrow indicate the mannose 2-OH position. Adapted from [111]. 
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Indeed, appropriate candidates obtained from the docking were characterized by a possible site for an 

ammonium ion and an aromatic ring therefore, one of our approach consisted in modification of the ligand 

in order to reach this “ammonium pocket”.  

 

10.1 Robustness enhancement 

 

10.1.1 Facile access to pseudo-thio-1,2-dimannoside, a new glycomimetic DC-SIGN antagonist. 

Glycosidases hydrolysis constitutes a major problematic for compounds design for medicinal applications.  

Changing the glycosidic linkage of the glycomimetic may enhance its resistance towards enzymatic 

degradation. The following article by Tamburrini et al addresses this question by substituting the O-

glycosidic linkage by a S-bound in the PsDi glycomimetic, creating the thio-psDi (Fig.111).  

 
  

1 (psDi) 2 11 
 
Fig.111 psDi and thio-psDi structures. 
 

SPR competition assays were performed to investigate whether the S-linkage impacts the inhibition power 

of compounds 2 and 11 towards DC-SIGN interaction with the mannosylated surface.  

The IC50 values obtained (2 = 801,1 ± 13,79 µM; 11 = 782.13 ± 8,82 µM) showed that thio-psDi acts as a DC-

SIGN antagonist, with an affinity similar to PsDi. (714.7 ± 9,2 µM) 

 

The main outcome of these studies: 

Changing the glycosidic nature of the glycomimetic bound towards S-linkage does not affect the capacity of 

the compound to inhibit DC-SIGN interaction with the mannosylated surface. 

 

Contributions: 

All the compounds were designed and synthesized by the group of Pr. Anna Bernardi. 

My contribution to this study: 

I have prepared DC-SIGN required for the SPR experiments and performed all the described SPR assays, 

analysed data and participated to the preparation of the manuscript. 
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10.1.2 Additional data non-presented in the article: enzymatic assay 

The stability towards the hydrolysis by the α-Mannosidase enzyme from Canavalia ensiformis (jack-bean) 

was evaluated by 1H-NMR spectroscopy for psDi (Fig.112a) and compound 2 (Fig.112b). The assays were 

performed by Alice Tamburrini (laboratory of Anna Bennardi). 

 

 

 

Fig.112 thio-psDi enzymatic reaction. α-Mannosidase reaction on psDi and thio-psdi 

 

The psDi was hydrolysed after 1h30 of incubation with the α-Mannosidase, while for the thio-derivative no 

hydrolysis was observed even after one day of incubation. These preliminary assays proved the in vitro 

resistance towards glycosidases hydrolysis. 
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10.1.3 C and Si-Glycosides 

With a purpose similar to the synthesis of thio-glycomimetics, C-glycosides (sugars with the anomeric 

oxygen replaced by a carbon) were constructed to enhance the glycomimetic resistance towards 

glycosidase. Those compounds were assayed by SPR for their capability to inhibit DC-SIGN ECD binding to 

ManBSA . The design and the synthesis of these C-glycosides was conducted in the group of Prof. J. 

Moravcova. In addition, a Si-linkage was also designed and tested by SPR (Fig.113).  

 

ID-246-4 

α-D-Glc-C-(1→2)-D-Man 

 

ID-246-5 

α-D-Man-C-(1→2)-D-Man 

 

ID-246-11 

β-D-Glc-C-(1→2)-D-Man 

 

ID-246-12 

β-D-Man-C-(1→2)-D-Man 

 

JCH-423 

β-D-Man-Si-(1→1)-β-D-Man 

 

 

Fig.113 List of C-glycosides and Si-glycoside structures. 

 

The SPR competition assays revealed that the C- glycosides showed an inhibitory power comparable to the 

ones of the monosaccharide (D-mannose ≈ 2.5 mM) and of Manα1-2Man (≈ 1 mM), with a single positive 

exception for ID-246-11 that presented an IC50 of 885.2±1.1 µM (Fig.114). 
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a b 

Fig.114 ID-246-4 (yellow), ID-246-5 (blues) ID-246-11 (red), ID-246-12 (orange) and JCH-423 (green) 
competition assay against DC-SIGN a) inhibition curves and b) IC50 obtained for DC-SIGN inhibition assays 

 

The Si- glycoside solubilisation required the addition of 4% DMSO. The inhibitory power of this compound 

was comparable to the one of the natural disaccharide and monosaccharide.  

 

Globally, depending on the disaccharide used, we obtained different level of inhibition.  ID246-5 which is a 

C- Manα1-2Man, maintains the same affinity observed for the O-linked one. 
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10.2 Development of glycomimetics selective towards DC-SIGN: the “ammonium binding 

pocket” strategy 

 

The group of Sonsoles Martin‐Santamaria docked (Glide) thousands of drug‐like fragments (Maybridge 

library) on the DC-SIGN-psDi X-ray structure, maintaining psDi in its crystallographic pose. Virtual fragment 

screening identified several interesting moieties that could be used to modify the structure of psDi and 

would create favourable interactions with DC-SIGN binding region. Among them, they focused on the 

structure of fragments that interact favourably with the Phe313 region of the protein. This region, which is 

involved in the binding of several natural oligomannosides [63], [164] is close to the mannose 2-hydroxyl 

group in the DC-SIGN / psDi complex and could, in principle, be reached by psDi structures modified on that 

position, which is easily chemically accessible. Fig 115 shows the best candidates identified.  

 

Fig.115 Best candidates from computational screening. 

 

These candidates were characterized by the presence of an ammonium ion and an aromatic ring and they 

all interacted with an “ammonium binding pocket” delimited by Ser360, Phe313 and Glu358 in close 

proximity to the Calcium binding site. They enable cationπ interactions with Phe313, hydrogen bond with 

Ser360 and ionic interaction with Glu358 (Fig.116). In addition to that, the aromatic ring could form π‐πor 

cation π interactions with other residues in that area.  

 

 

Fig.116 The “ammonium binding pocket”. Ser360, Phe313 and Glu358 interactions with ammonium ion.  

On a synthetic point of view two combined strategies were investigated by the group of Anna Bernardi to 

reach the ammonium pocket:  
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- an amide bond formation with α-aminoacid derivatives (1) 

- a Copper(I)-catalyzed Alkyne Azide Cycloaddition (CuAAC) reaction with α-aminoalkyne 

derivatives (2) 

 

In both strategies, the 2-hydroxy group of mannose is replaced with a nitrogen atom, either an amine (1) or 

an azido group (2). For that purpose, psDi (target) was first modified into an intermediate (fig.117).  

 

Fig.117 Synthetic strategies. α-aminoacid derivative and α-aminoacid derivative strategies. 
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10.2.1 Ammonium binding pocket: amino derivatives 

The following figure 118 indicates the general structure of the amino derivative glycomimetics derived from 

psDi. 

 

Fig.118 Synthetic strategy and overall structure of amino derivatives 

 

Besides, computational studies have revealed that coupling an ammonium group to an aromatic ring should 

enhance targeting of DC-SIGN secondary binding sites. Different glycomimetics were then synthetized 

combining an NH3
+ group with different terminal aromatic rings (Fig.119).   
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Fig.119 Amino derivatives structures. 
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The obtained couples of diastereoisomers were tested as potential inhibitors of DC-SIGN interaction with a 

mannosylated surface. The IC50 values obtained from the SPR inhibition assays are gathered in figure 120. 

 
 
Fig.120 IC50 comparison of the amino derivatives (grey colour. The control psDi is in white). 

 
 
The addition of aromatic rings was not beneficial. Indeed, all the compounds tested bearing an aromatic or 

heteroaromatic fragment had an inhibition power towards DC-SIGN interaction with the mannosylated 

surface lower than that of psDi. Man061 and Man063NEW showed an extremely weak interaction with DC-

SIGN that prevented any possible IC50 calculation.  

These results suggest that the distance between the psDi scaffold and the ammonium ion pocket is 

probably not optimally covered by the α-aminoacid framework. 
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10.2.2 Ammonium binding pocket: triazole derivatives 

Better results were observed with the triazole derivatives, functionalized on the 2 hydroxyl of the mannose 

ring by CuAAC with propargylamine (Fig.121a). The first compound analysed was Man062 (Fig.121b).  

 

 

p
sD

i 

 
M

an
0

6
2

 

 

 
Fig.121 Triazole derivative strategy a) synthetic strategy and overall structure of triazole derivatives. b) psDi 
and Man062 structures . 

 

Man062 was tested in competition assay against DC-SIGN mannosylated surface interaction and revealed 

an interesting IC50 of 113.09 ± 11.99 µM, with one order of magnitude improvement over psDi. In figure 

122 are shown the inhibition curves and the IC50 comparison between the two glycomimetics. 

10 100 1000

0

50

100

%
 A

c
ti

v
it

y
 D

C
-S

IG
N

[Inhibitor]

 Man062

 PsDi

 

714,7

113,09

PsDi Man062
0

100

200

300

400

500

600

700

800

IC
5

0
 µ

M

 

a b 

Fig.122 Man062 competition assay a) Man062 (green) and psDi (black) inhibition curves against DC-SIGN interaction 
with a mannosylated surface b) Man062 and psDi IC50 obtained for DC-SIGN inhibition assay. 

 

Two Man062 derivatives, Man065, carrying a pyridine and Man064, Man062 corresponding alcohol, were 

synthetized and tested in competition assay against DC-SIGN report to Fig.123.  

 

a 

b 
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Fig.123 Man065 and Man064 structures. 

 

Man064 provided a 3-fold affinity improvement over psDi (IC50 of 339 ± 6.3 µM) and showed that H bonds 

can be made also with alcohol. The triazole Man065, enabled an IC50 of 145.4 ± 1.9 µM, corresponding to a 

major improvement of psDi (Fig.124).  This is a surprised finding since the pKa of the conjugate acid (the 

pyridinium cation) is 5.25 and at pH used for the assay (pH 8) the pyridine does not have H bond capability. 

One hypothesis is that the pyridine can interact with the Phe313 but not through π-π interactions. 
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Fig.124 Man062, Man065, Man064 and psDI IC50 comparison. 
 

The IC50 values obtained from the compounds analysed so far confirm the interactions predicted by the 

docking studies.  

Methyl groups, meant to stabilize the positive charge were added sequentially to the nitrogen of Man062. 

Three new methylated compounds were tested: Man066, Man067 and Man068 (Fig.125). 
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Fig.125 Man066-67-68 structures. 

 

Figure 126 presents the inhibition curves and the IC50 comparison between psDi, Man062 and the three 

corresponding methylated glycomimetics. The sequential addition of methyl groups led to a significant 

decrease of the affinity suggesting that the ammonium ion may act as a H-bonding donor towards Ser360 

and Glu358 residue. Additional experiments have to be performed to validate the hypothesis. 
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A B 

Fig.126 Man062 corresponding methylated glycomimetics inhibition assay. Man062 (green), psDi (black) 
and Man066 (light violet)-67 (violet)-68 (dark violet) a) inhibition curves against DC-SIGN and b) IC50 
histograms. 

 

To sum up, the “ammonium pocket” strategy proved to be a success. Functionalization in C-2 can improved 

affinity towards DC-SIGN and the best ligands were based on an ammonium group linked through a 

triazole. So far, the beneficial effects of an aromatic substituent have not been confirmed. 

The following figure 127 shows the overall IC50 of Man062 and its derivatives in competition assays against 

DC-SIGN interaction with a mannosylated surface, from the more effective to the less. The compound 

structures are represented below the graph.   
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Fig.127 List of triazole derivatives IC50 values and corresponding structures. 

 
Man062 (IC50 of 113.09 ± 11.99 µM) and Man065 (145.4 ± 1.9 µM) have the highest inhibitory power 

among all the tested compounds. Man62 was then chosen as lead compound to be implemented into 

Man069, which combines Man030 backbone structure (p-hydroxymethylenebenzylamide residues) and 

Man062 functionalization in position C-2. Man030 [163] presents an enhanced affinity towards DC-SIGN 

compared to psDi (psDi IC50 = 0.7 mM, Man030 IC50 = 0.3 mM). For this reason, Man069 was expected to be 

more effective than Man062, which is derived from psDi, in the inhibition of DC-SIGN interaction with the 

mannosylated surface. Man062-069 and 065 were also tested in competition assay against langerin to 

define whether they were selective towards DC-SIGN. Fig.128 indicates the structure of Man069.  
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Fig.128 Man069 structure. 

 

As expected, Man069 showed an increased inhibitory power (IC50 76.25± 3.25 µM) compared to Man062 

and Man065 (Fig.129a). Langerin competition assays revealed that all three inhibitors are selective towards 

DC-SIGN. Nevertheless, Man062 showed efficacy in inhibiting langerin interaction with the surface. Figure 

129b presents a comparison of inhibition curves of the three inhibitors against DC-SIGN (square) and 

langerin interaction with a mannosylated surface (round).  
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a b 

Fig.129 Man062 (green), Man065 (magenta) and Man089 (cyan) competition assay a) IC50 obtained for DC-
SIGN inhibition assays. b)) inhibition curves of DC-SIGN (square) and langerin interacting with mannosylated 
surface (round).  

 

In figure 130, examples of sensorgrams obtained for Man062-65 and 69 competition assays against DC-

SIGN and langerin interaction with a mannosylated surface are shown. 
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Fig.130 Examples of sensorgrams obtained for Man062-65 and 69 competition assays against DC-SIGN and 
langerin 

 

 

We further analysed the interaction properties of Man069 with DC-SIGN ECD by ITC. Man069 (2.5 mM) was 

titrated into a lectin solution (100 μM) (Figure 131). A one binding site model fitting of the data with an 
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assumed stoichiometry value fixed to 1 yielded a Kd of 52.08 ± 1.32 μM, which was in agreement with the 

apparent affinity determined by SPR competition assay (IC50 76.25± 3.25 µM). A titration with Man069 

alone was performed to remove the contribution of the dilution of the glycomimetic in the Kd 

determination. The experiment was repeated twice.  

 

  

Fig.131 Titrations of glycomimetic Man069 with 2.5 mM to DC-SIGN (100 μM). Upper panel shows the 
titration thermogram and lower panel, the data integration with fitted curves (1:1 binding model). Both 
panels contain also the result of Man069 titration alone (red arrow).  

 

 

Until now, the combination of the moderate affinity and the low molecular weight of these glycomimetics 

have precluded the evaluation of a KDapp by SPR in a direct interaction mode. However, both competition 

assay and ITC analysis have revealed an interaction in the medium-low µM range, there we decided to 

perform a Man069 titration assay on a DC-SIGN functionalized surface. The resulting KDapp from steady state 

fitting was found to be 52.7±2.7 μM (Figure 132), confirming the results previously obtained by SPR 

competition assay and ITC. 

 

To summarize: three different assays were performed to study the interaction of Man069 new 

glycomimetic with DC-SIGN. The competition assay revealed an interesting IC50 76.25± 3.25 µM and the 

assay performed with langerin showed a medium-high selectivity towards DC-SIGN. ITC analysis showed a 

1:1 interaction between the protein and the glycomimetic and a Kdapp of 52.08 ± 1.32 μM. Finally, SPR direct 
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interaction assay enable to study the direct interaction between Man069 and a DC-SIGN oriented surface. 

This final test gave a Kdapp of 52.7±2.7 μM.  
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Fig.132 Man069 sirect interaction assay a) sensorgram of Man069 titration of DC-SIGN surface and b) steady state 

fitting. 

 

Co-crystallisation trials of DC-SIGN CRD and Man069 were performed by Dr. Michel Thépaut to identify the 

precise interactions mode predicted by the computational studies. HTX crystallization platform (EMBL) was 

used to screen conditions of co-crystallisation with the hanging-drop vapor-diffusion method at 293 K. The 

drop was composed of a protein/reservoir ratio of 1:1 with protein concentred at 5.54 mg/mL in 150mM 

NaCl, 4mM CaCl2, 25mM Tris pH 8, 2% (V:V) DMSO buffer and 3.25 mM Man069. Among the crystallisation 

hits obtained, the condition F04 (200 mM Mg(NO3)2, 20 % PEG 3350) from the kit PEGs-Suite Qiagen was 

chosen for manual optimisation screening with four different buffers (MES pH 6, HEPES pH 7, TRIS pH 8 and 

Bicine pH 9), concentration of PEG 3350 (15 %-25%) and Mg(NO3)2 concentration (from 0.15 M to 0.2 M). 

Finally, the best crystals were obtained in the following condition: 20% PEG 3350, 200mM Mg(NO3)2, 

100mM MES pH 6.  

Interestingly, it has been observed that in control crystallisation experiments without ligand only a few hits  

were obtained, supporting the idea that the ligand itself plays a role in the crystallisation process.  

Crystals were directly flash frozen in liquid nitrogen using Paratone-N as cryoprotectant (Fig.133a). Data 

collection was performed at id30A-1 beamline (MASSIF-1), ESRF Grenoble, 3200 images (Fig.133b) were 

collected at 100°K, with an oscillation range of 0.05°, an exposure time of 0.039s per image, and a 

wavelength of 0.966Å. 
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a b 

Fig.133 a) One example of obtained crystal and b) diffraction pattern. 

 

XDS/XSCALE (version 20180126) programs where used to process data resulting in a P21 space group, with 

unit cell parameters (see table 13) and a data set of 65455 reflections between 40 and 2.1Å resolution with 

98.4% of completeness. Structure was solved by molecular replacement, using 1K9I DC-SIGN CRD structure 

and MOLREP (version 11.6.2) (Fig.134). 

 

  

a b 

Fig.134 a) Crystal packing and b) evidence for ligand presence.  

 

Model building was made alternating refinement with REFMAC (version 5.8.0218) and manual construction 

with COOT (version 0.8.9 EL) resulting in a final structure with the following parameters. (Table 14) 
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Table x: DC-SIGN CRD/Man069 complex data collection and structure 

refinement statistics 

Data collection statistics 

Wavelength (Å) 0.966 

Space group P21 

Unit cell parameters (Å) a=105.612, b=57.507, 

c=107.247 α=90, 

β=118.666, γ=90 

Resolution (Å) 94.1-2.1 (2.2-2.1) 

Unique reflections 65455 (8427) 

Completeness (%) 98.4 (97.9) 

I/σ (I) 8.47 (2.01) 

Rmerge
b (%) 9.9 (54.5) 

Structure refinement statistics 

Resolution (Å) 40-2.1 

Refinement factors 

Used reflections/free (%) 62185/3261 

Rcryst
c 0.1759 

Rfree
c 0.2336 

rmsd from ideality 

Bond angles (deg) 1.6610 

Bond lengths (Å) 0.0166 

Ramachandran plot (%) 

Most favoured regions 97.8 

Additional allowed regions 1.4 

Disallowed regions 0.8 

Average B-factors (Å2) 33.681 

 

Table 14 Parameters of the crystal structure. 

 

The solved structure revealed that Man069 ligand, in addition to its binding to the canonical binding site, is 

also involved in bridging interactions with another CRD within the crystal. This explains the fact that 

crystallisation seems dependent of the ligand presence. As observable in Figure 135, the crystal packing is 

enabled by two Man069 ligands bridging each CRD to the next one in a symmetrical way. Each Man069 

molecule interacts with one of the two CRDs via the Ca2+ binding site, and with the other CRD through an 
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insertion of one p-hydroxymethylenebenzylamide arm within the structure between a loop and helix-2. The 

two different binding modes have been analysed separately. 

 

Fig.135 Man069/DC-SIGN solved X-ray structure. Two Man069 ligands bridging each CRD to the next one in a 

symmetrical way. 

 

Binding mode in the canonical binding site:  

 

Fig.136 Man069 canonical binding site A) Man069 interacting with DC-SIGNR CRD with the canonical binding site. H 
bond are represented in yellow, interaction with Phe313 in green B) electrostatic surface 

 

We can observe that Man069 ligand binds similarly to the previously characterised psDi and Man030 

glycomimetics. Remarkably, the additional ammonium group, added on position C2 of mannose with an 

azide linker, reaches Ser360 and GLu358 by interactions initially expected from the computational docking. 

Van der Walls interactions can also occur with Phe313 (Fig136A). In Figure 136B, the CRD represented as 

electrostatic surface highlights the negative potential favouring the ammonium binding. 
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Non-canonical binding site: 

 

 

Fig.137 Man069 non-canonical binding site A) Overlay of 1K91 DC-SIGN CRD structure (orange) and DC-SIGN CRD co-
crystallised with Man069 (cyan) highlighting the kink of helix-2 due to the p-hydroxymethylenebenzylamide insertion 
B) The comparison between the two CRDs shows the cavity generated by Arg312 movement C) zoom on the cavity D) 
the p-hydroxymethylenebenzylamide interaction with Thr314. 

 

In Fig137A, the overlay of the backbone structures of DC-SIGN CRD (PDB 1K9I) with the CRD in our structure 

complexed to Man069 shows a good conservation of structural elements, with the exception of a kink of 

helix-2. This helix movement is due to the insertion into the structure of a p-hydroxymethylenebenzylamide 

arm between this helix and a facing loop (Fig137C), with a consequent movement of Arg312. In figure 137B 

is shown the cavity generated by the movement of Arg312 creating space for the p-

hydroxymethylenebenzylamide. In addition, Arg312 stabilises the ligand through H bond with one carbonyl 

group of the ligand and finally, Thr314 is also involved in the binding through an addition H bond 

(Fig.137D). 

 

 

 

 

Helix-2  
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11. Design of multivalent mannosylated ligands for CLR targeting 

 

This chapter is the result of a collaboration among three IMMUNOSHAPE groups: our group, the group of 

Prof. Yvette van Kooyk (VU University Medical Center, Amsterdam, The Netherlands) and the group of Prof. 

Jeroen Codee (Leiden Institute of Chemistry, Leiden, The Netherlands). The three groups possess expertise 

in biochemistry/biophysics, cell biology/immunology and carbohydrate chemistry, respectively.  

This project was the first step towards the design of a highly defined molecule for cancer vaccination, which 

is the final long-term objective of the IMMUNOSHAPE network. This molecule will be composed by CLR 

ligand for CLR targeting andimmune modulation, an antigenic peptide for specific T cell activation and a 

TLR-ligand for DC activation. 

Since the glycomimetics selective towards DC-SIGN developed by the group of Anna Bernardi have been 

optimised through several cycles and the ultimate ligand was finalised and characterised only at the late 

stage of my PhD, only classical glycans have been exploited in this study. Moreover, the context of this 

research project did not seek a differential response between DC-SIGN and langerin, as it was mentioned in 

chapter 8.3 for the design of HIV-1 inhibitors. Nevertheless, in the future, glycomimetics selective to DC-

SIGN could be exploited as well and compared to the data obtained here. 

For the sake of simplicity, the chapter will be divided into four different experimental sections, with a 

mention of the laboratory in charge of the different experiments. 

 

Context: 

CLRs expressed by APCs are attractive targets for their endocytic- and immune modulatory properties, as 

already mentioned in chapter 4.3, and receptors like DC-SIGN and langerin have been targeted using a vast 

range of mannosylated products (chapter 3.4). Multivalent presentation of the ligand is generally foreseen 

to increase the affinity towards the lectin. However, the overall affinity of a specific CLR will depend on the 

combination of several parameters: mannose saccharide composition, valency and presentation mode. 

Here, we explored different combinations of valency and saccharide epitopes on multivalent glycoclusters, 

to identify the most effective approaches to target DC-SIGN and langerin with the final goal to interfere 

with immunological processes in cancer and infectious diseases. 
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11.1 Carbohydrate synthesis (Leiden) 

 

We focused on DC-SIGN and langerin and their common high affinity ligand, high mannose (Man9). Man9 

has been “deconstructed” by Tim Hogervorst, a PhD student of Jeroen Codee group, into different 

mannose cluster groups from the monovalent mannose (A), three different dimannosides (B-C-D) and a 

branched trimannoside (E). Four different structurally well-defined peptide scaffolds with increasing 

valency (one, two, three and six) were synthesized and combined with the 5 different O-mannosides 

mentioned above yielding 20 compounds. In addition, one negative control loaded with galactose was 

synthesized to investigate unspecific binding of the backbone. The scaffolds containing alternating azido 

lysines were constructed using solid phase peptide synthesis using Fmoc protection. All five mannosides 

were equipped with a propargyl alcohol/ether spacer. Moreover, all constructs contained a primary amine 

that was functionalized with biotin for Enzyme-linked immunosorbent assay (ELISA) and FACS. (Fig.138). 

Figure 139 presents an overview of the 20 compounds. 

 

 

 
Fig.138 Cluster synthesis a) SPPS Fmoc automated synthesis, b) CuSO4, THPTA, NaAsc, DIPEA, c) i) Ac2O, 
pyridin.  
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Fig.139 20 mannosylated ligands  A) Structure of Man9, a high affinity ligand for DC-SIGN and Langerin. B) Schematic 
overview of the 20 mannosylated compounds of the library. Monomannose, dimannose, or trimannose were 
conjugated onto a peptide backbone in clusters of one, two, three, or six, and are coded accordingly.  R2 can be 
functionalized with biotin. 

 

11.2 ELISA assays (Amsterdam) 

 

ELISA assay was first performed in the laboratory of Prof. Yvette van Kooyk by the PhD student Eveline Li. 

Antibodies anti-Fc were used to coat the wells in order to achieve an oriented immobilization of DC-

SIGN/langerin Fc-CRDs [165] available in the laboratory of Prof. Yvette van Kooyk. Biotinylated glycoclusters 

were incubated at increasing equimolar (the total sum of mannose units is similar per condition) 
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concentration and the revelation of the interaction was performed by using Strep-HRP. Fig.140a shows the 

results obtained for DC-SIGN, Fig140b for langerin.   

 

ELISA DC-SIGN 

 

ELISA langerin 

Fig.140 ELISA results performed of DC-SIGN and langerin surface. Increasing concentration of glycoclusters was used. 

 

From this first experiment, the effect of the multivalency was detectable from 10 µM concentration of the 

glycoclusters and the assay was not considered sufficient to speculate about multivalency. Indeed, a better 

characterization of interaction with DC-SIGN and langerin was needed and SPR experiments were 

performed in our laboratory. 
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11.3 SPR Experiments (Grenoble) 

 

Competition assays (6.2.3) were first performed on the negative control and all the ligands from cluster 1 

(monovalent clusters) using DC-SIGN and langerin ECDs.  

The negative control (backbone of cluster 2 conjugated with galactose) was tested as potential competitor 

to evaluate whether the peptidic backbone would inhibit the interaction between DC-SIGN or langerin with 

the mannosylated surface. The inhibition was barely detectable, as shown by the inhibition curves in 

Fig141a, and indicate that the backbone had no, or very low, interactions with the two CLRs. All the 

monovalent clusters were then tested in a competition SPR assay against DC-SIGN and langerin (Fig141b). 

The amount of compounds sent by our collaborators solely allowed a starting concentration of 400 µM, 

which is far below the ideal one for SPR competition assays with monovalent ligands. As expected, the 

results obtained for mostly all compounds of cluster 1 in competition with DC-SIGN were comparable to the 

Gal cluster data.  For B1 (1-2Man2) it was possible to obtain an extrapolated IC50 of 2 mM, confirmed by 

data obtained by our group from previously experiments performed with the disaccharide alone (IC50 of 1-

1.5 mM). In addition, an extrapolated IC50 of 1.5 mM was also found for E1. 
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Fig.141 Inhibition curves of a) competition assay using Gal cluster 2 and b) competition assay using the five 
glycoclusters with a valency of 1. 

 

Depending on the quantities sent by our collaborators, we managed to test some of the clusters 2 and 3 

against DC-SIGN and/or langerin. A summary of the experience is shown in Table 15 
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 A B C E 

 DC lang DC lang DC lang DC lang 

2 NE 2400 ND 184 ND 1400 145 ND 

3 ND ND 102 ND ND 280,5 ND ND 

 
Table 15 Summary of the competition experiments with clusters 2 and 3 against DC-SIGN and langerin. ND = not 
determined, NE = not exploitable. The IC50 values are in µM. 

 

A lot of work still needs to be done on clusters 2 and 3. However, the low quantity of glycoclusters sent and 

the massive amount of DC-SIGN and langerin required to test all the conditions obliged us to concentrate 

on the hexavalent glycoclusters. Indeed, cluster 6, was expected to reach affinity in the range of low µM for 

which the previously described SPR inhibition assays are not appropriate. In fact, this approach can only 

correctly estimate the inhibitory power of compounds for which the interaction with the CLR is weaker 

than the CLR-surface interaction. DC-SIGN has an affinity (Kdapp) for the mannosylated surface of 5 µM and, 

therefore, inhibitions in the range of lower µM or nM would be underestimated. 

For this reason, interactions between these multivalent compounds and the CLRs were monitored in real-

time using direct interaction assays using a surface of oriented DC-SIGN or langerin. That was achieved by 

the functionalization of the surface with StrepTactin. N-terminally StrepTagII lectin ECD could then get 

immobilized onto the surface in an orientated way. This strategy guarantees that all CRDs were accessible 

to multivalent glycoclusters. Using this approach, we have been able to estimate the affinity and avidity of 

the different glycoclusters towards DC-SIGN and langerin. The curves of binding responses versus 

concentration were fitted using a steady state affinity model to obtain a Kdapp. 

A range of increasing concentrations of the various clusters 6 was applied to DC-SIGN and langerin surfaces 

and the highest concentration considered was 12.5 µM. Fig.142 shows an example of sensorgrams 

obtained from B6 interaction with DC-SIGN and langerin surfaces. For all the hexavalent glycoclusters (data 

not shown, see Annexes), we reasonably considered that the equilibrium of interactions with the CLR 

surfaces was reached and, therefore, that it was possible to use the steady state affinity equation for the 

calculation of Kdapp (Fig.143).  
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Fig.142 Sensorgrams obtained from B6 interaction with a) DC-SIGN and b (langerin). Concentration 3.125 µM was 
removed because of the presence of air bubbles in the sample. 
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Fig.143 Kdapp values obtained for cluster 6 interaction with DC-surface and langerin surface by using steady state 
fitting. Careful of kd for C6 for DC SIGN 

 

All clusters 6 interaction with DC-SIGN and langerin surfaces revealed Kdapp in the low µM range. A6 

(mannose) and D6 (1-6Man2) showed a weaker interaction with DC-SIGN compared to the other clusters. 

The most effective was cluster B6, proving once more that 1-2Man2 is the favorite ligand for DC-SIGN 

among the dimannobiosides. C6 proved also to be a good cluster with an average Kdapp of 1.177 ±0.253 µM. 

Finally, E6 which possesses features common to C6 and D6 (1-3,1-6Man3) showed a Kdapp of 2.785 ±0.015 
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µM, intermediate between the D6 and C6 values. For langerin, all the clusters showed a general good 

affinity and B6 was confirmed as best glycocluster. 

In conclusion, clusters 6 with hexavalent valency were considered promising glycoclusters for DC-SIGN and 

langerin targeting (Fig.144). They were included in biological assays at cellular level. 
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Fig.144 Comparison of the Kdapp values obtained for cluster 6 interaction with DC-SIGN and langerin surfaces. 

 

11.4 FACS Assays (Amsterdam) 

 

To measure the binding to cellular DC-SIGN and langerin and obtain preliminary biological results, Eveline Li 

stimulated with the biotinylated glycoclusters (at a concentration of 10 µM) a B-cell line, EBV OUW, 

transfected with langerin (Fig.145). Functionalization of the glycoclusters with biotin enabled the revelation 

by fluorescent streptavidin. The binding was measured by flow cytometry.  

 

  

a b 

Fig.145 Interaction between biotinylated glycoclusters at a concentration of 10 µM and EBV OUW cell 
lined a) non-transfected and b) transfected with langerin. 
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On Fig.145a, no fluorescence of non-transfected EBV OUW (negative control) was measured, as expected, 

while langerin transfected EBV OUW (Fig.145b) showed interaction with several glycoclusters. The assay 

revealed that the effect of multivalency is maintained at the cellular level. However, the assay will be 

repeated in order to obtain better statistics and similar experiments with EBV OUW transfected with DC-

SIGN are currently ongoing. 

 

Nevertheless, we need to keep in mind that these are very preliminary biological tests that have to be 

confirmed. Moreover, two other biological tests are presently running at the cellular level: 1) monocyte 

derived DCs / glycocluster interaction tests and 2) monocyte derived DCs incubation with glycoclusters in 

the presence of LPS to observe cytokine production and investigate the effects on immune reaction 

modulation.  
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Part IV. 

Conclusions and Perspectives 
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12.1 Remarks on the production of non-commercially available lectins  

 

Three ECD constructs have been produced: DC-SIGNR ECD, Dectin-2 Strep-ECD and Mincle His-ECD. The 

production of DC-SIGNR ECD was efficient without any major bottleneck and reasonable yields of 

purification were obtained (typically 10-15 mg from 1 L of cell culture). Dectin-2 Strep-ECD and Mincle His-

ECD yields of production were considerably lower. Nevertheless, the functionality of both proteins was 

confirmed. Dectin-2 Strep-ECD ligand specificity was further investigated and glycomimetics selective for 

this CLR were identified (8.2.2.1).  

Regarding the CRD constructs, a more extended panel of CLRs have been developed. DC-SIGNR His-CRD, 

BDCA2 His-CRD and LSECtin His-CRD were produced as functional proteins. MCL His-CRD was successfully 

purified, its secondary structure integrity was confirmed but the absence of any known ligand impaired the 

assessment of the functionality. Dectin-1 His-CRD and Dectin-2 His-CRD were non-functional, while Mincle 

His-CRD production led to aggregation.  

Finally, site-specific TETRALEC strategy was successfully exploited for DC-SIGNR His-CRD and MCL His-CRD, 

while random TETRALEC complexes were obtained for LSECtin His-CRD and BDCA2 His-CRD. 

DC-SIGNR ECD, DC-SIGNR His-CRD, DC-SIGNR-TETRALEC, Dectin-2 Strep-ECD and LSECtin His-CRD ligand 

investigation on glycan arrays and SPR experiment will lead to three different publications.   

Besides, many glycomimetics and glycoclusters synthetized by our chemist collaborators inside and outside 

the IMMUNOSHAPE network have been designed to target DC-SIGN and langerin. Therefore, I also 

intensively participated in the production of DC-SIGN and langerin ECDs in order to perform interaction 

studies. 

 

 

Regarding BDCA2, dectin-1, dectin-2 and MCL His-ECDs, for which production was not achieved during my 

PhD for a matter of time, they were however successfully expressed in BL21(DE3) strain, as shown by the 

SDS-PAGE in Fig.146. Further efforts will be made for their production in our team. 
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                                                  a                                                                   b 

Fig.146 BDCA2, dectin-1, MCL and dectin-2 His-ECD expressions. SDS-PAGE (12%) analysis of a) BDCA2 His-ECD 
(22.04 kDa) b)MCL (22.29 kDa), dectin-2 (21.02 kDa), dectin-1 (21.9 kDa) and DC-SIGNR His-ECDs (38.95 kDa) 
expression in BL21(DE3) cells. Sample before (-) and after (+) induction with 1 mM IPTG. The red arrows indicate 
the ECDs. 

 

Dectin-2 His-CRD construct was produced as non-functional. To investigate whether the initial choice we 

made when dectin-2 CRD construct was designed, we compared, using PyMOL software, our construct to 

the one that allowed dectin-2 CRD crystallisation (PDB entry 5VYB) [78].  

Our design was based on sequence alignments with other CLR CRDs previously successfully expressed or 

crystallised. At that time, dectin-2 CRD had not been crystallised. Our comparison revealed that the 

sequence we selected (Fig.147 in red) is missing a N-terminal β-sheet (Fig.147 in green) present and 

structured in the crystallised dectin-2 CRD. This additional structural element allowed to form β-sheet 

including a disulphide bridge, that may be crucial for proper folding. Dectin-2 secondary structure was 

analysed by CD and indeed revealed an improper folding.  

 

Fig.147 X-ray structure of dectin-2 (5VYB). In red, the amino acid sequence corresponding dectin-2 CRD construct that 
we designed, in green the additional N-terminal loop present in the crystallised CRD. Disulphide bridges are shown in 
yellow. 
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For this reason, dectin-2 CRD N-terminal sequence will be accordingly modified and the new construct will 

be expressed and purified again. Investigations will be also performed on Mincle CRD and a collaboration 

with Pr. Antonio Molinaro will be settled to study mincle and MCL proteins towards bacterial glycolipids 

[166]. 

Dectin-1 CRD functionality was refuted for its failure to bind to GAS, an interaction only established 

between the pathogen and murine Dectin-1 (data not published). Since human dectin-1 interacts with 

Candida albicans, new interaction assays will be performed in the laboratory of Pr. Bernd Lepenies on this 

pathogen [74], in line with the previous of mincle and MCL interaction. 

Finally, a screening method for a rapid optimization of the refolding conditions will have to be set up. 

Indeed, once overexpression is achieved, the refolding step is the tighter bottleneck of the production 

procedure, as shown in chapter 8.1, and for most of our proteins the refolding buffer could probably be 

optimised. Different buffers will be screened on the nanoDSF Nanotemper platform in our group, which is 

an advanced Differential Scanning Fluorimetry technology. It can detect changes in the fluorescence of 

tryptophans which is strongly dependent to the surroundings. These changings could reflect the chemical 

and thermal stability of the protein. The nanoDSF monitors the temperature at which a folded protein 

unfolds and calculate a melting temperature (Tm). Refolding will be attempted by rapid dilution of protein 

solubilised in GDN-HCl into different refolding buffer solutions, containing various salts and additives. 

Therefore, we may assume that the conditions giving the higher Tm would be the more favourable for 

refolding. [167] 

 

Lastly, we presented TETRALEC as a tool to enhance multimerisation at the protein level. Its Structural 

characterisation has been performed using SEC-MALS analysis to define the stoichiometry of the complex. 

The analysis seemed to support the formation of the 4:4 TETRALEC stoichiometry (4 NeutrAvidins : 4 DC-

SIGNR CRDs) but it did not give a definitive conclusion. The additional technique that could be exploited is 

native Mass Spectrometry (MS). MS performed under so-called "native conditions" can be used to 

determine the mass of biomolecules that associate non-covalently [168] and figure 145 presents the 

informations that native MS can provide. For this reason, a collaboration with the MS platform at the 

institute(http://www.isbg.fr/preparation-d-echantillons-controles-qualite/spectrometrie-de-

masse/?lang=fr) may be established to definitively assess the stoichiometry of the TETRALEC complex. 

In addition, in order to provide more information regarding Candida albicans recognition by DC-SIGNR, 

confocal microscopy will be used in collaboration with the group of Bernd Lepenies. Preliminary results 

obtained by Joao Monteiro showed that confocal experiments performed with DC-SIGNR CRD-Fc fusion 

protein reflects the results obtained by FACS analysis. The same approach will therefore be used with DC-

SIGNR CRD, ECD and TETRALEC. 
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12.2 Exploiting glycan/glycomimetic array screenings 

 

In the glycan microarray technique used throughout this work, glycans are attached onto a N-

hydroxysuccinimide NHS ester activated glass surface by the reactive primary amines at their reducing 

termini. Fluorescently labelled CLRs are incubated with the array and, after an accurate analysis, histograms 

are used to represent the median relative fluorescence intensity per glycan. 

134 synthetic N-glycans (mostly parasite and plant structures) available in Niels Reichardt laboratory were 

screened for the first time using a panel of human CLRs that we have produced. Some of the identified 

interactions were expected. For example, the established BDCA2 interaction with Galβ1-3/4GlcNAcβ1-

2Man [54] was confirmed by the glycan array analysis. Moreover, DC-SIGN and DC-SIGNR interactions with 

highly mannosylated glycans were as well avaited. 

However, three CLRs (DC-SIGN, DC-SIGNR and LSECtin) showed a context-depend selectivity towards 

positional isomer glycans (Fig.148). Despite having the same glycan composition of the antennae, CLR show 

a selectivity dependency to the relative position of the antennae, highlighting that CLR recognition is 

sensitive to the context of glycan presentation. These findings can open the door to further improvement 

on selectivity of the identified epitopes. NMR studies will be conducted to investigate this selectivity 

rationale from a structural point of view.  

 

Fig.148 The six asymmetric glycans (GL-126-127-128-129-130-131) and the two non-branched corresponding glycans 
(GL59-63) considered in publication 8.2.1.1 

 

In addition to the 134 N-glycans, 40 glycomimetics synthetized by the group of Anna Bernardi were also 

printed on the above-mentioned slides and screened for their interaction with our human CLRs. Two main 

outcomes resulted from this study. 

 

1) DC-SIGN and DC-SIGNR screening of glycan array was followed by a biophysical characterisation of 

the interaction of three glycomimetics by SPR. The SPR results obtained confirmed the tendency 

observed in the glycomimetic array. Moreover, this was the first time that pseudo-mannobioside 

based glycomimetics were tested in competition assay against DC-SIGNR and these structures may 

be further elaborated for the development of glycomimetics directed towards DC-SIGNR. 
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2) For the first time, glycomimetic ligands able to interact with dectin-2 were identified. In addition, 

some of them were shown to selectively interact with dectin-2 (Fig.149), opening the possibility of 

an unprecedented selectivity between the two CLRs towards glycomimetic compounds that may be 

related to the different nature of their two binding sites. To investigate these findings, neo 

glycoproteins decorated with those glycomimetics will be synthetised by Blanka Didak and will be 

tested by SPR direct interaction assays on dectin-2 and DC-SIGN surfaces.  

 

 

Fig.149 Structure of mannose based glycomimetics that recognise dectin-2 and not DC-SIGN. 
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12.3 Enhancement and development of new glycomimetics specific to DC-SIGN  

 

Two approaches have been successfully exploited to develop a third generation of glycomimetics stable 

and selective towards DC-SIGN. 

The first approach explored the substitution of the oxygen involved in the glycosidic bond, into sulphur in 

order to obtain a glycomimetic with increased stability to enzymatic hydrolysis. SPR competition assay 

revealed that S-linkage does not affect the capacity of the compound to inhibit DC-SIGN interaction with 

the mannosylated surface and the results are presented in publication 8.3.1.1. In addition, assay with α-

Mannosidase proved the in vitro resistance of S-linkage glycomimetic towards glycosidases. 

In parallel, C-glycosides and one Si-glycoside were synthetized and SPR competition assay results suggested 

that changing the O-glycosidic nature of the disaccharidic bond does not affect the glycomimetic inhibition 

power. The following Figure 150 allows a comparison of the Manα1-2Man compounds derived designed to 

enhance stability against glycosidases. 
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Fig.150 Structures and IC50 comparison of a) glycomimetics b) glycosides designed to enhance stability against 
glycosidases. PsDi and Manα1-2Man are used as controls.  

 

In the future, glycosidases hydrolysis test will have to be performed on ID246-5 and on the other C-

glycosides and Si-glycoside developed, in order to identify the most resistant compound. 
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The second approach combined three different expertise: molecular docking, organic chemistry and 

biophysical/structural characterisation. Docking studies allowed the identification of fragments suitable for 

the modification of the mannose 2-hydroxyl group of psDi to create favourable interactions with the 

Phe313 region of DC-SIGN that was shown to be involved in the binding of natural oligomannosides. These 

fragments shared the presence of an ammonium ion that could enable cation-π interactions with Phe313, 

hydrogen bond with Ser360 and ionic interaction with Glu358. 

Two synthetic strategies were developed and the 2-hydroxyl group of mannose was replaced by a nitrogen 

atom. The first strategy produced α-amino acid derivatives compounds. However, the SPR results 

suggested that the distance between the psDi scaffold and the ammonium ion pocket was not optimally 

covered by the α-amino framework. Therefore, the approach was abandoned.  

The second approach consisted in triazole derivatives synthesis. One of those compound, Man062 

(Fig.151a) was tested in competition assay against DC-SIGN mannosylated surface interaction and revealed 

an interesting IC50 of 113.09 ± 11.99 µM (Fig.151b). Seeking higher selectivity towards DC-SIGN, Man62 was 

then implemented into Man069 (Fig.151a), which combines Man030 backbone structure and Man062 

modification in position C-2. Figure 148 presents Man062-069 structures, the IC50 values and the inhibition 

curves of inhibition assays performed with DC-SIGN (square) and langerin (circle). 
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Fig.151 Man62 (light grey) and Man069 (dark grey) competition assays. a) Structures of the glycomimetics b) IC50 
obtained from the competition assay with DC-SIGN and c) Inhibition curves from competition assays with DC-SIGN and 
langerin. 

 

Finally, Man069 was successfully co-crystallised with DC-SIGN CRD. The X-ray structure perfectly confirmed 

the three interactions postulated by the docking studies. In addition, the ligand:protein stoichiometry was 

unexpectedly showed to be 2:2. In fact, one Man069 molecule interacts with Phe313, Ser360 and with 

Glu358, while a second Man069 is interacting with Arg312 of the same CRD. In order to understand if this 
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2:2 stoichiometry is an artefact of the crystallisation process and assess whether it reflect the actual 

binding mode with one Man069 ligand able to bridge two CRDs also in solution, AUC experiments will be 

performed using both DC-SIGN CRD and ECD. The ITC experiments that have already been performed with 

the tetrameric ECD revealed a 1:1 stoichiometry of the interaction. However, if two molecules of Man069 

are actually bridging two ECDs the final stoichiometry would still appear as 1:1 because the ITC technique 

measured the heat released after binding of Man069 to DC-SIGN. AUC technique will discriminate species 

in solution and reveale the corresponding masses. If two proteins are bridged by two Man069, the mass 

would correspond to a dimer. 

 

Moreover, Man069 proved to be a valid candidate to be loaded onto multivalent scaffold.   

 

Finally, another triazole derivative was synthetized, namely Man065, which contained a pyridine. SPR 

competition assay against DC-SIGN revealed an IC50 of 145.4 ± 1.9 µM. We suppose that pyridine can only 

interact with the Phe313, since at the pH 8 used the pyridine cannot make any H bond. A future control will 

be performed replacing the pyridine by a simple aromatic cycle. Finally, co-crystallisation assay of Man065 

in complex with DC-SIGN CRD will be performed. 
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12.4 Study of mannose clusters targeting CLRs as a future tool to trigger anticancer 

immune response 

 

The final goal of this project is the design of a highly defined molecule using CLR ligand to target APCs for 

various applications, including cancer vaccination. In this context, the multivalent presentation of the 

glycan is crucial and it is important to study how it will influence interaction with the CLR. We focused on 

DC-SIGN and Langerin and the common high affinity ligand for both, high mannose (Man9). Man9 has been 

deconstructed into Man1, Man2 (in 3 different conformations) and Man3. These ligands where loaded onto 

different however well defined peptidic backbones, with different multivalency. The rationale is to 

understand the relationship between multivalency and/or mannoside structures.  

In this case, the purpose was not to differentially target DC-SIGN and langerin it could be the case for HIV-1 

inhibition strategies (chapter 8.3 and 9.3). Here, these two CLRs can be both exploited to target APCs in the 

context, for example, of melanoma cancer, since both lectins are found in epidermal tissue. Nevertheless, 

glycomimetics developed by the group on Anna Bernardi that showed an improved affinity/selectivity 

towards for DC-SIGN compared to the natural glycans could also be considered in the future.  

A Kdapp value between 0.9 and 7 μM was obtained for all of the hexavalent clusters in interaction with DC-

SIGN and langerin surfaces, showing the importance of multivalency. Compared to the ELISA assays 

performed by the group of Yvette van Kooyk that could only anticipate a “vague” interaction enhancement 

triggered by multivalency our SPR characterisation was able to precisely characterise this gain. In addition, 

preliminary biological tests seem to indicate that in cellulo the same tendencies as observed with the SPR 

data are reproduced. Further analysis are ongoing. 

 

Of course, since the final molecule will also possess, in addition to a CLR ligand, a TLR ligand and an 

antigenic peptide, new SPR tests will have to verify that CLR targeting will be maintained.  
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12.5 Final conclusions 

 

The aim of the IMMUNOSHAPE network is to develop lead structures for highly selective glycan based 

multivalent immunotherapeutics. This ambitious goal requires a high-level expertise in different fields. 

Being both at the origin of the CLR production and handling the SPR technique that has been intensely used 

in the network, I had the chance to occupy a central position and participated to many projects.  

 

1. I have achieved the production of several human CLRs and effectively tested them using a panel of 

glycan/glycomimetic arrays as screening technology. These screening allowed the identification of 

interesting and, in some cases, unexpected ligand/CLR interactions that will be further analysed. 

 

2. I successfully characterised through biophysical techniques the interactions of glycomimetics 

designed to selectively bind one specific CLR. Besides, the crystal structure obtained between DC-

SIGN and its ultimate optimised ligand corroborated all our computational-based speculations and 

constituted a very pleasant achievement to this long optimisation.  

 

3. I studied multivalency both at the ligand and protein level: 

 

- Multivalent scaffolds were individuated as potential candidates for APC targeting in the 

context of cancer vaccination; 

- Artificial tetrameric proteins termed TETRALEC were developed and 

structural/functional characterisations were performed. Moreover, I had the possibility 

during this study to identify a new CLR/pathogen interaction. 

 

In conclusion, interesting potential candidates have been identified and will be explored in the future to 

address the long-term goal of this multidisciplinary network: to tailor the immune system response. 
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Annexes Chapter 9 
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Supporting Information Paper.2 

Chemoenzymatic Synthesis of N‑glycan Positional Isomers and 
Evidence for Branch Selective Binding by Monoclonal Antibodies 
and Human C‑type Lectin Receptors  

 
Begoña Echeverria, Sonia Serna, Silvia Achilli, Corinne Vivès, Julie Pham, Michel Thépaut, Cornelis H. Hokke, 
Franck Fieschi, Niels-Christian Reichardt 

 

 

Chemical Synthesis 

Materials. Chemicals were purchased from Sigma-Aldrich or Acros Organics and were used without further 

purification. All organic solvents were dried over activated 4 Å or 3 Å molecular sieves. Thin layer 

chromatography was carried out using Merck aluminum sheets silica gel 60 F254 and visualized by UV 

irradiation (254 nm) or by staining with vanillin solution. Uridine 5′-diphosphogalactose disodium salt (UDP-

Gal), uridine 5’-diphospho-2-acetamido-2-deoxy-α-D-galactosamine disodium salt (UDP-GalNAc) and 

guanosine 5′-diphospho-β-L-fucose sodium salt (GDP-Fuc) were purchased from Carbosynth. All aqueous 

solutions were prepared from nanopure water produced with a Diamond UV water purification system 

(Branstead International).  

Enzyme expression. pET30a-GalT1 (bovine milk β-1,4-galactosyltransferase) plasmid was kindly provided by 

Dr. Peter Both from Manchester University. Plasmid was transformed into E.coli BL21 StarTM(DE3) One 

Shot® strain from InvitrogenTM and GalT1 enzyme expressed under IPTG induction as previously described.4 

pET30a-GalT1 plasmid was used as template to generate double mutant (DM) GalT1 (C342T&Y289L 

mutant)5 with QuikChange Site-Directed Mutagenesis kit (Agilent Technologies, CA, USA) according to 

manufacturer instructions. In vitro folding of GalT1 and GalT1 DM from inclusion bodies was achieved 

following the procedure described by Boeggeman et al.6 The synthetic gene coding for optimized CeFUT6 

sequence lacking the transmembrane domain was assembled by Genscript (Piscataway, NJ, USA) and 

subcloned in pPICZalphaB vector from Invitrogen. pPICZalphaB-CeFUT6 vector was linearized with SacI, 

subsequently transformed into Pichia pastoris X-33 by electroporation. Protein expression and purification 

was performed as previously described.7 

Instrumentation. Microwave irradiation was performed on Biotage Initiator monomode oven, (Biotage AB). 

Hydrogenation reactions were performed in continuous-flow hydrogenation reactor H-Cube from 

ThalesNano Nanotechnology Inc. Purifications of compounds were performed on: SampliQ high 

performance graphitized carbon cartridges (1 mL) from Agilent Technologies, C18 Sep-Pak Cartridges (1 mL) 

from Waters (Milford), flash chromatography using Merck 62 Å 230−400 mesh silica gel or on a Biotage SP4 

                                                           
4 Beloqui, A.; Calvo, J.; Serna, S.; Yan, S.; Wilson, I. B. H.; Martin-Lomas, M.; Reichardt, N. C. Angew. 
Chemie - Int. Ed. 2013, 52, 7477–7481. 
5 Ramakrishnan B.; Qasba P. K. J. Biol. Chem., 2002, 277, 20833–20839. 
6 Boeggeman, E. E.; Ramakrishnan, B.; Qasba, P. K. Protein Expr. Purif. 2003, 30, 219-229. 
7 Yan, S.; Serna, S.; Reichardt, N.-C.; Paschinger, K.; Wilson, I. B. H. J. Biol. Chem., 2013, 288, 
21015–21028. 
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automated flash chromatography system, (Biotage AB) employing prepacked silica cartridges. All aqueous 

solutions were prepared from nanopure water produced with a Diamond UV water purification system 

(Branstead International). Pooled glycan containing fractions were lyophilized on an ALPHA-2-4 LSC freeze-

dryer from Christ. All organic solvents were concentrated using rotary evaporation. NMR spectra were 

acquired on a Bruker 500 MHz spectrometer. Chemical shifts were reported in ppm (δ) and referenced to 

the residual signal of the solvent used (MeOD 4.87 ppm; CDCl3 7.26 ppm; D2O 4.79 ppm). Splitting patterns 

are designated as s, singlet; d, doublet; t, triplet; m, multiplet. Coupling constants (J) are reported in Hz. 

High-resolution mass spectra were acquired on a Waters LCT Premier XE instrument, (Waters) equipped 

with a standard ESI source by direct injection. The instrument was operated with a capillary voltage of 1.0 

kV and a cone voltage of 200 V. Cone and desolvation gas flow were set to 50 and 600 L/h, respectively; 

source and desolvation temperatures were 100 °C. MALDI-TOF mass analyses were performed on an 

Ultraflextreme III time-of-flight mass spectrometer equipped with a pulsed N2 laser (337 nm) and controlled 

by FlexControl 3.3 software (Bruker Daltonics). 

HPLC methods:  

Compound mixtures obtained after enzymatic elongation were separated by preparative HPLC on a Waters 

preparative HPLC including a Waters 600 Controller equipped with Waters In-line Degasser AF, Waters 

2998 Photodiode Array Detector and Waters Fraction Collector III. Tetrabenzylated derivatives were 

separated on a Phenomenex Gemini RP C18 10x250mm column with 5 µm particle size while the 

pentabenzylated compounds were separated on a Waters XBridge C18 10x100mm column with 5 µm 

particle size. The samples were eluted with a flow rate of 4 mL/min, using a volume of injection of 200 µL 

and a maximum concentration 20 mg/mL of glycan in H2O: ACN 8:2. 

For purifications one of the following gradients specified in individual experimental protocols was 

employed 

Gradient A: mobile phase (A) Ammonium formate 20 mM / (B) Acetonitrile; gradient: 0-7 at min 65% A, 7-

15 min to 60% A, 15-17 at 60% A, 17-18 min to 20% A and 18-21 min at 20% A.  

Gradient B: mobile phase (A) 0.1% formic acid in water / (B) Acetonitrile; gradient: 0 min at 75% A, 0-1 min 

to 70% A, 1-15 min at 70% A, 15-30 min to 65% A, 30-35 min to 20% and 35-40 min at 20% A.  

Gradient C: mobile phase (A) Ammonium formate 20 mM / (B) Acetonitrile; gradient: 0 min at 70% A, 0-1 

min to 65% A, 1-5 min at 65% A, 5-14 min to 40% A, 14-15 min at 40% A, 15-17 min to 20% and 17-20 min 

at 20%.  

Gradient D: eluents (A) Ammonium formate 20 mM / (B) Acetonitrile; gradient: 0 min at 70% A, 0-1 min to 

65% A, 1-5 min at 65% A, 5-14 min to 60% A, 14-15 min at 60% A, 15-17 min to 20% A and 17-20 min 20% A.  

Gradient E: eluents (A) Ammonium formate 20 mM / (B) Acetonitrile; gradient:0 min at 70% A, 0-6 min to 

65% A, 6-16 min at 65% A, 16-18 min to 20% A and 18-20 min 20% A. 

 

5-Azidopentyl 3,4,6-tri-O-acetyl-2-deoxy-2-phtalamido-β-D-glucopyranosyl-(12)-O-(3,4,6-tri-O-acetyl-α-

D-mannopyranosyl)-(13)-2-O-acetyl-4,6-O-benzylidene-β-D-mannopyranosyl-(14)-O-3,6-di-O-benzyl-

2-deoxy-2-phthalimido-β-D-gucopyranosyl-(14)-O-3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-
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gucopyranoside 5. A solution of 38 (160 mg, 0.117 mmol) and 49 (126 mg, 0.141 mmol, 1.2eq) in dry CH2Cl2 

with molecular sieves was stirred at room temperature for 1h. To this mixture, TMSOTf (3 µL, 0.017 mmol, 

15 %) was added and stirred until TLC showed complete conversion of the starting material (1 h). The 

reaction was quenched by adding triethylamine (20 µL), filtered through a plug of Celite® and the filtrate 

was concentrated. The crude was purified by flash chromatography obtaining 5 (185 mg, 76%). Rf 0.13 

(hexane:EtOAc 1:1); -10.5 (c=0.5. CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.92 – 7.61 (m, 12H, Ar), 7.54 

(t, J = 7.6 Hz, 2H, Ar), 7.45 – 7.36 (m, 4H, Ar), 7.36 – 7.22 (m, 8H, Ar), 6.97 (m, J = 17.1, 5.1, 2.3 Hz, 7H, Ar), 

6.83 – 6.74 (m, 3H, Ar), 5.49 – 5.42 (m, 2H, H-3E, CHPh), 5.24 (d, J = 7.9 Hz, 1H, H-1B), 5.19 (d, J = 3.4 Hz, 1H, 

H-2C), 5.02 (t, J = 10.1 Hz, 1H, H-4D), 4.97 (t, J = 9.7 Hz, 1H, H-4E), 4.94 – 4.91 (m, 2H, H-1D, H-1A), 4.91 – 

4.83 (m, 3H, H-1E, H-3D, CH2 Bn), 4.81 (d, J = 12.4 Hz, 1H, CH2 Bn), 4.65 (d, J = 12.0 Hz, 1H, CH2 Bn), 4.53 (s, 

1H, H-1C), 4.51 (d, J = 12.8 Hz, 1H, CH2 Bn), 4.47 (s, 2H, 2x CH2 Bn), 4.37 (d, J = 12.1 Hz, 1H, CH2 Bn), 4.34 (d, 

J = 12.1 Hz, 1H, CH2 Bn), 4.28 – 4.05 (m, 8H, H-2E, H-2A, H-2B, H-6C, H3A, H-3B, H-4A, H-4B), 4.01 (dd, J = 

3.1, 1.8 Hz, 1H, H-2D), 3.95 (dd, J = 12.4, 3.6 Hz, 1H, H-6aE), 3.83 (dt, J = 10.0, 3.7 Hz, 1H, H-5D), 3.77 – 3.62 

(m, 6H, H-6bE, H-6aD, H-6bD, H-4C, H-6aB, CH2O), 3.57 (m, J = 9.6, 8.3, 3.1 Hz, 2H, H-3C, H-6bB), 3.54 – 3.45 

(m, 2H, H-6bC, H-6aA), 3.39 (dd, J = 11.0, 3.8 Hz, 1H, H-6bA), 3.33 – 3.27 (m, 1H, H-5A), 3.27 – 3.21 (m, 1H, 

CH2O), 3.20 – 3.15 (m, 1H, H-5B), 3.01 (td, J = 9.7, 4.9 Hz, 1H, H-5C), 2.91 – 2.79 (m, 2H, CH2N3), 2.14 (s, 3H, 

CH3 Ac), 2.13 – 2.09 (m, 1H, H-5E), 2.04 (s, 3H, CH3 Ac), 2.03 (s, 3H, CH3 Ac), 1.99 (s, 3H, CH3 Ac), 1.97 (s, 3H, 

CH3 Ac), 1.87 (s, 3H, CH3 Ac), 1.85 (s, 3H, CH3 Ac), 1.42 – 1.22 (m, 4H, CH2), 1.13 – 0.98 (m, 2H, CH2). 13C 

NMR(CDCl3, 126 MHz): δ (ppm) 170.6, 170.6, 170.5, 170.2, 170.1, 169.5, 169.2, 168.6, 168.5, 168.0, 167.9, 

167.7, 167.6, 138.8, 138.7, 138.4, 137.9, 137.4, 134.3, 134.1, 133.9, 133.7, 131.8, 131.7, 131.5, 130.2, 

129.0, 128.8, 128.6, 128.3, 128.1, 128.1, 127.9, 127.7, 127.6, 127.3, 127.0, 123.7, 123.7, 123.3, 123.2, 

102.4, 98.5, 98.2, 98.0, 97.2, 95.8, 78.8, 78.2, 76.5, 76.1, 75.3, 74.6, 74.5, 74.5, 74.3, 73.5, 72.9, 72.8, 71.1, 

70.6, 70.5, 69.4, 68.9, 68.6, 68.4, 68.3, 67.5, 66.1, 65.5, 62.9, 61.1, 56.6, 55.8, 54.1, 51.1, 28.7, 28.3, 23.1, 

20.8, 20.7, 20.6, 20.5. HRMS (ESI): m/z calcd C108H112N6NaO36: 2091.7010 [M+Na]+, found 2091.7109. 

5-azidopentyl 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl-(12)-3,4,6-tri-O-acetyl-α-D-

mannopyranosyl-(13)2-O-acetyl-β-D-mannopyranosyl-(14)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-

D-glucopyranosyl-(14)-3,6-di-O-benzyl-2-deoxy-2-phthalimido- β-D-glucopyranoside 6. To a solution of 

5 (185 mg, 0.089 mmol) in CH2Cl2 (1 mL) at 0°C, ethanethiol (33 µL, 0.445 mmol, 5 eq) and boron trifluoride 

diethyl etherate (2 µL, 0.018 mmol 20%) were added. After 2h at room temperature, triethylamine was 

added. The mixture was concentrated and purified by flash chromatography (hexane: EtOAc, 3:1) obtaining 

the title compound 6 (140 mg, 79%). Rf 0.1 (hexane:EtOAc 1:2);  +0.9 (c= 0.5, CHCl3); 1H NMR (500 

MHz, CDCl3) δ 7.95 – 7.47 (m, 12H, Ar), 7.34 – 7.20 (m, 9H, Ar), 7.20 – 7.11 (m, 1H, Ar), 7.03 – 6.92 (m, 7H, 

Ar), 6.81 – 6.70 (m, 3H, Ar), 5.72 (dd, J = 10.8, 9.0 Hz, 1H, H-3E), 5.35 (d, J = 8.5 Hz, 1H, H-1E), 5.23 (d, J = 7.9 

Hz, 1H, H-1B), 5.17 – 5.10 (m, 3H, H-2C, H-4D, H-4E), 4.94 (d, J = 2.0 Hz, 1H, H-1D), 4.91 (d, J = 7.3 Hz, 1H, H-

1A), 4.89 – 4.82 (m, 3H, H-3D, 2x CH2 Bn), 4.59 (d, J = 12.1 Hz, 1H, CH2 Bn), 4.53 (s, 1H, H-1C), 4.52 – 4.44 

(m, 3H, 3x CH2 Bn), 4.42 – 4.35 (m, 3H, H-2E, CH2 Bn), 4.28 (dd, J = 12.3, 4.8 Hz, 1H, H-6aE), 4.26 – 4.03 (m, 

8H, H-2B, H-2A, H-3A, H-3B, H-4A, H-4B, H-2D, H-6bE), 3.86 – 3.71 (m, 5H, H-6aD, H-6bD, H-4C, H-5D, H-5E), 

3.71 – 3.58 (m, 3H, CH2O, H6aB, H6aC ), 3.58 – 3.48 (m, 3H, H6bC, H6bB, H6aA), 3.39 (dd, J = 11.1, 3.8 Hz, 

1H, H-6bA), 3.33 (dd, J = 9.4, 3.5 Hz, 1H, H-3C), 3.29 (dd, J = 9.1, 2.0 Hz, 1H, H-5A), 3.27 – 3.21 (m, 1H, 

CH2O), 3.18 (d, J = 9.8 Hz, 1H, H-5B), 2.98 (dt, J = 8.8, 4.2 Hz, 1H, H-5C), 2.92 – 2.81 (m, 2H, CH2N3), 2.80 (s, 

1H, OH), 2.10 (s, 6H, 2x CH3 Ac), 2.02 (s, 3H, CH3 Ac), 2.01 (s, 3H, CH3 Ac), 2.00 (s, 3H, CH3 Ac), 1.97 (s, 3H, 

CH3 Ac), 1.84 (s, 3H, CH3 Ac), 1.41 – 1.25 (m, 4H, CH2), 1.10 – 1.00 (m, 2H, CH2). 13C NMR(CDCl3, 126 MHz): δ 

                                                           
8 Serna S., Kardak B., Reichardt N., Martin-Lomas M., Tetrahedron Asymmetry, 2009, 20, 851-856 
9 Unverzagt, C.; Eller, S.; Mezzato, S.; Schuberth, R. Chem. Eur. J. 2007, 14, 1304-1311. 
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(ppm) 170.9, 170.7, 170.7, 170.2, 170.1, 169.5, 169.5, 168.5, 168.1, 168.0, 168.0, 167.9, 167.7, 138.7, 138.6, 

138.4, 137.8, 134.4, 134.2, 134.0, 133.7, 131.8, 131.4, 128.7, 128.3, 128.3, 128.2, 128.1, 128.1, 127.9, 

127.5, 127.4, 127.3, 126.9, 123.8, 123.7, 123.2, 123.2, 98.4, 98.1, 97.7, 97.2, 97.2, 77.6, 76.6, 76.1, 75.2, 

74.7, 74.6, 74.5, 74.5, 74.4, 73.3, 72.8, 72.0, 70.7, 70.5, 69.9, 69.0, 69.0, 68.9, 68.6, 68.3, 67.3, 65.5, 62.5, 

62.2, 62.0, 56.5, 55.8, 54.4, 51.1, 28.7, 28.3, 23.1, 20.9, 20.9, 20.8, 20.7, 20.6, 20.5. HRMS (ESI): m/z: calcd 

C95H107N5NaO36: 2003.6697 [M+Na]+, found 2003.6598. 

5-azidopentyl 3,4,6-tri-O-acetyl-2-deoxy-2phthalimido-β-D-glucopyranosyl-(12)-3,4,6-tri-O-acetyl-α-D-

mannopyranosyl)-(13)-[3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl-(12)-3,4,6-tri-

O-acetyl-α-D-mannopyranosyl-(16)]-2-O-acetyl-β-D-mannopyranosyl-(14)-3,6-di-O-benzyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl-(14)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-glucopyranoside 7. A 

solution of 6 (140 mg, 0.071 mmol) and 42 (80 mg, 0.092 mmol, 1.3 eq) in dry CH2Cl2 (14 mL) with molecular 

sieves was stirred at room temperature for 1h. The mixture was cooled down to -40°C, TMSOTf (2 µL, 15%) 

was added and stirred at this temperature until TLC showed complete conversion of the starting material (1 

h). The reaction was quenched by adding triethylamine (5 µL), filtered through a plug of Celite® and the 

filtrate was concentrated. The crude was purified by flash chromatography and preparative plate obtaining 

7 (100 mg, 52%). Rf 0.28 (hexane:acetone 1:1); +2.7 (c=0.5, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.92 

– 7.53 (m, 16H, Ar), 7.29 – 7.21 (m, 8H, Ar), 7.19 – 7.11 (m, 2H, Ar), 7.01 – 6.90 (m, 4H, Ar), 6.88 – 6.77 (m, 

3H, Ar), 6.77 – 6.70 (m, 3H, Ar), 5.70 (dd, J = 10.8, 9.1 Hz, 1H, H-3E), 5.66 (dd, J = 10.9, 9.2 Hz, 1H, H-3E’), 

5.41 (d, J = 8.5 Hz, 1H, H-1E), 5.26 – 5.05 (m, 7H, H1E’, H-1B, H4D, H-4D’, H-3E, H-3E’, H-2C), 4.96 (dd, J = 

10.1, 3.3 Hz, 1H, H-3D’), 4.93 – 4.79 (m, 4H, H-1A, H-1D, H-3D, CH2 Bn), 4.73 (d, J = 12.5 Hz, 1H, CH2 Bn), 

4.61 (d, J = 12.1 Hz, 1H, CH2 Bn), 4.54 (s, 1H, H-1C), 4.50 – 4.25 (m, 10H, 5x CH2 Bn, H-1D’, H-2E, H-2E’, H-

6aE, H-2D), 4.24 – 4.01 (m, 9H, H6aE’, H-6bE, H2D’, H3A, H-3B, H-4A, H-4B, H-2A, H-2B), 3.91 – 3.56 (m, 

12H, H-6bE’, H-6aD, H-6bD, H-6aD’, H-6bD’, H-5E, H-5D, H-5D’, H-4C, H-6aC, H-6aB, CH2O), 3.55 – 3.41 (m, 

3H, H-6bB, H-6aA, H-5E’), 3.40 – 3.19 (m, 5H, H-6bA, CH2O, H-5A, H-6bC H-3C), 3.17 (dt, J = 9.9, 2.3 Hz, 1H, 

H-5B), 3.12 – 3.00 (m, 1H, H-5C), 2.92 – 2.76 (m, 2H, CH2N3), 2.11 (s, 3H, CH3 Ac), 2.07 (s, 3H, CH3 Ac), 2.02 

(s, 3H, CH3 Ac), 2.02 (s, 3H, CH3 Ac), 2.01 (s, 3H, CH3 Ac), 1.98 (s, 15H, 3xCH3 Ac), 1.93 (s, 3H, CH3 Ac), 1.84 (s, 

6H, 2xCH3 Ac), 1.39 – 1.25 (m, 4H, 2xCH2), 1.10 – 0.99 (m, 2H, CH2). 13C NMR(CDCl3, 126 MHz): δ (ppm) 

171.0, 170.8, 170.8, 170.7, 170.4, 170.3, 170.2, 169.5, 169.4, 168.3, 167.6, 138.8, 138.7, 138.4, 138.0, 

134.5, 134.1, 133.8, 133.7, 131.8, 131.7, 131.5, 131.4, 129.1, 128.7, 128.3, 128.2, 128.2, 128.1, 128.0, 

127.9, 127.5, 127.3, 127.0, 123.7, 123.6, 123.2, 99.0, 98.1, 97.9, 97.3, 97.2, 97.1, 78.2, 78.0, 77.0, 76.7, 75.9, 

74.6, 74.5, 74.5, 74.4, 73.3, 72.8, 71.8, 71.7, 70.7, 70.7, 70.4, 70.0, 69.4, 69.1, 68.9, 68.5, 68.2, 68.2, 67.3, 

65.7, 65.4, 62.5, 62.4, 61.8, 61.6, 56.6, 55.8, 54.5, 51.2, 28.7, 28.3, 23.1, 20.9, 20.9, 20.8, 20.7, 20.7, 20.5. 

HRMS (ESI): m/z: calcd C133H143N7O53Na: 2708.8602 [M+Na]+, found 2708.8569. 

5-azidopentyl 2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-

(13)-[2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(16)]-β-D-

mannopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranosyl-(14)-2-acetamido-

3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 1. A solution of 7 (32 mg, 11.91 µmol) in n-butanol: ethylene 

diamine (4:1, 500 µL) was heated at 120°C (3x30 minutes) under microwave irradiation. The mixture was 

concentrated, co-evaporated with toluene and ethanol and dried under high vacuum overnight. The crude 

was dissolved in pyridine (1 mL), cooled to 0°C and Ac2O (0.5 mL) and DMAP (1 mg) were added. After 

overnight reaction at room temperature, the mixture was concentrated and purified by column 

chromatography in EtOAc:MeOH 95:5, obtaining  the crude peracetylated compound. The peracetylated 
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compound is dissolved in MeOH (2 mL) and 0.5M NaOMe in MeOH was added (50 µL). After 4 h under 

reflux, the mixture was cooled down to room temperature and Amberlite® IR120(H) was added until neutral 

pH. The resulting solution was filtrated and concentrated to dryness obtaining 1 (17.81 mg, 85%). 1H NMR 

(500 MHz, MeOD) δ 7.43 – 7.12 (m, 20H, Ph), 5.07 (s, 1H, H-1D), 5.00 (t, J = 12.2 Hz, 2H, CH2 Bn), 4.79 (d, J = 

1.8 Hz, 1H, H1D’), 4.75 (d, J = 12.1 Hz, 1H, CH2 Bn), 4.71 – 4.54 (m, 5H, 3x CH2 Bn, H-1C, H-1B), 4.50 – 4.41 

(m, 3H, 2x CH2 Bn, H-1E), 4.39 (d, J = 8.0 Hz, 1H, H-1A), 4.31 (d, J = 8.3 Hz, 1H, H-1E’), 4.11 (d, J = 3.2 Hz, 1H, 

H-2C), 4.08 (dd, J = 3.2, 1.7 Hz, 1H, H-2D), 4.03 – 3.95 (m, 2H, H-4B, H-4A), 3.93 – 3.53 (m, 27H, H-6aC, H-

6bC, H-6aA, H-6bA, H-2A, H-2B, H-4C, H-6aD, H-6bD, H-6aD’, H-6bD’, H-6aE, H-6bE, H-6aE’, H-6bE’, H-6aB, 

H-6bB, CH2O, H-3D, H-3D’, H-5D, H-2D’, H-3B, H-3A, H-5D’, H-2E, H-2E’), 3.52 – 3.40 (m, 7H, H-4D, H-4D’, H-

3E, H-3E’, H-5A, H-3C, CH2O), 3.37 – 3.30 (m, 3H, H-4E, H-4E’, H-5B), 3.29 – 3.22 (m, 3H, H-5E, CH2N3), 3.19 – 

3.13 (m, 2H, H-5C, H-5E’), 1.99 (s, 3H, CH3 Ac), 1.98 (s, 3H, CH3 Ac), 1.85 (s, 3H, CH3 Ac), 1.83 (s, 3H, CH3 Ac), 

1.62 – 1.52 (m, 4H, CH2), 1.47 – 1.37 (m, 2H, CH2). 13C NMR from HSQC experiment (126MHz, MeOD) δ 

127.92, 127.85, 127.7, 127.3, 126.8, 101.2 (C-1A), 100.5 (C-1E’), 100.23 (C-1E), 100.15 (C-1B), 100.1 (C-1C), 

99.7 (C-1D), 97.3 (C-1D’), 81.5, 81.0, 80.4, 77.6, 77.1, 76.7, 76.20, 76.15, 75.8, 75.6, 75.0, 74.9, 73.92, 73.86, 

73.85, 73.8, 73.2, 72.94, 72.88, 70.5, 70.27, 70.27, 70.2, 68.9, 68.1, 67.9, 65.9, 65.8, 62.0, 61.8, 61.2, 61.1, 

55.84, 55.82, 55.7, 54.6, 51.1, 28.5, 23.0, 21.9, 21.6, 21.5. HRMS (MALDI): m/z: calcd C83H117N7O36Na: 

1810.7432 [M+Na]+, found 1810.7581. 

 

β-1,4-galactosylation of 1: A solution (1.65 mL) of 1 (6.09 mg, 3.41 µmol), uridine 5’-diphospho-α-D-

galactose disodium salt UDP-Gal 20 (179 µL, 3.58 µmol, 1.05 eq), bovine serum albumin BSA (1 mg), bovine 

milk β-1,4-galactosyltransferase (100 mU), MnCl2 (2 mM) and Hepes buffer (50mM, pH=7.4) was incubated 

at 37°C overnight. The resulting mixture was heated at 95°C for 5 min to precipitate the enzyme. After 

centrifugation, the supernatant was purified by semipreparative HPLC (C18 10x250 mm 5 µm, ammonium 

formate 20 mM:ACN gradient A) and the collected fractions were evaporated and freeze-dried obtaining 

1.53 mg (0.726 µmol, 21%) of compound 10, 1.20 mg (0.613 µmol, 18%) of compound 9, 1.55 mg (0.793 

µmol, 23%) of compound 8 and 1.35 mg (0.754 µmol, 22%) of compound 1. 

 5-azidopentyl β-D-galactopyranosyl-(14)-2-acetamido-2-deoxy-β-D-

glucopyranosyl-(12)-α-D-mannopyranosyl)-(13)-[2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-

D-mannopyranosyl-(16)]-β-D-mannopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-

glucopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 8. After β-1,4-

galactosylation of 1 (6.09 mg, 3.41 µmol) and HPLC purification of the crude using gradient A, 8 (1.55 mg, 

0.793 µmol, 23%) was obtained. 1H NMR (500 MHz, MeOD) δ 7.63 – 7.02 (m, 20H, Ar), 5.07 (s, 1H, H-1D), 

5.00 (t, J = 12.1 Hz, 2H, 2xCH2 Bn), 4.79 (d, J = 1.7 Hz, 1H, H-1D’), 4.75 (d, J = 12.1 Hz, 1H, CH2 Bn), 4.71 – 

4.53 (m, 5H, 3xCH2 Bn, H-1B, H-1C), 4.50 – 4.33 (m, 5H, 2xCH2 Bn, H-1E, H-1A, H-1F), 4.30 (d, J = 8.3 Hz, 1H, 

H-1E’), 4.11 (d, J = 3.2 Hz, 1H, H-2C), 4.08 (dd, J = 3.4, 1.7 Hz, 1H, H-2D), 4.03 – 3.94 (m, 2H, H-4A, H-4B), 

3.94 – 3.37 (m, 40H), 3.20 – 3.11 (m, 2H, H-5C, H-5E’), 1.99 (s, 3H, CH3 Ac), 1.98 (s, 3H, CH3 Ac), 1.85 (s, 3H, 

CH3 Ac), 1.83 (s, 3H, CH3 Ac), 1.62 – 1.52 (m, 4H, 2xCH2 linker), 1.47 – 1.37 (m, 2H, CH2 linker). 13C NMR 

(from HSQC experiment 126MHz, MeOD) δ 128.0, 127.9, 127.72, 127.70, 127.3, 127.3, 126.7, 103.7, 101.3, 

100.4, 100.1, 100.0, 99.6, 97.3, 81.6, 81.0, 80.4, 79.4, 77.7, 77.0, 76.3, 75.9, 75.8, 75.7, 75.4, 75.0, 74.8, 

73.93, 73.89, 73.79, 73.76, 73.5, 73.2, 73.1, 72.9, 72.2, 71.2, 70.32, 70.26, 70.20, 70.18, 68.8, 68.4, 68.2, 

68.1, 65.8, 65.7, 62.2, 61.9, 61.5, 61.1, 60.3, 55.9, 55.2, 54.6, 51.1, 28.5, 23.0, 21.9, 21.8. HRMS (MALDI): 

m/z: calcd C89H127N7O41Na: 1972.7960 [M+Na] +, found 1972.8055. 
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 5-azidopentyl β-D-galactopyranosyl-(14)-2-acetamido-2-deoxy-β-D-

glucopyranosyl-(12)-α-D-mannopyranosyl)-(16)-[2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-

D-mannopyranosyl-(13)]-β-D-mannopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-

glucopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 9. After β-1,4-

galactosylation of 1 (6.09 mg, 3.41 µmol) and HPLC purification of the crude using gradient A, 9 (1.20 mg, 

0.613 µmol, 18%) was obtained.  1H NMR (500 MHz, MeOD) δ 9.00 – 8.69 (m, 20H, Ar), 6.63 (d, J = 1.7 Hz, 

1H, H-1D), 6.56 (t, J = 12.2 Hz, 2H, 2xCH2 Bn), 6.30 (d, J = 12.1 Hz, 1H, CH2 Bn), 6.26 – 6.10 (m, 5H, 2xCH2 Bn, 

H-1D’, H-1B, H-1C), 6.06 – 5.91 (m, 5H, 2xCH2 Bn, H-1E, H-1A, H-1F’), 5.89 (d, J = 8.1 Hz, 1H, H-1E’), 5.67 (d, J 

= 3.1 Hz, 1H, H-2C), 5.64 (dd, J = 3.2, 1.7 Hz, 1H, H-1D), 5.59 – 5.50 (m, 2H, H-4B, H-4A), 5.50 – 4.96 (m, 

41H), 4.76 – 4.68 (m, 1H, H-5C), 3.54 (d, J = 1.4 Hz, 6H, 2xAc), 3.39 (d, J = 5.4 Hz, 6H, 2xAc), 3.12 (m,  4H, 

2xCH2 linker), 2.98 (q, J = 7.6, 7.2 Hz, 2H, CH2 linker). 13C NMR (from HSQC experiment 126MHz, MeOD) δ  

128.0, 127.9, 127.83, 127.75, 127.3, 126.7, 103.7, 101.2, 100.3, 100.12, 100.10, 99.7, 97.1, 81.6, 80.9, 80.5, 

79.1, 77.3, 77.1, 76.6, 76.5, 75.73, 75.69, 75.4, 75.0, 74.9, 73.91, 73.90, 73.89, 73.8, 73.5, 73.2, 72.9, 72.9, 

72.1, 71.3, 70.7, 70.3, 70.21, 70.18, 68.8, 68.5, 68.3, 68.2, 67.8 , 65.9, 65.6, 55.8, 55.7, 55.3, 54.6, 51.1, 28.5, 

23.0, 22.0, 21.8. HRMS (MALDI): m/z: calcd C89H127N7O41Na: 1972.7960 [M+Na] +, found 1972.7864. 

5-azidopentyl β-D-galactopyranosyl-(14)-2-acetamido-2-deoxy-β-D-

glucopyranosyl-(12)-α-D-mannopyranosyl-(13)-[β-D-galactopyranosyl-(14)-2-acetamido-2-deoxy-

β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(16)]-β-D-mannopyranosyl-(14)-2-acetamido-3,6-

di-O-benzyl-2-deoxy-β-D-glucopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-

glucopyranoside 10. After β-1,4-galactosylation of 1 (6.09 mg, 3.41 µmol) and HPLC purification of the 

crude using gradient A, 10 (1.53 mg, 0.725 µmol, 21%) was obtained. 1H NMR (500 MHz, D2O) δ 7.70 – 7.13 

(m, 20H), 5.10 (s, 1H), 4.92 (d, J = 12.2 Hz, 1H), 4.85 (d, J = 12.3 Hz, 1H), 4.69 (t, J = 12.2 Hz, 2H), 4.64 – 4.58 

(m, 2H), 4.57 – 4.52 (m, 2H), 4.50 – 4.39 (m, 5H), 4.37 (d, J = 11.7 Hz, 1H), 4.24 (d, J = 7.7 Hz, 1H), 4.20 (d, J = 

3.2 Hz, 1H), 4.08 (d, J = 3.1 Hz, 1H), 4.02 – 3.90 (m, 5H), 3.90 – 3.48 (m, 36H), 3.45 (t, J = 9.5 Hz, 1H), 3.39 – 

3.33 (m, 1H), 3.29 (t, J = 6.9 Hz, 3H), 3.19 – 3.10 (m, 1H), 2.05 (s, 3H), 2.03 (s, 3H), 1.78 (s, 3H), 1.78 (s, 3H), 

1.61 – 1.50 (m, 4H), 1.40 – 1.31 (m, 3H). 13C NMR (from HSQC experiment 126MHz, MeOD) δ 128.8, 128.7, 

128.5, 128.2, 102.8, 100.8, 100.1, 99.6, 99.5, 99.4, 96.4, 80.9, 80.3, 80.1, 78.5, 78.0, 76.8, 76.5, 76.3, 75.3, 

74.7, 74.3, 74.2, 73.9, 73.84, 73.76, 73.7, 73.3, 73.04, 72.98, 72.6, 72.5, 71.8, 70.7, 70.3, 70.1, 69.7, 68.6, 

68.2, 68.1, 67.9, 67.32, 67.27, 65.4, 65.3, 65.3, 61.5, 61.5, 61.0, 59.9, 59.6, 54.9, 54.8, 54.8, 54.6, 51.1, 27.9, 

22.4, 22.3, 22.1. HRMS (MALDI): m/z: calcd C95H137N7O46Na: 2134.8488 [M+Na] +, found 2134.8472. 

 

β-1,4-galactosylation of 2: A solution (0.5 mL) of 2 (2.13 mg, 1.19 µmol), uridine 5’-diphospho-α-D-

galactose disodium salt UDP-Gal 20 mM (72 µL, 1.44 µmol, 1.21 eq), bovine serum albumin BSA (1 mg), 

bovine milk β-1,4-galactosyltransferase(100 mU), MnCl2 (2 mM) and Hepes buffer (50 mM, pH=7.4) was 

incubated at 37°C for 24h. The resulting mixture was heated at 95 °C for 5 min to precipitate the enzyme. 

After centrifugation, the supernatant was purified by HPLC (C18 10x100 mm, ACN: H2O 0.1% formic acid, 

gradient B) and the collected fractions were evaporated and freeze-dried obtaining 720 μg (0.327 µmol, 
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27%) of 13, 0.302 mg (0.148 µmol, 12%) of 12,0.496 mg (0.243 µmol, 20%) of 11 and 0.0508 mg (0.0268 

µmol, 2.3%) of compound 2 

5-azidopentyl [(β-D-galactopyranosyl-(14)-2-amino-2-deoxy-β-D-glucopyranosyl-

(12)-α-D-mannopyranosyl) -(16) ]-[2-amino-2-deoxy-β-D-glucopyranosyl-(12)-α-D-

mannopyranosyl-(13)]-2-benzyl-β-D-mannopyranosyl-(14)-2-amino-3,6-di-O-benzyl-2-deoxy-β-D-

glucopyranosyl-(14)-2-amino-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 11. After β-1,4-

galactosylation of 2 (2.13 mg, 1.19 µmol) and HPLC purification of the crude using gradient B, 11 (496 μg, 

0.243 µmol, 20%) was obtained. 1H NMR (500 MHz, MeOD) δ 7.42 – 7.11 (m, 25H, Ar), 5.19 (d, J = 1.9 Hz, 

1H, H-1D), 5.06 – 4.97 (m, 2H, 2xCH2 Bn), 4.73 (s, 1H, H-1C), 4.71 (d, J = 1.5 Hz, 1H, H-1D), 4.67 – 4.53 (m, 

5H, m, 5H, 4xCH2 Bn, H-1B), 4.44 (m, 3H, 2xCH2 Bn, H-1E), 4.39 (d, J = 8.2 Hz, 1H, H-1A), 4.36 (d, J = 7.6 Hz, 

1H, H-1F), 4.18 (d, J = 8.3 Hz, 1H, H-E’), 4.11 (dd, J = 3.3, 1.7 Hz, 1H, H-2D), 4.05 – 3.95 (m, 4H, H-4B, H-4A, 

H-4C, H-2C), 3.95 – 3.88 (m, 3H, H-6Ca, H-6Ea, H-6Da), 3.88 – 3.43 (m, 36H), 3.42 – 3.33 (m, 3H, H-4E’, H-

3E’, H-5E ), 3.26 (t, J = 6.8 Hz, 2H, CH2N3), 3.22 – 3.14 (m, 2H, H-5B, H-5C), 3.06 – 3.00 (m, 1H, H-5E’), 2.00 (s, 

3H, CH3 Ac), 1.98 (s, 3H, CH3 Ac), 1.83 (bs, 6H, 2xCH3 Ac), 1.63 – 1.52 (m, 4H, 2xCH2 linker), 1.48 – 1.38 (m, 

2H, CH2 linker). 13C NMR (from HSQC experiment 126MHz, MeOD) δ: 129.0, 128.8, 128.5, 128.2, 128.0, 

104.8(C-1F), 102.4(C-1A), 101.8(C-1E’), 101.5(C-1C), 101.3(C-1B), 101.1(C-1E’), 100.3(C-1D), 98.5(C-1D’), 

81.9, 81.4, 80.5, 79.9, 78.9, 78.0, 77.7, 77.3, 76.8, 76.7, 76.3, 76.2, 76.1, 75.8, 75.4, 75.3, 75.0, 74.9, 74.6, 

74.1, 73.9, 73.3, 72.4, 71.4, 71.2, 70.2, 69.9, 69.7, 69.3, 68.7, 68.3, 67.0, 63.1, 62.8, 62.2, 61.9, 61.5, 56.9, 

56.2, 55.6, 52.2, 29.7, 29.4, 24.2, 23.1, 22.9. HRMS (MALDI): m/z: calcd C96H133N7NaO41: 2062.8430 [M+Na] 

+, found 2062.8416. 

5-azidopentyl [(2-amino-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl) -

(16) ]-[ (β-D-galactopyranosyl-(14)-2-amino-2-deoxy-β-D-glucopyranosyl-(12)-α-D-

mannopyranosyl)-(13)]-2-benzyl-β-D-mannopyranosyl-(14)-2-amino-3,6-di-O-benzyl-2-deoxy-β-D-

glucopyranosyl-(14)-2-amino-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 12. After β-1,4-

galactosylation of 2 (2.13 mg, 1.19 µmol) and HPLC purification of the crude using gradient B, 12 (302 μg, 

0.148 µmol, 12%) was obtained. 1H NMR (500 MHz, MeOD) δ 7.48 – 7.01 (m, 25H, Ar), 5.18 (d, J = 1.9 Hz, 

1H, H-1D), 5.01 (t, J = 12.7 Hz, 2H, 2x CH2 Bn), 4.74 (bs, 1H, H-1C), 4.72 (bs, 1H, H-1D), 4.67 – 4.52 (m, 5H, 4x 

CH2 Bn, H-1B), 4.46 – 4.41 (m, 3H, 2xCH2 Bn, H-1E), 4.39 (d, J = 8.2 Hz, 1H, H-1A ), 4.36 (d, J = 7.7 Hz, 1H, H-

1F’), 4.20 (d, J = 8.2 Hz, 1H, H-1E’), 4.11 (dd, J = 3.4, 1.7 Hz, 1H, H-2D), 4.05 – 3.88 (m, 6H, H-4B, H-4A, H-4C, 

H-2C, H-6Ca, H-6Da), 3.88 – 3.41 (m, 38H), 3.28 – 3.22 (m, 3H, H-4E, CH2N3), 3.21 – 3.15 (m, 2H, H-5B, H-5C), 

3.15 – 3.09 (m, 1H, H-5E’), 2.00 (s, 3H, CH3 Ac), 1.98 (s, 3H, CH3 Ac), 1.83 (s, 3H, CH3 Ac), 1.82 (s, 3H, CH3 Ac), 

1.63 – 1.53 (m, 4H, 2xCH2 linker), 1.48 – 1.38 (m, 2H, CH2 linker). 13C NMR (from HSQC experiment 126MHz, 

MeOD) δ: 129.0, 128.8, 128.7,128.6, 128.2, 104.7 (C-1F’), 102.2(C-1A), 101.5(C-1C, C-1E’), 101.3 (C-1E), 

101.2(C-1B), 100.5 (C-1D), 98.3(C-1D’), 81.5, 81.9, 80.1, 79.7, 78.8, 78.1, 77.9, 77.7, 76.8, 76.7, 76.1, 76.1, 

76.0, 75.7, 75.3, 75.2, 75.0, 74.9, 74.7, 74.4, 74.0, 73.9, 72.2, 71.6, 71.5, 71.3,70.2, 70.1, 69.5, 69.3, 68.8, 

68.2, 67.0, 63.2, 62.9, 62.4, 62.4, 61.0, 57.0, 56.5, 56.3, 55.7, 52.2, 29.9, 29.6, 24.4, 23.1, 22.9. HRMS 

(MALDI): m/z: calcd C96H133N7NaO41: 2062.843 [M+Na] +, found 2062.8367. 
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5-azidopentyl [(β-D-galactopyranosyl-(14)-2-amino-2-deoxy-β-D-glucopyranosyl-

(12)-α-D-mannopyranosyl)-(16)]-[2-amino-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-

(13)]-2-benzyl-β-D-mannopyranosyl-(14)-2-amino-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranosyl-

(14)-2-amino-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 13. After β-1,4-galactosylation of 2 (2.13 

mg, 1.19 µmol) and HPLC purification of the crude using gradient B, 13 (720 μg, 0.327 µmol, 27%) was 

obtained. 1H NMR (500 MHz, MeOD) δ 7.43 – 7.09 (m, 25H, Ar), 5.19 (s, 1H, H-1D), 5.01 (t, J = 13.0 Hz, 2H, 

2xCH2 Bn), 4.73 (s, 1H, H-1C), 4.71 (s, 1H, H-1D’), 4.67 – 4.52 (m, 5H, 4xCH2 Bn, H-1B), 4.48 – 4.41 (m, 3H, 

2xCH2 Bn, H-1E), 4.41 – 4.34 (m, 3H, H-1A, H-1F, H-1F’), 4.20 (d, J = 8.3 Hz, 1H, H-E’), 4.14 – 4.08 (m, 1H, H-

2D), 4.05 – 3.88 (m, 7H, H-4A, H-4B, H-2D’, H-2C), 3.88 – 3.43 (m, 44H), 3.39 (s, 1H, H-5E), 3.26 (t, J = 6.8 Hz, 

2H, CH2N3), 3.21 – 3.15 (m, 2H, H-5B, H-5C), 3.15 – 3.09 (m, 1H, H-5E’), 1.99 (s, 3H, CH3 Ac), 1.98 (s, 3H, CH3 

Ac), 1.83 (s, 3H, CH3 Ac), 1.82 (s, 3H, CH3 Ac), 1.63 – 1.52 (m, 4H, 2xCH2 linker), 1.48 – 1.38 (m, 2H, CH2 

linker). 13C NMR (from HSQC experiment 126MHz, MeOD) δ: 129.1, 128.7, 128.5, 128.5, 128.1, 128.1, 

104.7(C-1F, C-1F’), 102.3(C-1A), 101.4(C-1C, C-1E’), 101.2(C-1B), 101.0(C-1E), 100.3(C-1D’), 98.2, 81.8, 81.7, 

79.9, 79.8,78.7, 78.0, 77.7, 76.8, 76.7, 76.3, 76.0, 76.0, 75.7, 75.3,75.0, 74.9, 74.1, 73.9, 73.2, 72.3, 71.2, 

70.1, 70.0, 69.8, 69.3, 68.8, 68.2, 67.0, 63.0, 62.8, 62.4, 62.2,61.4, 61.1, 56.4, 56.1, 56.1, 55.7, 29.6, 29.5, 

24.1, 23.0, 22.8. HRMS (MALDI): m/z: calcd C102H143N7NaO46: 2224.8958 [M+Na] +, found 2224.8909. 

β-1,4-galactosamination of 1: A solution (1 mL) of 1 (5.77 mg, 3.22 µmol), uridine 5’-diphospho-2-

acetamido-2-deoxy-α-D-galactosamine disodium salt UDP-GalNAc 20mM (178 µL, 3.22 µmol, 1.1 eq), 

double mutant β-1,4-galactosyltranferase (400 µL),  MnCl2 (10 mM) in Hepes buffer (50mM, pH=7.4) was 

incubated at 37°C for 44h. The resulting mixture was heated at 95°C for 5 min to precipitate the enzyme. 

After centrifugation the supernatant was purified by semi-preparative HPLC (ACN:H2O, C18 10x250 mm, 

5µm, gradient C). The fractions were concentrated and freeze-dried, obtaining 1.89 mg (0.861 µmol, 26%) 

of compound 16, 1.67 mg (0.837 µmol, 26 %) of compound 15, 1.48 mg (0.742 µmol, 23%) of compound 14 

and 1.118 mg (0.625 µmol, 19%) of compound 1 

 

5-azidopentyl 2-acetamido-2-deoxy-β-D-galactopyranosyl-(14)-2-acetamido-2-

deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-

glucopyranosyl-(12)-α-D-mannopyranosyl-(16)]-β-D-mannopyranosyl-(14)-2-acetamido-3,6-di-O-

benzyl-2-deoxy-β-D-glucopyranosyl-(14)- 2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 

14. After β-1,4-galactosamination of 1 (5.77 mg, 3.22 µmol) and HPLC purification of the crude using 

gradient C, 14 (1.48 mg, 0.742 µmol, 23%) was obtained. 1H NMR (500 MHz, MeOD) δ 7.43 – 7.14 (m, 20H, 

Ph), 5.07 (s, 1H, H-1D), 5.04 – 4.96 (m, 2H, 2x CH2 Bn), 4.79 (d, J = 1.8 Hz, 1H, H-1D’), 4.74 (d, J = 12.1 Hz, 1H, 

CH2 Bn), 4.70 – 4.55 (m, 5H, 3x CH2 Bn, H-1B, H-1C), 4.50 – 4.37 (m, 5H, 2x CH2 Bn, H-1F, H-1E, H-1A), 4.31 

(d, J = 8.3 Hz, 1H, H-1E’), 4.10 (d, J = 3.1 Hz, 1H, H-2C), 4.07 (dd, J = 3.4, 1.7 Hz, 1H, H-2D), 4.02 – 3.94 (m, 

3H, H-2F, H-4B, H-4A), 3.93 – 3.41 (m, 40H), 3.25 (t, J = 6.8 Hz, 2H, CH2N3), 3.19 – 3.12 (m, 2H, H-5C, H-5E’), 

2.01 (s, 3H, CH3 Ac), 1.99 (s, 3H, CH3 Ac), 1.97 (s, 3H, CH3 Ac), 1.85 (s, 3H, CH3 Ac), 1.83 (s, 3H, CH3 Ac), 1.61 – 

1.53 (m, 4H, 2xCH2), 1.47 – 1.37 (m, 2H, CH2). 13C NMR from HSQC experiment (126 MHz, MeOD) δ 127.8, 

127.70, 127.65, 127.3, 126.7, 102.1 (C-1F), 101.1 (C-1A), 100.6, 100.1, 100.0, 99.4 (C-1D), 97.3 (C-1D’), 81.6, 

80.9, 80.4, 80.0, 77.65, 76.9, 76.34, 76.0, 75.9, 75.8, 75.3, 75.1, 75.0, 74.8, 73.85, 73.82, 73.81, 73.79, 73.7, 

73.3, 72.90, 72.89, 71.5, 70.3, 70.1, 68.9, 68.4, 68.3, 68.2, 68.0, 65.9, 65.8, 62.1, 61.4, 60.74, 60.66, 60.3, 
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55.9, 55.8, 54.8, 54.6, 52.9 (C-2F), 51.1, 28.5, 23.1, 21.94, 21.86, 21.72. HRMS (MALDI): m/z: calcd 

C91H130N8O41Na: 2013.8226 [M+Na] +, found 2013.8300. 

5-azidopentyl 2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-

mannopyranosyl-(13)- [2-acetamido-2-deoxy-β-D-galactopyranosyl-(14)-2-acetamido-2-deoxy-β-D-

glucopyranosyl-(12)-α-D-mannopyranosyl-(16)]-β-D-mannopyranosyl-(14)-2-acetamido-3,6-di-O-

benzyl-2-deoxy-β-D-glucopyranosyl-(14)- 2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 

15. After β-1,4-galactosamination of 1 (5.77 mg, 3.22 µmol) and HPLC purification of the crude using 

gradient C, 15 (1.668 mg, 0.837 µmol, 26 %) was obtained. 1H NMR (500 MHz, MeOD) δ 7.45 – 7.10 (m, 

20H, Ph), 5.07 (d, J = 1.5 Hz, 1H, H-1D ), 5.01 – 4.96 (m, 2H, 2x CH2 Bn), 4.78 (d, J = 1.0 Hz, 1H, H-1D’), 4.74 

(d, J = 12.3 Hz, 1H, CH2 Bn), 4.69 – 4.54 (m, 5H, 3x CH2 Bn, H-1B, H-1C), 4.49 – 4.41 (m, 4H, 2x CH2 Bn, H-1E, 

H-1F’), 4.39 (d, J = 8.2 Hz, 1H, H-1A), 4.23 (d, J = 8.2 Hz, 1H, H-1E’), 4.11 (d, J = 3.1 Hz, 1H, H-2C), 4.08 (dd, J = 

3.4, 1.7 Hz, 1H, H-2D), 4.04 – 3.95 (m, 3H, H-2F’, H-4B, H-4A), 3.94 – 3.42 (m, 40H), 3.28 – 3.22 (m, 4H, 

CH2N3, H-5B, H-5E), 3.20 – 3.14 (m, 1H, H-5C), 3.11 – 3.05 (m, 1H, H-5E’), 2.04 (s, 3H, CH3 Ac), 1.98 (s, 6H, 2x 

CH3 Ac), 1.83 (s, 6H, 2x CH3 Ac), 1.62 – 1.53 (m, 4H, 2x CH2), 1.48 – 1.37 (m, 2H, CH2). 13C NMR from HSQC 

experiment (126 MHz, MeOD) δ 127.81, 127.77, 127.5, 127.3, 126.7, 102.1 (C-1F), 101.2 (C-1A), 100.3, 

100.22, 100.15, 99.7 (C-1D), 97.1 (C-1D’), 81.6 (C-3C), 80.9, 80.4, 79.7, 77.2, 77.1, 76.6, 75.8, 75.7, 75.4, 

75.0, 74.9, 74.6, 74.0, 73.83, 73.80, 73.77, 73.2, 72.92, 72.85, 71.7, 70.5, 70.3, 70.2, 68.8, 68.6, 68.3, 68.2, 

67.9, 65.79, 65.76, 62.0, 61.5, 61.3, 61.0, 59.9, 55.82, 55.79, 54.9, 54.6, 53.0 (C-2F’), 51.0, 28.5, 23.1, 21.96, 

21.78, 21.75. HRMS (MALDI): m/z: calcd C91H130N8O41Na: 2013.8226 [M+Na] +, found 2013.8292. 

5-azidopentyl 2-acetamido-2-deoxy-β-D-galactopyranosyl-(14)-2-acetamido-2-

deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-

galactopyranosyl-(14)-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(16)]-

β-D-mannopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranosyl-(14)- 2-

acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 16. After β-1,4-galactosamination of 1 (5.77 mg, 

3.22 µmol) and HPLC purification of the crude using gradient C, 16 (1.89 mg, 0.861 µmol, 26%) was 

obtained. 1H NMR (500 MHz, MeOD) δ 7.49 – 7.07 (m, 20H, Ph), 5.08 (s, 1H, H-1D), 4.98 (d, J = 12.2 Hz, 2H, 

2x CH2 Bn), 4.80 (s, 1H, H-1D), 4.74 (d, J = 12.2 Hz, 1H, CH2 Bn), 4.69 – 4.54 (m, 5H, 3x CH2 Bn, H-1B, H-1C), 

4.49 – 4.41 (m, 5H, CH2 Bn, H-1F, H-1F’, H-1E), 4.39 (d, J = 8.1 Hz, 1H, H-1A), 4.25 (d, J = 8.2 Hz, 1H, H-1E’), 

4.10 (d, J = 3.1 Hz, 1H, H-2C), 4.07 (dd, J = 3.3, 1.7 Hz, 1H, H-2D), 4.05 – 3.94 (m, 4H, H-2F, H-2F’, H-4B, H-

4A), 3.94 – 3.43 (m, 46H), 3.36 – 3.32 (m, 1H, H-5E), 3.29 – 3.22 (m, 3H, CH2N3, H-5B), 3.20 – 3.14 (m, 1H, H-

5C), 3.13 – 3.05 (m, 1H, H-5E’), 2.03 (s, 3H, CH3 Ac), 2.01 (s, 3H, CH3 Ac), 1.98 (s, 3H, CH3 Ac), 1.97 (s, 3H, CH3 

Ac), 1.83 (d, J = 1.4 Hz, 6H 2xCH3 Ac), 1.62 – 1.51 (m, 4H, 2xCH2), 1.49 – 1.37 (m, 2H, CH2). 13C NMR from 

HSQC experiment (126 MHz, MeOD) δ 127.76, 127.74, 127.68, 127.3, 126.9, 102.2, 101.1, 100.2, 100.1, 

99.9, 99.4, 97.0, 81.5, 81.0, 80.4, 79.9, 77.2, 76.8, 76.6, 75.8, 75.40, 75.04, 74.99, 74.8, 74.6, 73.86, 73.85, 

73.8, 73.2, 73.1, 72.9, 72.0, 71.7, 70.4, 70.2, 70.0, 68.9, 68.6, 68.3, 68.2, 67.9, 65.9, 65.7, 62.1, 61.2, 61.0, 

60.1, 55.9, 54.84, 54.81, 54.5, 52.9, 52.8, 51.1, 28.56, 23.0, 22.0, 21.80, 21.77. HRMS (MALDI): m/z: calcd 

C99H143N9O46Na: 2216.9020 [M+Na] +, found 2216.9104. 
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5-azidopentyl α-L-fucopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-galactopyranosyl-

(14)]-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(13)-[2-acetamido-2-

deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(16)]-β-D-mannopyranosyl-(14)-2-

acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-

D-glucopyranoside 17. A solution (0.5 mL) of 14 (1.61 mg, 0.808 µmol), guanosine 5′-diphospho-β-L-fucose 

sodium salt GDP-Fucose 20 mM (118.5 µL, 2.35 µmol, 2.9 eq), α-1,3-fucosyltranferase CeFUT6 (110 µL), 

MnCl2 (20 mM) in MES 80mM buffer pH 6.5 was incubated at room temperature for 48h. The resulting 

mixture was heated at 95°C for 5 min to precipitate the enzyme. After centrifugation the supernatant was 

purified by semipreparative HPLC (C18 10x250 mm, 5µm, gradient D, Ammonium formate 20 mM:ACN) and 

the collected fractions were evaporated and freeze-dried obtaining 1.04 mg of 17 (60%). 1H NMR (500 MHz, 

MeOD) δ 7.43 – 7.12 (m, 20H, Ph), 5.07 (t, J = 2.9 Hz, 2H, H-1G, H-1D), 5.00 (t, J = 11.5 Hz, 2H, 2x CH2 Bn), 

4.80 – 4.72 (m, 3H, CH2 Bn, H-5G, H-1D’), 4.70 – 4.54 (m, 5H, 3x CH2 Bn, H-1B, H-1C), 4.50 – 4.41 (m, 4H, 2x 

CH2 Bn, H-1E, H-1F), 4.39 (d, J = 8.2 Hz, 1H, H-1A), 4.31 (d, J = 8.3 Hz, 1H, H-1E’), 4.13 – 4.09 (m, 1H, H-2C), 

4.05 (dd, J = 3.4, 1.7 Hz, 1H, H-2D), 4.03 – 3.51 (m, 43H), 3.51 – 3.40 (m, 6H), 3.25 (t, J = 6.9 Hz, 3H, CH2N3, 

H-5B), 3.19 – 3.12 (m, 2H, H-5’, H-5C), 1.99 (s, 3H, CH3 Ac), 1.97 (d, J = 1.2 Hz, 6H, 2xCH3 Ac), 1.85 (s, 3H, CH3 

Ac), 1.83 (s, 3H, CH3 Ac), 1.60 – 1.54 (m, 4H, 2xCH2), 1.42 (td, J = 8.0, 7.6, 5.5 Hz, 2H, CH2), 1.27 (d, J = 6.5 Hz, 

3H, H-6G). 13C NMR from HSQC experiment (126 MHz, MeOD) δ 129.3, 129.1, 128.8, 128.6, 128.3, 102.5, 

101.8, 101.7, 101.3, 101.3, 100.8, 100.7, 99.9, 98.6, 82.7, 82.1, 81.6, 78.8, 77.9, 77.4, 77.1, 77.0, 76.9, 76.6, 

76.2, 76.1, 75.2, 75.2, 75.07, 75.06, 74.9, 74.44, 74.42, 74.13, 74.12, 73.6, 72.8, 71.6, 71.49, 71.47, 71.1, 

71.0, 70.4, 69.9, 69.77, 69.75, 69.4, 67.7, 67.0, 66.9, 63.4, 63.0, 62.3, 62.0, 61.5, 57.1, 57.0, 56.8, 55.8, 54.2, 

52.3, 49.0, 29.7, 24.3, 23.1, 22.9, 16.5. HRMS (MALDI): m/z: calcd C97H140N8NaO45: 2159.8805 [M+Na]+, 

found 2159.8953. 

5-azidopentyl 2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-

mannopyranosyl-(13)- {α-L-fucopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-galactopyranosyl-(14)]-

2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(16)}-β-D-mannopyranosyl-

(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-

deoxy-β-D-glucopyranoside 18. A solution (0.5 mL) of 15 (1.60 mg, 0.803 µmol), guanosine 5′-diphospho-β-

L-fucose sodium salt GDP-Fucose 20 mM (118.5 µL, 2.35 µmol, 2.9 eq), α-1,3-fucosyltranferase CeFUT6 (110 

µL), MnCl2 (20 mM) in MES 80mM buffer pH 6.5 was incubated at room temperature for 48h. The resulting 

mixture was heated at 95°C for 5 min to precipitate the enzyme. After centrifugation, the supernatant was 

purified by semi-preparative HPLC (C18 10x250 mm, 5µm, ammonium formate 20 mM:ACN, gradient D) 

and the collected fractions were evaporated and freeze-dried obtaining 1.03 mg of 18 60%). 1H NMR (500 

MHz, MeOD) δ 7.43 – 7.13 (m, 20H, Ph), 5.10 – 5.04 (m, 2H, H-1D, H-1G’), 5.00 (t, J = 11.9 Hz, 2H, CH2 Bn), 

4.81 – 4.72 (m, 3H, H-5G’, CH2 Bn, H-1D’), 4.69 – 4.55 (m, 5H, 3x CH2 Bn, H-1B, H-1C), 4.49 – 4.41 (m, 4H, 2x 

CH2 Bn, H-1E, H-1F’), 4.39 (d, J = 8.1 Hz, 1H, H-1A), 4.28 (d, J = 8.0 Hz, 1H, H-1E’), 4.11 (d, J = 3.1 Hz, 1H, H-

2C), 4.08 (dd, J = 3.5, 1.7 Hz, 1H, H-2D), 4.04 – 3.95 (m, 3H, H-4B, H-4A, H-2F’), 3.94 – 3.40 (m, 46H), 3.29 – 

3.23 (m, 4H, CH2N3, H-5B, H-5E), 3.19 – 3.15 (m, 1H, H-5C), 3.15 – 3.10 (m, 1H, H-5E’), 2.01 (s, 3H, CH3 Ac), 

1.98 (m, 6H, CH3 Ac), 1.83 (m, 6H, CH3 Ac), 1.61 – 1.54 (m, 4H, 2x CH2), 1.46 – 1.38 (m, 2H, CH2), 1.30 (d, J = 

6.6 Hz, 3H, H-6G’). 13C NMR from HSQC experiment (126 MHz, MeOD) δ 129.2, 128.94, 128.85, 128.4, 
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127.8, 102.3, 101.7, 101.4, 101.3, 101.2, 101.0, 100.8, 99.7, 98.2, 82.8, 82.2, 81.5, 78.4, 78.3, 77.69, 77.67, 

76.84, 76.82, 76.5, 76.2, 76.1, 76.0, 75.07, 75.05, 75.0, 74.9, 74.2, 74.04, 74.01, 73.97, 73.5, 72.7, 71.7, 71.5, 

71.4, 70.9, 70.0, 69.6, 69.4, 69.11, 69.10, 67.6, 66.94, 66.93, 63.2, 62.9, 62.6, 62.43, 62.37, 61.1, 57.0, 56.8, 

56.6, 55.8, 54.1, 52.2, 49.0, 29.6, 24.2, 23.1, 22.92, 22.87, 22.86, 16.5. HRMS (MALDI): m/z: calcd 

C97H140N8NaO45: 2159.8805 [M+Na]+, found 2159.8882. 

α-1,3-fucosylation of 16: A solution (1 mL) of 16 (1.05 mg, 0.476 µmol), guanosine 5′-diphospho-β-L-fucose 

sodium salt GDP-Fucose 20 mM (51.5 µL, 1.03 µmol, 2.2 eq), α-1,3-fucosyltranferase CeFUT6 (60 µL), MnCl2 

(20 mM) in MES 80mM buffer pH 6.5 was incubated at room temperature for 48h. The resulting mixture 

was heated at 95°C for 5 min to precipitate the enzyme. After centrifugation, the supernatant was purified 

by semi-preparative HPLC (C18 10x250 mm 5µm, ammonium formate 20 mM:ACN, gradient E) and the 

collected fractions were evaporated and freeze-dried obtaining 118 μg of 21 (0.047 μmol, 10%), 300 μg of 

19 (0.128 μmol, 27%) and 44 μg of 20 (0.018 μmol 4%) and 0.148 mg (0.674 μmol, 14%) 

 

5-azidopentyl α-L-fucopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-galactopyranosyl-

(14)]-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(13)-[ 2-acetamido-2-

deoxy-β-D-galactopyranosyl-(14)-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-

mannopyranosyl-(16)]-β-D-mannopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-

glucopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 19. After α-1,3-

fucosylation of 16 (1.05 mg, 0.476 µmol) and HPLC purification of the crude using gradient E, 300 μg (0.128 

µmol, 27%) of 19 were obtained. 1H NMR (500 MHz, MeOD) δ 7.42 – 7.11 (m, 20H, Ph), 5.06 (d, J = 3.4 Hz, 

2H, H-1G, H-1D), 4.98 (d, J = 12.2 Hz, 2H, 2x CH2 Bn), 4.80 – 4.72 (m, 3H, CH2 Bn, H-5G, H-1D’), 4.70 – 4.54 

(m, 5H, 3x CH2 Bn, H-1B, H-1C), 4.49 – 4.41 (m, 5H, 2x CH2 Bn, H-1E, H-1F, H-1F’), 4.39 (d, J = 8.1 Hz, 1H, H-

1A), 4.23 (d, J = 8.2 Hz, 1H, H-1E’), 4.11 (d, J = 3.0 Hz, 1H, H-2C), 4.07 – 3.39 (m, 57H), 3.25 (t, J = 6.9 Hz, 3H, 

CH2N3, H-5B), 3.17 (td, J = 4.0, 2.4 Hz, 1H, H-5C), 3.07 (d, J = 8.9 Hz, 1H, H-5E’), 2.04 (m, 3H, CH3 Ac), 2.00 – 

1.95 (m, 9H, CH3 Ac), 1.83 (m, 6H, CH3 Ac), 1.62 – 1.53 (m, 4H, 2x CH2), 1.47 – 1.37 (m, 2H, CH2), 1.27 (d, J = 

6.5 Hz, 3H, H-6G). 13C NMR from HSQC experiment (126 MHz, MeOD) δ 129.1, 129.0, 128.9, 128.7, 128.5, 

103.3, 102.2, 102.0, 101.4, 101.3, 100.9, 100.3, 99.6, 98.1, 82.6, 82.1, 81.5, 80.8, 78.4, 78.1, 77.7, 77.3, 76.9, 

76.8, 76.6, 76.5, 76.1, 75.8, 75.8 ,75.0, 74.93, 74.90, 74.87, 74.4, 74.3, 74.0, 73.3 ,72.7, 71.4, 70.8 ,69.6, 

69.4, 69.30, 69.25, 68.8, 67.6, 66.8, 66.7, 63.3, 62.8, 62.3, 61.3, 61.2, 61.0, 56.8, 56.6, 55.9, 55.8, 54.1, 53.9, 

52.1, 29.6, 24.1, 22.98, 22.97, 22.9, 16.3. HRMS (MALDI): m/z: calcd C105H153N9NaO50: 2362.9598 [M+Na]+, 

found 2362.9724.  

5-azidopentyl 2-acetamido-2-deoxy-β-D-galactopyranosyl-(14)-2-acetamido-2-

deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(13)- {α-L-fucopyranosyl-(13)-[2-acetamido-

2-deoxy-β-D-galactopyranosyl-(14)]-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-

mannopyranosyl-(16)}-β-D-mannopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-

glucopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 20. After α-1,3-

fucosylation of 16 (1.05 mg, 0.476 µmol) and HPLC purification of the crude using gradient E, 44 μg (4%) of 
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20 were obtained. 1H NMR (500 MHz, MeOD) δ 7.44 – 7.13 (m, 20H, Ph), 5.09 – 5.04 (m, 2H, H-1D, H-1G’), 

4.99 (dd, J = 12.2, 10.2 Hz, 2H, 2x CH2 Bn), 4.81 – 4.71 (m, 3H, H-5G’, H-1D, CH2 Bn), 4.69 – 4.54 (m, 5H, H-

1B, H-1C, 3x CH2 Bn), 4.49 – 4.37 (m, 6H, H-1F, H-1F’, H-1E, H-1A, 2x CH2 Bn), 4.28 (d, J = 8.0 Hz, 1H, H1-E’), 

4.10 (d, J = 3.1 Hz, 1H, H-2C), 4.07 (dd, J = 3.5, 1.7 Hz, 1H, H-2D), 4.03 – 3.94 (m, 4H, H-4A, H-4B, H-2F, H-

2F’), 3.94 – 3.40 (m, 52H), 3.28 – 3.23 (m, 3H, CH2N3, H-5B), 3.18 – 3.15 (m, 1H, H-5C), 3.15 – 3.10 (m, 1H, H-

5E’), 2.02 – 1.99 (m, 6H, 2x CH3 Ac), 1.99 – 1.96 (m, 6H, 2x CH3 Ac), 1.86 – 1.79 (m, 6H, 2x CH3 Ac), 1.62 – 

1.53 (m, 4H, 2x CH2), 1.47 – 1.38 (m, 2H, CH2), 1.30 (d, J = 6.5 Hz, 3H, H-6G’). 13C NMR from HSQC 

experiment (126 MHz, MeOD) δ 129.22, 129.21, 129.0, 128.8, 128.5, 128.0, 103.3, 102.3, 101.9, 101.3, 

101.2, 101.0, 100.6, 99.9, 98.2, 82.7, 82.1, 81.6, 81.1, 78.5, 78.1, 77.7, 77.0, 76.93, 76.92, 76.6 ,76.5, 76.3, 

76.00, 75.96, 75.03, 75.02, 75.00, 74.4, 74.2, 74.02, 74.00, 73.47, 73.46, 72.9, 72.65, 72.65, 71.5, 71.4, 71.2, 

70.9, 69.9, 69.8, 69.5, 69.3, 69.1, 67.8, 67.0, 66.9, 63.3, 63.0, 62.5, 62.2, 62.1, 61.5, 61.2, 57.0, 56.6, 56.0, 

55.7, 54.0, 52.2, 29.6, 24.2, 23.1, 22.9, 22.9, 16.5. HRMS (MALDI): m/z: calcd C105H153N9NaO50: 2362.9598 

[M+Na]+, found 2362.9724. 

A solution (0.5 mL) of 18 (1 mg, 0.468 µmol), uridine 5’-diphospho-2-acetamido-2-deoxy-α-D-galactosamine 

disodium salt UDP-GalNAc 20mM (35 µL, 0.702 µmol, 1.5 eq), double mutant β-1,4-galactosyltranferase (50 

µL), MnCl2 (10 mM) in Hepes buffer (50mM, pH=7.4) was incubated at 37°C for 24h. The resulting mixture 

was heated at 95°C for 5 min to precipitate the enzyme. After centrifugation the supernatant was purified 

by semi-preparative HPLC (ACN:H2O, C18 10x250 mm 5µm, gradient C). The fractions were concentrated 

and freezed-dried, obtaining 664 μg (0.284 µmol, 60%) of compound 20. 

5-azidopentyl α-L-fucopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-galactopyranosyl-

(14)]-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(13)-{α-L-

fucopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-galactopyranosyl-(14)]-2-acetamido-2-deoxy-β-D-

glucopyranosyl-(12)-α-D-mannopyranosyl-(16)}-β-D-mannopyranosyl-(14)-2-acetamido-3,6-di-O-

benzyl-2-deoxy-β-D-glucopyranosyl-(14)-2-acetamido-3,6-di-O-benzyl-2-deoxy-β-D-glucopyranoside 

21. After α-1,3-fucosylation of 16 (1.05 mg, 0.476 µmol) and HPLC purification of the crude using gradient 

E, the collected fractions were evaporated and freeze-dried obtaining 0.118 mg, ( 0.047 µmol, 10%) of 21. 
1H NMR (500 MHz, MeOD) δ 9.18 – 8.58 (m, 20H, Ph), 6.64 – 6.60 (m, 3H, H-1D, H-1G, H-1G’), 6.55 (t, J = 

11.6 Hz, 2H, 2xCH2), 6.37 – 6.27 (m, 5H, H-5G, H-5G’, H-1D’, CH2), 6.25 – 6.10 (m, 5H, H-1B, H-1C, 3x CH2), 

6.05 – 5.96 (m, 5H, H-1F, H-1F’, H-1E, 2x CH2 ), 5.95 (d, J = 8.1 Hz, 1H, H-1A), 5.84 (d, J = 8.1 Hz, 1H, H-1E’), 

5.67 (d, J = 3.1 Hz, 1H, H-2C), 5.61 (dd, J = 3.4, 1.7 Hz, 1H, H-2D), 5.60 – 4.95 (m, 56H), 4.81 (t, J = 6.8 Hz, 3H, 

H-5B, CH2N3), 4.75 – 4.72 (m, 1H, H-5C), 4.71 – 4.66 (m, 1H, H-5E’), 3.57 (s, 3H, CH3 Ac), 3.53 (s, 3H, CH3 Ac), 

3.54 (s, 6H, 2xCH3 Ac), 3.38 (s, 3H, CH3 Ac), 3.39 (s, 3H, CH3 Ac), 3.17 – 3.10 (m, 4H, 2xCH2), 3.03 – 2.94 (m, 

2H, CH2), 2.86 (d, J = 6.6 Hz, 3H, H-6G’), 2.83 (d, J = 6.5 Hz, 3H, H-6G). 13C NMR from HSQC experiment (126 

MHz, MeOD) δ129.2, 129.1, 129.0, 128.9, 128.4, 127.9, 102.3, 102.0, 101.4, 101.1, 100.94, 100.93, 100.5, 

99.7, 98.2, 82.7, 82.2, 81.5, 78.5, 78.0, 77.7, 77.4, 77.03, 77.00, 76.6, 76.5, 76.02, 75.99, 75.2, 75.0, 74.9, 

74.33, 74.27, 74.0, 73.6, 72.7, 71.5, 71.0, 69.81, 69.75, 69.7, 69.4, 69.1, 67.7, 67.0, 66.8, 63.2, 63.0, 62.6, 

62.5, 61.3, 61.2, 57.0, 56.7, 56.5, 55.8, 54.1, 52.2, 29.6, 24.2, 23.1, 22.9, 22.8, 16.5. HRMS (MALDI): m/z 

calcd C111H163N9NaO54Na: 2509.0178 [M+Na]+, found 2509.0291. 

General hydrogenation procedure: Glycan (0.5-1 mg) is dissolved in 0.5 mL of MeOH containing 

trifluoroacetic acid (0.1%). The mixture was hydrogenated on a H-Cube hydrogenation apparatus, using 
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10%Pd/C as catalyst, MeOH containing 0.1%TFA as mobile phase at 2 mL/min, at 30°C and full H2. The 

collected fraction was concentrated to dryness and purify with SampliQ high performance graphitized 

carbon cartridges eluting the compound in a mixture of H2O:ACN 8:2. 

5-aminopentyl β-D-galactopyranosyl-(14)-2-acetamido-2-deoxy-β-D-

glucopyranosyl-(12)-α-D-mannopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-

D-mannopyranosyl-(16)]-β-D-mannopyranosyl-(14)-2-acetamido-2-deoxy-β-D-glucopyranosyl-

(14)-2-acetamido-2-deoxy-β-D-glucopyranoside 22. The general hydrogenation procedure was applied 

to 1.55 mg (0.793 µmol) of 8 and 756 μg of 22 (61% yield) were obtained. 1H NMR (500 MHz, D2O) δ 5.12 (s, 

1H), 4.92 (s, 1H), 4.62 – 4.54 (m, 3H), 4.52 – 4.45 (m, 2H), 4.25 (d, J = 1.6 Hz, 1H), 4.19 (dd, J = 3.1, 1.5 Hz, 

1H), 4.11 (dd, J = 3.1, 1.3 Hz, 1H), 4.02 – 3.40 (m, 47H), 2.99 (t, J = 7.7 Hz, 2H), 2.08 (s, 3H), 2.05 (s, 6H), 2.03 

(s, 3H), 1.72 – 1.63 (m, 2H), 1.63 – 1.55 (m, 2H), 1.44 – 1.36 (m, 2H). 13C NMR from HSQC experiment (126 

MHz, D2O) δ 102.8, 101.4, 101.1, 100.6, 99.62, 99.58, 99.5, 97.0, 80.4, 79.6, 79.3, 78.5, 76.4, 76.3, 75.8, 

75.3, 74.7, 74.5, 74.2, 73.5, 73.2, 72.8, 72.4, 72.0, 71.0, 70.2, 70.1, 69.8, 69.4, 68.5, 67.4, 66.0, 61.63, 61.58, 

60.8, 60.1, 60.0, 55.0, 54.8, 39.3, 28.1, 26.5, 22.3, 22.0. HRMS (MALDI): m/z calcd for C61H105N5O41Na: 

1586.6177, found 1586.6118. 

5-aminopentyl β-D-galactopyranosyl-(14)-2-acetamido-2-deoxy-β-D-

glucopyranosyl-(12)-α-D-mannopyranosyl-(16)-[2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-

D-mannopyranosyl-(13)]-β-D-mannopyranosyl-(14)-2-acetamido-2-deoxy-β-D-glucopyranosyl-

(14)- 2-acetamido-2-deoxy-β-D-glucopyranoside 23. The general hydrogenation procedure was applied 

to 1.20 mg (0.793 µmol) of 9 and 782 μg of 24 (81% yield) were obtained. 1H NMR (500 MHz, D2O) δ 5.12 (s, 

1H), 4.93 (s, 1H), 4.64 – 4.53 (m, 3H), 4.49 (t, J = 8.0 Hz, 2H), 4.25 (d, J = 2.6 Hz, 1H), 4.21 – 4.17 (m, 1H), 

4.11 (dd, J = 3.1, 1.3 Hz, 1H), 4.03 – 3.40 (m, 47H), 2.99 (t, J = 7.7 Hz, 2H), 2.09 (s, 3H), 2.06 (s, 3H), 2.05 (s, 

3H), 2.03 (s, 3H), 1.72 – 1.63 (m, 2H), 1.63 – 1.55 (m, 2H), 1.45 – 1.34 (m, 2H). 13C NMR from HSQC 

experiment (126 MHz, D2O) δ 102.9, 101.3, 101.1, 100.4, 99.6, 99.5, 97.0, 80.5, 79.3, 78.8, 76.4, 76.2, 75.8, 

75.2, 74.38, 74.37, 74.35, 73.5, 73.2, 72.8, 72.3, 72.0, 71.0, 70.2, 70.0, 69.8, 69.6, 68.5, 67.3, 65.9, 65.6, 

61.63, 60.8, 60.0, 59.9, 55.1, 54.8, 39.3, 28.0, 26.3, 22.2, 22.1. HRMS (MALDI): m/z calcd  for 

C61H105N5O41Na: 1586.6177, found 1586.6042. 

 5-aminopentyl 2-acetamido-2-deoxy-β-D-galactopyranosyl-(14)-2-acetamido-2-

deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-

glucopyranosyl-(12)-α-D-mannopyranosyl-(16)]-β-D-mannopyranosyl-(14)-2-acetamido-2-deoxy-

β-D-glucopyranosyl-(14)-2-acetamido-2-deoxy-β-D-glucopyranoside 24. The general hydrogenation 

procedure was applied to 786 μg (0.39 µmol) of compound 14 and 506 μg of 24 (80% of yield) were 

obtained. 1H NMR (500 MHz, D2O) δ 5.12 (s, 1H), 4.93 (s, 1H), 4.61 (d, J = 7.5 Hz, 1H), 4.57 (d, J = 7.7 Hz, 2H), 

4.51 (dd, J = 10.7, 8.1 Hz, 2H), 4.26 (s, 1H), 4.19 (d, J = 3.5 Hz, 1H), 4.12 (d, J = 3.0 Hz, 1H), 4.00 – 3.41 (m, 

47H), 2.98 (t, J = 7.7 Hz, 2H), 2.09 (s, 3H), 2.08 (s, 3H), 2.06 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H), 1.72 – 1.63 (m, 

2H), 1.63 – 1.56 (m, 2H), 1.45 – 1.36 (m, 2H). 13C NMR from HSQC experiment (126 MHz, D2O) δ 101.8, 

101.4, 101.1, 100.4, 99.54, 99.48, 97.0, 80.4, 79.5, 79.3, 76.4, 76.3, 75.8, 75.3, 74.5, 74.3, 73.5, 73.4, 72.8, 

72.4, 72.0, 70.6, 70.20, 70.17, 69.8, 69.5, 67.5, 67.3, 66.0, 65.8, 61.6, 60.9, 60.12, 60.0, 55.1, 54.9, 54.7, 
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52.4, 39.3, 28.1, 26.5, 22.2, 22.1. HRMS (MALDI): m/z: calcd C63H108N6O41Na: 1627.6443 [M+Na]+, found 

1627.6384. 

 5-aminopentyl 2-acetamido-2-deoxy-β-D-galactopyranosyl-(14)-2-acetamido-2-

deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(16)-[2-acetamido-2-deoxy-β-D-

glucopyranosyl-(12)-α-D-mannopyranosyl-(13)]-β-D-mannopyranosyl-(14)-2-acetamido-2-deoxy-

β-D-glucopyranosyl-(14)- 2-acetamido-2-deoxy-β-D-glucopyranoside 25. The general hydrogenation 

procedure was applied to 806 μg (0.405 µmol) of compound 15 and 540 μg (0.336 µmol) of 25 (83% of 

yield) were obtained. 1H NMR (500 MHz, D2O) δ 5.13 (s, 1H), 4.93 (s, 1H), 4.61 (d, J = 8.1 Hz, 1H), 4.57 (dd, J 

= 8.2, 3.5 Hz, 2H), 4.53 (d, J = 8.5 Hz, 1H), 4.50 (d, J = 7.6 Hz, 1H), 4.26 (s, 1H), 4.20 (dd, J = 3.4, 1.6 Hz, 1H), 

4.14 – 4.09 (m, 1H), 4.00 – 3.42 (m, 47H), 2.98 (t, J = 7.7 Hz, 1H), 2.10 (s, 3H), 2.09 (s, 2H), 2.07 (s, 3H), 2.05 

(s, 2H), 2.04 (s, 3H), 1.72 – 1.63 (m, 2H), 1.63 – 1.56 (m, 2H), 1.46 – 1.37 (m, 2H). 13C NMR from HSQC 

experiment (126 MHz, D2O) δ 101.8, 101.4, 101.2, 100.4, 99.59, 99.55, 98.7, 97.0, 80.5, 79.6, 79.4, 76.5, 

76.3, 75.8, 75.3, 74.5, 74.3, 73.6, 72.8, 72.4, 70.7, 70.1, 70.1, 70.0, 69.54, 69.52, 67.4, 67.3, 65.9, 65.7, 61.5, 

61.0, 60.4, 60.0, 55.1, 55.0, 54.7, 52.5, 39.4, 28.1, 26.5, 22.3, 22.1. HRMS (MALDI): m/z: calcd 

C63H108N6O41Na: 1627.6443 [M+Na]+, found 1627.6412. 

  5-aminopentyl α-L-fucopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-

galactopyranosyl-(14)]-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(13)-

[2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(16)]-β-D-mannopyranosyl-

(14)-2-acetamido-2-deoxy-β-D-glucopyranosyl-(14)- 2-acetamido-2-deoxy-β-D-glucopyranoside 26. 

The general hydrogenation procedure was applied to 988 μg (0.462 µmol) of 17 and 762 μg (94% of yield) 

of 26 were obtained. 1H NMR (500 MHz, D2O) δ 5.13 (d, J = 4.0 Hz, 1H), 5.10 (s, 1H), 4.92 (s, 1H), 4.91 – 4.83 

(m, 1H), 4.60 (d, J = 7.5 Hz, 1H), 4.58 – 4.52 (m, 2H), 4.49 (d, J = 7.4 Hz, 1H), 4.45 (d, J = 8.4 Hz, 1H), 4.25 (s, 

1H), 4.17 (s, 1H), 4.11 (s, 1H), 4.01 – 3.40 (m, 50H), 2.97 (t, J = 7.7 Hz, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 2.04 (s, 

6H), 2.03 (s, 3H), 1.71 – 1.62 (m, 2H), 1.62 – 1.55 (m, 2H), 1.40 (d, J = 7.8 Hz, 3H), 1.26 (d, J = 6.5 Hz, 3H). 13C 

NMR from HSQC experiment (126 MHz, D2O) δ 101.4, 101.0, 100.7, 100.4, 99.6, 99.4, 98.4, 97.0, 80.3, 79.5, 

79.4, 76.3, 76.2, 75.8, 74.93, 74.87, 74.5, 74.2, 73.6, 73.3, 72.8, 72.4, 71.9, 70.8, 70.2, 70.2, 69.9, 69.6, 69.3, 

67.7, 67.4, 67.3, 66.9, 65.8, 65.7, 61.6, 61.6, 60.4, 60.3, 60.0, 55.5, 55.1, 55.0, 52.4, 39.3, 28.0, 26.5, 22.3, 

22.1, 15.3. HRMS (MALDI): m/z: calcd C69H118N6O45Na: 1773.7022 [M+Na]+, found 1773.6988. 

 5-aminopentyl α-L-fucopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-

galactopyranosyl-(14)]-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(16)-

[2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(13)]-β-D-mannopyranosyl-

(14)-2-acetamido-2-deoxy-β-D-glucopyranosyl-(14)- 2-acetamido-2-deoxy-β-D-glucopyranoside 27. 

The general hydrogenation procedure was applied to 1.15 mg (0.536 µmol) of 18 and 862 μg (91% of yield) 

of 27 were obtained. 1H NMR (500 MHz, D2O) δ 5.15 (d, J = 4.0 Hz, 1H), 5.13 (s, 1H), 4.94 – 4.86 (m, 2H), 

4.61 (d, J = 7.8 Hz, 1H), 4.57 (d, J = 8.4 Hz, 2H), 4.51 (d, J = 7.5 Hz, 1H), 4.47 (d, J = 8.4 Hz, 1H), 4.26 (s, 1H), 

4.20 (d, J = 3.4 Hz, 1H), 4.09 (d, J = 3.5 Hz, 1H), 4.03 – 3.44 (m, 5H), 2.98 (t, J = 7.7 Hz, 2H), 2.08 (s, 3H), 2.07 



347 
 

(s, 3H), 2.06 (s, 3H), 2.05 (s, 3H), 2.04 (s, 3H), 1.72 – 1.64 (m, 2H), 1.64 – 1.57 (m, 2H), 1.45 – 1.36 (m, 2H), 

1.28 (d, J = 6.5 Hz, 3H). 13C NMR from HSQC experiment (126 MHz, D2O) δ 101.4, 101.0, 100.7, 100.5, 99.6, 

99.4, 98.4, 97.0, 80.4, 79.6, 79.3, 76.4, 76.2, 75.8, 74.8, 74.3, 73.6, 73.31, 73.27, 72.72, 72.69, 72.5, 72.0, 

72.0, 71.8, 70.6, 70.24, 70.17, 69.7, 69.5, 69.1, 67.4, 67.3, 67.2, 66.9, 65.9, 65.8, 61.7, 61.4, 60.2, 60.1, 55.6, 

55.1, 55.0, 52.4, 39.4, 28.1, 26.5, 22.3, 22.1. HRMS (MALDI): m/z: calcd C69H118N6O45Na: 1773.7022 [M+Na]+, 

found 1773.6975. 

 5-aminopentyl α-L-fucopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-

galactopyranosyl-(14)]-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(13)-

[2-acetamido-2-deoxy-β-D-galactopyranosyl-(14)-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-

mannopyranosyl-(16)]-β-D-mannopyranosyl-(14)-2-acetamido-2-deoxy-β-D-glucopyranosyl-(14)- 

2-acetamido-2-deoxy-β-D-glucopyranoside 28. The general hydrogenation procedure was applied to 1.96 

mg (0.837 µmol) of 19 and 1.5 mg (90%) of 28 were obtained. 1H NMR (500 MHz, D2O) δ 5.14 (d, J = 4.0 Hz, 

1H), 5.11 (s, 1H), 4.93 (s, 1H), 4.91 – 4.84 (m, 1H), 4.61 (d, J = 8.0 Hz, 1H), 4.59 – 4.49 (m, 4H), 4.46 (d, J = 8.4 

Hz, 1H), 4.26 (s, 1H), 4.18 (dd, J = 3.5, 1.5 Hz, 1H), 4.11 (s, 1H), 4.02 – 3.56 (m, 51H), 3.54 – 3.46 (m, 5H), 

3.00 (t, J = 7.7 Hz, 2H), 2.10 (s, 3H), 2.09 (s, 3H), 2.05 (d, J = 1.6 Hz, 9H), 2.04 (s, 3H), 1.73 – 1.64 (m, 2H), 

1.64 – 1.55 (m, 2H), 1.47 – 1.37 (m, 1H), 1.28 (d, J = 6.5 Hz, 3H). 13C NMR from HSQC experiment (126 MHz, 

D2O) δ 101.8, 101.3, 101.0, 100.7, 100.5, 99.5, 99.4, 98.4, 97.1, 80.4, 79.4, 79.3, 76.32, 76.31, 75.4, 74.9, 

74.8, 74.38, 74.37, 74.2, 73.5, 73.2, 72.8, 72.4, 72.1, 70.6, 70.18, 70.16, 69.5, 69.0, 67.7, 67.6, 67.4, 67.3, 

66.9, 65.7, 61.7, 61.7, 61.0, 60.0, 59.9, 55.7, 55.0, 54.7, 52.4, 39.3, 28.1, 26.3, 22.2, 22.1, 15.3. HRMS 

(MALDI): m/z: calcd C69H118N6O45Na: 1976.7815 [M+Na]+, found 1976.7864. 

 5-aminopentyl α-L-fucopyranosyl-(13)-[2-acetamido-2-deoxy-β-D-

galactopyranosyl-(14)]-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-mannopyranosyl-(16)-

[2-acetamido-2-deoxy-β-D-galactopyranosyl-(14)-2-acetamido-2-deoxy-β-D-glucopyranosyl-(12)-α-D-

mannopyranosyl-(13)]-β-D-mannopyranosyl-(14)-2-acetamido-2-deoxy-β-D-glucopyranosyl-(14)- 

2-acetamido-2-deoxy-β-D-glucopyranoside 29. The general hydrogenation procedure was applied to 810 

μg (0.346 µmol) of 20, and 534 μg (79%) of 29 were obtained.1H NMR (500 MHz, D2O) δ 5.15 (d, J = 4.0 Hz, 

1H), 5.12 (s, 1H), 4.93 – 4.85 (m, 2H), 4.83 (s, 1H), 4.61 (d, J = 7.7 Hz, 1H), 4.59 – 4.48 (m, 4H), 4.47 (d, J = 8.3 

Hz, 1H), 4.26 (s, 1H), 4.20 – 4.18 (m, 1H), 4.09 (d, J = 2.7 Hz, 1H), 4.02 – 3.57 (m, 51H), 3.54 – 3.46 (m, 5H), 

3.00 (t, J = 7.6 Hz, 2H), 2.10 (s, 3H), 2.08 (s, 3H), 2.06 (s, 6H), 2.05 (s, 3H), 2.04 (s, 3H), 1.72 – 1.64 (m, 2H), 

1.64 – 1.56 (m, 2H), 1.45 – 1.37 (m, 2H), 1.28 (d, J = 6.4 Hz, 3H). 13C NMR from HSQC experimente δ 101.6, 

101.4, 100.8, 100.7, 100.5, 99.5, 99.4, 98.4, 97.0, 80.3, 79.32, 79.29, 76.4, 76.2, 75.4, 74.7, 74.6, 74.6, 74.2, 

73.6, 73.3, 72.6, 72.5, 72.11, 72.05, 70.8, 70.3, 70.2, 69.6, 69.1, 67.7, 67.6, 67.3, 67.2, 67.0, 65.7, 62.8, 61.7, 

61.5, 61.0, 60.0, 59.8, 55.7, 55.3, 55.1, 54.6, 52.6, 52.4, 39.3, 28.0, 26.4, 22.2, 22.0, 15.3. HRMS (MALDI): 

m/z: calcd C69H118N6O45Na: 1976.7815 [M+Na]+, found 1976.7827. 
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Figure S1. Glycan structures included on microarrays 
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Figure S2. Glycosidic bond nature for N-glycan structures on microarrays. 

 

Table S1. Additional glycan structures included on microarrays. 

GL46 GlcNAcβ1-2(GlcNAcβ1-4)Manα-sp   

GL81 GlcNAcβ1-4GlcNAcβ-sp   

GL89 Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAcβ-sp SialylLeX 

GL91 Galβ1-4(Fucα1-3)GlcNAcβ-sp LeX 

GL93 GalNAcβ1-4GlcNAcβ-sp LDN 

GL94 GalNAcβ1-4(Fucα1-3)GlcNAcβ-sp   

GL95 GlcNAcβ-sp   

GL96 GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ-sp   

GL97 GalNAcβ1-4Galβ1-4GlcNAcβ-sp GG3 

GL98 Galβ1-4Glcβsp lactose 

GL99 Manα1-2Manα1-2Manα-sp   

GL100 Xylβ-sp   

GL101 Glcβ-sp   

GL102 Galβ-sp   

GL103 Fucα-sp   

GL104 Gala1-3GalNAca-sp   

GL105 Galα1-2Galβ-sp   

GL106 Galα1-3Galβ-sp   

GL107 Fucα1-2Galβ-sp   

GL108 Fucα1-3GlcNAcβ-sp   

GL109 Fucα1-4GlcNAcβ-sp   

GL110 Galα1-3Galβ1-4Glcβ-sp4   

GL111 Galα1-3Galβ1-4GlcNAcβ-sp   

GL112 Fucα1-2Galβ1-3GlcNAcβ-sp Led (H type 1) 

GL113 Fucα1-2Galβ1-3GalNAcα-sp H (type 3) 

GL114 Fucα1-2Galβ1-4Glcβ-sp H (type 6) 

GL115 Galβ1-3(Fucα1-4)GlcNAcβ-sp Lea 

GL116 GalNAcα1-3(Fucα1-2)Galβ-sp Atri 

GL117 Galα1-3(Fucα1-2)Galβ-sp Btri 

GL118 Neu5Acα2-3Galβ1-4Glcβ-sp 3´SL 

GL119 Neu5Acα2-3Galβ1-4GlcNAcβ-sp 3´SLN 

GL120 Neu5Acα2-6Galβ1-4GlcNAcβ-sp 6´SL 

GL121 Fucα1-2Galβ1-3(Fucα1-4)GlcNAcβ-sp Leb 

GL122 Fucα1-2Galβ1-3(Fucα1-3)GlcNAcβ-sp Ley 

GL123 Neu5Acα2-3Galβ1-3(Fucα1-4)GlcNAcβ-sp SialLea 

GL124 GlcNAcβ1-4(Fucα1-6)GlcNAcβ-sp FucGlcNAc2 
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Compound names used in thesis and the corresponding initial names of the same 

compounds Paper 2 

Compound name in 
thesis 

Corresponding initial 
name 

Compound name in 
thesis 

Corresponding initial 
name 

 

GL1 KB03_21 GL41 SS5_67 

GL2 KB01_96 GL42 BE02_93 

GL3 KB03_19 GL43 SS5_62 

GL4 KB02_87 GL44 SS5_68 

GL5 KB02_110 GL45 SS5_72 

GL6 KB02_90 GL46 SS5_69 

GL7 KB03_83 GL47 SS5_63 

GL8 KB03_42 GL48 NG4_010 

GL9 KB03_89 GL49 NG2_091 

GL10 KB03_99 GL50 NG2_092 

GL11 KB03_41 GL51 SS5_102 

GL12 KB03_64 GL52 SS6_88 

GL13 KB03_43 GL53 BE3_57_2 

GL14 KB03_69 GL54 SS5_99 

GL15 KB03_60 GL55 NG3_010 

GL16 KB03_61 GL56 NG3_110 

GL17 KB03_62 GL57 NG4_061 

GL18 KB03_79 GL58 GNG02_091 

GL19 KB03_66 GL59 SS6_94 

GL20 KB03_67 GL60 SS8_50 

GL21 KB03_78_95 GL61 SS8_51 

GL22 KB03_28 GL62 SS8_52 

GL23 KB03_107 GL63 KB03_104 

GL24 KB03_108 GL64 SS6_105 

GL25 KB03_87 GL65 SS7_6 

GL26 KB03_71 GL66 SS8_10 

GL27 KB03_81 GL67 SS8_33 

GL28 KB03_84 GL68 SS8_34 

GL29 KB03_85 GL69 SS8_35 

GL30 KB03_86 GL70 SS8_39 

GL31 KB03_93 GL71 SS8_36 

GL32 KB03_103 GL72 SS8_29 

GL33 KB03_77 GL73 SS8_32 

GL34 KB03_80 GL74 SS8_40 

GL35 KB03_76 GL75 SS8_41 

GL36 KB03_91 GL76 SS8_42 

GL37 KB03_102 GL77 SS8_43 

GL38 KB03_110 GL78 SS8_44 

GL39 SS5_73 GL79 SS8_45 

GL40 SS5_64 GL80 KB03_111 
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Compound name in 

thesis 

 
Corresponding initial 

name 

 
Compound name in 

thesis 

 
Corresponding initial 

name 

 

GL81 BE2_19 GL124 O-725 

GL82 KB03-113 GL125 BE6_60 

GL83 SS8_53 GL126 BE6_70 

GL84 SS8_17 GL127 BE6_72 

GL85 SS7_114 GL128 BE6_52 

GL86 SS8_47 GL129 BE6_49 

GL87 SS8_14 GL130 BE6_80 

GL88 SS8_13 GL131 BE6_82 

GL89 SS7_72 GL132 BE6_58 

GL90 SS8_28 GL133 BE6_56 

GL91 SS7_12 GL134 SS8_30 

GL92 SS8_48 GL135 SS6_101 

GL93 SS7_46 

GL94 SS7_49 

GL95 SS7_64 

GL96 BE2_13 

GL97 GG3 

GL98 lactose 

GL99 man3 

GL100 xylose 

GL101 glucose 

GL102 O-23 

GL103 O-27 

GL104 O-53 

GL105 O-55 

GL106 O-88 

GL107 O-91 

GL108 O-49 

GL109 O-50 

GL110 O-10a 

GL111 O-70 

GL112 O-42H1 

GL113 O-59H3 

GL114 O-940H6 

GL115 O-40Lea 

GL116 O-85Atri 

GL117 O-86Btri 

GL118 O-60 

GL119 O-36 

GL120 O-63a 

GL121 O-41Leb 

GL122 O-45Ley 

GL123 O-SiaLea 
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Compound names used in thesis and the corresponding initial names of the same 

compounds Paper 3 

Compound name in 
thesis 

Corresponding initial 
name 

Compound name in 
thesis 

Corresponding initial 
name 

 

17.1 ISh001 18.1 ISh049 

17.2 ISh002 18.2 ISh050 

17.3 ISh003 18.3 ISh051 

17.4 ISh004 18.4 ISh052 

17.5 ISh005 18.5 ISh053 

17.6 ISh006 18.6 ISh054 

17.7 ISh007 18.7 ISh055 

17.8 ISh008 18.8 ISh056 

17.9 ISh009 18.9 ISh057 

17.10 ISh010 18.10 ISh058 

17.11 ISh011 18.11 ISh059 

17.12 ISh012 19.1 AZBCN 

17.13 ISh013 19.2 ISh044 

17.14 ISh014 20 ISh045 

17.15 ISh015 21 ISh046 

17.16 ISh016 

17.17 ISh017 

17.18 ISh018 

17.19 ISh019 

17.20 ISh020 

17.21 ISh021   

17.22 ISh022   

17.23 ISh023 

17.24 ISh024 

17.25 ISh025 

17.26 ISh026 

17.27 ISh027 

17.28 ISh028 

17.29 ISh029 

17.30 ISh030 

17.31 ISh031 

17.32 ISh032 

17.33 ISh033 

17.34 ISh034 

17.35 ISh035 

17.36 ISh036 

17.37 ISh037 

17.38 ISh038 

17.40 ISh039 

17.1 ISh040 
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ANNEXES Chapter 10 
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Amino derivatives 
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Triazole derivatives 
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All acquired IC50/Kd values from chapter 10 
 

 

Type of Compound 

 

Compound IC50 µM 

Control 
psDi 714.7 ± 9,2 

D-Mannose 2500 

S-linkage 
2 801,1 ± 13,79 

11 782.13 ± 8,82 

C-linkage 

(glycosides) 

ID246-4 885.2±1.1 

ID246-5 1439.5±15.5 

ID246-11 885.2±1.1 

ID246-12 1099±4 

Si- linkage (glycosides) JCH-423 1556.5±37.5 

Amino derivatives 

Man057 1143±15.94 

Man058 3011±55 

Man059 2274±34 

Man061 x 

Man063 NEW >9000 

Man064 NEW x 

Triazole derivatives 

Man062 113.09 ± 11.99 

Man064 145.4 ± 1.9 

Man065 339 ± 6.3 µM 

Man066  

Man067  

Man068  
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 IC50 µM (SPR) KD µM (ITC) KDapp µM (SPR) 

Man069 76.25± 3.25 52.08 ± 1.32 50 
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ANNEXES Chapter 11 
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Abstract 
 
C-type Lectin Receptors (CLRs) are carbohydrate-binding proteins mainly expressed on Antigen Presenting Cells (APCs), including 
dendritic Cells (DCs), the sentinel of the innate immune system. They recognize pathogens or damaged cells by interacting with 
glycan features and the encounter between the CLR and its ligand constitutes a necessary step for the activation of the adaptive 
immune system. This crucial role played by CLRs in the balance of immune responses offers to CLR-glycan interactions 
pharmaceutical applications. The long-term objective of the research project in which this PhD is included is to use these CLRs as 
modulators in order to tailor the immune system responses. To do so, neoglyco-conjugates selective to each individual CLR have to 
be developed. 
Nine different CLRs were produced in this work: BDCA2, DC-SIGN, DC-SIGNR, dectin-1, dectin-2, langerin, LSECtin, MCL and Mincle.  
Several approaches have been explored in parallel for CLR production, ranking from bacterial periplasmic targeting, aiming to 
express soluble and functional protein, to inclusion bodies production into the bacterial cytoplasm, with subsequent protein 
refolding. Our collection of CLRs were used to screen glycan and glycomimetic arrays, highlighting context-dependent binding and 
identifying natural ligands or glycomimetics selective to each CLRs. Thus, several CLRs were surprisingly able to differentiate 
between positional isomers of a given N-Glycan, which opens new questions regarding the biological significance. Moreover, 
glycomimetics with a selectivity towards dectin-2 over DC-SIGN, DC-SIGNR and langerin CLRs have been identified. 
To guide the choice of the glycomimetics and estimate their optimisation, diverse biophysical studies were performed to evaluate 
the strength and specificity of the interaction. This enabled the development of an ultimate ligand selective towards DC-SIGN. A co-
crystallised structure of the protein with this ligand revealed an interesting binding mode that also opens new questions. 
Simultaneously to monovalent ligand optimization, a first step towards the design of a highly defined molecule for cancer 
vaccination by CLR targeting was made. SPR results revealed potential candidates to exploit and preliminary biological assays were 
performed. Finally, a strategy for tetrameric lectin engineering as been explored, termed TETRALEC. This tool for screening and 
lectin characterization, has been obtained with one the lectin of the study, DC-SIGNR, by a site-specific labelling of the lectin. The 
TETRALEC complex was structurally characterised and functional assays were performed on glycan array and pathogen cells. 
 
Keywords: C-type lectins, screening, glycomimetics, multivalency, avidity 

 
Résumé 
 
Les lectines de type C (CLRs) sont des récepteurs impliqués dans la reconnaissance d’oligosaccharides et principalement exprimés à 
la surface des cellules présentatrices d’antigène (APCs) et notamment des cellules dendritiques (DCs), véritable sentinelle de notre 
système immunitaire. Elles sont impliquées dans la reconnaissance de motifs spécifiques exprimés à la surface d’agents pathogènes 
et sont capables de stimuler le système immunitaire afin de déclencher une réponse adaptée. Ce rôle crucial joué par les CLRs dans 
l’équilibre de la réponse immunitaire confère aux interactions CLR/glycane des perspectives d’applications pharmaceutiques. 
L’objectif à long-terme du projet de recherche dans lequel cette thèse s’intègre consiste à utiliser ces CLRs pour modeler les 
réponses du système immunitaire. A cette fin, des néoglycoconjugués spécifiques de chaque CLR doivent être développés. Au cours 
de cette thèse, 9 CLRs ont été produits BDCA2, DC-SIGN, DC-SIGNR, dectin-1, dectin-2, langerin, LSECtin, MCL and Mincle. 
Différentes stratégies de production ont été testées en parallèle, incluant des techniques d’adressage au périplasme en vue 
d’obtenir des protéines solubles et fonctionnelles et de l’expression cytoplasmique, sous forme de corps d’inclusion suivie d’étapes 
de renaturation qui s’est révélé la plus efficace au final. Une stratégie permettant de construire des tétramères artificiels de CLRs, 
appelés TETRALEC, a été mise au point. Cet outil permettant le criblage et la caractérisation des lectines a été obtenu avec DC-
SIGNR par un marquage spécifique de la lectine. Le complexe TETRALEC a été caractérisé au niveau structural et des tests 
fonctionnels ont été menés sur des puces à glycanes et des cellules pathogènes. La série de CLRs que nous avons produites a été 
utilisée pour cribler des puces à glycanes et à glycomimétiques. Ces études nous ont permis de mettre en évidence des interactions 
dépendantes de l’environnement du glycane et d’identifier de nouveaux glycanes ou glycomimétiques spécifiques de certains CLRs. 
En effet, de manière étonnante, plusieurs des CLRs testés sont capables, pour un glycane donné, de discriminer des isomères de 
position ouvrant ainsi de nouveaux questionnements sur la signification biologique de cette sélectivité. De plus des 
glycomimétiques reconnaissant préférentiellement dectin-2 par rapport à DC-SIGN, DCSIGNR et langerin ont été identifiés. Le choix 
des glycomimétiques et l’évaluation des étapes de leur optimisation ont été permis par diverses études biophysiques qui ont 
quantifié la force et la spécificité des interactions. Ceci a permis le développement d’un ligand optimisé sélectif de DC-SIGN. La co-
cristallisation de la protéine avec ce ligand a révélé un intéressant mode de liaison qui amène également de nouvelles questions. 
Simultanément à l’optimisation de ligands monovalents, un premier pas a été réalisé vers la conception d’une molécule pour 
permettre une vaccination contre le cancer médiée par les CLRs. Les résultats de SPR ont identifié des candidats potentiellement 
intéressants et des tests biologiques préliminaires ont été réalisés.  
 

Mot-clés: Lectines de type.C, criblage, glycomimétisme, multivalence, avidité 

 

 

 


