
Lectin-Glycan Interactions: new NMR insights on 

the role of dynamics and presentation by using 

state-of-the-art NMR methodologies 

Sara Bertuzzi 

Doctoral Thesis 

2022 

Thesis directors:  

Dr. Jesús Jiménez-Barbero 

Dr. Cristina Airoldi 

University Tutor: Esther Lete 

(cc)2022 SARA BERTUZZI (cc by-nc-nd 4.0)





Lectin-Glycan Interactions: new NMR insights on 

the role of dynamics and presentation by using 

state-of-the-art NMR methodologies 

Sara Bertuzzi 

Doctoral Thesis 

2022 

Thesis directors:  

Dr. Jesús Jiménez-Barbero 

Dr. Cristina Airoldi 

University Tutor: Esther Lete 

This doctoral thesis has been performed at the Center for Cooperative Research in 

Biosciences (CIC bioGUNE) under cotutelle regime of the University of Basque 

Country (UPV/EHU) and the University of Milano-Bicocc a (Unimib)  





 

 

 

 

 

 

 

Alla mia famiglia 





Acknowledgments 
 

The work presented in this Thesis was performed at CIC bioGUNE and at the 

University of Milano-Bicocca (Unimib) under the supervision of Prof. Dr. Jesús 

Jiménez-Barbero and Prof. Dr. Cristina Airoldi.  

 

First, I would like to thank both my directors, Jesús Jiménez-Barbero and Cristina 

Airoldi for giving me the opportunity to perform my Thesis under their supervision. 

Thank you for your continuous support throughtout this journey and for everything 

that you have taught me during all these years.  

 

I would also like to thank all my colleagues (past and present) from the Chemical 

Glycobiology lab. Thank you for all your help and for having shared this wonderful 

experience with me.  

 





Contents 

 
Abbreviations i 

Abstract v 

Riassunto vii 

Resumen ix 

 

1. GENERAL INTRODUCTION 

1.1 Glycans 1 

1.1.1 Structural diversity 2 

1.1.2 Mammalian glycosilation 4 

1.1.3 Distribution 10 

1.2 Glycan-lectin interactions 13 

1.2.1 General aspects of sugar-protein molecular recognition 13 

1.2.2 The human lectins 18 

1.2.2.1 Galectins 19 

1.2.2.2 C-type lectins 25 

1.2.2.3 Siglecs 29 

1.3 Techniques to unravel glycan-lectin interactions 33 

1.3.1 NMR and molecular recognition 36 

1.3.1.1 Ligand-based NMR methods 37 

1.3.1.2 Receptor-based NMR methods 43 

1.4 References 46 

 

2. OBJECTIVES  61 

 

3. CHAPTER 3: The molecular recognition of the histo blood group antigens by 

galectin-1 

3.1 Introduction 65 

3.1.1. General context 65 

3.2 Isothermal titration calorimetry experiments 68 

3.3 The predictions: Generation of 3D models through MD simulations 71 

3.4 The experimental observations: NMR 73 

3.4.1 The ligand’s perspective: Saturation transfer difference NMR experiments 

(STD-NMR) 73 

3.4.2 The lectin’s perspective: Chemical shift perturbation analysis (CSP-NMR) 75 

3.4.3 Long range 1H-15N HSQC experiments: the behaviour of His residues 77 

3.4.4 CLEANEX experiments: protein dynamics upon binding 79 

3.4.5 Relaxation Dispersion analysis: conformational fluctuations of the protein 81 

3.5 MD simulations: allosteric communication analysis 82 

3.6 Conclusions 85 



3.7 References 88 

 

4. CHAPTER 4: The interaction of galectin-1 and galectin-3 with LacNAc-

decorated glycopolymers 

4.1 Introduction 94 

4.1.1 General context 94 

4.2 NMR studies 99 

4.2.1 Analysis of the building blocks 99 

4.2.1.1 The ligand’s perspective: Saturation transfer difference NMR 

experiments (STD-NMR) 99 

4.2.1.2 The lectin’s perspective: Chemical shift perturbation analysis (CSP-

NMR) 102 

4.2.2 Analysis of the complexes with the glycopolymers: competition experiments

 105 

4.3 Dynamic Light Scattering (DLS) measurements 109 

4.4 Cryo-EM experiments 110 

4.5 Conclusions 111 

4.6 References 115 

 

5. CHAPTER 5: The recognition of LSECtin by asimmetric N-glycans in 

solution vs on microarrays 

5.1 Introduction 121 

5.1.1 General context 1222 

5.2 NMR studies in solution 126 

5.2.1 The interaction of LSECtin with the basic disaccharide: GlcNAcβ1-2Man 126 

5.2.2 The interaction of LSECtin with the N-glycans 129 

5.3 MD simulations 136 

5.4 Conclusions 139 

5.5 References 142 

 

6. CHAPTER 6: New avenues for the study of lectin-glycan interactions 

6.1 Introduction 149 

6.2 In-cell NMR using Danio rerio (zebrafish) oocytes 151 

6.2.1 General context 151 

6.2.2. Danio rerio (zebrafish) oocytes as host cells 153 

6.2.3 In-cell 1H-15N HMQC experiments 154 

6.3 On-cell NMR for the identification of FimH ligands using the uropathogenic E. 

coli (UPEC) strain 159 

6.3.1 General context 159 

6.3.2 Uropathogenic E. coli CFT073 ΔfimH strain construction and initial 

screening of FimH inhibitors using yeast agglutination 161 

6.3.3 On-cell STD NMR binding studies 164 



6.4 The interaction of siglec-10 with glycomimetics: a view by on-cell NMR 167 

6.4.1 General context 167 

6.4.2 Overexpression of siglec-10 in HEK293F cell lines 170 

6.4.3 On-cell STD-NMR experiments 170 

6.5 On-cell galectin-glycan recognition using genetically glycoengineered 

mammalian cell lines 175 

6.5.1 General context 175 

6.5.2 Generation of glycoengineered HaCaT cell lines 177 

6.5.2.1 Phenotypical validation of glycoengineered HaCaT cells 179 

6.4.3 Binding of galectins to glycoengineered HEK293 cell lines 181 

6.6 Conclusions 183 

6.7 References 185 

 

CHAPTER 7: Materials and Methods  

7.1 Proteins 193 

7.1.1 Galectin expression and purification in E. coli 193 

7.1.1.1 Plasmid generation 193 

7.1.1.2 Transformation of E. coli cells using the heat-shock method 195 

7.1.1.3 Galectin expression protocols 195 

7.1.1.3.1 Expression of unlabelled galectins 195 

7.1.1.3.2 Expression of 15N labelled galectins 196 

7.1.1.4 Galectin purification 197 

7.1.2 Siglec-10 expression in HEK mammalian cells and purification 198 

7.1.3 On-cell expression of FL Siglec-10 in HEK mammalian cells 199 

7.2 Ligands 199 

7.3 Cell lines used for on-cell experiments 200 

7.3.1 Commercial cell lines 200 

7.3.2 Mutated cell lines 200 

7.3.2.1 Uropathogenic CFT073 ΔfimH 200 

7.3.2.2 Glycosylation mutant of HEK293 and HaCaT cells 202 

7.4 NMR 204 

7.4.1 1H-NMR titration 205 

7.4.2 Saturation Transfer Difference NMR (STD NMR) 205 

7.4.2.1 STD-NMR experiments on-cell 207 

7.4.3 1H-15N HSQC-based titrations 209 

7.4.3.1 Chemical Shift Perturbation (CSP) Analysis 209 

7.4.3.2 Cross-peak intensity analysis 210 

7.4.4 In-cell 1H-15N HMQC NMR with zebrafish oocytes 211 

7.4.5 CLEAN Chemical Exchange (CLEANEX-PM) experiments. 212 

7.4.6 1H-15N long-range HMQC experiments. 214 

7.4.7 15N CPMG Relaxation Dispersion NMR experiments. 214 

7.4.8 2D ROESY experiments 215 



7.4.9 The estimation of kinetic parameters from EXSY experiments 215 

7.5 Isothermal Titration Calorimetry (ITC) 215 

7.6 Cryo-EM 216 

7.7 Dynamic Light Scattering (DLS) 217 

7.8 Yeast Agglutination Assay 217 

7.9 Fluorescence Activated Cell Sorting (FACS) 218 

7.10 References 222 

 

CHAPTER 8: Conclusions 

8.1 General Conclusions 227 

8.2 Scientific publications during this dissertation 229 

Book chapter 230 

8.3 Contributions to congress during this dissertation 230 

 

CHAPTER 9: Supporting Information 

9.1 Supporting Information of Chapter 3 235 

9.2 Supporting Information of Chapter 4 240 

9.3 Supporting Information of Chapter 5 244 



i 

 

Abbreviations 

BLI Biolayer Interferometry 

CHO Chinese hamster ovary  

CRD Carbohydrate Recognition Domain 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

CryoEM Cryo Electron Microscopy 

CSP Chemical Shift Perturbation 

DLS Dynamic Light Scattering 

DOSY Diffusion Ordered SpectroscopY 

DTT Dithiothreitol  

DTT-d10 Dithiothreitol-d10  

E. coli Escherichia coli 

ECM Extracellular matrix 

ER Endoplasmic Reticulum 

ESI ElectroSpray Ionization 

EXSY Chemical Exchange SpectroscopY 

FACS Fluorescence Activated Cell Sorting   

FLP Flippase recombinase 

Fuc Fucose 

GAG GlycosAminoGlycan 

Gal Galactose 

GalNAc N-Acetylgalactosamine 

GBP Glycan binding protein 

Glc Glucose 

GlcA Glucuronic Acid 

GlcNAc N-Acetylglucosamine 

GLS Glycosphingolipid 

GT Glycosyltransferase  

HaCaT Immortal human keratinocyte 

HB Hydrogen Bond 

HBGA Histo Blood Group Antigens 



 

ii 

 

HEK Human Embryonic Kidney 

HNC Head and neck cancer  

HPLC High Performance Liquid Chromatography 

HSQC Heteronuclear Single Quantum Coherence  

IPTG Isopropyl-β-D-1-thio-galactopyranoside   

ITC Isothermal Titration Calorimetry 

LacNAc N-Acetyllactosamine 

LB Luria-Bertani broth  

Man Mannose 

MD Molecular Dynamics 

MIC Minimal Inhibitory Concentration 

MS Mass Spectrometry 

MW Molecular Weight 

NAc N-Acetyl 

NMR Nuclear Magnetic Resonance  

NOE Nuclear Overhauser Effect 

NOESY NOE SpectroscopY 

ORF Open Reading Frame  

PDB Protein Data Bank 

PHA-L Phaseolus vulgaris Leucoagglutinin  

PI Propidium Iodide  

PMSF phenylmethylsulfonyl fluoride  

PNA Peanut Agglutinin  

PTM Post-translational modification 

ROESY Rotating frame Overhauser Effect SpectroscopY 

RT Room temperature  

SDS-PAGE Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis 

SNFG Symbol nomenclature for glycans 

SPR Surface Plasmon Resonance 

STD Saturation Transfer Difference 

TDG Thiodigalactoside  

TOCSY Totally Correlated SpectroscopY 



 

iii 

 

TROSY Transverse Relaxation-Optimized SpectroscopY 

UV Ultraviolet 

VVA Vicia villosa lectin 

WT Wild Type



 

iv 

 



ABSTRACT 

 

v 

 

Abstract  

Glycans are ubiquitous in Nature. They are mainly found conjugated with other 

biomolecules giving rise to glycoproteins and glycolipids.  

Relevant biological events such as cell-cell, cell-matrix and host-pathogen interactions 

are orchestrated through the recognition of glycans by a group of specific proteins, 

called lectins. Several sub-families of lectins can be differentiated, being galectins, C-

type lectins, and siglecs the most studied and suitable for biomedical applications.  

In fact, the lectin-sugar binding events play a crucial role in a myriad of physiological 

and pathological processes in all living cells.  

For this reason, a major challenge in modern Science is to obtain a comprehensive view 

of such fundamental interactions. However, individual methodologies only provide a 

partial picture of the phenomena. Thus, in this Thesis, a multidisciplinary methodology 

has been adopted to tackle this problem. For this purpose, different lectin-sugar 

systems have been selected and the fine details of their binding events have been 

decoded from the structural, conformational, and dynamic points of view. Particular 

attention to aspects such as conformational motions, multivalency, presentation, and 

the actual in-vitro or cell-like environment were the driving force behind this work.  

 

First, the interactions between galectin-1 and the human blood group antigens have 

been scrutinized.  This study was established in a framework of a global project on the 

recognition of self-antigens by galectins. Indeed, moved by the interest in detecting 

different binding features among galectins, a synergistic approach of techniques, 

including NMR, ITC, and MD simulations, was employed. Exquisite events of 

conformational plasticity and allostery were detected and described. 

 

In a second section, the impact of the multivalent presentation of sugar epitopes was 

studied against the dimeric galectin-1 and the monomeric CRD of galectin-3. HMPA 

copolymers decorated with LacNAc disaccharide had previously displayed affinities 

for these lectins in the nanomolar range with detectable preference for galectin-1. Our 

goal here was to unravel and explain the structural details behind these observations, 

using NMR as well DLS and Cryo-EM.  
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In a third part, motivated by the described outstanding selectivity displayed by the C-

type lectin LSECtin for one configurational isomer over the other on an N-glycan 

microarray, in solution NMR investigations were performed. Herein, we shed light into 

how sugar-branch specificity can be dictated by the immobilization on rigid surfaces.  

 

Since the full understanding of lectin-sugar recognition events in vivo remains elusive, 

in the last chapter, a compendium of promising results, that dissect the binding events 

directly in-cell and on-cell, is presented. The urgency to elucidate these interactions in 

a microenvironment closer to the real one, was here answered through the employment 

of cell-based NMR methodologies and glycogenomic engineering.  
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Riassunto 

I glicani sono ubiquitari in natura. Si trovano prevalentemente coniugati con altre 

biomolecole, generando così glicoproteine e glicolipidi. Eventi di grande importanza 

biologica, come interazioni cellula-cellula, cellula-matrice e ospite-patogeno, sono 

regolati dal riconoscimento dei glicani a opera di un gruppo specifico di proteine, 

chiamate lectine. Le lectine possono essere differenziate in vari sottogruppi e le 

famiglie più studiate e con maggiori applicazioni di tipo biomedico sono le galectine, 

le lectine di tipo C e le siglecs. Infatti, gli eventi di riconoscimento lectina-zucchero 

giocano un ruolo fondamentale in un vasto numero di processi fisiologici e patologici 

in tutte le cellule viventi. 

Alla luce di ciò, una delle più grandi sfide della scienza moderna è riuscire a ottenere 

una visione comprensiva di queste interazioni fondamentali. Tuttavia, l’utilizzo di 

singole tecniche fornisce solo un’immagine parziale del fenomeno. Al fine di arginare 

questo problema, in questa tesi è stata adottata una metodologia multidisciplinare per 

lo studio di vari sistemi lectina-zucchero. In questo modo, i dettagli del riconoscimento 

molecolare sono stati decodificati dal punto vista strutturale, conformazionale e 

dinamico. La forza trainante di questo progetto è indubbiamente un’attenzione 

particolare nei confronti di aspetti come multivalenza, presentazione, movimenti 

conformazionali e ambiente cellulare.  

 

Inizialmente, è stata studiata l’interazione tra galectina-1 e gli antigeni umani del 

gruppo sanguigno. Questo lavoro si è sviluppato nell’ottica di un progetto globale 

focalizzato sul riconoscimento di antigeni-self a carico delle galectine. Motivati 

dall’interesse di identificare differenti caratteristiche di unione confrontando galectine 

diverse, abbiamo utilizzato un approccio sinergico combinando NMR, ITC e 

simulazioni MD. In questo modo, sono stati individuati e descritti raffinati eventi di 

plasticità conformazionale e allosteria.   

 

Successivamente, è stato analizzato l’impatto della presentazione multipla di epitopi 

zuccherini sul riconoscimento da parte di una galectina dimerica (galectina-1) e di una 

monomerica (CRD di galectina-3). In precedenza, affinità nel range nanomolare sono 

state descritte per l’interazione di queste galectine con copolimeri di tipo HMPA 
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decorati con il disaccaride LacNAc. In particolare, una preferenza tangibile è stata 

dimostrata per galectina-1 rispetto a galectina-3. Il nostro obiettivo in questo caso è 

stato giustificare e spiegare i dettagli strutturali celati dietro a queste informazioni 

preliminari, utilizzando un insieme di tecniche (NMR, DLS e Cryo-EM).  

 

Nel terzo sottocapitolo della tesi, guidati dalla stupefacente selettività di una lectina di 

tipo C (LSECtin) per determinati isomeri conformazionali, abbiamo effettuato studi di 

NMR in soluzione. Nello specifico, in precedenti analisi condotte con array, è emerso 

che LSECtin presenta una spiccata preferenza nei confronti di uno specifico isomero 

conformazionale di N-glicano rispetto al suo corrispettivo isomero. Con il nostro 

approccio in soluzione, abbiamo fatto luce su un aspetto fondamentale, ossia che la 

specificità per un determinato zucchero può essere dettata dalla sua immobilizzazione 

su una superficie rigida.  

 

Dal momento che la conoscenza completa degli eventi di riconoscimento molecolare 

lectina-zucchero tramite studi in-vitro può essere considerato elusivo, nell’ultimo 

capitolo è riassunta una collezione di risultati promettenti ottenuti analizzando le 

interazioni direttamente in-cell o on-cell. Tramite l’impiego di metodologie NMR con 

cellule intatte e dell’emergente ingegneria glicogenomica, vengono descritte possibili 

strategie per rispondere all’urgenza di studiare l’unione proteina-carboidrato in un 

ambiente più vicino a quello reale.    
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Resumen 

Los glicanos son ubicuos en la Naturaleza. Su presencia se extiende desde los 

organismos más simples hasta los más complejos. De hecho, son uno de los 

componentes fundamentales de cualquier tipo de célula.  

 

Las funciones energéticas y estructurales cruciales de los sacáridos son esenciales. solo 

El exoesqueleto de los artrópodos está formado principalmente por quitina y el 

glucógeno sirve como almacenamiento energético de la mayoría de los organismos 

vivos.  

Sin embargo, en las últimas décadas, se ha hecho cada vez más evidente su importancia 

en procesos de reconocimiento molecular. En el ambiente celular, los glicanos son 

capaces de interaccionar con otras macromoléculas, generando una respuesta 

biológica.  

Cada célula dispone de una variada y única colección de carbohidratos, que se define 

en su totalidad como el glicoma. En este contexto, los azúcares se encuentran 

principalmente conjugados con otras biomoléculas como proteínas o lípidos, dando 

lugar a glicoproteínas y glicolípidos, respectivamente.   

La mayoría de los glicanos llevan a cabo su función extracelularmente, a través de 

interacciones célula-célula, célula-matriz o huésped-patógeno. Estos eventos de 

reconocimiento orquestan el plegamiento, recambio, tráfico y estabilidad de proteínas 

y también regulan una miríada de actividades fisiológicas y patológicas de la célula.  

Entre las principales entidades que interaccionan con glicanos (virus, bacteria, 

anticuerpos, hormonas, enzimas, toxinas etc.), en esta tesis nos hemos centrado en un 

grupo específico de proteínas, denominadas lectinas.  

Pueden diferenciarse distintas sub-familias de lectinas, siendo las galectinas, lectinas 

de tipo C y siglecs las más estudiadas y apropiadas para aplicaciones biomédicas. 

En particular, las galectinas se distinguen en base a su arquitectura supramolecular en: 

prototípicas (formadas por dos dominios idénticos de reconocimiento de carbohidrato 

unidos -CRD- no covalentemente), quiméricas (constituidas por un CRD y un conector 

peptídico) y de tipo tándem (formadas por dos CRD distintos unidos covalentemente a 

través de un conector peptídico).  
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Dada su implicación biológica, el estudio de los eventos de interacción lectina-azúcar 

es de importancia esencial no solo para la investigación básica, sino también para el 

desarrollo de moléculas terapéuticas. Debido a ello, uno de los mayores retos de la 

ciencia moderna es obtener una visión completa de estas interacciones fundamentales.  

 

Para el análisis de las interacciones lectina-azúcar pueden utilizarse diversas 

herramientas, siendo una de la más adecuadas la Resonancia Magnética Nuclear 

(RMN), que permite de estudiar las particularidades del reconocimiento a nivel 

atómico.  

Sin embargo, el uso de metodologías individuales solo proporciona una imagen parcial 

del fenómeno. Por lo tanto, en esta tesis se ha adoptado una estrategia multidisciplinar 

para el estudio de varios sistemas lectina-azúcar. De este modo, los detalles del 

reconocimiento molecular han sido descodificados desde el punto de vista estructural, 

conformacional y dinámico.  

Además, en esta Tesis hemos prestado atención particular a aspectos como la 

multivalencia, la presentación, el aspecto conformacional y el ambiente celular.  

 

Inicialmente, se ha estudiado la interacción entre galectina-1, una lectina dimérica, y 

los antígenos humanos de los grupos sanguíneos. Estos antígenos se encuentran en la 

superficie de los glóbulos rojos y su composición molecular define el grupo serotípico 

de un individuo.  

El estudio de esta interacción no solo es importante porque es un evento que ocurre en 

la naturaleza, sino también por estar ligado a fenómenos de infección de patógenos que 

utilizan estrategias de mimetismo molecular.  

Este trabajo se encuentra en el marco de un proyecto global focalizado en el 

reconocimiento de los antígenos por las galectinas. Las galectinas son capaces de 

reconocer β-galactosidos, presentes en los antígenos de los grupos sanguíneos, pero 

cada miembro de esta familia muestra preferencias diferentes en base a las ulteriores 

modificaciones alrededor del epítopo de reconocimiento.   

Para este estudio se ha empleado un enfoque sinérgico, combinando distintas técnicas 

experimentales, como RMN y la calometría -isothermal titration calorimetry- (ITC) 

con simulaciones de dinámica molecular DM. De este modo, se han detectado y 
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analizado, de manera precisa, eventos de plasticidad conformacional que ocurren en la 

proteína tras la unión con el ligando. Este tipo de movimientos concertados, sufrido 

por algunos residuos situados a lo largo del dímero de la proteína, está relacionado con 

fenómenos de alostería.  

Estos fenómenos son únicos para la galectina-1 y no han sido detectados en el caso de 

otras galectinas (tanto monoméricas como de tipo tándem). Es decor, cada una de ella 

se uned a los mismos epítopos con mecanismos perfectamente regulados y 

dependientes también de su arquitectura.  

 

Posteriormente, se ha analizado el impacto de la presentación multivalente de epítopos 

de azucares frente una galectina dimérica (galectina-1) y otra monomérica (galectina-

3). Se había descrito previamente que copolímeros de tipo HMPA, decorados con el 

disacárido LacNAc, mostraban afinidades en el rango nM frente a estas galectinas.  

Nuestro objetivo en este proyecto fue desentrañar y explicar los detalles estructurales 

que gobernaban estas observaciones, usando una combinación de métodos 

experimentales: RMN, dispersión dinámica de luz (DLS) y crio-microscopía 

electrónica (Cryo-EM). De esta manera, se ha proporcionado una imagen detallada del 

evento de reconocimiento en diferentes grados de resolución: desde la perspectiva 

atómica hasta la supramolecular. Se ha confirmado que la presentación múltiple de los 

epítopos por parte de los glicopolímeros desencadena el aumento de la afinidad en 

comparación con sus contrapartes monovalentes.  

También se ha evaluado el efecto de diferentes tipos de presentación múltiple (mono-

, bi- y trivalente) en la misma rama del gliopolímero.  

En general, se ha detectado una clara preferencia de unión para galectina-1 frente a la 

galectina-3, debido a la formación de diferentes entidades supramoleculares dictadas 

por su arquitectura intrínseca.  

Esta selectividad, basada en la estructura tanto de la molécula multivalente como de la 

galectina, es excepcional y allana el camino al desarrollo de compuestos de interés 

biomédico, considerando también las características compatibles de los polímeros 

HMPA con aplicaciones terapéuticas. 
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En tercer lugar, abordamos la comparación de los resultados experimentales 

encontrados usando técnicas que estudian fenómenos en disolución, como el RMN, 

frente a otras que lo hacen en superficies, como los microarrays.  

En concreto, el estudio ha sido motivado por la selectividad excepcional mostrada por 

LSECtin, una lectina de tipo C, por un N-glicano biantenario asimétrico respecto a su 

análogo posicional usando microarrays de N-glicanos.  

Se han llevado a cabo estudios detallados de RMN en disolución para poder comparar 

los datos obtenidos por las dos técnicas. De esta manera, se ha demostrado que la 

especificidad observada estaba dictada por la inmovilización de los N-glicanos en una 

superficie rígida y no tenía lugar en disolución.  

En la superficie, la presentación del epítopo de azúcar que interactúa es esencial, y, por 

lo tanto, tanto la longitud y la naturaleza química de los enlazadores utilizados para 

unir los ligandos a la superficie como la composición del soporte sólido en sí misma, 

son elementos importantes que pueden influir en el resultado final. 

Por el contrario, cuando el análisis se realizó por RMN en disolución, los actores 

disfrutan de la libertad de movimiento que no tienen en un entorno natural. 

Con este ejemplo se ha demostrado la dificultad que entraña traducir los resultados 

obtenidos in vitro al ambiente in vivo y la necesidad de complementar metodologías 

diferentes para poder obtener imágenes precisas de los sistemas de interés.  

 

En el último capítulo de resultados, y teniendo en cuenta que el conocimiento sobre el 

reconocimiento molecular lectina-azúcar in vivo es todavía escaso, se ha presentado un 

compendio de resultados prometedores obtenidos para distintos sistemas lectina-

glicano, analizando los eventos de interacciones directamente dentro de la célula, in-

cell, o sobre la célula, on-cell, con el propósito de elucidar los detalles de estas 

interacciones en un ambiente más cercano al natural.  

Así, se han utilizado metodologías de NMR basadas en células y experimentos de 

ingeniería glico-genómica.  

Especificadamente, se han utilizado ovocitos de pez cebra (Danio rerio) para detectar 

la unión de galectina-7 al tiodigalactosido (TDG) directamente en las células (in-cell) 

a través de experimentos bidimensionales de RMN.  
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Consecuentemente, se han presentado dos estrategias similares de RMN sobre la célula 

(on-cell) utilizando células bacterianas, así como células de mamífero con el fin de 

estudiar el reconocimiento de glicanos seleccionados por los receptores expuestos. 

En el primer caso, se ha observado FimH, una proteína que reconoce manosa y se 

expresa naturalmente en el extremo apical del pilus de cepas uropatogénicas de 

Escherichia coli. Su unión a dendrímeros funcionalizados con manosa ha sido 

examinada en un entorno celular a través de experimentos de RMN. 

Por otro lado, las células HEK293 han sido manipuladas para sobreexpresar el receptor 

siglec-10 en su superficie y se ha analizado su reconocimiento con un glicomimético 

sintético que es selectivo para esta lectina, midiendo la interacción por RMN 

directamente en la célula (on-cell).  

 

Finalmente, motivados por los recientes y rápidos desarrollos en el campo de la 

ingeniería glico-genómica, se presentan resultados preliminares de la modificación 

estable de genes relacionados con la glicosilación (glicosiltransferasas) en células de 

mamífero (HEK293 y HaCaT). Las líneas celulares modificadas presentan un tipo de 

glicosilación homogénea y definida (solo N-glicanos, solo O-glicanos o solo 

glicoesfingolípidos). Estas líneas han sido utilizadas en ensayos FACS para estudiar 

cómo las galectinas exógenas son capaces de reconocer sus glicanos en un contexto 

celular. 
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1.1 Glycans  

Glycans are everywhere. They are fundamental components of intra- and extra-cellular 

compartments of organisms in all domains of life and the most abundant biomolecules 

in nature. [1] Indeed, it has been estimated that sugars constitute the 70% of the total 

biomass on Earth. [2] 

 

Saccharides (glycans, sugars, carbohydrates) have long been known to play major 

structural and energetic roles. Chitin, for instance, is the primary component of cell 

wall in fungi and forms the exoskeleton of all arthropods, while cellulose provides 

structural support to every plant cell. Likewise, starch and glycogen are examples of 

polysaccharides able to serve as energy storage for the metabolism of living organisms.  

However, in the last decades, the essential role of carbohydrates in molecular 

recognition events has attracted the attention of many researchers, with diverse 

background. In the cellular microenvironment, glycans bind to other partners, such as 

proteins, and generate crucial biological outcomes.  

 

Each different cell type displays a unique and rich battery of complex carbohydrates, 

which is called the glycome. Different types of glycoconjugates can be found in the 

intracellular area or, predominantly, exposed on the cell surface. Glycans are typically 

found covalently linked to proteins or lipids, generating glycoproteins or glycolipids, 

respectively. More recently, the glycosylation of the small RNAs displayed on the 

surface of living cells has also been postulated. [3]  

 

The study of sugar synthesis, structure, conformation, interactions, biology, and 

evolution is the fundament of glycosciences, joining glycochemistry, glycobiology, 

glycobiotechnology, and glycobiomedicine. [4] 

Since sugar-mediated binding events are essential for cell-cell, cell-matrix, and cell-

pathogen communication and meticulously modulate the physiology of the cell in 

health and disease, this research field is constantly expanding. In light of this, the 

understanding of the basis of carbohydrates’ structural diversity, linkage to other 

biomolecules, and cellular distribution is of paramount importance. 
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1.1.1 Structural diversity  

Carbohydrates seldom occur in nature as single units. In fact, they are generally 

organized into polymeric structures in which monosaccharides constitute the basic 

building blocks. The complexity of glycans not only arises from the existing plethora 

of different monosaccharides. Indeed, even if hundreds of building blocks have been 

discovered, most of the mammalian glycome consists of only ten members.  

The most recurrent 9 monosaccharides are D-glucose (Glc), N-Acetyl-D-glucosamine 

(GlcNAc), D-galactose (Gal), N-Acetyl-D-galactosamine (GalNAc), D-mannose 

(Man), L-fucose (Fuc), N-Acetylneuraminic acid (Neu5Ac), D-xylose (Xyl), and D-

glucuronic acid (GlcA). Once incorporated into a glycan structure, these building 

blocks may suffer further modifications; this is the case of GlcA that can be epimerized 

at carbon 5 and generate the tenth monosaccharide: iduronic acid (IdoA).  

The most common text abbreviation for monosaccharides is the one reported above 

using three letters and concerning their visual representation, the pictorial notation 

universally recognized is called Symbol Nomenclature for Glycans (SNFG), and 

assigns to each component a precise shape and a colour (Figure 1.1).  

 

Figure 1.1. Structure of the ten main recurrent monosaccharides in the mammalian glycome 

with their three-letter abbreviation and the SNFG symbol.  

 
Thus, the observed variety in nature does not strictly depend on the available number 

of sugar building blocks, but it is rooted, instead, in the chemical complexity of the 

monosaccharides and in the different nature of the linkages that join them together 

(Figures 1.2 and 1.3). 
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A monosaccharide is formally composed by carbon atoms and water molecules and 

has the general empirical formula Cx(H2O)n, where n ranges between 3 and 9, even if 

the most represented members are pentoses (5) and hexoses (6).  

The carbon chain can cyclize giving rise to rings of different sizes (hemiacetals). Once 

cyclized, the sugar can experience conformational flexibility, depending on the type of 

cycle. The adopted ring conformation determines the orientation of the functional 

groups in the three-dimensional space. [5] 

 

Moreover, the orientation of the hydroxyl group in the anomeric position (C1) can be 

axial (α) or equatorial (β) with respect to the plane of the sugar ring, generating the 

possibility of two different epimers. The stereogenic anomeric center can undergo an 

interconversion of epimers in solution, a phenomenon dubbed mutarotation: the 

monosaccharide ring opens up (aldehyde, more unstable) and then recloses adopting 

the other anomeric configuration (Figure 1.2). [6,7] Generally, the β epimer is the most 

populated conformation, favoured by steric effects. However, in many cases the α 

epimer has a significant representation, due to the anomeric effect. [8,9] 

 

Figure 1.2. Elements of structural variability of saccharides: cyclization process for D-Glc and 

anomeric configurations.  

 

More monosaccharides are covalently joined together through the glycosidic bond. 

This fundamental linkage is formed between the anomeric carbon of one 

monosaccharide and a hydroxyl group of another. A single sugar ring can be attached, 

in different positions, to multiple other sugar units, allowing not only the formation of 

linear molecules, but also of branched structures. Additionally, each anomeric carbon 

can generate both α and β configuration of the glycosidic linkage, thus further 

increasing the chemical and structural complexity (Figure 1.3).  
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The type of linkage strongly influences the spatial orientation of each sugar moiety and 

consequently tunes the physical and chemical properties of the whole molecule as well 

as its functional activities.  

 
Figure 1.3. Elements of structural variability of saccharides: different types of glycosidic 

linkages. Example of the B type-II blood group antigen. The monosaccharides can be connected 

together throug α or β linkages and one unit can be connected to multiple other ones through 

linkages at different positions. 

 
All the aforementioned variables generate an ideally unlimited assortment of possible 

oligo- and poly-saccharides in term of shapes and geometry, making the glycans much 

more variegated than other biopolymers (proteins, nucleic acids). [10] 

 
1.1.2 Mammalian glycosilation  

As already mentioned, glycans in cells are mostly found covalently conjugated to other 

biomolecules. In particular, carbohydrate chains of different length and complexity can 

be attached to proteins (glycoproteins and proteoglycans) or to lipids, usually 

sphingolipids (glycosphingolipids). The chemical process that leads to the final 

glycoconjugate is called glycosylation.  

 

Protein glycosylation is one of the most abundant post-translational modifications 

(PTMs) found in eukaryotic cells. It has been estimated that a range from 50% to 70% 

of the entire mammalian proteome is glycosylated. [11] The addition of sugar chains 

in one or multiple sites of a protein is not just an ornament and has various implications.  

In fact, glycans contribute in regulating the physicochemical properties of a protein, 

such as its folding, stability, and solubility and, moreover, they also modulate the 

interaction of the protein with other partners. [12] 
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The study of glycosylation is extremely complicated since the structures generated by 

this event are intrinsically heterogeneous and strongly depend on the availability of the 

building blocks, cell type, and physio-pathological conditions. This aspect is a 

consequence of the fact that the attachment of sugars to proteins is a non-template-

driven biosynthesis. [13] 

 

Two main classes of glycosylation occur in mammalian cells: N- and O-glycosylation. 

They take place in diverse cellular compartments and are composed of different steps, 

but their nomenclature derives from the protein residues to which the sugar is 

covalently attached. In fact, N-linked glycans target the nitrogen atom of asparagine 

(Asn) residues, while the O-linked ones target the oxygen atom of serine/threonine 

(Ser/Thr) residues. The knowledge of mammalian N-linked and S/T-linked 

glycosylation mechanisms is the most advanced, however other types of glycosylation 

have been found. O-mannosylation, O-fucosylation, O-glucosylation, C-

mannosylation (which targets the carbon of a tryptophan (Trp) residue) and glypiation 

are some other examples of the 14 distinct pathways present in mammalians, which are 

distinguished on the basis of the sugar–protein linkage and the initial monosaccharide. 

[14,15]  

 

N-glycosylation starts in the lumen of the endoplasmatic reticulum (ER) and targets 

an Asn residue contained within a defined consensus sequence (or sequon): Asn-X-

Ser/Thr, in which X is not proline (pro). This sequon is the minimal requirement for 

N-glycosylation, but its presence in the protein sequence does not necessarily mean 

that the site will be subjected to glycosylation. [16–18] 

As first step, a sugar precursor of 14 monosaccharides (Glc3Man9GlcNAc2) is 

covalently attached to the Asn side chain. At this moment the protein is still unfolded. 

In the ER, the original N-linked glycan structure is modified by removal of the terminal 

GlcNAc residues (trimming). During this process, which is an important checkpoint of 

protein quality control, folding is accomplished. [19] Subsequently, the complex is 

translocated in the Golgi apparatus where suffers re-glycosylation (processing) with 

additional sugar residues, such as GlcNAc, Man, Fuc, Gal, or Neu5Ac. [20] This final 

decoration generates the exquisite glycan diversity. All eukaryotic N-glycans share a 
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common core of 5 residues, Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1–4GlcNAcβ1–

Asn-X-Ser/Thr, and are classified into three types: high mannose (high-Man), 

complex-, and hybrid-type N-glycans (Figure 1.4). For high-Man N-glycans, the core 

is only extended with Man residues. In the case of complex-type, a variable number of 

antennae (branches, arms) initiate with a GlcNAc residue from the main core. For the 

hybrid-type, a Man residue starts the elongation of the Manα1-6 arm, while the Manα1-

3 arm starts its extension with a GlcNAc moiety.  

 
Figure 1.4. From the left: the core structure conserved among N-glycans and the structures of 

the different types of N-glycans found in mammalian cells (high-Man, complex-, hybrid-type).   

 
In the case of O-glycosylation, there is no specific sequon. The most common type of 

O-glycosylation is the mucin-type (Muc-type), in which the first residue to be attached 

to hydroxyl group of Ser/Thr is GalNAc. O-GalNAc glycans are added to proteins in 

the Golgi apparatus. Unlike N-glycosylation, there is no trimming processes, but the 

residues are linked in sequence moving from the cis-, medial-, and trans-Golgi 

compartments. [21] The O-GalNAc glycans of mucins have eight major core 

structures (Figure 1.5). Each core can be extended by a variety of sugar residues 

(GalNAc, Gal, GlcNAc, Fuc, and Neu5Ac, whereas Man, Glc, or Xyl are never present 

herein) to generate linear or branched chains. Moreover, Neu5Ac sugars can be 

modified by O-acetylation and Gal and GlcNAc, by sulfation. The total length of 

mucin-type glycans varies from a single O-GalNAc (the Tn-antigen) to more than 20 

sugars. The blood group antigens exposed on the surface of human erythrocytes are 

commonly found in mucins and are examples of extended cores. [22] 
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Figure 1.5. Mucin type O-glycosylation: the core structures.  

 

Proteoglycans are a special class of glycoproteins prevalently found in the 

extracellular matrix and on cell surfaces that, in addition to canonical N-glycans and 

O-glycans, they also bear long sugars chains attached via O-linked glycosylation. 

These motives, called glycosaminoglycans (GAGs), can easily contain more than 80 

sugars (until 200) and are constructed with disaccharide repetitions. On the basis of 

their composition, they can be classified into three major groups: heparin/heparan 

sulfate, chondroitin/dermatan sulfate, or keratan sulfate (Figure 1.6). Since GAGs are 

often N- or O-sulfated, they are negatively charged entities, a characteristic that not 

only strongly drive their interactions with the surroundings but, due to their size and 

density, also modifies the chemical-physical features of the microenvironment. [23]  

 
Figure 1.6. On the left, representation of a proteoglycan full structure. On the right, GAG 

motifs of the three major groups (heparin/heparan sulfate, chondroitin/dermatan sulfate, and 

keratan sulfate) 
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Sugar residues can also be liked to lipids, in particular to sphingolipids, generating 

glycosphingolipds (GSLs). They are located in the cellular membrane with their 

glycans facing the external milieu and the lipid embedded into the membrane. GSLs 

are synthesized in the ER and Golgi by sequential attachment of single sugars units to 

a ceramide lipid core (sphingosine linked to fatty acids). [24] 

The first monosaccharide to be added is generally Glc (GlcCer), followed by Gal, to 

give LacCer. The type of linkage and sugar that decorate the initial LacCer unit is used 

to define the classification of GSL. There are five main subtypes: ganglio, lacto, 

neolacto, globo and isoglobo (Figure 1.7). [25]  

GSLs are amphiphilic molecules, since are constituted by a hydrophobic lipid moiety 

attached to the hydrophilic carbohydrate portion.  

 
Figure 1.7. The five main subtypes of glycosphingolipids: ganglio, lacto, neolacto, globo, and 

isoglobo. 

 
More recently, the glycosylation of small RNAs has also been postulated. The 

glycoRNA has been proposed to be exposed on the surface of cells and to be 

glycosylated by the same machinery in charge of N-glycosylation. [3] Nevertheless, 

further investigations have to be performed in order to decipher many aspects, such as 

the chemistry that links the RNA to the carbohydrate part, the detailed biosynthetic 

pathway, and the biological significance of this new glycoconjugate.  

 

The glycosylation machinery of a given cell determines the ensemble of glycan 

structures and the types of possible glycoconjugates. 

The biosynthesis of the enormous assortment of glycans found on mammalian 

glycoproteins, proteoglycans, and glycolipids, involves more than 200 different 

enzymes operating in 16 major pathways (14 for the generation of glycoproteins and 2 

for glycolipids). [26] Of these enzymes, at least 173 are glycosyltransferases (GTs). 
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A representation of the current atlas of their roles in glycan biosynthesis is reported in 

Figure 1.8. [27] 

 
Figure 1.8. Atlas of human glycosylation pathway maps with the functions of 169 GTs. 

Rainbow depiction of the human glycosylation pathways, from left to right: GPI-anchor, 

glycolipids (2), N-linked glycans, O-GalNAc mucin-type, O-Fuc type (2), O-GlcNAc type, O-

Man type (2), C-Man type, O-Glc type, O-Xyl type (proteoglycans), O-Gal type and O-GlcNAc 

type (cytosolic). Glycosyltransferase genes are arranged in the pathway-specific steps 

(initiation and core extension) and in the pathway-nonspecific steps (elongation and capping, 

52 genes). Figure taken from Narimatsu et al., 2019. [27] 

 
The glycosylation capacities of different cell types vary primarily through changes in 

the expression of the GTs. Some steps in the glycosylation pathways are regulated by 
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a single GT and the loss of function of such gene leads to global changes in the glycan 

structures produced. These steps are dubbed non-redundant steps. An example is the 

core α6-fucosylation of N-glycans originated by Fut8 GT. Generally, non-redundant 

GTs covers the initial core extension steps.  

On the contrary, some other glycosylation steps are regulated by multiple isoenzymes 

with at least partially redundant functions (redundant steps). In this case, the loss of 

function of a single isoenzyme gene leads to subtle effects (or none) on the final glycan 

structure. Elongation, branching, and capping phases are covered by partial 

redundancies. For instance, sialylation is covered by partial redundancies and 

combinatorial KOs of three genes are required to selectively eliminate α3-sialylation 

on N-glycans (KO of st3gal3/4/6). In contrast, KOs of just two genes are required to 

selectively eliminate α3-sialylation of core1 O-glycans (KO st3gal1/2). [28,29] 

 

The glycosylation patterns are altered in several human diseases, such as cancer, auto-

immune, infectious, and chronic inflammatory diseases. [30,31] For instance, the 

extension of O-GalNAc glycans beyond the first sugar is blocked in some cancer cells, 

generating an aberrant glycosylation phenotype of the mucins exposed on the cell 

surface. [32] Similarly, aberrant sialylation (hyper-sialylation) is an established 

hallmark of several types of cancer directly linked to tumour invasion, migration, and 

immune evasion. [33] 

Moreover, genetic defects in genes involved in the glycosylation (glycogenes) are often 

lethal at embryonic stages, highlighting the vital role of the glycoconjugates. 

Sometimes these mutations are compatible with life but generate acute pathologies, 

globally defined as congenital disorders of glycosylation (CDGs). [34,35] 

 
1.1.3 Distribution  

Glycans are as universal and present in all life kingdoms (as nucleic acids, proteins and 

lipids) and their functions are essential to the existence of all known living organisms. 

[36]  

Focusing on mammalian cells, the location of such glycoconjucates is ubiquitous: they 

have been found in the nucleus and in the cytoplasm, where they are not only mere 



CHAPTER 1: GENERAL INTRODUCTION 

 

11 

 

structural components, but modulate complex interplays such as the activation-

inactivation switch of proteins dictated by phosphorylation. [37–41] 

 

However, the majority of glycoconjugates is located in the cell surface and in the 

extracellular space. As a matter of fact, every mammalian cell is coated with a dense 

layer of membrane-bound proteoglycans and glycoproteins, the glycocalyx. [42] This 

hydrated gel-like structure also includes extracellular components, such as hyaluronic 

acid and soluble proteoglycans (Figure 1.9). [43]   

 

Figure 1.9. Representation of the main components of the glycocalyx. On the right: electron 

microscopic pictures of the glycocalyx of myocardial capillary endothelial surface of rat (taken 

from Van den Bert et al., 2003) [44] 

 
In homology with the skin, which is the body’s first level of defence, the glycocalix 

constitutes the very first physical barrier for cells. Pathogens are not free to penetrate 

inside the cells, since they found this dense structure as initial obstacle.  

The idea that the glycocalyx was just a protective and passive coat with no regulative 

activity was installed for many decades. With the advent of new techniques to visualize 

the organization and decipher the roles of this complex structure, it became clear that 

the glycocalyx could be considered as an organelle actively involved in processes 

related to cell communication. [43,45,46] The possibility to visualize this structure at 

increasing levels of precision and under different physiological conditions remains a 

hot topic of investigation. [47,48]  
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Indeed, the glycocalyx is directly implicated in vital cellular processes, since its 

components are continuously interacting with the surrounding. Surface interactors 

belonging to the glycocalyx finely regulate cell-cell, cell-matrix, and cell-pathogen 

interactions. In fact, surface glycoproteins (and glycolypids) interact with receptors 

located in neighbour cells as well as with circular antibodies and lectins, a class of 

proteins in charge of recognizing sugar epitopes (Figure 1.10). Moreover, cis-

communication, with receptors located at the same cell surface, is also a possibility.  

All these molecular interactions trigger a plethora of different biological responses, 

such as regulation of the immune system, inflammation, changes in cell morphology, 

development, apoptosis, and disease insurgence. [49] Indeed, the Nobel laureate in 

2022 has been awarded to Prof. Carolyn Bertozzi for developing exquisite biorthogonal 

chemical tools to investigate molecular interactions involving glycans. Additionally, 

membrane-anchored glycoproteins also interact with external pathogens (bacteria, 

viruses) and facilitate or inhibit the invasion of the host cell (Figure 1.10). [49] 

 

Figure 1.10. Cartoon representation of the main interactions mediated by glycoconjugates on 

the cell surface.  

 
Any change in the glycocalyx composition in response to a different cell state can 

promote dissimilar recognition processes. [50] Considering this complex interplay 

easily linked to disease, it is evident that the interactions and actors involving glycans 

and their molecular counterparts can be chosen as targets in diverse therapeutic 

contexts. [51] 
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1.2 Glycan-lectin interactions 

Glycans interact intra- and extra-cellularly with many types of proteins including 

enzymes, antibodies, and lectins. The recognition of glycans mediated by glycan-

binding proteins (GBPs) promotes crucial biological responses. These proteins display 

no catalytic activity, as enzymes do, and are not linked with a direct immune response, 

like antibodies are.  

GBPs can be divided into two large families: lectins and sulfated GAG-binding 

proteins. This last class is extremely heterogeneous and does not share a common 

evolutionary origin or structural features. [52] The discussion of this chapter will only 

be focused on lectins, which have been the topic of this Thesis. 

 

1.2.1 General aspects of sugar-protein molecular recognition 

There are some recurrent weak forces and thermodynamic parameters that regulate the 

binding of glycans to the usually solvent exposed and well-organized binding sites of 

lectins. The knowledge of their characteristics is of paramount importance, not only 

for understanding the mechanism behind the recognition event, but also for developing 

mimetics of sugars with enhanced affinity. [53,54]   

 

The interactions established between sugars and lectins are of non-covalent nature and, 

therefore, intrinsically weak (Figure 1.11). Glycans are extremely polar molecules. 

Indeed, they possess several hydroxyl groups that can establish hydrogen bonds 

(HBs) with the residues of the protein, acting as donors, as acceptors, or both 

(cooperative). Among the amino acids, there are some that have been found more often 

involved in HBs; this is the case of residues with planar sidechains capable to bifurcate 

the HB or of residues able to act both as acceptor and donor (Asp, Gln, Arg, His). On 

the contrary, amino acids with more flexible geometry (Ser, Lys) are less represented, 

due to fact that the entropy associated to the binding is increased: the rotamers of the 

sidechains have to be fixed, in addition to the conformational selection of the sugar 

hydroxyl rotamer. [55] The energy of a single HB interaction typically ranges between 

1 and 2 kcal/mol. Moreover, stabilizing HBs can also be mediated by water molecules 

located at the binding site.  
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Furthermore, some lectins, like the C-type lectins, show one or more bivalent cations 

(Ca2+, Mn2+) in their binding sites, which not only stabilizes the protein in its apo form, 

but also coordinate the vicinal hydroxyl groups of the sugar ligand. The presence of 

these ions is a necessary condition for the binding to occur.  

 

Although sugars are universally defined as polar compounds, depending on the spatial 

orientation of the hydroxyl groups in the ring two different faces can be defined: a 

highly polar one and a less polar one. For this reason, carbohydrates can also be 

described as amphiphilic molecules, with a dual character. Accordingly, they can 

generate hydrophilic-based contacts with the surrounding (as HBs), but also non-polar 

interactions. In line with this aspect, additional contributions stabilizing sugar-lectin 

binding events can arise from stacking interactions (CH-π stacking) between the less 

polar face of the sugar ring and aromatic sidechains of the protein. CH-π stacking 

interactions occur when the carbohydrate ring is parallel to the plane of the aromatic 

ring of the amino acid. [56–58] The residues found more often involved in these 

interactions are Trp, Tyr and Phe. [57] Van der Waals interactions also involve non-

polar sidechains (Ile, Leu, Ala, Val, Phe) in close contact with non-polar areas of the 

sugars. The contribution of one CH-π stacking or van der Waals interaction is ca. 1.5 

kcal/mol. [59] 

 

Ionic electrostatic interactions can be established between sialic- and sulfate-bearing 

sugars and positively charged residues (Arg, Lys, His), giving rise to salt bridges. 

These contacts are strongly stabilizing since may provide more than 2 kcal/mol and. 

For instance, siglecs possess an extremely conserve Arg residue in their binding 

pockets that establishes a crucial salt bring with the carboxylate of the sialic acid.   
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Figure 1.11. Key forces and interactions occurring in lectin-sugar binding events 

 
The thermodynamic behind glycan-lectin recognition is usually governed by the 

paradigm of enthalpy/entropy compensation. This mechanism is observed only for 

intermediate-weak interactions (such as those occurring between sugars and proteins), 

where the entropy term value is similar to the enthalpy one. On the contrary, for strong 

interactions, where the enthalpy contribution is far greater than the entropy term, 

compensation is no longer observed. The enthalpy/entropy compensation event is very 

complex and does not easily fit in models of general validity. Preferably, a case-by-

case approach should be adopted to interpret this phenomenon, since too many 

variables depends on the precise features of the system under study. [60–62] However, 

some common rules can be considered. In fact, since glycans are generally flexible 

molecules, a typical entropy penalty is observed arising from the loss of degrees of 

freedom upon ligand conformational selection. A pre-organization of the glycan can 

lead to decreased entropic cost. In some cases, the increase of protein flexibility upon 

ligand binding has been described to correlate with a favourable entropy. 

The enthalpy can be considered a quantitative indicator of the changes in 

intermolecular bond energies (hydrogen bonding, van der Waals interactions, salt 
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bridges etc) occurring during the binding process. Moreover, both enthalpy and 

entropy terms are affected by changes in the solvation. Generally, water desorption 

(desolvation) is linked to unfavourable enthalpy and favourable entropy. The enthalpic 

penalty in this case is considerable, since sugars are highly solvated polar molecules 

and the binding site of lectin is shallow and exposed to water. Since the favourable 

interactions established between sugars and lectins provide low energy, their 

contribution to enthalpy is rather low and insufficient to compensate the enthalpic 

desolvatation penalties. Consequently, the sugar-protein association process is weak 

and characterized by low affinity. Indeed, KDs usually ranges from mM to µM.  

 

A question arises: how can those weak interactions so finely determine critical 

biological responses?  

The answer can be found in the engagement of simultaneous interactions involving the 

receptor and/or the ligand, a phenomenon called multivalency. [63] Multivalency can 

be described as the contemporary availability of several replicates of one or two 

components of the system (lectins and sugars) so that they can interrelate in a 

cooperative manner. In this way, individual weak affinities are simultaneously engaged 

in a synergic way, thus enhancing the global affinity by orders of magnitude. This 

event is defined multivalence effect and the accumulated strength resulting from 

individual affinities performing concurrently is known as avidity.[64]  

 

Multivalent receptors interacting with multivalent ligands generate an extremely 

complex binding event and often a combination of different effects are responsible of 

the observed affinity increase (Figure 1.12)  

However, discerning the contribution of each mechanism of interaction is complicated. 

When multiple lectin binding sites binds simultaneously to multimeric ligands, the 

event is defined as chelate association, which highly increases the avidity. 

Furthermore, in the local microenvironment in which these interactions take place, the 

resident concentration of monomeric receptors on the cell surface is high: the local 

density extremely favours clustering effects, strengthening the binding event.  

The subsite association occurs when a second binding site with different affinity and 

specificity also interacts with a multimeric ligand with diversified epitope presentation. 
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Multivalent sugars can also interact with monovalent lectin triggering affinity 

improvement through a simple higher density of ligands available in close proximity 

of the binding site. This phenomenon is known as statistical rebinding. [64–67] 

Additionally, lectins can experience internal diffusion between multivalent glycans 

before dissociation, a phenomenon which, again, increases the affinity and is known 

as bind and slide mechanism. [68] 

 
Figure 1.12. Multivalency in action: cartoon representation of the major mechanisms occurring 

with multiple lectin and/or sugar presentations.  

 
The multivalent effect has also intermolecular implications. In fact, aggregative 

binding catalysed by cross-linking effect can generate large noncovalent three-

dimensional networks. If the number of epitopes increases, two- or three- dimensional 

networks can be produced, which are often poorly soluble and undergo irreversible 

precipitation (Figure 1.13).  
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Figure 1.13. Intermolecular networks generated by cross linking effects.  

 

The deep understanding of carbohydrate-protein binding processes is certainly 

important for fundamental research, but also for biomedical applications. Undeniably, 

the design of compounds able to target lectins with high affinity and selectivity can 

benefit the knowledge about basic sugar-protein binding events and exloit it to build 

inhibitors.  For instance, lectins inhibitors with hydrophobic substituents have been 

synthetized in order to overcome the entropic barrier. [65] Also, a large and diverse 

number of synthetic multivalent glycans (neoglycopeptides, neoglycoproteins, 

glycodendrimers, glycopolymers, glyconanoparticles, and glycoliposomes) have been 

proposed. [67,69] 

 
1.2.2 The human lectins 

Lectins were discovered for the first time in plants in 1888, and only in the late 1960s 

the first animal lectin was isolated. They are found ubiquitously in virus, 

microorganism, plants, and animals. They can be classified into evolutionarily-related 

families based on structural similarities. At least 13 structural families are known to 

exist in animals. Although their main binding partners are self or non-self glycans, 

many animal lectins also establish protein–protein, protein–lipid, or protein–nucleic 

acid interactions. [70,71] Their cellular and extracellular localization as well as their 

biological roles are manifold and will be discussed case-by-case, with particular 

emphasis on the three major human lectins: galectins, C-type lectins, and siglecs. 
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1.2.2.1 Galectins  

Galectins, earlier named S-type lectins, are the most widely expressed class of lectins 

in all organisms. [72] In mammalians, 16 member have been isolated up to now, 

numbered consecutively by order of discovery. They can be broadly be defined as β-

galactoside binding lectins, since the main epitope recognized is the β-Gal ring present 

into most complex glycan structure. Galectins display either one or two conserved 

carbohydrate recognition domains (CRDs) of ca. 130 amino acids (≈ 15 kDa). On the 

basis of the supramolecular organization of CRD, galectins can be distinguished into:  

 Prototype, when a single CRD spontaneously forms a non-covalently bound 

homodimer (human galectins-1, -2,- 5, -7, -10, -11, -13, -14, -15, -16). 

 Tandem-repeat type, when two distinct CRDs are connected by a short 

peptide linker of up to 70 residues long (human galectin-4, -6, -8, -9, -12). 

 Chimera type, when the CRD is connected to an N-terminal amino acidic 

non-lectin tail, which is rich in Pro, Gly, and Tyr residues and promotes 

oligomerization. The only member of this class is galectin-3. (Figure 1.14). 

[73,74] 

 

Figure 1.14. The three main type of galectins: prototype, tandem-repeat and chimera. The 

member of each group are reported.  

 

This classification also includes some galectins that are species-specific, such as 

galectin-5 and galectin-6, galectin-11, and galectin-15 which have only been found in 

rodents, sheep, and goats, respectively.  

 
The crystal structure of the majority of the individual CRD of galectins has been 

solved, both in the apo form and bound to different glycans.  
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The general structure of the CRD is conserved among the members of the family and 

is composed of six (from S1 to S6) and five (from F1 to F5) antiparallel β-strands 

organized in the jellyroll folding pattern, which is slightly bent and forms a groove on 

the concave side. This groove, located in the S-face, constitutes the recognition site for 

sugars and can be sectioned into 5 minor sub-sites (A-E), being the bound β-Gal moiety 

always bound on sub-site C (Figure 1.15). The canonical binding site for sugars is 

shallow and solvent exposed. Besides sub-site C, other the sub-sites interact with the 

long saccharides, thus defining the fine specificity for larger sugars. 

 

Figure 1.15. Structure of the CRD of galectin-1 in complex with N-acetyllactosamine (PDB 

ID: 1W6P) with sub-sites (A-E) and beta strands (S1-S6, F1-F6) highlighted. 

 
The sequence identity between galectins is moderately high. Even though some key 

residues in the binding site are highly conserved, the neighbouring sub-sites (A, B, D, 

E) display more differences, thus modulating the glycan preferences among galectins 

(Figures 1.16). Many galectins contain a variable number of free Cys residues, whose 

redox state is related to their stabilities and their binding activities  

The binding to glycans occurs through HBs, van der Waals interactions, and through 

a key CH-π stacking interaction between the non-polar face of the β-Gal moiety and 

an extremely conserved Trp residue (located in the S6 strand). Other conserved amino 

acids are His, Asn, and Arg moieties at the S4 strand, which establish HBs with the 

hydroxyl group at position 4 of the bound β-Gal, while a key Asn on the S5 strand 

interact with the hydroxyl group at position 6 (Figure 1.16). The canonical interaction 

in the case of galectin-1, for instance, occurs through HBs involving the hydroxyl 
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groups of the Gal moiety and His44, Asn46, Arg48, Val59, Asn61, Glu71, and Arg73, 

as well as through the CH- stacking interaction between the -Gal ring and Trp68 

(Figure 1.16). Moreover, galectin-1 also displays a loop in the binding site (L4 loop, 

in sub-site D), which connects strands S4 and S5. This is a unique feature of galectin-

1, as example of the variance among galectins in the neighbouring sub-sites. [75] 

 

Figure 1.16. Above: sequence alignment of the binding site of galectins. The conserved 

residues are highlighted. Below: binding site of galectin-1 (PBD ID: 1GZW), galectin-3 (PBD 

ID: 1NN8) and galectin-8-N-terminal (PDB ID: 5T7S) in complex with lactose. Focus on the 

main interactions that stabilize the binding: the residues of the protein establishing contacts are 

displayed as sticks, while hydrogen bonds are displayed as yellow dashed lines. Figure taken 

by Bertuzzi et al., 2020. [76] 

 

Galectins binds to Gal with KDs in the mM range, while the affinity for simple β-

galactosides, such as the N-acetyl-lactosamine, disaccharide (LacNAc) reaches µM 

values. Since the natural multivalency of these lectins and their oligomeric states 

strongly influence their binding features, the affinity for natural glycoconjugate is in 

the sub-µM range.  

Although the panel of binders for each galectin in the natural microenvironment is far 

from be completely understood, a large number of studies employing different 
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methodologies have characterized their molecular recognition features with fragments 

or isolated glycans. [77–80] -Gal motives, and especially LacNAc (Galβ1-4GlcNAc), 

are commonly found at the end of mammalian glycoproteins and glycosphingolipids.  

All galectins bind to LacNAc; however, subtle modifications of this structure have 

dissimilar impact on the recognition event, depending on the type of galectin. In fact, 

each member displays exquisite preferences. [77]  

A selection of key biologically relevant binding preferences of galectins is given here: 

 Sialylation is one of the elements that generates binding diversity among 

galectins. Glycans are often capped with either α2,3 or α2,6 linked sialic acid.  

α2,6 sialylation prevent galectin binding without relevant distinctions among 

members; indeed, it is considered as a “switch off” mechanism for galectins. 

Only galectin-3 seems to tlightly tolerate this modifications, probably due to 

its propensity to bind internal LacNAc units. [80,81] On the contrary, α2,3-

sialylated -galactosides are weakly recognized by galectin-1 and -9C, while 

display a particularly high affinity only for galectin-8N. [80,82–84].  

 Galectin-8N is the only galectin with preference for Galβ1-4GalNAc over 

Galβ1-4GlcNAc, leading to a unique recognition of core-1 O-glycans. 

Furthermore, the α2,3 sialylation of this epitope allows to reach affinity in the 

low µM range.  [82,84,85]  

 The histo blood group antigens are recognized with different affinities by 

galectin-1, -3, -4, -7 and -8. [85–89] This class of antigens are good binders 

(low µM range) of galectin-3, -4, -7, and -8 and it has been suggested that 

pathogens which use molecular mimicry for infection can be recognized by 

galectins as first step to eradicate the infection. [90] Contrarily, galectin-1 is 

the worst binding partner of these epitopes. The details of these interactions 

are unravelled in Chapter 3 of this Thesis. 

 Epitope repetition also strongly influences the galectin binding. Since in nature 

polymeric glycans are widely present, the interaction of galectins with poly- 

LacNAc moieties has been scrutinized, revealing different preferences for 

each member. While galectin-1 prefers terminal LacNAc epitopes, galectin-3 

only recognize internal positions (similarly to galectin-9N). On the other hand,  

galectin-7 slight prefers the terminal positions, although with less selectivity 
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than galectin-1, whereas galectin-8 shows no discrimination for the different 

LacNAc positions. [80,81] 

 

Galectin-1, -3, and -9 display no preferential cell-type expression, since they are 

heterogeneously expressed throughout the body, including cells of the immune system. 

Contrariwise, other galectins show some cell-type preferences: galectin-7 is largely 

expressed by stratified squamous epithelia, galectin-4 and -6 are primarily expressed 

in the gastrointestinal tract, while galectin-12 levels are high in adipocytes. Galectin-

10, is an example of site-specific galectins, since it has been exclusively been found in 

cells of the immune system. [91] 

 

Concerning their cellular localization, galectins can be found in the nucleus, cytosol, 

outer plasma membrane, and the extracellular matrix. They are synthesized in the 

cytoplasm and secreted by a non-classical exocytic pathway, that is probably an 

exosome-mediated secretory route. [92]  On the protein-surface, multimeric galectins 

can crosslink with multivalent glycosylated ligands to build a dynamic scaffold or 

lattice. The so-called galectin lattice is a dynamic, extracellular planar gel-like 

polymer with increased local concentration of lectins and restricted mobility of 

glycoproteins anchored to the cell membrane. [93] Generally, tandem-repeat galectins 

have been shown to generate biological responses more potent than those generated by 

the prototype galectins. The structural explication likely resides in the presence of the 

linker, which probably favours crosslinking effects. In fact, it has been demonstrated 

that an artificial galectin, formed by two CRD of galectin-1 linked with random-coil 

or rigid α-helical linker, facilitates the formation of larger galectin complexes and 

increases the affinity for glycans, thus triggering stronger biological effect. Contrarily, 

a short rigid linker does not produce the same effect. [75] 

 

Although some galectins are involved in intracellular pathways mediated by protein-

protein or protein-sugar interactions, it is in the extracellular space where galectins 

play their major biological role interacting with glycans. [94,95] Here, they modulate 

the cis-signalling and the communication of the cell with other cells, with the 

extracellular matrix or with pathogens. In fact, this class of lectins exhibits pleiotropic 
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physiological functions that ranges from homeostasis, cell-migration, apoptosis, 

autophagy to vascular embryogenesis. [96,97] 

 

Consequently, galectins are also involved in a panoply of pathological events. [98] To 

start, they are mediators of acute and chronic inflammation associated to multiple 

diseases. [99,100] Moreover, they are linked to autoimmune disorders and immune 

response in general, since they interact with immune cells. [91] Frequently, galectins 

are associated with the insurgence, development, and maintenance of diverse cancers, 

being involved in processes such as apoptosis, adhesion, migration, cell 

transformation, invasion, metastasis, immune escape, and angiogenesis. [101,102] 

Host-pathogen interactions are also mediated by galectins, which recognize the sugars 

epitope exposed on the surface of the exogenous entities and trigger or block the 

infection. [103] 

However, it is difficult to draw general conclusions about the involvement of the entire 

family in diseases or even in healthy biological events, since each galectin behaves 

differently. Moreover, the same galectin occasionally appears to act contradictorily 

depending on the context. Therefore, the discussion on the biological impact will 

continue mainly focusing on galectin-1, since it has been deeply studied in this Thesis.   

 

The prototype galectin-1 display a multifaceted and contrasting roles in cancer.  

In the majority of the cases, this protein positively modulates cell growth, cell 

adhesion, and cell migration, thereby affecting the process of tumour metastasis. 

Galectin-1 promotes adhesion through cross-linking with integrin receptors, or cell 

migration and invasion by recognizing glycans on transmembrane proteins, such as 

laminin or fibronectin. [104] 

Furthermore, it can be defined as a glyco-checkpoint that links tumour immunity and 

angiogenesis, since it induces apoptosis of activated T cells, thus contributing to 

tumour-immune escape. [105,106] Changes in its expression are correlated with 

migratory phenotype and aggressiveness of several tumour types (colon, breast, 

ovarian, lung, head and neck, among others). [107,108] For instance, high 

concentrations of circulating galectin-1 is associated with poor clinical outcomes after 

specific antitumor therapy in head and neck cancer patients. [109] 
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Controversially, in other contexts, galectin-1 displays anti-cancer activity: the 

administration of exogenous galectin-1 downregulates proliferation in trophoblastic 

and neuroblastoma tumour cells. [110,111] 

 

Regarding inflammation, galectin-1 controls unresolved inflammation and limits 

immunopathology. Therefore, its action positive regulates chronic inflammation linked 

to autoimmune, neurodegenerative, and metabolic diseases. [112]  

 

Oxidized galectin-1, which is no capable to bind sugars, plays an important role in 

promoting axonal regeneration, working as a kind of cytokine, not as a lectin. In fact, 

the administration of oxidized galectin-1 effectively promoted functional recovery 

after sciatic nerve injury in vivo, demonstrating how the redox state of the 

microenvironment can have an enormous impact on the galectin function. [113] 

 

In summary, some inflammation-related diseases, neurodegenerative pathologies and 

muscular dystrophies would benefit of galectin-1 overexpression or selective delivery, 

whereas its inhibition would be required to fight some types of cancer.  

 

To conclude, the discussed heterogeneous roles of galectins are motivating the rational 

design of fine-tuned inhibitors with precise selectivity and specificity and therefore, 

the characterization at the molecular level of the interaction of galectins with their 

natural binders has paved the structural basis for the design of potent antagonists. 

Affinities in the nM scale are required for a good drug candidate and to achieve this, 

both monomeric and multimeric strategies have been exploited, playing in the first case 

with the addition of hydrophobic substituent to increase the affinity, and in the second 

case, with scaffolds presenting multiple epitopes to generate avidity enhancement. To 

date, some molecules are in clinical trials, as the TD139 glycomimetic (Galacto 

Biotech), which targets galectin-3 to treat Idiopathic Pulmonary Fibrosis.  [76,114–

116]  

 

1.2.2.2 C-type lectins  
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C-type lectins are a family of proteins that share structural homology in their 

carbohydrate recognition domains. The most important element of similarity is the 

presence of calcium ions (from one up to four atoms) in the binding site, which are 

fundamental for protein stability as well as for the interaction with carbohydrates. [117] 

Not all the sites dedicated to Ca2+ ions are necessarily occupied and the only one 

directly involved in the glycan binding is the ion at site 2.  

Furthermore, the members of this family share a particular structural organization 

defined CTLD domain (C-type lectin-like domain), which is composed by a central 

core of five/six/seven β-strands flanked by two α-helices. In the β2 strand, a conserved 

WIGL motif is often used as fingerprint for sequence analysis. In addition, the 

canonical CTLD also presents a long loop region of around 30 amino acids, which take 

part in sugar recognition and is stabilized by calcium ion sites 1 and 3 (Figure 1.17).  

Lastly, another central and highly conserved structural element found among C-type 

lectins is the presence of strategic Cys residues that establish disulphide bridges, 

conferring structural stability to the lectin's 3D shape. The disulphide bridges 

encountered in all the CTLD domains are two: one between α1-β5 and other one 

between β3-β4 (Figure 1.17). [118]  

 

 
Figure 1.17. Common structural elements (loop, α-helices and β-strands, on the left) and motifs 

(WDN, WIGL, EPN and disulphide bridges, on the right) conserved in the canonical CTLD 

domain among C-type lectins. Case of example: DC-SIGN (PDB ID: 1SL5). Figure taken from 

Valverde et al., 2020. [118]  

 

The sugar binding site is shallow and solvent exposed and includes a portion of the 

loop and other residues from the β4-strand. Some amino acids participating in the metal 
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coordination are well conserved (WND motif on the β4-strand and EPN/QPD motives 

in the loop). The EPN sequence is generally found in lectins with preference for sugars 

with equatorial hydroxyl groups at C3 and C4 (Man, Glc).  

Some examples are LSECtin, DC-SIGN, and Langerin. The lectins containing the QDP 

motif (MGL, ASGR) prefer saccharides with axial hydroxyl group at C4, like Gal. 

[117–120] 

The main interaction with saccharides is established through the coordination of two 

hydroxyl groups of the sugars with the calcium ion and further stabilizations of the 

union derive from HBs. A common characteristic of this class of lectins is the 

promiscuity in ligand specificity and weak affinity interactions.  

C-type lectins can be found both soluble or as membrane-bound receptors. The CTLDs 

usually oligomerize creating multimeric structures, thus improving the global avidity.  

The biological roles of C-type lectins are multiple: they play key roles in homeostasis, 

pathogen recognition, innate immunity, development and progression of autoimmune 

diseases, and certain cancer types. [121] The selective targeting of a specific C-type 

lectin for therapeutic purposes is a difficult task, due to the broad recognition profile 

and similar preferences among the family members. However, some glycomimetic 

ligands of DC-SIGN and langerin have been developed and employed to decorate 

nanoparticles and liposomes. These conjugates have been used to target them with 

relative success, even achieving certain selectivity. [122–125] 

 

LSECtin, the C-type lectin studied in Chapter 5 of this Thesis, is as a human 

transmembrane receptor involved in innate immunity.  

LSECtin was initially found expressed in liver and lymph node sinusoidal endothelial 

cells, but it has also been detected in marrow sinusoids, Kuppfer cells, thymic dendritic 

cells, and in monocyte-derived macrophages. [126–129] 

It has been postulated that LSECtin regulates cell adhesion, cell signalling, and 

glycoprotein clearance through recognition of both self and non-self glycoconjugates 

(Figure 1.18). [127]  Its involvement in immunogenic pathways can be easily deduced 

from the cellular types where it has been found expressed. Generally, its action is 

immunosuppressive. In fact, after liver injury, LSECtin is capable to negatively 

modulate T-cell activation and the disease is accelerated in the absence of the lectin. 
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[130] Moreover, it facilitates the immune escape of cancer and the subsequent tumour 

progression in melanoma, by inhibiting the T-cell immune response. [131]  

 
LSEctin levels have been found upregulated in tumour-associated macrophages 

(TAMs) located at the breast cancer tissue. In particular, LSECtin, interacting with 

receptors on tumour cells, activate pathways that promote cancer stemness. [132] More 

recently, LSECtin has also emerged as promotor of the adhesion, proliferation, and 

migration of gastric cancer cells. [133]  

The participation of LSECtin in infection events has also been studied. The receptor 

is an attachment factor for the spike protein of SARS coronaviruses, facilitating virus 

infection. [134] SARS-CoV-2, in fact, binds to LSECtin through specific GlcNAc 

terminating N-glycans, interfering with the ACE2/spike interaction. [135] LSECtin 

also interacts with the glycans exposed on the surface of Ebola virus. [136,137] 

Furthermore, LSECtin enhances the binding of Lassa virus to host cells, promoting the 

infection lymphocytic choriomeningitis virus (LCMV). [138,139] 

 
Figure 1.18. On the left: representation of the LSECtin full length receptor. On the right: main 

biological partner of LSECtin: viruses (exogenous partners, the recognition modulates the 

infection), T-cells (self-antigens, the interaction controls of the immune response) and cancer 

cells (self-antigens, the binding event change the tumour spread).  

 

Although it was described for the first time in 2004, its 3D structure is still not 

available. [126] From sequence alignment, a high degree of sequence identity with DC-

SIGN and DC-SIGNR has emerged, and, accordingly, all these lectins are encoded in 
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the same gene cluster (chromosome 19p13.3). [140] Exploiting this similarity, 

homology models of the soluble portion (CRD) can be obtained, with conservation of 

the typical CTLD domain. 

 

From the structural point of view, LSECtin is a type II receptor formed by: 

 An intracellular N-terminal tail of 31 amino acids,  

 A trans-membrane portion of 22 amino acids, 

 and a long extra-cellular domain (ECD), which can be further divided into a 

neck region of 110 residues and a carbohydrate-recognition domain (CRD) 

of 129 residues at C-term (15 KDa) (Figure 1.18).  

Regarding molecular recognition, the natural binding partners and the fine details of 

the interactions of LSECtin with glycans remain poorly understood. Nevertheless, it 

has been reported that LSECtin recognizes sugars through its extracellular CRD in a 

Ca2+-dependent manner and is capable to oligomerize on the cell membrane, forming 

mainly dimers but also tetramers, which are joined together by S-S bonds on the neck 

region. [126,128,129,136] Two N-glycosylation sites are located in the neck region 

(positions 77 and 159) and are required for the efficient localization on cell-surface. 

[126,134]  

 

With respect to its binding preferences, LSECtin recognizes Man and Glc, 

accordingly with the presence of the EPN motif. Moreover, it also binds to other 

monosaccharides, such as Fuc and GlcNAc, but does not recognize Gal. [134]  

A mass spectrometry analysis on the glycans released from the viral glycoprotein GP1 

of the Ebola virus surface showed that N-linked glycans terminating with GlcNAc are 

recognized by LSECtin, while using microarrays, it was stated that the GlcNAcβ1-

2Man disaccharide displayed high affinity for the lectin (3.5μM). [136] The 

GlcNAcβ1-2Man epitope is usually presented on N-glycans. Interestingly the KD 

obtained for LSECtin binding is considerably higher than that for DC-SIGN or DC-

SIGNR. [132,136]  

1.2.2.3 Siglecs  

The sialic acid-binding immunoglobulin (Ig)-like lectins (siglecs) family is composed 

of 15 members in humans. Based on the sequence identity and evolution, two 
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subgroups can be identified: classic Siglecs and CD33-related Siglecs (Figure 1.19).  

[141,142] All the siglecs contain an intracellular, a transmembrane, and an 

extracellular (ECD) domain. The ECD is composed by an N-terminal variable-Ig-

like (V-Ig) domain, which is in charge of binding sugars, and a flexible number of 

constant C-type Ig-like (C-Ig) domains. Most siglecs display a tyrosine-based 

signalling inhibitory motif (ITIM) in the intracellular portion. Instead, Siglecs-14, -15, 

and -16 contain a positively charged residue within the transmembrane region, which 

associates with the DAP10/12 (DNAX activation protein-10/12) ITAM-containing 

adaptor, thereby mediating activating functions. (Figure 1.19). [142] 

 
Figure 1.19. Schematic representation of the human siglec family of receptors with their 

respective domains. The cell types in which each siglec has been found expressed are reported 

(Mø, macrophages; DC, dendritic cell; B, B cells; MC, mast cells; Schw, Schwann cells; OD, 

oligodendrocytes; Ocl, osteoclasts; Myp, myeloid progenitor; Mo, monocytes; Mic, microglia; 

N, neutrophils; Troph, trophoblasts; NK, natural-killer cells; T, T cells; Eo, eosinophils; Ba, 

basophils; Lum epi, lumen epithelia cells). Figure taken from Lenza et al., 2020. [142] 

 
Indeed, unlike galectins and C-type lectins, which display variegated biological 

implications, siglecs can be unambiguously defined as receptors of the immune system. 

In fact, all siglecs, with the exception of siglec-6, are expressed in cells of the innate 

immune system. Indeed, they play crucial roles in regulating the immune response by 
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mediating both cell–cell interactions and signalling pathways related with 

immunogenic cascades. [143]  

 

From the structural and molecular recognition perspectives, all the siglecs available 

structures share the presence of two β-sheets in the V-Ig domain with a variable number 

of β-strands: A(A´)BED and C(C´)FG(G´), linked through disulphide bridges (Figure 

1.20). Siglecs preferentially bind to sialic acid moieties, which can be connected to 

other sugar units through α2-3, α2-6, and α2-8 linkages. [142,144–147] The sialic acid 

binding pocket is formed by strands F and G and loops C-C´ and C´-D. It always 

contains a key Arg residue, which establishes a salt bridge with the carboxyl group of 

the sialic acid. Mutation of this Arg abolishes binding. [141] The affinity for 

monomeric sialic acid-containing ligands is rather weak. Regarding selectivity, the 

conformation adopted by C-C´ loop dictates the specificity for the type of sialic acid 

and linkage that is recognized (Figure 1.20).  

 

Figure 1.20. Superposition of the apo (grey) and bound (orange) structures of the CRD of siglec 

CD33 (PDB ID: 5IHB and 5J06), Siglec-5 (PDB ID: 2ZG2 and 2ZG3), Siglec-7 (PDB ID: 

1O7S and 2HRL) and Siglec-8 (PDB ID: 2N7A and 2N7B).The nomination of the strands and 

the major conformational changes are indicated. Figure adapted from Lenza et al., 2020. [142] 

 
 

Significant efforts have been employed to develop chemically modified sialylated 

ligands able to bind siglecs with elevate affinity and selectivity and then modulate their 

biological actions. Since detailed structural and molecular recognition information for 

many members remains elusive, a high-throughput strategy of synthesis and screening 
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of sialic acid analogue libraries has been proposed and has allowed to identify potent 

and selective ligands. [148]  

 

Siglec-10 has been chosen as target of the experiments described in Chapter 6. It is a 

CD33-related siglec with four Ig-C domains. In the intracellular portion, it contains 

three similar intracellular inhibitory tyrosine-based motifs: a Grb2-binding motif, an 

ITIM  domain,  and  a  membrane-distal ITIM-like domain. 

Like in the other family members, siglec-10 mediates the interaction to exogenous 

sialic acid moieties, which can be masked by cis-interactions. [149] Concerning its 

binding features, a minor preference for α2-3 linked sialosides over their α2-6 

counterparts has been described, a lower specificity when compared to other siglecs. 

[150] It has been demonstrated that siglec-10 binds to its major cellular partner, CD24, 

a highly glycosylated glycoprotein anchored to membrane through GPI, in a sialyl- 

dependent manner. [151] This lectin has been found expressed on immune cells of the 

myeloid lineage as well as on B cells, where it regulates innate and adaptive immune 

responses to tissue injury, sepsis, and viral invasion. [142,152–155] One of its main 

cellular binders is CD24, Moreover, siglec-10 is also expressed by tumour-associated 

macrophages, which are in charge detecting tumorigenic cells and orchestrate their 

clearance through phagocytosis. In this context, it promotes immune evasion of CD24-

expressing tumour cells. [152] In fact, CD24, identified as a ‘don’t-eat-me’ signal of 

cancer cells, interacts with siglec-10, generating an inhibitory signalling cascade that 

blocks the TAM-mediated clearance, thus evading the immune response. This check 

point displays evident therapeutic potential, since the blockade of CD24-siglec10 

interaction is a target for cancer immunotherapy. [156]  
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1.3 Techniques to unravel glycan-lectin interactions 

The comprehensive study of the fine details that govern the binding events occurring 

between glycans and lectins is one of the major aim of this Thesis.  

Along the years, a collection of complementary techniques has been described that 

allow characterizing these systems at different levels of resolution. [157] 

 

X-ray crystallography has been for decades the most employed biophysical technique 

to elucidate the structure of lectin-sugar complexes at atomic resolution. [158] Crystals 

of protein–carbohydrate complexes can be obtained by co-crystallizing the two 

molecules together or by soaking the ligand into an existing lectin crystal. 

Nevertheless, this technique has some general limitations, since the initial trials to find 

the correct crystallization conditions can require enormous effort in terms of time and, 

notably, not all proteins are able to crystalize.  Moreover, other limitations arise from 

the intrinsic flexibility of glycans, since they can generate crystal heterogeneity, thus 

limiting the quality (resolution) of the crystal. The larger the glycan, the harder is the 

obtainment of structures with good resolution. In addition, it has been demonstrated 

that deposited structures of sugar-lectin complexes may need further validation and 

refinement because of erroneous conformations or wrong linkages of the carbohydrate 

counterpart. [159] 

 

Recent advances in Cryo electron microscopy (cryo-EM) also provide the possibility 

to study protein-glycan recognition at atomic level, overcoming the problem of the 

generation of crystals. The samples can be prepared at low concentrations and in 

soluble buffers before the vitrification. A great advantage of cryo-EM with respect to 

X-ray crystallography is that the conformational flexibility is not an obstacle and full 

glycoproteins can be, in principle, analysed, thus determining the 3D arrangement of 

their atoms at good resolution. 

Cryo-EM can be used not only for defining 3D structures, but also for quality control 

of the macromolecular composition of the samples.  However, one limitation of the 

technique is the size; in fact, complexes smaller than ≈ 40 kDa are hardly detected. 

This is not a problem for highly glycosylated entities (such as viruses, glycoproteins 

or glycolipids) or for the study of multimeric assemblies or lattices (lectins generating 
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trimers, dimers, tetramers in solution), but prevents the detailed analysis of small 

lectin-carbohydrate complexes. [160,161] 

 

Surface plasmon resonance (SPR) and biolayer interferometry (BLI) are two 

biophysical techniques that measure association and dissociation kinetic constants. In 

both cases, the ligand or the receptor have to be immobilized on a sensor chip, while 

no additional tags are required for the detection. They can be used to study lectin-sugar 

complexes, providing thermodynamic and kinetic parameters of the interaction. 

However, the optimization of the protocol can be challenging. [162,163] Moreover, 

one of the components is immobilized on a surface, what can affect the proper 

presentation of the partners, depending on the particular system. 

 

High-throughput microarrays also involve the immobilization on solid surfaces. They 

are a fundamental tool used in Glycoscience to rapidly detect binding hits and guide 

the rational design of lectin binders. Both glycan and lectin arrays have been developed 

in a way that hundreds of glycans or lectins can be simultaneously tested in a single 

experiment. Focusing on glycoarray, glycans are usually covalently linked to a solid 

surface through reaction with N-hydroxysuccinimide (NHS)-esters on a glass slide. 

[164–167] Only a few nL of the sample containing the glycans (concentrated 1–100 

µm) are deposited by a robotic printer on the glass surface in spots with a diameter of 

around 100 µm. The support is then: i) incubated to permit the covalent bounding, ii) 

blocked to avoid nonspecific binding events and iii) incubated with the lectin sample. 

Several washes follow to remove the unbound lectins. Finally, the binding events are 

detected through fluorescence measurements. Lectins can be directly labelled with a 

fluorescent tag or the revelation can be performed by exploiting a fluorescent-tagged 

anti-lectin antibody. The binding hits are visualized as coloured spots against a dark 

background and then plotted in terms of relative fluorescence units (RFU). 

However, there are some limitations of the technique. At first, high amounts of glycans 

are densely packed in the spots, a condition that may not occur in nature. Furthermore, 

the type and length of the linker used, as well as the chemical characteristics of the 

surface can also affect binding, mainly influencing orientation, packing, and 

presentation of the glycan. [168,169]  
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Isothermal titration calorimetry (ITC) offers the unique possibility to obtain the 

thermodynamic parameters that regulate the binding event. No labelling is required for 

neither the ligand nor the lectin and the growing advances in the detection methods are 

allowing to perform the experiments with rather low quantity of the sample. Moreover, 

the data are collected in solution with no need to immobilize one component of the 

complex. [170,171] 

The calorimeter is composed by two identical cells located in an adiabatic jacket. One 

of them is the reference and contains the solvent in which the samples are dissolved 

(generally water). The other cell contains the solution with the receptor (the lectin) in 

its proper buffer (Figure 1.21). The temperature difference (ΔT) between the two cells 

is always forced to be null.  During the experiments, small amounts of the sugar 

solution (from 1 up to 3 μL) are directly titrated into the cell containing the lectin. The 

released (exothermic) or absorbed (endotermic) heat generated by the interaction is 

measured at each point of the titration by the instrument. Specifically, the ΔT between 

the cells is always zero because a heating power is applied to maintain the absence of 

temperature differences and this applied power is used estimate the heat released by 

the interaction.  

 

Figure 1.21. A) Representation of the two cells of the calorimeter. B) Thermogram plot of the 

ITC experiments (above) and sigmoid curve from which the binding parameters are 

extrapolated. 
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The heat is then plotted against the ligand concentration and the binding constants (KD), 

the reaction stoichiometry (n) and the enthalpy (∆H) of the recognition process can be 

accurately determined. In addition, also the entropy (∆S) can be indirectly estimated. 

(Figure 1.21). The KD is obtained from the slope of the curve, which has to be 

sigmoidal in order to achieve reliable values. Interactions with affinity constants of 

nM-µM values can be safely studied with ITC and most of sugar-lectin associations 

falls in this range. The protein concentration can be increased in case of systems with 

low affinity to optimize the experiment. However, affinity in the mM range usually 

results incompatible with the acquisition of reliable constants.  

 

 

Passing to a different topic, the revolution introduced by CRISPR-Cas9 genome 

engineering also affected the glycoscience field. [172] Employing this technique, it is 

possible to stably inactivate a specific gene of the cell genome, or even to introduce a 

new gene coding for a protein of interest. Indeed, the rational engineering of 

glycosylation (glyco-engineering) in mammalian cells can now be performed with a 

high degree of confidence. [169,173]  The editing of glycan biosynthesis through 

targeted knock outs (KOs) or knock-ins (KIs) of glycosyltransferases opens a new 

panorama of possibilities to study of lectin-sugar interactions at the cell level, as 

discussed in Chapter 6. [27,29] 

However, challenges still exist in this technique. For instance, partial overlaps in the 

enzymatic reactions performed by GTs need to be considered.  

 
1.3.1 NMR and molecular recognition 

In this Thesis, we have mainly focused on the use of NMR spectroscopy to unravel 

molecular recognition events of lectin-sugar complexes.  

The fundamental theory and the mathematical formalisms behind this technique ahas 

been extensively discussed in the last decades. [174] Moreover, extensive descriptions 

of the different multidimensional experiments that allow extracting the key NMR 

parameters (δ, J, NOEs, T1, T2, RDC, PCS, etc) are also widely available. [175–179] 

Therefore, I will just focus herein on the applications of NMR to molecular recognition 

events.  
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NMR is an excellent technique to explore lectin-glycan interactions,providing 

information at atomic level. [180] In fact, unlike many other techniques, it offers a 

significant advantage for studying dynamic events at different time scales. Given the 

intrinsic flexible nature of saccharides, NMR is the best choice to analyse their 

structure, conformation, and dynamics in solution. Moreover, this technique can also 

be applied to inspect the receptor, since conformational motions of the protein can be 

studied with high precision and detail. Technical advances in terms of sensitivity and 

resolution are continuously in progress, with current access to magnets beyond 1GHz. 

Furthermore, the development of new methodologies is also in constant evolution.  

There is a vast collection of NMR methodologies that can be employed to study 

binding events. [178,181] They can be divided into two main groups:  

o ligand-based methods, in which changes in the NMR signals of the ligand (the 

sugar) are observed.  

o receptor-based methods, in which the information arise from perturbations in 

the NMR signals of the receptor (the lectin). 

 
Both groups rely on the fact that protein-ligand binding is a chemical exchange event 

between the free and the bound states, governed by kon and koff constants. Through 

NMR experiments, this process can be monitored considering different parameters 

(chemical shifts, relaxation rates, line width, signal intensity, etc.), depending on the 

specific kon and koff values.  

 

1.3.1.1 Ligand-based NMR methods 

NMR methods from the ligand’s point of view monitor and track differences in the 

ligand NMR signals when passing from free in solution to bound to the receptor. 

[182,183] In this case, the protein counterpart is not a limitation, since just tiny 

amounts of unlabelled protein can be used without particular size limits.  

These experiments take advantage of the change in the rotational motion correlation 

time of the small ligand upon binding to the receptor. In fact, small molecules have 

fast motions (molecular tumbling), in the ps time scale, which are associated with slow 

NMR relaxation time (T2 relaxation) in the s time scale and generate narrow signals.  
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Contrarily, large molecules display slower motions (ns time scale), fast T2 relaxation 

time (ms) and give rise to rather broad signals.  

The key point is that when the ligand binds to the receptor, its motional properties 

change. In fact, when both species are in solution and interact, the free ligand is in 

equilibrium with its complexed form to the receptor. Thus, the ligand acquires new 

properties, which are similar those of the receptor and characteristic of a 

macromolecule: slow molecular tumbling (ns time scale) and, therefore, fast T2 

relaxation time (ms). This perturbation is reflected on the NMR experiments: when 

there is interaction, the signals arising from the ligand became much broader and can 

even disappear.  

Another ley NMR parameter that can be used to distinguish between free and bound 

ligands is the Nuclear Overhauser Effect (NOE), which is inversely proportional to the 

sixth power of the distance between two nuclei and largely affected by the molecular 

motion time scale. For a small ligand with fast motions, the NOEs are positive (cross 

peaks are of opposite sign to the diagonal peaks in NOESY experiments), while they 

are negative for large molecules, with slow motions. Again, a bound ligand will display 

the characteristics of the large molecule and display negative NOE signals (Figure 

1.22). [184] 

 

Figure 1.22. The different motional properties of ligand, protein and complex in solution that 

are exploited for ligand-based methodologies.  

 
The ligand-based NMR experiments are based on: 

- exploiting the dramatic change in motional properties of the ligand in the free 

versus the bound state (trNOESY, trROESY, for instance).  

- exploiting the transfer of magnetization (STD-NMR, mainly).  
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The geometry of the bound ligand can be elucidated through trNOESY experiments. 

As mentioned above, the intensity of the NOE cross-peaks in a two-dimensional 

NOESY spectra depends on the rotational motion correlation time of the molecule in 

solution, which is related to the molecular size, but also on the inverse sixth power of 

the distance between two nuclei. Therefore, the NOEs contain key conformational 

information. Typically, small ligands display NOE signals positive or close to zero in 

NOESY experiments (short rotational motion correlation times).  

It has to be pointed out that the sign and intensity of the NOE cross peaks is also 

dependent on the strength of the magnetic field of the magnet (Figure 1.23).  

 
Figure 1.23. Plot of NOE / ROE intensity as a function of the correlation time (ωc). For small 

molecules, the NOE builds up very slowly and is positive, while for big molecules the NOE 

builds up rapidly and is negative. For molecules of medium size the NOE crosses over from 

positive to negative, and thus NOEs are very small. ROEs are non-zero for all correlation times. 

 
If the ligand interacts with the receptor, the NOE changes from positive to negative, 

what can be measured in the so-called transferred NOESY (trNOESY) experiment. 

Fittingly, since the slow motions strongly dominate relaxation features, the NOE 

(formally, the cross-relaxation rate) for the bound form is much larger than that of the 

free form, and the observed NOE will be dominated by the bound form. Thus, the 

observed trNOEs provides information on the bound ligand conformation (Figure 

1.24). [184] 

The set-up of the methodology is composed by two sequential steps:  
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 The acquisition of a NOESY spectrum for the ligand in absence of the protein. 

The mixing time to achieve the maximum intensity of the cross-peaks is 

between 500 ms and 1 s for a small molecule (di to tetrasaccharides). For 

longer molecules, the mixing time is decreased at a range of 100-300 ms. 

 The acquisition of a trNOESY spectrum with ligand and protein in solution. 

Medium-low protein:ligand ratios are typically employed (from 1:5 to 1:40, 

optimised depending on the affinity and on the kinetic parameters). The mixing 

time is usually set below 200 ms. 

 

Nevertheless, this technique also has some weak points and limitations.  

For example, there is a narrow accessible kinetic window: if the koff is too slow, the 

NOE information arising from the ligand at the protein binding site is lost due to the 

fast transverse relaxation that take place in the bound state. Furthermore, the existence 

of spin diffusion effects, typical for large molecules, can generate negative cross-peaks 

between protons which are relatively far apart, thus complicating the analysis of the 

geometry in the bound state. This is the reason for which short mixing times are 

employed in trNOESY experiments. 

It has also to be considered that NOE signals for vary large N-glycans, with rotational 

motion correlation times of several hundreds of ps, are already negative, a 

characteristic that may hamper the quantitative analysis of the bound conformation.  

The combined employment of Rotating-frame Overhauser SpectroscoPY NMR 

(trROESY-NMR) experiments can help to discriminate these issues, since in these 

experiments, positive cross peaks arise for the direct NOEs between a given proton 

pair, while cross peaks mediated by a third spin are negative (opposite sign to the ROE-

derived peaks) (Figure 1.23 and Figure 1.24). [182,185]  

Fittingly, if the chemical exchange event is slow in the chemical shift time scale, cross-

peaks arising from the chemical exchange (EXSY) between the bound and free form 

of a proton, can also be detected. These peaks always (either in NOESY or in ROESY) 

appear with negative sign (Figure 1.24). In this way, the chemical shift perturbation 

suffered by a specific proton of the ligand in the bound state provides additional 

information about the interacting ligand epitope. For instance, upfield shifts are 

indication of closeness to an aromatic ring of the protein. 
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Moreover, the quantitative analysis of the intensities of the exchange cross peaks may 

allow the calculation of the kinetic exchange rates kon and koff with a detailed EXSY 

analysis. [186,187]  

 
Figure 1.24. Visual representation of a NOESY, trNOESY and trROESY experiment. For a 

small molecule in solution (NOESY) the cross-peaks are positive and display opposite sign to 

the diagonal peaks; in the presence of the receptor, the cross-peaks of the bound ligand become 

negative; in order to differentiate the peaks generated by spin diffusion artefacts (or chemical 

exchange cross peak), in trROESY they show opposite sign to the diagonal.  

 
The Saturation Transfer Difference (STD) NMR experiment is the most versatile 

and widely used NMR tool to study ligand-receptor interactions. [188–190] STD-NMR 

not only provides information on the presence or absence of the recognition event, but 

also permits the extrapolation of a key clue: the ligand binding epitope, a map of the 

protons of the ligand that are in close contact to the protein surface. In particular, two 

different spectra (on-resonance and off-resonance) are recorded for the same sample 

applying selective irradiations: 

 In the on-resonance spectrum, a train of low power radiofrequency pulses is  

applied for a few seconds (typically 2, from 1 to 3 s) at a frequency chosen so 

that no ligand protons are present at least within 1-2 ppm. This saturation is 

efficiently propagated across the entire receptor through spin-diffusion, and 

transferred to the ligand, provided that it is contact with the protein receptor. 

The saturation affects the intensities of the signals of the ligand, depending on 

the distance to the receptor. Then the ligand, which is transiently bound to the 
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receptor, dissociates to the solution. The saturated state of the ligand protons 

persists and the intensity changes can be detected. Since the experiment is 

carried out using a large excess of the ligand, given the free-bound exchange 

process, the population of saturated ligands back to solution systematically 

increase and accumulate (provided that the relaxation is slow relative to koff), 

due to the continuous turnover of ligands interacting with the protein. As 

consequence, a spectrum is generated where the NMR signals of the ligand 

protons display diverse intensities due to their partial saturation, which depend 

on the relative proximity to the protein protons. A large ligand excess (more 

than 50 molar equivalents with respect to the receptor) allows maximizing the 

population of saturated ligand in solution, thus increasing the sensitivity of the 

experiment. Obviously, the binding event has to be strong enough to permit an 

efficient saturation, but also weak enough to ensure a fast dissociation in the 

relaxation time scale and the accumulation of a pool of saturated ligands in 

solution. The affinity usually ranges from 10-8 M to 10-3 M.  

 In the off-resonance spectrum, the reference, the selective irradiation is 

performed at a frequency where neither ligand nor protein signals appear 

(usually 100 ppm). 

 
Finally, the on-resonance spectrum is subtracted to the off-resonance one, generating 

a difference spectrum in which only the ligand protons that have modified their 

intensities in the on-resonance experiment (those in close contact to the protein) display 

a signal. The identification of the STD signals and their relative quantification build 

the binding epitope of the ligand. (Figure 1.25). In fact, the most intense STD signal is 

assumed to be 100% and other STD signals are normalized respectively. [180] 

Additional information on the types of amino acid residues surrounding the ligand in 

the binding pocket can be obtained comparing STD-NMR experiments acquired with 

either aliphatic or aromatic irradiation of the protein. [191]  

If the overlap of the ligand signals affects the final analysis, 2D STD-NMR 

experiments are an option to enhance in the spectral dispersion. 2D STD-TOCSY and 

2D-STD-HSQC NMR experiments have been employed in the glycan field. However 

13C labelled sugars have to be available in this last case.  [81,192] 



CHAPTER 1: GENERAL INTRODUCTION 

 

43 

 

 
Figure 1.25. Visual representation of the two spectra acquired during a STD experiment (off-

resonance and on-resonance), together with their difference (STD spectrum).  

 
1.3.1.2 Receptor-based NMR methods 

The NMR receptor-based methods focus on the changes in the NMR parameters of the 

receptor in the absence and presence of the ligand of interest.  

Simple experiments can be performed to monitor 1H signals of the receptor in mono- 

or two-dimensional spectra using unlabelled receptors. However, a tremendous overlap 

in the proton dimension usually impedes this analysis.  

The labelling of the protein with one or more active heteronucleus (15N, 13C, etc) to 

perform 2D heteronuclear experiments is the preferential choice to carry out these 

experiments. Many protocols are now available for the expression and purification of 

proteins in labelled media, although the methodology may be expensive. Moreover, 

when changing from well-established expression systems (E. coli) to complex host 

cells (mammalian cells, for instance), the optimization of the protocols can be rather 

time demanding.  

The most common strategy, extensively used in this Thesis, is to use 15N labelled 

protein to perform 1H-15N 2D-experiments (1H-15N heteronuclear single-quantum 

coherence, HSQC or 1H-15N TROSY, for very large complexes).  

1H-15N HSQC and TROSY experiments display cross peaks which correspond to all 

the NH amide groups of the backbone and lateral chains of a protein. The protein 

sequence, its secondary, tertiary and quaternary organization provide a unique 

chemical environment for each amino acid.  Since the chemical environment finely 

Off-Resonance On-Resonance STD
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modulates the NMR chemical shift, the HSQC spectrum of each protein is distinctive 

and can be defined as the protein fingerprint. [193] 

If the protein interacts with a ligand in solution, the chemical environment of the 

residues directly or indirectly involved in this interaction is strongly perturbed. Based 

on this, the cross-peaks generated by these amino acids experience a NMR chemical 

shift perturbation (CSP), which can be monitored.  

The general strategy involves the acquisition of a first reference 1H,15N-HSQC 

spectrum with the protein in its apo form. Subsequently, the ligand is titrated at 

increasing concentrations into the protein sample, and at each point of the titration, a 

new spectrum is acquired. The titration proceeds until the receptor reaches the 

saturation.  The CSP data are then analysed and the final results allow to discern the 

perturbation of each amino acid upon recognition. [194] In homology with the ligand 

binding epitope obtained through STD NMR, here it is possible to obtain the protein 

binding epitope of the interaction (Figure 1.26). Interestingly, not only residues in close 

contact with the ligand are perturbed (located in the binding pocket), but also residues 

far away from the binding site that may experience conformational motions can be 

detected and identified in this analysis.   

 
Figure 1.26. A) Superposition of 1H-15N HSQC experiments of apo protein (black) and 

protein at the presence of the ligand of interest (red). B) CSP plot of the amino acid sequence 

of the protein. C) Epitope map of the protein residues involved in the interaction with the 

ligand.  

 
Additionally, the kinetics of the binding process can be scrutinized. Indeed, if the 

chemical exchange rate is fast in the NMR time scale, the cross-peaks gradually shift, 

while when the exchange rate is slow in the chemical shift time scale, two peaks are 

simultaneously displayed (free and bound state). Intermediate chemical exchange rates 

can also occur, generating heterogeneous patterns, where the peaks shift, broaden, and 

may even disappear (Figure 1.27). 

A S1 S3 S4 S5 S6 CB
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Figure 1.27. representation of the pattern of 1H-15N HSQC-based titration depending on the 

chemical exchange rate in the NMR time scale of the system in study (fast or slow).  

 

 

The intensity of the cross-peak is also informative: when the supramolecular 

complexes formed upon binding are very large, they can barely be detected by NMR. 

It is worthy to mention that this general class of experiments is accessible only to 

proteins with a limited size, since entities larger than 100 kDa become blind to NMR. 

Nevertheless, TROSY experiments on 13C-labelled methyl peaks may become the 

alternative for such huge systems. [195]  

 

Many other types of experiments from the viewpoint of the protein can be chosen to 

unravel other key information. For instance, phase-modulated CLEAN chemical 

exchange NMR (CLEANEX-PM) allows the detection of NH residues presenting 

very fast exchange rates with water in a time range of 5-500 ms. [196,197] 

15N CPMG relaxation dispersion NMR experiments are another elegant tool to detect 

amino acids that show dynamic motions in a particular time scale: μs-ms, which is 

often correlated with allosterism. [198] 
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The global objectives set for this Thesis were focused both on the training and scientific 

perspectives. The work presented in this manuscript has been performed primarily in 

the centre CIC bioGUNE (Bilbao), under regime of cotutele between the University of 

Basque Country (UPV/EHU, main institution) and the University of Milano Bicocca 

(Unimib), and this aspect has contributed to enrich both formative and scientific goals.  

 

From the training point of view, the key objective was to acquire knowledge on the 

factors that govern lectin-carbohydrate interactions from different perspectives and 

using diverse methodologies, not only in vitro but also in the cell-like or cellular 

contexts. To achieve this goal, a panel of different techniques have been learned and 

employed, with major focus on NMR-based protocols. In the last year of the Thesis a 

great effort has been placed into the design and subsequent application of strategies 

that provide information on the recognition events in natural-like contexts.  Apart from 

the training in the study of protein-sugar binding events, the formation was enriched 

with the achievement of skills in lectin expression, purification, cellular culture and 

cellular engineering.  Soft skills on writing scientific papers, preparing and delivering 

poster and oral presentations, participation in scientific discussions, and sharing 

resources within multidisciplinary laboratories and Institutes were also developed. 

 

Moving to the scientific point of view, the main goal of this Thesis was to decipher the 

fine structural and dynamic details of the interaction between different lectins and their 

corresponding natural or synthetic ligands. In that regard, the objective was to apply, 

in a synergic manner, different experimental methodologies and combine them with 

theoretical predictions.  

Moreover, one key aim was to find ways to move from the standard reductionistic 

approach employed in chemistry labs with in vitro experiments towards the natural-

like context, trying to analyse the lectin/glycan interaction events in systems related to 

the cell environment and eventually, to finish with intact cells. The final aim was to 

find avenues to break the limits of current knowledge in carbohydrate recognition, 

trying to open new possibilities for Glycosciences. 
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3.1 Introduction 

A synergistic combination of different NMR methodologies, molecular dynamics 

(MD) simulations, and isothermal titration calorimetry (ITC) has been employed to 

provide the structural, conformational, dynamic and energy details of the recognition 

of the histo blood group antigens by human galectin-1.  

The results presented in this chapter have been successfully published in 2020. [1] The 

histo blood group antigens and their constituting fragments have been employed as 

recognition targets within the framework of a global project on the interaction between 

self-antigens by galectins. [2–4] 

 

The MD simulations discussed in this work were performed by the Computational 

Chemistry Lab at CIC bioGUNE (https://www.cicbiogune.es/people/gjoses) and 

additional information on the protocols regarding the MD simulations can be found in 

the publication. [1] 

 

3.1.1. General context 

As described in the general Introduction, galectin-1 is a member of the galectin family. 

[5] This lectin is ubiquitously distributed throughout the body and it participates in the 

regulation of a wide range of biological phenomena through its binding to 

glycoproteins and glycolipids. [6] It has been described that galectin-1 participates in 

B-cell development and signalling, in T-cell immunity and in the regulation of diverse 

inflammatory responses. [7–9] Moreover, changes in its expression have been 

correlated with the progression of different cancers. [10] For example, a mechanism of 

immune evasion mediated by galectin-1 has been proposed to take place through the 

endothelial compartment that negatively affects antitumor immune responses in head 

and neck cancer (HNC) mouse models [11]. Indeed, a high concentration of circulating 

galectin-1 is associated with poor clinical outcomes after specific antitumor therapy in 

HNC patients. [12]  

In the tumour microenvironment, galectin-1 recognizes aberrant mucin-1 glycans 

presented on the surface of cancer cells. [13] Moreover, it interacts with glycosylated 

receptors on endothelial cells, triggering tumorigenic cell signalling pathways that 

induce their proliferation, migration, and activation. [14,15]  
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Considering its implication in pathogenic events, there is an increasing interest in 

exploiting galectin-1 for therapeutic purposes. [16–18] In light of this, protein-ligand 

binding studies, shedding light into the structural details of the interaction, may provide 

unique elements for the design of inhibitors.  

 

Concerning the protein’s architecture, galectin-1 is a prototype galectin formed by two 

identical monomers of 14.5 kDa each (Figure 3.1). Both homodimers are capable of 

binding sugar epitopes and the binding sites are located in opposite directions. The 

overall structure is composed by two anti-parallel -sheets (five F and six S strands), 

with the so called jellyroll folding pattern, conserved among galectins. [5,6] 

Galectin-1 dimerizes in a non-covalent manner in solution with an equilibrium constant 

in the low micromolar range. [19] The integrity of the dimer is maintained by 

interactions between the monomers at the interface (F1 and S1 strands), as well as by 

hydrophobic residues that cluster to form a common hydrophobic core. [6] It has been 

postulated that its intrinsic ability to cross-link glycoconjugates may be strongly 

connected to the biological activity. [20,21] In fact, galectin-1 mutants with modified 

dimerization properties display biological altered functions. [22–24]  

 

Figure 3.1. Galectin-1 homodimer structure in complex with lactose (PDB ID: 1GZW). F and 

S sheets are indicated in light blue and black respectively.  

 

-galactosides are one of the most common epitopes presented at the end of 

mammalian glycans; however, subtle modifications on their structure can drastically 
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impact on the affinity depending on the galectin. Galectin-1, in particular, besides the 

basic disaccharide ligands such as lactose,(Gal1-4Glc), LacNAc (Gal1-4GlcNAc), 

and LacdiNAc (GalNAc1-4GlcNAc), has shown affinity to epitopes based on 

(poly-)N-acetyllactosamine and blood-group oligosaccharides. [25,26] 

The carbohydrate binding site of galectin-1 is very similar to that observed in other 

members of the galectin family, and comprises S4, S5 and S6a/S6b strands. The 

canonical interaction with the -Gal moiety occurs through several hydrogen bonds 

involving the hydroxyl groups of -Gal and several lectin residues (His44, Asn46, 

Arg48, Val59, Asn61, Glu71, and Arg73), as well as through the CH- stacking 

interaction between the non-polar face of the -Gal and Trp68. [5,27,28] 

The L4 loop, that connects strands S4 and S5, is a unique feature of this galectin and it 

has been described to be extremely flexible in the absence of ligand, populating two 

main conformations called close and open. [29] 

  

Most of the knowledge on how galectin-1 binds to carbohydrates derives from X-ray 

structures. However, many dynamic aspects of the interaction remain elusive when 

using this technique. Conformational plasticity and allostery are, among others, crucial 

events that can be investigated exclusively with techniques that allow the detection of 

dynamic features, such as NMR.  

In line with this issue, the binding of galectin-1 to lactose has been recently scrutinized 

through NMR-based hydrogen-deuterium exchange experiments. [30] The results of 

the study highlighted how residues located in an opposite way respect to the binding-

site display increased exchange rates upon binding that correlate with increased 

backbone dynamics. [30] Such an outcome can be explained by the presence of 

allosteric communication along the monomers.  

Thus, we decided to pay particular attention to the dynamic details of the molecular 

interaction. In fact, despite the binding preference of galectins have been extensively 

studied, few works have focused on the dynamic aspects of the interaction. 

Our investigation followed a similar approach to that used in a previous work 

conducted in our laboratory that explored the recognition of galectin-3 (a monomer) 

with the A and B blood group antigens and their fragments. [2] Specifically, the 

employed ligands to unravel the recognition features of galectin-1 (dimer) are N-
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acetyllactosamine (LacNAc), the Galili and blood H type-II trisaccharides and the 

blood B type-II  tetrasaccharide (Figure 3.2). 

 
Figure 3.2. Structure, symbol (SNFG) representation, and nomenclature of the 

oligosaccharides employed in this chapter. The ligands’ numeration (1-4) has been adopted 

only throughout this chapter.  

 

3.2 Isothermal titration calorimetry experiments 

As starting point, the thermodynamic profiles of the interaction of galectin-1 with all 

the ligands were deduced through ITC measurements. The binding isotherms measured 

from the titration experiments were adjusted to two different binding models: a single-

site and a sequential binding model, considering two identical or different binding 

events at each site of the dimer. [31] The obtained parameters are presented in Tables 

3.1 and 3.2, respectively. The comparison of the χ2 value (Table 3.2), representing the 

quality of the fitting, revealed that the sequential binding model provided the best 

quality or equal to that of the single-site. 

 

Ligand ΔG 
(kcal/mol) 

ΔH 
(kcal/mol) 

-TΔS 
(kcal/mol) 

KD 

(µM) 

LacNAc (1) -5.5 -5.3 -0.186 99 

Galili (2) -5.5 -5.2 -0.385 95 

H type-II (3) -4.3 -4.3 -0.469 319 

B type-II (4) -4.7 -4.3 -0.388 379 

 

Table 3.1. Thermodynamic parameters from ITC data fitted to single-site binding model 
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 One-site model Sequential model 

Ligand KD 2 KD1 KD2 2 

LacNAc (1) 99 1365 17 264 317 

Galili (2) 95 2309 34 536 1151 

H type-II (3) 319 169 196 1100 173 

B type-II (4) 379 69 116 422 74 

 

Table 3.2. Comparison of the affinity parameters obtained by fitting of the ITC data to one-site 

(left) and sequential binding models (right). 

 

The binding constants (KD) deduced using the single-site model were in the high-

medium micromolar range, being LacNAc (99 µM) and Galili (95 μM) the best 

binders. Moreover, the affinity obtained for LacNAc was in line with that already 

published. [32] The affinity and enthalpy values of Galili for galectin-1 are very similar 

to those observed for LacNAc, suggesting that the additional α-Gal residue does not 

establish additional favourable contacts. In contrast, the H type-II and B type-II 

antigens displayed lower binding affinities and enthalpy values compared with the 

disaccharide, suggesting that the introduction of the fucose moiety decrease the affinity 

by destabilizing some interactions. 

The KD estimates derived by sequential fitting show a trend for negative cooperativity. 

Indeed, the first binding event to one monomer of galectin-1 is more favourable than 

the second one. This phenomenon has already been proposed for lactose recognition. 

[29] However, for LacNAc and Galili, this tendency is even more marked: KD1 is more 

than an order of magnitude better than KD2. Again, LacNAc and Galili displayed 

comparable affinities, whereas H type-II and B type-II are weaker binders (Table 3.2).  

 

Focusing on the thermodynamic aspects, the binding enthalpy remained unaltered 

passing from the disaccharide to the trisaccharide, suggesting the absence of additional 

stabilizing intramolecular contacts between the lectin and the α-Gal epitope (Figure 

3.3, above). The enthalpy decreased with the fucosylated ligands, lowering the binding 

free energy. Overall, the enthalpy contribution did not correlate with the entropy, as 

usually is observed in sugar binding events, which follow the enthalpy-entropy 

paradigm. [33] 
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An unusual positive entropy contribution was observed for all the ligands tested. This 

atypical result differs from the common trend observed for protein-sugar interactions 

that usually display large and positive binding enthalpies counteracted by unfavourable 

entropic contributions. [33] The gain from the entropic term is rather moderate (below 

0.5 kcal mol-1, Table 3.1), but the key point is not the absolute value, as much as that 

the entropy term is not opposing the binding event. In line with these results, a previous 

report highlighted that lactose binds to galectin-1 with a small positive binding entropy 

and with negative cooperativity. [29] 

 

 

Figure 3.3. Thermodynamic profile of ligands 1-4 obtain by ITC measurements fitted to one-

site binding model of galectin-1 (above) and galectin-3 (below).  

 

Intriguingly, the ITC data strongly differ from our previous results obtained for the 

interaction of the same antigens with the monomer galectin-3, thus highlighting the 
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different molecular recognition mechanisms employed by the two lectins of the same 

family (Figure 3.3). [2] In particular, for galectin-3, the higher affinities observed only 

for the fucosylated tetrasaccharide antigens were justified by the existing pre-

organization of these ligands that bind in their free-state conformation to the lectin, 

facilitating the binding event through a very favourable kon kinetic constant, a decrease 

of the energy barrier, with the concomitant impact on the binding entropy. [2] 

However, the comparison of the thermodynamic profiles (Figure 3.3) evidences that 

this is not the case for galectin-1.  Herein, independently of the size of the ligand, the 

entropy term is basically identical. Such a discrepancy strongly suggests that different 

conformational dynamics are occurring with galectin-1. 

Thus, further investigations were carried out. 

 

3.3 The predictions: Generation of 3D models through MD simulations  

The X-ray crystallographic structure of the galectin-1 dimer complexed with lactose 

(PDB ID: 1GZW) was used as starting point to build the 3D models of the sugar/lectin 

complexes.  [27] Firstly, a standard manual docking protocol using lactose as fixed 

scaffold to fit the Gal4GlcNAc core of ligands 1-4 was employed. With the generated 

complexes, short MD simulations of 100 ns were performed by the Computational 

Chemistry Lab (CIC bioGUNE). The motions around the glycosidic linkages as well 

as the intermolecular hydrogen bonds (HB) were scrutinized along the MD simulations 

(Figure 3.4). 

 

The obtained models for galectin-1 and LacNAc nicely matched with that obtained by 

X-ray crystallography with lactose: the key CH-π interaction is provided by the indole 

moiety of Trp68 stacking with the -Gal ring, while stable HB are formed between 

His44, Arg48, Asn61 and Glu71 lectin residues with Gal O4, Gal O5 and GlcNAc O3 

of the disaccharide. [28] These interactions are kept in all complexes, with the obvious 

exception of those involving the positions substituted by additional sugar moieties.  

The L4 loop is kept into the close conformation, folded towards the ligand. His52, in 

the L4 loop, is transiently involved in HBs with -Gal 2-OH (25% of the MD 

trajectory). This interaction is also present in the X-ray structure with lactose.  
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Figure 3.4. Proposed model of the complexes: from left to right and top to bottom: galectin-

1/LacNAc, galectin-1/Galili, galectin-1/H type-II and galectin-1/B type-II. The key amino acids 

involved in the interaction are displayed as well as the most representative intramolecular HBs 

(yellow dots). 

 

The Galili/galectin-1 complex showed that the additional α-Gal residue was close to 

the protein surface, but without providing additional interactions, in full agreement 

with the ITC data. Other interactions were identical to those described for LacNAc.  

For both H type-II and B type-II antigens, the Fuc moiety is close to the L4 loop; in 

particular, Fuc O5 and/or Fuc 4-OH established transient HB with His52 (25% of the 

MD trajectory). Again, the interactions with the LacNAc scaffold are predicted. 

Thus, the MD simulations predict that all the saccharides bind galectin-1 in a similar 

fashion, with only the LacNAc core involved in stabilizing interactions with the lectin.   
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3.4 The experimental observations: NMR  

Two different NMR approaches were employed: from the point of view of the ligand 

(STD-NMR experiments) and from the point of view of the lectin (CSP-NMR, 

CLEANEX, and relaxation dispersion experiments).  

3.4.1 The ligand’s perspective: Saturation transfer difference NMR experiments 

(STD-NMR) 

The initial structural experimental information related to the interaction between 

human galectin-1 and ligands 1-4 was obtained through 1H STD-NMR experiments. 

[34–36] As described in the Introduction, this methodology allows deducing the 

binding epitope of the ligand. In all cases, two sets of STD-NMR experiments were 

registered, irradiating the aromatic and the aliphatic protons of the lectin for well-

defined ligand:lectin ratios of each complex.  

 

Clear STD intensities were observed, confirming the existence of interaction between 

galectin-1 and all the ligands (Figure 3.5 and supporting information). Important STD 

signals for H4, H5, and H6 of the central β-Gal were detected. This evidence is in 

accordance with the typical pattern found for the recognition of saccharides by 

galectins. [5] For the ligands containing the α-Gal moiety (Galili and B type-II), clear 

STD contributions arising from H1, H2 and H3 protons of this sugar were also visible.  

In addition, considerable STD signals were found for H1 of the α-Fuc residue of 

ligands H type-II and B type II ligands. Interestingly, upon aromatic irradiation (δ 7.67 

ppm), a stronger signal for Fuc H1 was observed (See top panel of Figure 3.5) than for 

the aliphatic irradiation (δ 0.55 ppm). This experimental result can be justified by the 

proximity of the Fuc moiety to the L4 loop and, in particular, to the aromatic His52, as 

also predicted by the MD-based 3D models (Figure 3.4). Nevertheless, it has to be 

remembered that the introduction of the Fuc did not increase the affinity respect to the 

disaccharide (Figure 3.3). 

Therefore, even if the -Gal ring is the main binding epitope, also α-Gal/α-Fuc moieties 

are also in close vicinity to the lectin surface. These observations provide the 

experimental validation of the proposed 3D complexes, where the α-Gal and α-Fuc 

residues are adjacent to the binding site, providing few transient interactions. This 
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recognition feature differs from those reported for human galectin-3, where the α-Fuc 

was exposed to the solvent without taking any contact with the protein surface. [2]  

Thus, the STD NMR data corroborate the model obtained by docking and MD 

simulations, contributing to enrich the general picture of the interaction.  

 

 

Figure 3.5. 1H-STD-NMR results. Above: NMR spectra registered for unravelling the 

interaction of galectin-1 with the B type-II antigen. On top, reference spectrum with annotations 

of the 1H signals showing STD effect. Middle: STD NMR spectrum with lectin irradiation at 

the aromatic region (δ 7.67 ppm). Below: STD NMR spectrum with irradiation at the aliphatic 

region (δ 0.55 ppm). The relative STD amplification factor is indicated and the signal arising 

from Fuc H1 is highlighted. Below: Epitope mapping obtained from the analysis of the STD 

NMR experiments (under aliphatic irradiation) with 1, 2, 3, and 4. 
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3.4.2 The lectin’s perspective: Chemical shift perturbation analysis (CSP-NMR) 

In a first step to characterise the interactions from the protein’s perspective, 1H-15N 

HSQC NMR experiments were employed and the chemical shift perturbations (CSP) 

of the amide signals of the lectin upon ligand addition were monitored. [37] 

Briefly, to a sample containing the 15N-labelled protein alone, increasing equivalents 

of ligands 1-4 were respectively added, and 1H-15N HSQC spectra were acquired at 

each point. The presence of the ligand modifies the chemical environment of the amino 

acids directly or indirectly involved in the binding. This perturbation induces a 

chemical shift perturbation (CSP) of the cross peaks of the protein that are analysed 

and translated into a unique information on the recognition event at atomic level. 

Indeed, with this NMR protein-based approach, each subtle environment modification 

around the lectin’s residues upon binding can be identified. The CSP plots obtained for 

1-4 are gathered in Figure 3.6.  

 

For the titration with LacNAc (black histogram in Figure 3.6), most of the perturbed 

residues were included in the region 46Asn-76Val (strands S4-S6 and L4 loop). These 

data agree with the proposed binding mode described above (Figure 3.4) and with the 

available X-ray crystallography structures (PDB ID: 4Y1U, 4Q26 and 1W6P). 

Curiously, perturbations on several amino acids at the F-sheets, especially F3 and F4 

and in loop L1 (connecting S1 and F2) were also observed (Figure 3.6 and supporting 

information). These results indicated that the interaction with LacNAc induces changes 

on the whole structure of the protein, as previously reported for its binding with lactose 

and with lacto-N-neotetraose. [29,30,38]  

 

The titration with Galili provided a similar CSP pattern to that obtained with LacNAc: 

both ligands bind to the protein in a similar fashion (Figure 3.6 and supporting 

information) with no additional interactions of the Gal epitope, as suggested by the 

ITC experimental data and the MD simulations.  

 

Remarkably, the addition of H type-II and B type-II produced additional perturbations 

for amino acids Ala51-Ala55 at the L4 loop (Figure 3.6 and Figure 3.7). This 
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experimental evidence is in agreement with the STD NMR data and with the proposed 

binding pose, where the Fuc residue is positioned in close contact with this L4 loop.  

 

 

Figure 3.6. CSP plot of the backbone amide signals of galectin-1 obtained upon addition of 

LacNAc (in black, 10 equivalents) or, in blue, of A) Galili (10 eq), B) H type-II (15 eq), and C) 

B type-II (15 eq). The most perturbed residues are mapped into the MD-derived 3D models (D-

F).  In the 3D models, the dark blue coloration refers to CSP value over 2, whereas the light 

blue one to values between 1 and 2.  
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Figure 3.7. Expansions of 1H-15N HSQC spectra of apo galectin-1 (grey) upon addition of 10 

equivalents of LacNAc (black),10 equivalents of Galili (blue), 15 equivalents of H type-II 

(green) and 15 equivalents of B type-II (purple). 
 

3.4.3 Long range 1H-15N HSQC experiments: the behaviour of His residues 

Additional structural rationale regarding the role of the Fuc moiety in the interaction 

was obtained through long-range (2JNH) 1H-15N HSQC experiments. In particular, the 

analysis of the signals corresponding to the His side chains was carried out to decipher 

the involvement of these residues in the binding to the fucosylated and non-fucosylated 

ligands.  

 

Galectin-1 shows two His: His44 and His52. His44, located in the S4 strand, is a 

strictly conserved residue among galectins and consistently involved in the interaction 

with -Gal: acts as a key HB acceptor from -Gal 4-OH. Contrarily, His52 is located 

in the L4 loop, an unique element for galectin-1 (Figure 3.8). 

Following the long range 1H-15N correlations of the imidazole ring of His residues, it 

is possible to decipher the major tautomer (Nδ1-H or N2-H), since when the nitrogen 

of the ring is protonated, its chemical shift is ca. δ 170 ppm, while the non-protonated 

form appears at ca. δ 250 ppm (Figure 3.9, panel A). 
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Figure 3.8. 3D model of galectin-1 bound to LacNAc pointing out the position of His44 and 

His52, displayed as sticks.  

 

Moreover, the NMR signals for the two ring nitrogens (Nδ1 and N2) tend to get closer 

in the spectra when a tautomer equilibrium is taking place. [39,40]  

Thus, a set of long-range 1H-15N HSQC experiments were recorded for galectin-1 alone 

and in the presence of 10 equivalents of LacNAcand the H type-II antigen. 

In the apo form of the lectin, only the NH cross-peaks for one imidazole ring were 

observed (Figure 3.9, panel B). The presence of N2-Hδ2 signal at δ 187.5 ppm was 

consistent with a larger population of the N2-H tautomer, whereas the 15N chemical 

shift deviation from the expected values for the pure N2-H tautomer also indicated 

the contribution of the Nδ1-H tautomer. The addition of 10 equivalents of LacNAc did 

not provide substantial changes on these resonances but, in contrast, a new set of NH 

cross-peaks appeared with a significant differentiation between N2 and N1 and with 

a pattern characteristic for the Nδ1-H tautomer (Figure 3.9, panel C). This set of peaks, 

whose chemical shift indicated that the N2-H protonated form was marginal, were 

assigned to His44, given the key role of this residue for galactose binding through HB 

to Gal OH4, which should involve the Nδ1-H tautomer. Consequently, the other set of 

peaks was assigned to His52.  

Upon addition of the H type-II antigen, His44 signals were clearly detected, displaying 

the same chemical shift as for LacNAc (Figure 3.9, panel D). Contrarily, the signals 

for His52 became broader, even displaying multiple peaks, strongly suggesting the 

presence of multiple states in slow-medium exchange regime in the chemical shift time 

scale. Moreover, N2 and N1 turned out to be much more similar. Thus, the presence 
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of the Fuc residue likely modifies the dynamics around His52, while its chemical 

equilibrium is kept. This evidence can be reconciled with the fact that His52 and the 

L4 loop cannot provide the proper accommodation of the Fuc moiety, as also supported 

by the ITC and MD results.  

 

Figure 3.9. A) Representation of the tautomeric forms of imidazole ring of histidine, together 

with a schematic view of the expected cross-peak pattern in the 1H-15N long range HSQC 

spectrum for each tautomer. 1H-15N long range HSQC spectrum of galectin-1 alone (B), with 

10 equivalents of ligand LacNAc (C) and with 10 equivalents of H type-II  

 

3.4.4 CLEANEX experiments: protein dynamics upon binding 

Previous studies have proposed the presence of fast motions (in the ps timescale) of 

galectin-1 upon binding to lactose through standard relaxation-based R1 and R2 NMR 

experiments. [29] However, the CSPs detected far beyond the binding site strongly 

suggest the presence of conformational fluctuations in a much slower timescale. 

[30,41]  
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Phase-modulated CLEAN chemical exchange NMR (CLEANEX-PM) is one of the 

key experiments for studying these features, since allows the detection of NH residues 

presenting exchange rates with water in a time range of 5-500 ms. [42,43] Thus, these 

experiments were recorded for galectin-1 alone and in the presence of LacNAc and B 

type-II. High protein:ligand ratios were used to ensure the complete saturation of the 

lectin, thus assessing that the measured NH-H2O exchange rates correspond to the 

bound forms. 

The measured global average exchange rate for the CLEANEX experiment with 

galectin-1 alone was kex=23 s-1, whereas in the presence of LacNAc the value decreased 

at 10 s-1, pointing put a global reduction of the exchange rate with the highest affinity 

ligand with respect to the apo form. In contrast, the global kex of the spectra recorded 

with the tetrasaccharide was 20 s-1, suggesting that the binding to weaker ligands 

produce minor global changes.  

 

The CLEANEX experiment for galectin-1 apo showed 13 amide NH cross-peaks (out 

of the 135 total ones) at different mixing times. These residues belong to amino acids 

located at the dimer interface and in the L3, L4, L6, L7, and L9 loops, which 

correspond to solvent exposed regions of the protein (Figure 3.10). Interestingly, also 

some residues directly involved in the binding as well as amino acids located far away 

from the recognition site were detected, rendering them suitable probes to monitor 

changes on the protein structure (Figure 3.10). 

 

Remarkably, the residues of the L4 loop were differently affected by LacNAc and B-

type-II. Therefore, it is tempting to speculate that different dynamic behaviour are 

taking place for this loop in the presence of non-fucosylated or fucosylated ligands, as 

also shown by the long-range 1H-15N HSQC experiments. The different conformation 

adopted by His52 when the Fuc-containing ligand is accommodated in the binding site 

(Figure 3.9) can explain the lower protection in average from water.  

 

The exchange rates of several residues located far away from the binding site (Ala1-

Cys3 at the dimer interface, Ser38 at the L3 loop, Ala94 at the L7 loop, and Asn113 
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and Glu115 at the F9 loop) were significantly reduced upon addition of LacNAc 

(Figure 3.10), while the presence of B-type II produced less pronounced effects.  

 

 

Figure 3.10. Left: NH-water exchange rates, kex (s-1), obtained from CLEANEX-PM 

experiments for galectin-1 in the apo and bound forms upon addition of LacNAc and B-typeII. 

Right: X-ray structure of galectin-1 associated to LacNAc (PDB ID: 1W6P). Amino acids with 

detected exchangeable NH amide protons are highlighted. 

 

All together, these evidences confirm that the entire structure of the lectin is perturbed 

upon ligand binding, especially in the presence of the stronger binder.  

 

3.4.5 Relaxation Dispersion analysis: conformational fluctuations of the protein 

The fast librations in the ps-ns timescale previously described for galecin-1 and lactose 

are likely capturing thermal motions more than the recognition dynamics demonstrated 

herein. [29] In order to fully decipher these dynamic features of galectin-1, 15N CPMG 

relaxation dispersion NMR experiments were employed. [44] With this technique, 

protein residues (backbone amides) with dynamics in the μs-ms timescale can be 

detected. This time scale is elusive to the standard relaxation experiments, which only 

capture dynamic events in faster timescales, in the ns-ps range, far from those required 

to produce large amplitude motions related to allostery.  
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Relaxation dispersion experiments were then performed for galectin-1 alone and in the 

presence of LacNAc and the B type-II; moreover, as a control, also the galectin-3 

CRD monomer was investigated in its apo and LacNAc-bound form.  

After the data analysis, a total of 34 residues displaying μs-ms dynamics upon LacNAc 

binding to galectin-1 were found. Furthermore, a good number of those residues 

displayed a high degree of consistency in both calculated parameters (kex and pʙ values) 

and, therefore, a collective fitting was performed. A final cluster of 13 residues showed 

a concerted dynamics at a kex of 380 s-1 with an excited state showing populations (pʙ) 

of ca. 1.5%. The 13 residues (Leu4, Ser7, Leu9, Arg18, Asp54, Ala55, Val76, Asp92, 

Ala121, Ala122, Asp123, Phe126 and Phe133) are clustered at the interface between 

the two monomers of the protein (Figure 3.13, A). This evidence strongly suggest that 

LacNAc binding to galectin-1 triggers an allosteric response in the dimerization 

interface, increasing the local dynamics.  

 

The same experiment performed with the other complexes (galectin-1/B type-II, 

galectin-3, and galectin-3/LacNAc) only showed a limited number of residues 

(between 6 and 13) with remarkable fluctuations in the micro-to-milli second time 

scale. Moreover, the attempts to statistically cluster those residues into collective 

motions failed in all cases. Then, it is likely that these residues simply show residual 

thermal motion. 

 

The positive entropy found in this system is related to the presence of motions, which 

are likely associated to functional dynamics. Moreover, the consistent dynamics in the 

µs timescale, exclusively associated to LacNAc, can be considered as a direct hint of 

the presence of allosteric transmission induced upon ligand binding.   

 

3.5 MD simulations: allosteric communication analysis 

The presence of allosteric communication between the two domains of galectin-1, 

triggered upon LacNAc binding, was also analysed through µs molecular dynamics 

simulations (μs-MD) to further assist the experimental NMR findings. Both the apo 

protein and the bound form in presence of LacNAc and B type-II were investigated. 
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As a control, also the monomer, galectin-3 CRD, was studied with the same 

experimental approach.  

From the computed MD data, optimal and suboptimal pathways for dynamic 

correlation between residues of the binding site and any other amino acid in the protein 

were traced using the Weighted Implementation of Suboptimal Paths (WISP) 

algorithm (see the Chem Eur J publication for additional information). [1] The length 

of the pathways were mapped onto the lectin structure to obtain a visual representation 

of the internal correlated motions occurring during the MD run (Figure 3.11).  

For galectin-1, the motions propagated from selected amino acids of the binding site 

all along the monomer and the residues with the highest frequency in the pathways 

were distributed along the -strands. In contrast, for galectin-3 such correlated motions 

were only located nearby the binding site (Figure 3.11).  

 

 

Figure 3.11. Dynamic correlation network representations calculated from μs-MD simulations. 

For each complex, the residues coloured in blue are those appearing most frequently in all the 

calculated optimal and suboptimal allosteric pathways based on correlated motions between 

selected pairs of residues (shown as green sticks) and the rest of the protein. 
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The optimal and suboptimal allosteric pathways can be represented to easily identify 

the location of the dynamic information inside the lectin (Figure 3.12). From this 

representation is even more evident how, for galectin-1, the innervation of clustered 

residues propagates throughout the whole monomer. In contrast, the CRD of galectin-

3 only displays a pathway of amino acids affected by the motions within or close to 

the canonical binding site.  

Fittingly, for galectin-1/LacNAc, most of the residues identified as relevantly involved 

in allosteric communication by this MD-based analysis are the same that emerged in 

the relaxation dispersion experiments as those suffering concertated dynamics (Figure 

3.13). This concordance reinforces the existence of long-range dynamic correlations 

between the binding site and distant amino acids throughout the -sheets upon LacNAc 

binding. Overall, the demonstrated perturbations strongly suggest the presence of 

allosteric communication of the lectin. The presence of allosteric communication is 

also connected to the negative cooperativity found in the ITC analysis: once the first 

glycan molecule is bound and the allosteric information is transmitted, the perturbation 

makes that the second ligand is bound with smaller affinity.  

 

Figure 3.12. Dynamic correlation network representations calculated from the μs-MD 

simulations. Example of 100 optimal and suboptimal allosteric pathways based on the 

correlated motions between selected pairs of residues calculated for apo galectin-1 (A) and 

galectin-3 (B). 
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Figure 3.13. Long-range concerted dynamics in galectin-1. B) Residues most frequently 

involved in the optimal and suboptimal allosteric pathways found from the μs-MD analysis 

(color-coded in a blue gradient). The pathway is calculated from selected residues (shown as 

green sticks) in both binding sites. A) Residues (in purple) showing concerted dynamics at 380 

s-1 as determined by transversal relaxation dispersion (RD) NMR experiments. 

 

 

3.6 Conclusions 

The interaction of human galectin-1 with the histo blood group antigens and their 

fragments has been deeply analysed and characterized with a multidisciplinary panel 

of experimental and computational methodologies.  

In a first step, the ITC data highlight how the binding, for all ligands under study, is 

favoured by entropy, in strong contrast with the observations reported for galectin-3 

and for most lectin-sugar interaction events. [2,33] LacNAc is the best ligand for 

galectin-1 among those tested. The saccharides of increased complexity (Galili, H-

type-II and B-typeII) displayed worst affinities. From the ITC data fitting, sequential 

binding with negative cooperativity was proposed for ligands 1-4.  

The STD-NMR results unravelled the key binding epitope: -Gal generates the main 

contacts, but additional contributions from the α-Gal and α-Fuc moieties also emerged. 
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Nevertheless, the generated MD-based 3D complexes did not predict any stable contact 

of galectin-1 with those sugar residues. 

The CSP NMR analysis agreed with the proposed 3D complexes showing that the extra 

residues (α-Fuc and α-Gal) in 2-4 did not establish stabilizing contacts with galectin-

1, as also deduced by ITC.  

Moreover, the CSP results also revealed perturbations for residues located far 

beyond the binding site (along the -sheets and at the dimer interface).  Curiously, 

the entity of those perturbations correlated with ligand affinity, being more pronounced 

for the best affinity ligand (LacNAc). Water-exchange CLEANEX-PM experiments 

confirmed these data, pointing out that residues all over the -sheets and at the dimer 

interface of the protein suffered changes upon binding in their presentation to water. 

15N CPMG relaxation dispersion analysis revealed dynamic motions propagating 

throughout the lectin in the micro-to-millisecond timescale. In particular, NMR 

experimental evidences demonstrated the presence of concerted motions for 13 

residues upon LacNAc binding, while no concerted clustered residues were detected 

in the other cases (galectin-1 with lower affinity binders or galectin-3 with LacNAc).  

Molecular dynamics simulations also predicted the existence of an allosteric 

correlation between the residues of the binding site and distant amino acids along the 

-sheets upon LacNAc binding. In fact, once the first glycan molecule is bound, the 

communication is transmitted until reaching the dimer interface, presumably justifying 

why the second binding event displayed smaller affinity.  

 

The final aim of protein-ligand binding studies is revealing the structural details of the 

interaction and relating them with the biological function of a given system. However, 

this is not always an easy task because many processes are usually responsible for 

triggering the observed final response. In fact, the precise biological roles of human 

galectins remain elusive.  

The results presented herein show how sugar recognition by galectins is an extremely 

complex process that depends on many factors.  

Despite the similarities, a fine-tuned recognition preference has been detected by 

comparing the chimera-type galectin-3 with the prototype galectin-1. For instance, it 

has been reported that galectin-1 displays noticeable preference to bind terminal 
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LacNAc structures in complex N-glycans, whereas galectin-3 preferentially recognizes 

internal LacNAc moieties. [25,26] Those different binding specificities have also been 

confirmed in the natural cellular environment. [45] Our results indicate that the 

intrinsic conformational flexibility strongly differs between galectin-1 and galectin-3 

and allow hypothesizing that this feature could be behind the observed difference in 

specificity. It is tempting to speculate that, since terminal LacNAc structures on 

glycoconjugates are solvent exposed and accessible, the binding of a lectin displaying 

a pronounced intrinsic conformational flexibility may reduce the entropic cost of the 

association. In contrast, the binding to a globular structure would be in disadvantage. 

The exclusive allostery detected for galectin-1 definitely provides insights into a 

functional role of the dimeric architecture of the lectin. The monomeric CRD of 

galectin-3 did not display this behaviour, highlighting how the motion features are 

drastically divergent in the two galectins.  

Finally, our findings shed light on structural and thermodynamic binding features of 

the recognition event that could be further exploited as clues for the rational design of 

compounds capable of selectively binding galectin-1.   
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4.1 Introduction  

In this chapter, the recognition features of multi-LacNAc containing N-(2-

hydroxypropyl) methacrylamide (HMPA) copolymers by galectin-1 and by the CRD 

of galectin-3 have been disentangled. For comparison purposes, the LacNAc 

disaccharide and individual LacNAc-containing components of the polymer were also 

analysed.  

Compounds 2-6 (Figure 4.2) were synthetized by our collaborators from the Institute 

of Microbiology (Czech Academy of Science, Prague) and their synthesis was 

previously published. [1] A multidisciplinary approach comprising NMR 

methodologies, DLS, and cryo-EM measurements has been adopted and the results of 

this project were successfully published in 2021. [2]  

 

4.1.1 General context 

Galectin-1 and galectin-3 are the most widely studied members of the galectin family 

of lectins. They exhibit relevant biological roles, and, in particular, their implications 

in cancer proliferation as well as in inflammation processes have been documented. 

[3–9] Consequently, they have become attractive targets for therapeutic purposes. [10–

14] 

The sequence identity between the CRD of these two galectins is moderately high and 

the key residues of the binding site that orchestrate the main contacts with -

galactosides are conserved (Figure 4.1). [15] However, their dissimilar architecture 

strongly determines the reported differences in their binding specificity. [16–20] 

Certainly, galectin-1 is a homodimer formed by two identical domains, whereas 

galectin-3, the only chimera-type galectin, is capable of oligomerizing through its non-

lectin N-terminal domain. Although the oligomerization of galectin-3 has generally 

been accepted, the molecular mechanism behind this process and its detailed biological 

consequences remain enigmatic and far to be completely understood. [21–23] 

Nevertheless, the monovalent carbohydrate recognition domain (CRD) of the protein 

conserves the lectin activity and can be used as a good model to understand the binding 

specificity of galectin-3 and, more in general, of a monomeric galectin. (Figure 4.1).  

Besides canonical binders such as lactose, LacNAc, and LacdiNAc, galectin-1 and 

galectin-3 CRD have shown to differently interact with other oligosaccharides, such as 
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the blood-group antigens and poly-lactosamine oligosaccharides. [18–20] However, 

the binding preferences are not extremely diverse and this evidence reflects the 

difficulty to design and synthesize a selective inhibitor acting on one of them only.  

 

Figure 4.1. Galectin-1 homodimer in complex with lactose (PDB ID: 1GZW) and galectin-3 

CRD in complex with lactose (PDB ID: 2NN8). Both binding site are zoomed in. The key 

residues for the interactions are highlighted. 

 

Since single carbohydrates-lectin recognition events are characterized by low affinities 

(μM-mM range), the engagement of simultaneous interactions involving the receptor 

and/or the ligand is a fundamental point. This phenomenon, exploited by Nature to 

overcome the otherwise weak association, is known as multivalency and can be 

employed to develop inhibitors for lectins , as discussed in the Introduction Chapter. 

In fact, scaffolds presenting multiple sugar units have been proven to provide improved 

affinities for lectins and, among others, for galectin-1 and galectin-3. [15,24–29]  
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For this reason, different types of multivalent glycoconjugates have been developed 

and grouped depending on the nature of the scaffold: glycoclusters, glycodendrimers, 

glyconanoparticles, neoglycoproteins, and glycopolymers. [30–34].  

N-(2-hydroxypropyl) methacrylamide (HMPA) copolymers are a well-known 

synthetic water-soluble carriers used for the design of glycopolymers. In fact, the 

HMPA scaffold displays good biocompatibility and water solubility, as well as 

prolonged circulation time, adequate delivery to biological targets, and lack of toxicity 

or immunogenicity in vivo. [35] Different glycopolymers with the HMPA carrier have 

already been proposed as binders for galectins, concluding that their architecture, 

molecular weight, presentation, and spacer structure strongly modulate the lectin 

recognition event. [1,29,36–38]  

  

In a recent work performed by our collaborators of the Institute of Microbiology 

(Czech Academy of Science, Prague) a large panel of LacNAc-decorated HMPA 

glycopolymers and LacNAc-decorated multivalent scaffolds was synthetized varying 

the LacNAc density as well as its presentation (mono, bi- or trivalent). [1] This pool of 

molecules was tested for its ability to inhibit the binding of galectin-1 and galectin-3 

to asialofetuin (ASF), concluding that galectin-1 preferred a dense presentation of 

individually distributed LacNAc epitopes, while galectin-3 favoured a clustered 

LacNAc presentation. [1]  

In particular, HMPA glycopolymers carrying an individual presentation of the sugar 

epitope reached an avidity in the nanomolar range for galectin-1 and, remarkably, an 

exceptional preference for galectin-1 over galectin-3 (over 100-fold). [1]  

Considering that, as discussed, HMPA glycopolymers are suitable for in vivo 

applications and given the outstanding avidity obtained for galectin-1, these molecules 

are promising for therapeutic applications.  

 

In the work presented in this chapter, we selected five compounds among the reported 

library of multivalent ligands. Our aim was to eventually bring some structural insights 

on the preference for the dimeric over a monomeric galectin architecture (galectin-1 

and the CRD of galectin-3, respectively) (Figure 4.2). During the discussion of this 
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chapter with the naming ‘galectin-3’, we refer to the CRD of galectin-3 that we have 

employed, unless otherwise specified. 

 

Apart from the HMPA glycopolymers 4-6, whose physicochemical characteristics are 

summarized in Table 4.1, also simple LacNAc (1) and the branched parent 

glycosylated ligands (2-3) were analysed. We essentially selected two small branched 

ligands with bivalent (2) and trivalent (3) presentation and three glycopolymers with a 

comparable LacNac content (19-22%) but with different LacNAc presentation: 

LacNAc individually distributed (4), LacNAc on bivalent branching (5) and LacNAc 

on trivalent branching (6) (Figure 4.2). 

 

 

Figure 4.2. Representation of the galectins employed in the study and structures of the ligands 

with relative numeration (1-6) selected from the panel presented in the previous publication by 

Tavares et al. [1] 
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Ligand (a) LacNAc 
presentation 

(b) LacNAc 

content 

[mol. %] 

(c) Mn 

[g mol-1] 

(d) Mw 
[g mol-1] 

4 individual 19.3 25,200 33,600 

5 bivalent 

branching 

20.9 30,200 37,900 

6 trivalent 

branching 

22.0 32,400 38,400 

 
Table 4.1 Physicochemical characteristics (type of presentation, LacNAc content, and 

molecular weight) of the polymers 4-6 described by Tavares et al. [1]  (a) values were calculated 

by integration of the NMR signals. The number-average molecular weight (Mn) (c) and weight-

average molecular weight (Mw) (d) were obtained employing SEC. 

 

The ability of the selected ligands 1-6 to inhibit the binding of galectin-1 and -3 to 

immobilized ASF glycoprotein in a competitive ELISA-assay is reported in Table 4.2. 

and expressed in terms of IC50 [1] 

 

 
Ligand  

1 

Ligand  

2 

Ligand  

3 

Ligand 

4 

Ligand  

5 

Ligand  

6 

Galectin-1 78 

  23 

19 

  5 

9  

 3 

0.086 

  0.05 

0.41  

 0.08 

0.082  

 0.02 

rp 1 4.1 8.6 906 190 851.2 

rp/n 1 2 2.8 906 95 317 

Galectin-3  44  

 8 

12  

 2 

4.4  

 1.6 

11  

 1 

4.6 

  1.3 

1.7 

  0.4 

rp 1 3.6 10 4 9.5 25.8 

rp/n 1 1.8 3.3 4 4.8 8.6 

 

Table 4.2 Inhibitory activity from ELISA assays. IC50 (expressed in μM) values previously 

obtained from competitive ELISA assay. The relative potency (rp) of a certain multivalent 

ligand is calculated as IC50-LacNAc / IC50–multivalent ligand. rp/n value refers to the relative potency 

per active unit of LacNAc. [1] 

 

For ligands 2-3, no differences among galectins were detected, being 3 the best 

inhibitor for both. Comparing the data of 2 and 3 with LacNAc, it can be deduced that 

the bivalent and trivalent presentation of the multivalent molecules promoted 

cooperative effects that caused affinity enhancement. 
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Ligands 4-6 displayed an inhibitory potency in the nanomolar range. However, when 

the glycopolymers’ IC50 are compared, a clear difference emerged: galectin-1 is always 

more sensible to the inhibition in all cases. The best binder for galectin-1, considering 

the relative potency per active unit, is the LacNAc-polymer featuring the individual 

sugar presentation (4), while galectin-3 marginally prefers the glycopolymer with triple 

epitope presentation (6).  

 

4.2 NMR studies 

To unravel the intricacies of the recognition phenomenon taking place between the 

galectins in study and ligands 1-6, we resorted to NMR methodologies. Due to the 

intrinsic differences between ligands 1-3 and the polymers (4-6), ad hoc approaches 

where used for each system. In particular, we employed experiments from the 

viewpoint of the ligand (STD-NMR) only with the small building blocks (1-3), while 

we used methodologies from the viewpoint of the protein (1H-15N HSQC) with the 

polymers (4-6), as well as with 1-3.  

 

4.2.1 Analysis of the building blocks  

4.2.1.1 The ligand’s perspective: Saturation transfer difference NMR experiments 

(STD-NMR) 

The preliminary structural experimental data for the interaction of galectin-1 and the 

CRD of galectin-3 with 1-3 was obtained through 1H STD-NMR. [39–41] The basis of 

this technique is commented in the Introduction, but, briefly, from the analysis of this 

kind of experiment, the binding epitope of a ligand towards a receptor can be disclosed. 

The excess of each ligand to be added into the NMR tube containing the unlabelled 

lectin was optimized in each case to obtain the best signal/noise. The glycopolymers 

4-6 were excluded from this analysis because their large molecular weight exceeds the 

limits of the STD experiment.  

For every combination of ligand/lectin tested, a set of experiments with three different 

aliphatic irradiations (δ 0.00 ppm, δ -0.5 ppm, δ -1 ppm) was performed. As an 

example, the STD spectra together with the off resonance spectra of galectin-1 with 

ligands 2 and 3 are reported in Figure 4.3, panel A. All the STD experiments are 

gathered in the Supporting Information.  
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Figure 4.3. STD-NMR results. (A) Off-resonance spectra and STD NMR spectra obtained for 

galectin-1 with 2 (top) and 3 (down). A protein:ligand ratio of 1:30 (being galectin-1 

concentrated at 100 µM and galectin-3 at 50 µM) was employed, with 2s of saturation time at 

298 K; the irradiation of the protein was set at δ -0.5 ppm . (B) Colour legend for the epitope 

mapping. (C) Epitope mapping derived from the STD-NMR experiments for galectin 1 (in blue) 

and galectin-3 (in green) with ligands 1-3.  
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All the STD-NMR experiments performed showed clear STD signals, confirming the 

existence of molecular interaction. The STD-AF values were calculated from the 

spectra and the final STD % data obtained were mapped into the ligands’ structure, as 

shown in Figure 4.3, C.  

In general, the STD NMR spectra for galectin-1 displayed better quality (in terms of 

signal intensity) than those with galectin-3. Nevertheless, this inequality did not relate 

to change in affinity (Table 4.2), but, probably, to the different molecular weights of 

the two lectins. Indeed, the galectin-1 dimers of 30 kDa is a better vehicle for the 

saturation transfer when compared to the smaller CRD of galectin-3 (16 kDa).  

From the comparison of the experiments performed for the same lectin/ligand 

combination but with different protein’s irradiation frequencies, the STD-AF 

(Amplification Factor) displayed a slight systematic variation, higher for galectin-3 

than for galectin-1 (see Supporting Information). This evidence was caused by a 

change in the quality of the protein irradiation. However, for both galectins, the 

calculated relative intensities (STD%) were constant as irradiation varied, translating 

the robustness of the binding epitope that was extrapolated from the analysis.  

 

Focusing on the epitopes, the canonical binding mode described for the interaction of 

LacNAc with galectin-1 and galectin-3 was obtained for 1 with full reproducibility: the 

-Gal ring provided the main contacts with the protein surface. [18,19] 

Similarly, for 2 and 3, significant STD intensities arose from H2, H3, H4, H5 and H6 

of the -Gal unit, being H4, H5 and H6 the most intense ones. This recognition mode 

is completely identical to that obtained for the LacNAc disaccharide and, in general, 

for -galactosides interacting with galectins. [15]  

Additional STD signals were provided by the GlcNAc moiety, being the acetyl signal 

the most intense. Moreover, as shown in the spectra and in the epitope maps of Figure 

4.3, some weak STD intensities were also identified for the protons belonging to the 

scaffold unit. However, we may speculate that this is caused by transient contacts of 

the ligand with the protein surface.  

 

Overall, the STD NMR data revealed that the multiple presentation of the LacNAc 

units did not modify the canonical recognition events with any of the galectins tested.  



CHAPTER 4: GALECTINS AND GLYCOPOLYMERS 

 

102 

 

4.2.1.2 The lectin’s perspective: Chemical shift perturbation analysis (CSP-NMR) 

The lectin’s perspective of the interactions under study was scrutinized by NMR 

employing 15N labelled lectins and 1H-15N HSQC experiments. The chemical shift 

perturbations (CSP) and the intensity variation of the amide cross-peaks were followed 

upon ligand addition. [42] As discussed in the Introduction Chapter, this technique 

allows to obtain structural data of the recognition event at atomic level and strongly 

contributes to provide an all-round picture of the binding process. Molecules 1-3 were 

titrated into a sample containing 15N labelled galectin-1 or galectin-3 and the chemical 

shift modifications upon ligand binding were measured and plotted in histogram charts 

(CSP plots, Figure 4.4). [43]  

 

The results obtained for ligand 1 were identical to the CSP plots already described 

for the interaction of LacNAc and/or lactose with galectin-1 and galectin-3, being the 

most perturbed regions the S5 and S6 strands (black CSP plots, Figure 4.4). [15,18] 

The same experiments performed with 2 and 3 displayed a different behaviour: a huge 

intensity loss of the 1H-15N cross-peaks was detected upon ligand addition, wiping out 

the interpretation of the CSP plots. Such phenomenon can be justified by i) statistical 

rebinding events of ligands with bivalent or trivalent epitope presentation (2-3) and ii) 

by the free-bound chemical exchange process. In both cases, a strong increase in the 

transverse relaxation rate of the nuclei could occur, leading to the decrease of their 

cross-peaks intensities. In order to facilitate the comparison, the CSP plots for the 

complexes galectin-1/2, galectin-1/3, galectin-3/2, galectin-3/3 were only obtained 

using similar number of equivalents (between 5 and 7.5) of LacNAc epitopes per active 

site (Figure 4.4).  

 

Hence, being the CSP interpretation rather elusive, the variations of the signals 

intensities for every amino acid were measured and plotted in terms of Ii-If/ΔImax 

(Intensity-loss plots, Figure 4.4). The obtained histogram charts provided a visual 

representation of those signals that completely disappeared during the titration as well 

as the relative intensity loss of those that still provided CSP. Interestingly, the residues 

more perturbed in the CSP plot with the disaccharide 1 were those hat completely 

disappeared in the presence of the multivalent ligands 2-3 (highest value of intensity 
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loss). This evidence could be translated into structural information: the same amino 

acids involved in the binding to LacNAc were also recognizing 2 and 3.  

 

Figure 4.4. CSP and intensity plots obtained for the complexes: galectin-1/LacNAc (in black, 

panels A and B), galectin-1/2 (in light blue, panel A), galectin-1/3 (in light blue, panel B), 

galectin-3/2 (in green, panel C), galectin-3/3 (in green, panel D) and galectin-3/LacNAc (in 

black, panels C and D). The 15N labelled galectins were employed at 100 µM (for galectin-1) 

and 50 µM (for galectin-3) and the amount of ligand to be added was calculated accordingly.  
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In addition, a general trend emerged when comparing the total intensity of the HSQC 

spectra with the different ligands and galectins: the intensity loss was more pronounced 

for galectin-1 over galectin-3 and resulted to be always higher for the trivalent 

molecule (3) over the bivalent (2) (Figure 4.5). This tendency can be explained by the 

transient formation of large supramolecular complexes that provide fast relaxation and 

the consequent line broadening of the signals. The more pronounced intensity loss with 

3 over 2 could find an explanation in the triple epitope presentation of 3 that generate 

more favourable statistical rebinding effects. Accordingly, 3 was shown to bind with 

higher affinity both galectin-3 (4.4 µM) and galectin-1 (9 µM) when compared to the 

bivalent ligand 2 (12 µM and 19 µM respectively) (Table 4.2).  

 

Figure 4.5. Comparison of the 1H-15N HSQC spectra. Above: (A) stacked spectra of galectin-

1 apo (black) and after the addition of 5 equivalents (10 active equivalents) of 2 (light blue); 

(B) stacked spectra of galectin-1 apo (black) and upon addition of 2.5 equivalents (7.5 active 

equivalents) of 3 (lightblue). Below: (C) stacked specta of galectin-3 apo (black) and in the 

presence of 5 equivalents (10 active equivalents) of 2 (green); (D) stacked spectra of galectin-

3 apo (black) and upon addition of 2.5 equivalents (7.5 active equivalents) of 3 (green, D). The 
15N labelled galectins were employed at the concentrations of 100 µM (for galectin-1) and 50 

µM (for galectin-3) and the amount of ligand to be added was calculated accordingly. Black-

grey arrows indicate the trend of the intensity loss between the spectra. 
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The considerably higher intensity loss displayed for galectin-1 over galectin-3, 

suggests that a different type of interaction is taking place. As plausible explanation, 

supramolecular complexes can be generated in the case of galectin-1 not only because 

of the multiple epitope presentation, but also because of the dimeric architecture of this 

lectin. Thus, cross-linking effects are possible, guiding to the formation of larger 

aggregates, absent in the case of galectin-3. A visual representation to explain our 

NMR experimental results is illustrated in Figure 4.6.  

 

Figure 4.6. Illustration of the putative effects triggered by the interaction of multimeric ligands 

2-3 with galectin-1 (left) and galectin-3 CRD (right).   

 

4.2.2 Analysis of the complexes with the glycopolymers: competition experiments 

In a first attempt to investigate glycopolymers 4-6 through CSP analysis, 15N labelled 

galectin-1 and galectin-3 were employed. Nevertheless, the 1H-15N spectra acquired 

after the addition of small amounts (lectin:ligand ratio of 5:1) of 4-6 to the NMR tube 

containing the protein appeared almost completely empty. The lectin:ligand ratio of 

5:1 was rationalized, considering the epitope repetitions in the glycopolymer, in terms 

of LacNAc epitopes for galectin’s site of ligand. In that way, for galectin-1, 1.5 

equivalents of epitopes were estimated for lectin’s binding site in each case while for 

galectin-3, 4.5 equivalents of the polymeric compounds were added separately. The 

loss of the cross-peaks of the backbone amides was in all cases rather drastic and no 

information concerning the interaction from the protein’s point of view could be 
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deduced. This evidence may be explained by the formation of large supramolecular 

structures, undetectable by NMR. Therefore, we decided to change the usual strategy 

to design an ad hoc setup for the experiment (Figure 4.7). Indeed, we titrated increasing 

amounts of a small competitor compound were titrated into the sample containing the 

lectin and the glycopolymer. LacNAc (1), whose interaction with galectin-1 and 

galectin-3 is well known, was chosen for this purpose. [18,19] Since 1, as well as 4-6, 

interact with the lectins through the canonical binding site, the presence of large excess 

of LacNAc in solution shifted the equilibrium from the lectin:glycopolymer complexes 

to generate lectin:LacNAc complexes. As a result, the cross-peaks were gradually 

visible, with the magnitude of this recovery depending on the relative affinity of the 

lectin-glycopolymer complex.  

 

Figure 4.7. Strategy adopted to monitor the interaction between galectin-1 and galectin-3 with 

glycopolymers 4, 5 and 6 from the protein viewpoint.  

 

The total intensities of the HSQC spectra recorded during the titration were evaluated 

and expressed in percentage (%) respect to the intensity of the spectrum registered for 

the protein alone (being 100%). Fittingly, the lectin cross-peaks became visible again 

upon addition of increasing amounts of 1. The highest grade of the recovery of the 

signals was reached in all cases in the last point of the titration (with the highest 

equivalents of LacNAc), when the equilibrium was strongly shifted toward the 

formation of the lectin:LacNAc complexes.  
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For galectin-1 (Figure 4.8 A), the complete signal recovery was never achieved. A 

maximum recovery of 66% was measured for ligand 6 using 20 equivalents of the 

competitor. The amount of glycopolymers added to the lectin was calculated in terms 

of LacNAc epitopes per galectin site of ligand and was set at 1.5 equivalents in the 

three cases.  Comparing the results obtained for ligands 4-6, it was apparent that they 

display different tendencies. The individual LacNAc-distributed polymer 4 caused, 

upon its addition to the lectin, a dramatic loss of signal (only 4% of the signals were 

still visible). During the titration with the competitor, the 12% of the total intensity was 

recovered upon addition of 5 equivalents, and the 55% with the final point, using 75 

equivalents of LacNAc.  (Figure 4.8). 

 

Figure 4.8. 1H-15N HSQC competition experiments with ligands 4–6. The relative total 

intensity of each acquired spectra is reported and the ligand are represented with different 

shades of the same color. (A) Histogram chart for the data of galectin-1 apo (x-axis, group 1), 

galectin-1 with 1.5 equivalents of LacNAc epitopes per galectin site of ligands (4–6, group 2), 

and following signal recovery (groups 3–7 upon addition of 5, 10, 20, 40, and 75 equivalents 

of competitor 1, respectively). (B) Histogram chart for the total relative intensity values 

calculated for galectin-3 apo (group 1), galectin-3 with 4.5 equivalents of LacNAc epitopes per 

galectin site of ligands (4–6, group 2), and following signal recovery (groups 3–6 with the 

addition of 1, 5, 10, and 15 equivalents of competitor 1, respectively). Symbol * stands for 

spectra not acquired. 
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For ligand 5, a similar initial loss of signals was detected, but the signal recovery during 

the titration with LacNAc was generally faster (21% with 5 equivalents, and 60% with 

40 equivalents). This evidence suggested that no cooperativity effect due to the 

bivalent presentation of the epitope in compound 5 was occurring and, furthermore, 

the binding of 5 to galectin-1 was even less efficient than that of 4.  

The addition of the multimeric 6 to galectin-1 induced the loss of the 89% of the signals 

(11% of the signals could still be detected), a less dramatic response to those obtained 

for glycopolymers 4 and 5. Accordingly, the signals’ recovery upon LacNAc addition 

was the fastest one: 28% with 5 equivalents of LacNAc and 66% with only 20 

equivalents. Once more, the multiple presentation of the epitope did not induce 

cooperative effects, but even worsened the recognition process.  

 

A different behaviour was observed with galectin-3 (Figure 4.8, B). In this case, the 

amount of glycopolymers to be added to the apo samples was calculated at 4.5 

equivalents of LacNAc epitopes per galectin site in all cases. First of all, the loss of the 

intensities of the HSQC cross peaks of galectin-3 in the presence of the glycopolymers 

4-6 was always less pronounced than for galectin-1. In fact, the 24% of the signal 

intensities were still present upon addition of 4, 13% upon addition of 5, and 9% upon 

addition of 6. Moreover, the signal recovery was faster, reaching around the 60% for 

all the glycopolymers in the presence of only 15 equivalents of the competitor. Thus, 

although in the samples of galectin-3, more LacNAc epitopes were added in 

comparison to the samples of galectin-1 (4.5 vs 1.5 equivalents of 4-6), the competitor 

produced a considerably faster signal recovery with galectin-3. Herein, the equilibrium 

shifted quicker towards the formation of lectin:LacNAc complexes than for galectin-

1, leading to the conclusion that a less effective binding of glycopolymers 4-6 to 

galectin-3 was taking place. In addition, the recovery trend was similar for all the 

ligands tested, with no evident preference for any of them, meaning that no 

cooperativity effects driven by the multiple presentation were occurring.  

 

As conclusion of these competition NMR experiments with glycopolymers 4-6, a better 

affinity of these molecules for galectin-1 over galectin-3 is taking place, as also 

deduced from the ELISA measurements (Table 4.2). Besides, regardless of the fact that 
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no clear preference was detected for galectin-3 with any molecule, galectin-1 

moderately preferred the glycopolymer that features a monovalent LacNAc 

presentation. Presumably, no cross linking-effects were occurring in the samples 

containing galectin-3 because of its intrinsic monomeric architecture. Contrarily, it is 

tempting to guess that the dimeric nature of galectin-1 is probably favouring the 

generation of cross-linked macromolecular structures that enhances the affinity.  

 

4.3 Dynamic Light Scattering (DLS) measurements 

In order to deepen into the nature of the supramolecular complexes deduced by NMR, 

DLS measurements were carried out for galectin-1 and galectin-3 in the presence and 

absence of the glycopolymer 4. With this technique, the hydrodynamic radius of the 

species in solution is deduced, and therefore their effective sizes can be approximated.  

The DLS results for the complexes were compared to those obtained for the 

biomolecules alone (for both the galectins and the glycopolymer), as presented in 

Figure 4.9. Specifically, the hydrodynamic radius estimated for galectin-1 alone was 

4.54 nm vs 1.56 nm of the CRD of galectin-3. The value obtained for the particle 

generated by the glycopolymer bearing the single LacNAc presentation was 7.47 nm. 

Subsequently, the samples with complexes were prepared with a 5:1 galectin:ligand 

ratio :1 in both cases, corresponding to 1.5 LacNAc epitopes available per galectin-1 

binding site and 3 LacNAc epitopes per galectin-3 binding site (according to the NMR 

ratios). The resulting hydrodynamic radius of the complex formed by glycopolymer 1 

and galectin-3 barely exceeded the sum of the two biomolecules alone (8.43 nm). A 

completely different observation was carried out in the case of the sample containing 

galectin-1 and 4. In this case, the particle size enormously increased to 875 nm.  

 

Fittingly, these data are in full agreement with the NMR evidences: much larger 

supramolecular complexes are formed when galectin-1 interacts with the 

glycopolymers, probably due to cross-linking effects, while no evidences for this 

phenomenon are observed for galectin-3.   



CHAPTER 4: GALECTINS AND GLYCOPOLYMERS 

 

110 

 

 

Figure 4.9. Hydrodynamic radius distribution by dynamic light scattering. Left: hydrodynamic 

radius distribution for the biomolecules alone; the respective concentrations are reported. Right: 

hydrodynamic radius graphs for ligand 4 complexed with galectin-3 and galectin-1; the 

respective concentrations are reported.  

 

4.4 Cryo-EM experiments 

Finally, cryo-EM experiments were performed for the biomolecules alone as a control 

(galectin-1, galectin-3 and glycopolymer 4) as well as for their complexes.  

The lectin:ligand ratio was set at 5:1 and the concentrations were adjusted and 

optimized to the ranges of the technique (0.5 mg/mL for the protein and 0.17 mg/mL 

for the ligand). In order to avoid the presence of any type of contaminants or 

aggregates, a size exclusion chromatography was first performed to the samples before 

the cryo-EM experiments, as described in Chapter 9. 

The acquired images were visually inspected to perform a quality control on the type 

and morphology of the samples (Figure 4.10). The biomolecule alone, as control, 

displayed a homogeneous distribution, without any aggregates detected. Instead, the 

formation of networks were visible in the images with the complexes. Comparing the 

two mixtures (galectin-1/4 and galectin-3/4), two remarkably different phenomena 

could be distinguished: the supramolecular complexes formed by the interaction of 

galectin-1 and glycopolymer 4 were much more pronounced and perceptible than those 

observed with the same ligand in the presence of galectin-3. The presence of cross-

linking effects is now evident. 
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Figure 4.10. Cryo-EM images. Top figure: controls of galectin-1 (0.5 mg/mL, A), 

glycopolymer 4 (0.17 mg/mL, B) and galectin-3 (0.5 mg/mL, C). Below: images of the 

complexes obtain with galectin-3 CRD and glycopolymer 4 (D) and galectin-1 and 

glycopolymer 4 (E). The scale bar is set at 100 nm.  

 

4.5 Conclusions 

The interaction of a variety of glycopolymers with two human galectins of biomedical 

interest (galectin-1 and the CRD of galectin-3) has been deeply analysed. A detailed 

picture of the recognition event at different degrees of resolution have been provided: 

from the atomic to the supramolecular perspective. To achieve this goal, a combination 

of technique has been synergically employed: NMR, DLS, and cryo-EM.  

First, starting from the ligands’ perspective, the STD-NMR experiments showed that 

the constituting units of the glycopolymers (2-3) are recognized by both galectins in a 

canonical manner through the LacNAc disaccharide, mainly driven by favourable 
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interactions with the -Gal moiety. A canonical recognition mode was also defined 

when focusing on the protein point of view with titrations monitored through 1H-15N 

HSQC and consequent CSP and intensity analysis. Noticeably, a high reduction of the 

HSQC cross peaks was observed in all the cases upon ligand addition, strongly 

suggesting the presence of transient macromolecular complexes. This tendency was 

more significant with the trivalent LacNAc presenting molecule (3) over the bivalent 

one (2). Furthermore, the event was much more pronounced for galectin-1 than for 

galectin-3. 

1H-15N HSQC NMR experiments were also performed for galectin-1 and galectin-3 in 

the presence of the glycopolymers (4-6). Herein, a drastic loss of the intensities of the 

cross-peaks made the analysis of the CSP impossible, suggesting the formation of 

supramolecular entities much larger than those formed by the parent ligands 2 and 3. 

Hence, to gain information on the binding event from these samples, the signal 

recovery induced by adding an excess of a known competitor (1), was followed. A 

clear discrimination between galectins was detected in this way, with the signal 

recovery being always faster for galectin-3. We proposed that such an event is linked 

to a faster shift of the equilibrium from the lectin:glycopolymer to lectin:LacNAc 

complex, a clear indication  of a worse affinity of galectin-3 towards the glycopolimers 

when compared to galectin-1.  

Focusing on the data for the different glycopolymers, negligible changes in the 

recovery rate were detected for galectin-3, whereas for galectin-1, 4 exhibited 

considerably lower recovery rates than 5-6, which relates to a better affinity. A first 

explanation of these results was attributed to the generation of cross-linked entities 

formed by galectin-1, apart from the effect of the intrinsic multiple presentation of the 

glycopolymers. This cross-linking intermolecular effect was not present in the case of 

the galectin-3, due to its monomeric architecture. 

These evidences were completely in line with previous work from our collaborators, 

based on competitive ELISA assays, which proposed a general better avidity (in the 

nanomolar range) for the glycopolymers interacting with galectin-1 over galectin-3 

(low micromolar range). [1] In particular, glycopolymer 4 emerged as the best 

candidate considering its relative potency per active unit (rp/n).  The bivalent or 

trivalent presentation of LacNAc on the 5 and 6 branches did not trigger any affinity 
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enhancement. Contrarily, galectin-3 here preferred the clustered LacNAc epitopes, 

shedding light into how the ligand density and orientation can exquisitely modulate the 

association event.  

The systems were further investigated through DLS and cryo-EM techniques. Our 

hypothesis of cross-linking effects promoted by galectin-1 was unambiguously 

confirmed with both methodologies. In fact, the DLS measurements showed how the 

hydrodynamic radius of the particles generated in the solution containing galectin-1 

and glycopolymer 4 suffered a huge increase in comparison with the relative values of 

the macromolecules alone. The same kind of observation could not be estimated for 

the mixture of galectin-3 and 4, where a particle size slightly larger than the sum of the 

two entities alone was measured.   

The images acquired through cryo-EM further confirmed our hypothesis: 

supramolecular networks were visible both for galectin-3:4 and galectin-1:4 mixtures 

because of the formation of supramolecular structures driven by the multivalency of 

the glycopolymers. Nevertheless, for galectin-1 those networks were more evident, 

fitting with the existence of cross-linking intermolecular effects orchestrated by the 

lectin dimer.  

 

Overall, this is an exquisite example of how a combined experimental approach 

provides complementary outcomes essential to define the global picture of a 

multivalent interaction.  

The multivalent effect of these molecules triggers affinity enhancement when 

compared to their monovalent counterparts. However, the multiple presentations on 

the glycopolymer’s branches did not entail a clear affinity increase, especially for 

galectin-1. We hypothesize that the reason is steric hindrance: the simultaneous 

recognition of more than one dimeric lectin at a single branch presenting di- or trivalent 

epitope is hindered in a crowded microenvironment or, at least, disfavoured, also in 

entropy. Thus, a single sugar presentation for the branches of the glycopolymers is 

sufficient to reach great avidity in the case of galectin-1.  

The NMR data for galectin-3 are less biased towards a clear preference and the 

affinities are worst; therefore, we can confirm that those particular glycopolymers 

bring a clear discrimination between the galectins. This selectivity based on the 



CHAPTER 4: GALECTINS AND GLYCOPOLYMERS 

 

114 

 

structure of a multivalent molecule is exceptional and pave the way to the development 

of compounds of biomedical interest, also considering the compatible characteristics 

of HMPA polymers with therapeutic applications. 

Moreover, the figures obtained by Cryo-EM of the mixtures visually testify, for the 

first time, the different networks formed by the monomeric and dimeric galectins with 

the glycoclusters and confirm the presence of cross-linked intermolecular entities 

mediated by the prototype galectin. 

 

 

 

  



CHAPTER 4: GALECTINS AND GLYCOPOLYMERS 

 

115 

 

4.6 References 

1.  Tavares, M.R.; Bláhová, M.; Sedláková, L.; Elling, L.; Pelantová, H.; Konefał, R.; 

Etrych, T.; Křen, V.; Bojarová, P.; Chytil, P. High-Affinity N-(2-

Hydroxypropyl)methacrylamide Copolymers with Tailored N-Acetyllactosamine 

Presentation Discriminate between Galectins. Biomacromolecules 2020, 21, 641–652, 

doi:10.1021/ACS.BIOMAC.9B01370/SUPPL_FILE/BM9B01370_SI_001.PDF. 

2.  Bertuzzi, S.; Gimeno, A.; Martinez‐castillo, A.; Lete, M.G.; Delgado, S.; Airoldi, C.; 

Tavares, M.R.; Bláhová, M.; Chytil, P.; Křen, V.; et al. Cross‐linking effects dictate the 

preference of galectins to bind lacnac‐decorated hpma copolymers. Int. J. Mol. Sci. 

2021, 22, 22, doi:10.3390/ijms22116000. 

3.  Ebrahim, A.H.; Alalawi, Z.; Mirandola, L.; Rakhshanda, R.; Dahlbeck, S.; Nguyen, D.; 

Jenkins, M.; Grizzi, F.; Cobos, E.; Figueroa, J.A.; et al. Galectins in cancer: 

Carcinogenesis, diagnosis and therapy. Ann. Transl. Med. 2014, 2, 

doi:10.3978/j.issn.2305-5839.2014.09.12. 

4.  Bartolazzi, A. Galectins in Cancer and Translational Medicine: From Bench to Bedside. 

Int. J. Mol. Sci. 2018, 19, doi:10.3390/IJMS19102934. 

5.  Videla-Richardson, G.A.; Morris-Hanon, O.; Torres, N.I.; Esquivel, M.I.; Vera, M.B.; 

Ripari, L.B.; Croci, D.O.; Sevlever, G.E.; Rabinovich, G.A. Galectins as Emerging 

Glyco-Checkpoints and Therapeutic Targets in Glioblastoma. Int. J. Mol. Sci. 2021, 23, 

doi:10.3390/IJMS23010316. 

6.  Jeschke, U.; Karsten, U.; Wiest, I.; Schulze, S.; Kuhn, C.; Friese, K.; Walzel, H. 

Binding of galectin-1 (gal-1) to the Thomsen-Friedenreich (TF) antigen on trophoblast 

cells and inhibition of proliferation of trophoblast tumor cells in vitro by gal-1 or an 

anti-TF antibody. Histochem. Cell Biol. 2006, 126, 437–444, doi:10.1007/S00418-006-

0178-1. 

7.  Cousin, J.M.; Cloninger, M.J. The Role of Galectin-1 in Cancer Progression, and 

Synthetic Multivalent Systems for the Study of Galectin-1. Int. J. Mol. Sci. 2016, Vol. 

17, Page 1566 2016, 17, 1566, doi:10.3390/IJMS17091566. 

8.  Nangia-Makker, P.; Balan, V.; Raz, A. Regulation of tumor progression by 

extracellular galectin-3. Cancer Microenviron. 2008, 1, 43–51. 

9.  Capone, E.; Iacobelli, S.; Sala, G. Role of galectin 3 binding protein in cancer 

progression: a potential novel therapeutic target. J Transl Med 2021, 19, 405, 

doi:10.1186/s12967-021-03085-w. 

10.  Blanchard, H.; Yu, X.; Collins, P.M.; Bum-Erdene, K. Galectin-3 inhibitors: A patent 

review (2008-present). Expert Opin. Ther. Pat. 2014, 

doi:10.1517/13543776.2014.947961. 

11.  Blanchard, H.; Bum-Erdene, K.; Bohari, M.H.; Yu, X. Galectin-1 inhibitors and their 

potential therapeutic applications: A patent review. Expert Opin. Ther. Pat. 2016. 

12.  Girard, A.; Magnani, J.L. Clinical Trials and Applications of Galectin Antagonists. 

Trends Glycosci. Glycotechnol. 2018, doi:10.4052/tigg.1744.1se. 

13.  Dings, R.P.M.; Miller, M.C.; Griffin, R.J.; Mayo, K.H. Galectins as molecular targets 

for therapeutic intervention. Int. J. Mol. Sci. 2018. 

14.  Laaf, D.; Bojarová, P.; Elling, L.; Křen, V. Galectin–Carbohydrate Interactions in 

Biomedicine and Biotechnology. Trends Biotechnol. 2019, 37, 402–415, 

doi:10.1016/J.TIBTECH.2018.10.001. 

15.  Bertuzzi, S.; Quintana, J.I.; Ardá, A.; Gimeno, A.; Jiménez-Barbero, J. Targeting 

Galectins With Glycomimetics. Front. Chem. 2020, 8, 593. 

16.  Hirabayashi, J.; Hashidate, T.; Arata, Y.; Nishi, N.; Nakamura, T.; Hirashima, M.; 

Urashima, T.; Oka, T.; Futai, M.; Muller, W.E.G.; et al. Oligosaccharide specificity of 

galectins: a search by frontal affinity chromatography. Biochim. Biophys. Acta - Gen. 

Subj. 2002, 1572, 232–254, doi:10.1016/S0304-4165(02)00311-2. 



CHAPTER 4: GALECTINS AND GLYCOPOLYMERS 

 

116 

 

17.  Stowell, S.R.; Arthur, C.M.; Mehta, P.; Slanina, K.A.; Blixt, O.; Leffler, H.; Smith, 

D.F.; Cummings, R.D. Galectin-1, -2, and -3 exhibit differential recognition of 

sialylated glycans and blood group antigens. J. Biol. Chem. 2008, 283, 10109–10123, 

doi:10.1074/jbc.M709545200. 

18.  Gimeno, A.; Delgado, S.; Valverde, P.; Bertuzzi, S.; Berbís, M.A.; Echavarren, J.; 

Lacetera, A.; Martín‐Santamaría, S.; Surolia, A.; Cañada, F.J.; et al. Minimizing the 

Entropy Penalty for Ligand Binding: Lessons from the Molecular Recognition of the 

Histo Blood‐Group Antigens by Human Galectin‐3. Angew. Chemie Int. Ed. 2019, 58, 

7268–7272, doi:10.1002/anie.201900723. 

19.  Bertuzzi, S.; Gimeno, A.; Núñez-Franco, R.; Bernardo-Seisdedos, G.; Delgado, S.; 

Jiménez-Osés, G.; Millet, O.; Jiménez-Barbero, J.; Ardá, A. Unravelling the Time Scale 

of Conformational Plasticity and Allostery in Glycan Recognition by Human Galectin-

1. Chem. - A Eur. J. 2020, 26, 15643–15653, doi:10.1002/CHEM.202003212. 

20.  Moure, M.J.; Gimeno, A.; Delgado, S.; Diercks, T.; Boons, G.J.; Jiménez-Barbero, J.; 

Ardá, A. Selective 13C-Labels on Repeating Glycan Oligomers to Reveal Protein 

Binding Epitopes through NMR: Polylactosamine Binding to Galectins. Angew. 

Chemie Int. Ed. 2021, 60, 18777–18782, doi:10.1002/ANIE.202106056. 

21.  Ahmad, N.; Gabius, H.J.; André, S.; Kaltner, H.; Sabesan, S.; Roy, R.; Liu, B.; 

Macaluso, F.; Brewer, C.F. Galectin-3 Precipitates as a Pentamer with Synthetic 

Multivalent Carbohydrates and Forms Heterogeneous Cross-linked Complexes. J. Biol. 

Chem. 2004, 279, 10841–10847, doi:10.1074/jbc.M312834200. 

22.  Fermino, M.L.; Polli, C.D.; Toledo, K.A.; Liu, F.-T.; Hsu, D.K. LPS-Induced Galectin-

3 Oligomerization Results in Enhancement of Neutrophil Activation. PLoS One 2011, 

6, 26004, doi:10.1371/journal.pone.0026004. 

23.  Zhao, Z.; Xu, X.; Cheng, H.; Miller, M.C.; He, Z.; Gu, H.; Zhang, Z.; Raz, A.; Mayo, 

K.H.; Tai, G.; et al. Galectin-3 N-terminal tail prolines modulate cell activity and 

glycan-mediated oligomerization/phase separation. Proc. Natl. Acad. Sci. U. S. A. 2021, 

118, doi:10.1073/PNAS.2021074118/-/DCSUPPLEMENTAL. 

24.  Bernardi, A.; Jiménez-Barbero, J.; Casnati, A.; De Castro, C.; Darbre, T.; Fieschi, F.; 

Finne, J.; Funken, H.; Jaeger, K.E.; Lahmann, M.; et al. Multivalent glycoconjugates 

as anti-pathogenic agents. Chem. Soc. Rev. 2013, 42, 4709–4727, 

doi:10.1039/C2CS35408J. 
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5.1 Introduction  

The detailed study of the molecular recognition of complex asymmetric N-glycans by 

LSECtin has been conducted. The results, presented in this Chapter, have been 

satisfactorily published in 2022. [1]  

Our collaborators from CIC biomaGUNE had previously proposed an outstanding 

ligand selectivity for one individual positional isomer over the other, when 

interrogating with LSECtin an array composed of asymmetric N-glycans. [2] Driven 

by the aim of adding detailed structural insights on the observed preferences, we have 

investigated the same system employing NMR methodologies assisted by MD 

simulations. Specifically, we selected a panel of sugars including the disaccharide 

GlcNAcβ1-2Man, the non-elongated N-glycan (G0) and two asymmetric N-glycans 

(LDN3 and LDN6) to deeply characterize their interactions with the CRD of LSECtin 

(Figure 5.1 & Figure 5.3). The lectin was provided by the group of Dr. Franck Fieschi 

(IBS, University of Grenoble), whereas the ligands were synthetized in the laboratory 

of Dr. Niels C. Reichardt (CIC biomaGUNE, San Sebastian, Spain). The MD 

simulations presented herein were carried out and analysed by the Computational 

Chemistry Lab (CIC bioGUNE). Additional information as well as the details 

regarding the MD simulations can be found in the publication. [1] 

 

Figure 5.1. On the left: model of the full receptor dimer of LSECtin (only the CRD has been 

employed in our analysis); on the right: SNFG representation of the studied ligands (the 

disaccharide GlcNAcβ1-2Man, the non-elongated G0, and the asymmetric LDN3 and LDN6). 
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5.1.1 General context  

Glycan-protein interactions are now universally recognized as key regulatory events 

for the onset of various diseases. [3] Consequently, the comprehensive elucidation of 

the involved recognition processes is fundamental to design molecules able to 

modulate interaction and eventually, control the pathological response. [4] 

The low affinity that characterizes the basic monovalent sugar-lectin binding event is 

overcome by Nature through the engagement of multivalent interactions (for both the 

receptor and the ligand), which remarkably enhance the affinity. [5]  The strategy of 

multimeric binding has been successfully exploited for the rational design of molecules 

able to target lectins; [6] this aspect has been discussed in the general Introduction and, 

additionally, a practical example has been presented in Chapter 4 of this thesis. 

However, the binding event does not only depend on the composition and 

stoichiometry of the lectin/ligand complex, but also on the spatial organisation of both 

actors and, in particular, of the glycan counterpart, intrinsically characterized by an 

extreme flexibility. [7–11] Indeed, besides multivalency, also glycan presentation 

plays a crucial role in the recognition process. Aspects such as the orientation, the 

dynamics, the flexibility, the accessibility, and the density of the oligosaccharides have 

been proven to be decisive at the time of interacting with the protein partner. [12] 

Specifically, Grant et al. have predicted, by using MD simulations, how modifications 

in the glycan presentation on an array surface can influence the final sugar binding to 

the lectin. They guessed how changes in the length, in the organization, and in the 

orientation of the linker that anchors the glycan to the solid support, could drastically 

change the final 3D presentation of the saccharide, compromising the recognition. [12]  

 

In the last two decades, printed glycan microarrays have emerged as a powerful 

technique to study lectin-sugar interaction in a high throughput manner. [13–16] As 

commented in the general Introduction, they are essential tools in Glycosciences and 

allow a rapid screening of hundreds of glycan structures against a protein target. 

Glycan array-based studies have shown, in multiple occasions, how the lectin binding 

toward N-glycans can be highly influenced by the branch position of the recognized 

main epitope. [17–19] However, this methodology has also some limitations because 

diverse factors can influence the final output: orientation, packing, and valency of the 
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glycan. In fact, the solid support, as well as the linker, are not precisely mimicking the 

biochemical characteristics of an in-vivo microenvironment but, on the contrary, they 

are an additional external biophysical components that may somehow affect the final 

measurements. [12,20] The physical properties of the linker and of the solid support 

can determine how the glycan is presented and, therefore, can tune its availability for 

receptor binding. This aspect has to be considered and a good way to corroborate the 

array screening is to subsequently employ complementary techniques to validate the 

results, to provide a global picture of the interaction, and to avoid inaccuracies.  

 

For that reason, we investigated through NMR and MD simulations the interaction of 

the N-glycan positional isomers described above with LSECtin. [2]  

LSEctin is a human transmembrane receptor involved in innate immunity. A 

comprehensive overview of the information available on this lectin has been given in 

the General Introduction. [21] Briefly, it is a member of the C-type lectin family and it 

recognizes sugars through its extracellular carbohydrate recognition domain (CRD) in 

a Ca2+-dependent manner (Figure 5.1). [22,23] Its 3D structure is not available, but, at 

least, homology models of the soluble portion (CRD) can be obtained considering that 

it is closely related (high degree of sequence identity) with DC-SIGN and DC-SIGNR. 

[24] The biological function of this lectin has not exhaustively been studied; however, 

it is known that it regulates cell adhesion, cell signalling, and glycoprotein clearance 

through recognition of both self and non-self glycoconjugates. [25] It has also been 

proposed that LSECtin is an adhesion factor for viruses (Ebola, SARS, and Lassa, 

among others), while its level has been found to be upregulated in tumour-associated 

macrophages in breast cancer. [26–32] More recently, LSECtin has emerged as 

promotor of the adhesion, proliferation, and migration of gastric cancer cells. [33]  

Regarding its binding preferences, apart from simple monosaccharides, such as Man, 

Fuc, Glc and GlcNAc, it preferentially binds to the terminal GlcNAcβ1-2Man epitope 

presented on N-glycans, with an affinity considerably higher than DC-SIGN and DC-

SIGNR. [27,32] Nevertheless, besides the biomedical importance of this lectin, its 

binding partners and the fine details of its interaction with sugars remained poorly 

understood for years. [34] To fill this gap, our colleagues from CIC biomaGUNE 

employed the CRD of LSECtin to test its binding ability against a synthetic N-glycan 
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array of positional isomers. [2] The choice of building the array playing on asymmetry 

derives from the fact that most natural N-glycans structures present non-identical 

antennae, generating isomers and structural variations. [35] They expanded an existing 

version of glycan array (already proportionating a wide variety of structures) with a 

series of complex biantennary N-glycans (Figure 5.2) presenting Galβ1-4GlcNAc 

(LacNAc), GalNAcβ1-4GlcNAc (LDN) and GalNAcβ1-4[Fucα1-3]GlcNAc (LDNF) 

epitopes on either one or both branches. [2,36,37]  

Cy3-labelled LSECtin was incubated on the glycan array slide and, after several 

washes, the fluorescence was measured and analysed. The results highlighted a clear 

preference of the lectin for asymmetric N-glycans decorated at the 6-branch over the 

positional isomers substituted at the 3-branch (Figure 5.2). 

 

Figure 5.2. Binding profile and final binding epitope obtained from the microarray analysis 

with the Cy3 labelled CRD of LSECtin. Array data express in relative fluorescence units (RFU) 

and taken from Echeverria et al., 2018. [2] 
 

Indeed, complex and hybrid type N-glycans with the terminal GlcNAcβ1-2Man 

epitope at the 3-branch were recognized by LSECtin, independently of the glycan 

composition at the 6-branch. In particular, complex type N-glycans with 
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GalNAc/Galβ1-4 capping at the 6-arm were bound by LSECtin, while the same 

decoration at the 3-arm abrogated the association event. This structure-dependent 

binding is a clear example of how subtle differences in the glycan structure may dictate 

significant changes in the recognition process. Moreover, the strong glycan specificity 

displayed by LSECtin for one individual positional isomer underlines the biological 

relevance of certain glycan motifs and suggests that they can be considered as key 

starting elements for the selective targeting of LSECtin.  

 

Considering these outcomes, we focused our attention on a restricted panel of glycans, 

which were submitted to structural and binding analysis through NMR methodologies 

assisted by MD simulations. In particular, the selection included the minimum binding 

epitope (the disaccharide GlcNAcβ1-2Man), the non-elongated N-Glycan (G0), and 

two positional N-glycans isomers capped with a GalNAc residue either at the 3- 

(LDN4) or at the 6- arm (LDN6). The structures are reported in Figure 5.3. 

 

 

Figure 5.3. Representation of the glycans used in the NMR study, along with the nomenclature. 
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5.2 NMR studies in solution 

A variety of NMR methodologies were employed to achieve the comprehensive 

elucidation of the motifs that provide the recognition specificities of the systems under 

study. [38] To this purpose, only the monomeric and soluble CRD (residues 162-293, 

16 kDa) of LSECtin was used.  

 

5.2.1 The interaction of LSECtin with the basic disaccharide: GlcNAcβ1-2Man 

In a first step to characterize the binding event, the proposed minimum binding epitope 

recognized by LSECtin (the GlcNAcβ1-2Man disaccharide) was analysed.  

A KD of 3.5 µM has been previously estimated for the disaccharide-lectin association 

employing solid phase binding competition assays. Interestingly, this motif has 

emerged as the preferred one in the termini of N-glycans structures. [27] An affinity 

constant in the low micromolar range is considerably high for sugar-lectin interactions 

and especially for C-type lectins, which generally display affinities for their natural 

ligands in the high micromolar or millimolar ranges.  

 

Considering the relatively high affinity, the analysis was started by performing 1H-

NMR-based titrations: the effect of the addition of increasing amounts of the ligand 

to a sample containing the lectin in its apo form (concentrated at 120 μM in deuterated 

buffer) was monitored. At each point of the titration (1:0, 1:1, 1:2, 1:5, 1:10, and 1:20 

of protein:ligand ratios), a 1H-NMR experiment was recorded. The processed spectra 

were subsequently analysed to detect, if any, chemical shift perturbations or linewidth 

variations in the protein’s signals upon ligand binding. From the comparison of the 1H-

NMR spectra (Figure 5.4 and the Supporting Information), clear changes in the signals 

arising from the protein were visible upon addition of 1 or 2 equivalents of the 

disaccharide. Once exceeded the 2 equivalents, no more perturbations were detected, 

suggesting that the system reached saturation at low lectin:ligand ratios.  

Moreover, in the NMR spectra recorded after the first two additions of the disaccharide 

(ratios 1:1 and 1:2), independent signals corresponding to the free and bound forms of 

the lectin were detected, suggesting that the system exhibits slow exchange in the 

chemical shift time scale; in accordance with the low affinity previously reported. [27] 
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Figure 5.4. Stacked 1H NMR spectra acquired for the titration of (from left to right) the 

disaccharide GlcNAcβ1-2Man, G0, LDN3, and LDN6 to LSECtin. The relative amounts of 

equivalents are reported. Only the high field region (aliphatic protons) of the spectra is shown. 

 

Consequently, Saturation Transfer Difference NMR (STD-NMR) experiments were 

performed to disclose the binding epitope. [39–41] After screening different 

experimental conditions, the final temperature was set of 310 K, while the disaccharide 

was employed with a molar excess of 70 equivalents. The STD-NMR experiment 

under aliphatic irradiation of the protein showed clear STD signals mostly arising from 

the GlcNAc ring (Figure 5.5). Indeed, H2, H6, H6’ and H4/H5 (overlapped) of the 

GlcNAc moiety displayed unambiguous and strong STD intensities. The methyl group 

from the N-Acetyl (NAc) also showed STD, but relatively weaker when compared to 

the other signals from the same sugar. For the Man moiety, only H3 was detected. 

These data suggested that the main binding epitope for LSECtin is the GlcNAc ring of 

the disaccharide, but that also the mannose unit lays close to the protein surface.  
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Figure 5.5. STD NMR experiment for the complex formed between LSECtin and the 

disaccharide GlcNAcβ1-2Man. Off-resonance spectrum (above) and STD spectrum (below) 

obtained with aliphatic irradiation at δ 0.83 ppm. The annotations of the main 1H signals are 

reported below. The lectin:ligand molar ratio was 1:70 (LSECtin CRD concentration was 120 

μM). The experiment was acquired with 2 seconds of saturation time and 5 seconds of 

relaxation delay at 310K. On the top: 3D representation of the disaccharide, where the protons 

that provided clear STD signals are highlighted with grey spheres. 

 

Rotating-frame Overhauser SpectroscopY NMR (ROESY-NMR) experiments were 

then employed to detect chemical exchange cross-peaks of the ligand. In fact, if the 

chemical exchange is sufficiently slow, through ROESY-NMR, it is possible to detect 

the chemical shift perturbations suffered by the protons of the ligand in the bound state, 

thus providing additional information about the interacting ligand epitope. [42] 

The 2D ROESY-NMR experiment acquired using a 1:10 LSECtin:disaccharide ratio 

displayed chemical exchange cross peaks (opposite sign to the ROE-derived peaks) for 

some protons of the ligand, both from the GlcNAc and the Man moieties (Figure 5.6). 

This fact further revealed that the process is in the slow exchange regime in the 

chemical shift time scale, as also suggested by the 1H-NMR-based titration results.  
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Figure 5.6. ROESY NMR experiment for LSECtin (120 μM) with the disaccharide GlcNAcβ1-

2Man. The lectin:ligand molar ratio was 1:10 and the experiment was acquired with 150 ms of 

mixing time. Chemical exchange-mediated crosspeaks of the ligand protons are pointed with 

arrows (blue for the GlcNAc contributions and green for the Man protons). On the right, δ1H 

differences (in ppm, free-bound) for each proton of the two sugar moieties 

 

The alterations, in terms of chemical shift perturbations, suffered by the protons of a 

bound ligand are informative of the chemical environment in the bound form. In this 

system, most protons of the GlcNAc ring experienced a significant upfield shift 

(especially remarkable for H6´and H4), suggesting that these protons are in front of an 

aromatic ring of the lectin. [43] Fittingly, both H6’ and H4 display axial-like 

orientation on the -pyranose ring face. In contrast, Man H1, Man H2, and Man H3 

suffered an opposite trend, being all downfield shifted (Figure 5.6). This evidence 

confirmed that not only the GalNAc but also the Man moiety is in close contact to the 

lectin surface, as also concluded by the STD NMR analysis. In addition, with these 

results it is tempting to speculate that a completely different chemical environment 

surrounds the two sugar (GlcNAc and Man) units when bound to LSECtin.  

 

5.2.2 The interaction of LSECtin with the N-glycans 

The recognition modes of LSECtin with the G0, LDN3, and LDN6 N-glycans were 

then scrutinized, using the same NMR strategy described in the previous paragraphs.  
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The results of the 1H-NMR-based titrations are presented in Figure 5.4 and in the 

Supporting Information. 

Focusing on the non-elongated G0 (lectin:ligand molar ratios: 1:0, 1:1, 1:2, 1:5, and 

1:20) perturbations in the lectin signals were detected only up to 2 equivalents of added 

ligand, in an almost identical fashion than those one observed for the disaccharide. This 

fact suggests similar binding affinities for the two molecules (Figure 5.4).  Indeed, an 

affinity of 2.6 μM has been reported for the interaction of LSECtin with G0 through 

solid phase binding competition assays. [27]   

 

The attention was then paid to the LDN3 and LDN6 asymmetric N-glycans. 

Surprisingly, the 1H-NMR-based titration experiments for both systems shared the 

same pattern (Figure 5.4), indicating that no binding preferences were present in 

solution. Using 1:0, 1:1, 1:2, 1:4 and 1:20 of lectin:ligand molar ratios for the titrations 

with LDN3, and 1:0, 1:2, 1:4, 1:6 and 1:34 for those with LDN6, the saturation of the 

system was reached in both cases upon addition of 2-4 equivalents of the respective 

ligand. Remarkably, both titration profiles were also extremely similar to those 

obtained for the disaccharide and for G0. Gathering all this information, it can be 

deduced that all the ligands tested are able to bind to LSECtin in a similar manner. No 

recognition preferences of LSECtin for any asymmetric glycan was detected in 

solution with these experiments. Furthermore, the binding affinities of this C-type 

lectin for G0, LDN3 and LDN6 fall in the same range of affinity. Thus, a strong 

discrepancy emerged with respect to the results obtained when the glycans were 

immobilized on the array surface. [2] 

 

Following the approach used with the disaccharide, ROESY-NMR experiments were 

performed also with non-elongated G0 using a protein:ligand molar ratio of 1:10 

(Supporting Information). The analysis of the detected exchange peaks, showed how 

they all belonged to the terminal Man and GlcNAc residues of both 3- and 6-arm.  

This experiment, together with the one performed with the disaccharide, allowed the 

calculation of the kinetic exchange rates kon and koff (Supporting Information). In fact, 

once the exchange cross peaks were identified, the corresponding kinetic data were 

estimated with the EXSY analysis for the complexes LSECtin:disaccharide and 
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LSECtin:G0. [44,45] In particular, two 2D-NOESY (0 and 100 ms) were recorded for 

each sample and after integration of the cross- and diagonal-peaks, the measured 

intensities were analysed using the ExsyCalc software to deduce the pseudo-first-order 

exchange rates. The EXSY analysis yielded an estimation of koff = 0.2 s-1 and 1 s-1 for 

G0 and the disaccharide, respectively.  Both kon and koff   rates are faster for the 

disaccharide, evidence that leads to similar affinities, although the binding kinetics are 

different (Supporting Information).  

 

Additional structural rationale for the binding of the N-glycans (G0, LDN3 and LDN6) 

to LSECtin was achieved performing STD-NMR experiments (Figures 5.7, 5.8, 5.9 

and 5.10). [39–41] The samples were prepared using 1:34 of lectin:ligand molar ratio 

and the experiment were performed at 310 K with both aliphatic (δ 0.6 ppm) and 

aromatic (δ 6.82 ppm) irradiation of the protein. The final STD spectra here presented 

are a sum (Σ) of the difference spectra obtained with the two irradiations. A long 

relaxation delay (15s) was set after initial optimization trials, in order to allow the 

complete relaxation of all the protons of the N-glycans. Indeed, we have experienced 

that the acetyl groups in these complex molecules relax very slowly and could give rise 

to false STD NMR signals. Thus, previously estimated the T1 relaxation times for these 

signals and then placed the relaxation delay value accordingly. 

Although the overlapping of many signals of the ligands precluded a full quantitative 

analysis of the STD data, some isolated signals were the key for the definition of the 

binding epitope.  

 

For the non-elongated G0, the two terminal GlcNAc (GlcNAc-3 and GlcNAc-6, see 

the nomenclature in Figure 5.7) residues provided the majority of the STDs signals, 

but some contributions also arose from the directly linked mannose units (Man-3 and 

Man-6). The general STD profile is comparable to the one obtained for the 

disaccharide, indicating that both sugars interact with LSECtin through the same 

epitope (Figure 5.7). 
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Figure 5.7. STD NMR experiments performed for the complex formed by LSECtin and G0. 

Left: off-resonance spectrum and the sum (Σ) of the STD NMR experiments carried out under 

aliphatic and aromatic irradiations (δ 0.6 ppm and δ 6.82 ppm, respectively). The main 1H NMR 

signals are annotated in the off-resonance spectrum and the nomenclature used is reported in 

the SNGF representation of the glycan on the right. The lectin:ligand molar ratio was 1:34, with 

a LSECtin CRD concentration of 120 μM. The STD NMR experiments were acquired with 2 s 

of saturation time, 15 s of relaxation delay, and 2880 scans at 310 K. Right: expansion of the 

STD NMR spectra showing the acetyl group region of the GlcNAc moieties (only irradiation 

at the aliphatic region).  

 

However, the protons of the two pyranose rings of the terminal GlcNAc are equivalent 

to NMR and could not be distinguished and assigned. Only the acetyl groups of these 

residues (Ac-GlcNAc-3 and -6), which display a minor difference in the 1H chemical 

shift, have been reliably assigned through NOE correlations between them and the 

anomeric protons of the respective bound mannose. Both the terminal Ac-GlcNAc  

displayed STD signals, but the one Ac-GlcNAc-3 was twice as intense as Ac-GlcNAc-

6 (Figure 5.7 and 5.9). Fittingly the Ac-GlcNAc of the inner core (A and B) did not 

display STD signals. Minor STD intensity were detected for the H1 and H2 protons of 

the Man-3 (located in the 3-arm) but not for the same protons of the Man-6 residue. To 

summarize the STD response for G0, it can be affirmed that both the terminal 

GlcNAcβ1-2Man epitopes are recognized by LSECtin with a detectable preference for 

the motif presented at the 3-branch. 

 

Moving to the asymmetric LDN3 and LDN6, the STD-NMR experiments were 

performed using the same experimental approach described above for G0. The global 

STD profiles were similar, involving both GlcNAc and Man terminal residues (Figure 
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5.8). The unambiguous differentiation of the key NMR signals belonging either to the 

3- or to the 6-branch was fundamental to obtain a clear binding epitope.  

For LDN3, the terminal GlcNAc H5 at the 6-arm provided STD intensity. 

Alternatively, for LDN6, the visible STD NMR signal belonged to the terminal 

GlcNAc H5 of the opposite branch (GlcNAc-3). Moreover, Man-6 H1 and H2 protons 

of LDN3 displayed STD intensities, while the same proton at Man-3 moiety did not 

generate any signal. A completely opposite trend was observed for LDN6, where only 

Man-3 H1 and H2 protons were detected.   

 

Figure 5.8. STD NMR experiments performed for the complexes formed by LSECtin and the 

asymmetric N-glycans (top: LDN3; bottom: LND6). Left: off-resonance spectrum and sum (Σ) 

of STD NMR experiments carried out under aliphatic and aromatic irradiations (δ 0.6 ppm and 

δ 6.82 ppm, respectively). The key 1H NMR signals are annotated in the off-resonance spectrum 

and the nomenclature used is reported with SNGF representations of the glycans (right). The 

lectin:ligand molar ratio was 1:34, with a LSECtin CRD concentration of 120 μM. The STD 

NMR experiments were acquired with 2 s of saturation time, 15 s of relaxation delay, and 2880 

scans at 310 K. Right: expansion of the STD NMR spectra showing the acetyl group regions of 

the GlcNAc/GalNAc moieties (only irradiation at the aliphatic region) for both complexes. 

 

The analysis of N-acetyl groups of the ligands strongly contributed to defining the final 

picture of the interaction. In fact, the signals in the acetyl region of the spectra (δ 1.95-

2.0 ppm) generated by GlcNAc-3, GlcNac-6, GlcNAc-A, GlcNAc-B and GalNAc-

D/GalNAc-E did not display signal overlap and each contribution was successfully 
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assigned (Figure 5.9).  For LDN3, only the acetyl group of GlcNAc-6 appeared in the 

STD NMR spectrum while contrarily, for LDN6, the STD intensities in the acetyl 

region were generated by GlcNAc-3 (Figure 5.9).  

 

Figure 5.9. Acetyl region of the GlcNAc/GalNAc residues in the off resonance spectra (above) 

and in the STD NMR spectra under aliphatic irradiation (bottom). From left to right: the 

complexes of LSECtin with G0, LDN3, and LDN6, respectively. SDNF representation of the 

glycans with the used nomenclature are presented in the low panel of the figure. The 

experimental details of the experiments can be found in the captions of Figures 5.7 and 5.8.  

 

Interestingly, the STD-NMR signals for the acetyl groups of LDN3, LDN6, and G0 

were always stronger under aliphatic irradiation, suggesting that the methyl groups are 

close to aliphatic residues at the binding site of the protein. This speculation was 

strengthened by the fact that no direct irradiation of the ligand was taking place during 

the experiments, since the on-resonance aliphatic frequency was set at  0.6 ppm, 1.3 

ppm far from the signals of the acetyl groups, which can be considered as a safe 

irradiation frequency that avoids spurious saturation. Moreover, a direct ligand 
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irradiation would have affected homogeneously all the signals close to the irradiation 

frequency, thus providing a general STD enhancement of the whole acetyl region. 

Contrarily, the spectra displayed STD signals of specific N-acetyl contributions (Ac-3 

and Ac-6 for G0, Ac-6 for LDN3 and Ac-3 for LDN6), which additionally, fall in 

between the other acetyl groups (Ac-A and Ac-B). Consequently, we can safely 

exclude direct irradiation and assess that the acetyl groups of the GlcNAc moieties 

providing STD signals are close to aliphatic chains of the protein.  

 

From the global STD results, it is evidenced that the terminal GalNAc residue acts a 

stop light, precluding the binding of LSECtin to that branch. In fact, in solution, the 

recognition epitope completely switched from the 6-branch for LDN3 to the 3-branch 

for LDN6. For the non-elongated N-glycan G0, the epitope presented in both branches 

was recognized, with a slightly preference for the binding to the 3-arm (Figure 5.10).  

 

Figure 5.10. Binding epitopes of the N-glycans obtained by STD-NMR for the interaction with 

LSECtin. The three N-glycans employed in the study are represented, highlighting the key 

GlcNAcβ1-Man epitope of each. For G0, the 1,3-branch (highlighted in pale red) is better 

recognized than the 1,6-branch (highlighted in pale yellow), according to STD NMR results. 

 

In conclusion, the binding features of the interaction of the N-glycans with LSECtin 

have been disclosed through NMR experiments in solution. The conclusions strongly 

differ from the observations using microarrays. [2] This evidence shed light on the 

importance of glycan presentation when interacting with a protein partner. In fact, 

LDN3 is not capable to be recognized by LSECtin under the array conditions. In 
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contrast, in solution LDN3 interacts with the lectin with similar affinity as its LDN6 

positional isomer.  

A computational analysis work by Fadda and co-workers has proposed that the 

presence of GalNAc residues, at the terminal end of a G0 N-glycan, triggers distinct 

conformational changes. [46] Specifically, they calculated that the N-galactosylation 

at the 6-arm generated a 25% increase of the population of back-folded conformers 

(75% in total) over the non-elongated N-glycan (50% in total), whereas this effect did 

not occur in the simulations conducted when capping took place at the 3-branch. Such 

findings suggest the existence of different presentations for LDN6 and LDN3; 

however, they cannot explain why LDN3 is not bound by LSECtin in microarrays.  

  

5.3 MD simulations  

Motivated by finding a rational explanation of the divergent results, MD calculations 

simulating array conditions were performed.  

This task was intricate, since the physical properties of the array components are 

complex and often there are no available information about their exact characteristics. 

[15]  For instance, the composition of the support and the distribution of the glycan 

conjugating groups (PEGn-NHS on Nexterion Slide H) cannot be quantitatively 

described due to their intrinsic heterogeneity. For this reason, it is necessary to include 

a degree of simplification for simulating such systems. [12] 

 

The Nexterion Slide H22, which was employed in the glycan array experiments 

described in this Chapter, consists of a glass slide coated with a hydrophilic polymer. 

[2] The glycans were attached to this solid support through long, polar, and flexible 

linkers composed of ca. 45 ethylene glycol PEG units (PEG2K-NHS) and a 5-amino-

pentyl linker at the reducing-end that provided irreversible binding through the 

formation of an amide bond with the NHS group. [2] 

 

For the MD simulation, the Nexterion Slide H22 surface was modelled as a highly 

polar cellulose I-beta phase squared slab of 150 x 150 x 20 Å. The regular almost 

perpendicular arrangement of the hydroxymethyl groups from the Glc moieties 

composing the surface provided easily accessible anchoring points for the linkers. 
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The use of full-sized linkers would create a model computationally not affordable for 

an all-atom simulation and for that reason the linker length was reduced, while 

preserving its chemical nature (PEG).  A range of linkers’ sizes with lengths up to 40 

Å was explored, for a total of five bCell-PEGn-G0 models generated: bCell-PEG0-G0, 

bCell-PEG2-G0, bCell-PEG6-G0, bCell-PEG8-G0, bCell-PEG10-G0. 

 

The system was built with a single linker-G0 N-glycan attached at the centre of the 

slab, and molecular dynamics (MD) simulations of 200 ns were performed to analyse 

the degree of accessibility of the GlcNAcβ1-2Man epitope at both arms 3 and 6.   

The analysis was focused on the bCell-PEG8-G0 model, for which 28 independent 

replicas of 60 ns MD simulations were run for a total of 1.7 accumulated μs.  

The choice of performing replicas of short simulations instead of long calculations was 

dictated by: 

- the large size of the solvated system which would require very long calculation 

times; 

- the observed tendency of the glycan to quickly and irreversibly interact with 

the polar surface, particularly when short linkers were used. Short simulation 

times helped to simultaneously exploring a much wider conformational space.  

 

As a representative example, for the simulation involving the 8-unit PEG linker (bCell-

PEG8-G0 model), it could be observed that while the 3-arm remained fully exposed 

to the solvent, the 6-arm interacted with the polar surface in such a way that the 

GlcNAcβ1-Man epitope is partially buried (Figure 5.11). This tendency is expected to 

translate in a reduced availability for receptor binding. Indeed, there is an intrinsic 

unequal degree of flexibility of the two epitopes: the additional ω torsion angle at the 

α(1 → 6) linkage provides a superior mobility at the corresponding epitope over that 

at the α(1 → 3) linkage.  
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Figure 5.11. A selected molecular dynamics snapshot of the bCell-PEG8-G0 model showing 

the 6-arm of the GlcNAcβ1-2Man epitope partially buried and interacting with the support’s 

surface. The same epitope located at the 3-arm remains fully accessible to the solvent. 

 

Thus, the GlcNAc moiety at the α(1 → 6) arm, which explores a wider conformational 

space, holds a higher possibility of interacting with the support’s surface. This aspect 

has been also proved by Solvent-Accessible Surface Area (SASA) analysis, that 

provided a statistically relevant difference between the propensity of each terminal 

GlcNAc unit to interact with the polar surface. Indeed, smaller SASA values, 

indicating a lower exposition, were calculated for the GlcNAc at the terminus of the 6-

branch along the accumulated trajectory.  On the other hand, the GlcNAc residue 

located at the 3-arm displayed higher SASA values, indicating that this moiety 

populates more exposed conformations during the simulation (Figure 5.12). 

 

To conclude, the MD simulations predict that the established surface-glycan 

interactions makes the epitope located at the 6-arm to be partially buried with respect 

to that presented at the 3-branch, which remains fully accessible for interactions  
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Figure 5.12. Distribution of SASA values for the terminal GlcNAc units at the α(1→3) (blue) 

and α(1→6) (red) arms of the bCell-PEG8-G0 model accumulated over 28 independent 60 ns 

MD simulations. SASA values are distributed asymmetrically among the two carbohydrates, 

with the less accessible α(1→6) arm showing higher population at low (0-50 Å)  and medium 

(175-260) SASA values (buried) and the more accessible α(1→3) branch showing higher 

population at high SASA values (275-300 Å) (exposed). 

 

 

5.4 Conclusions 

The fine details of the recognition process taking place in solution between the C-type 

lectin LSECtin and a panel of N-glycans, including the non-elongated G0 and two 

conformational isomers (LDN3 and LDN6), has been unravelled by NMR.  

Firstly, through STD-NMR experiments, it has been confirmed that the minimum 

binding epitope recognized by LSECtin is the GlcNAcβ1-Man disaccharide, 

presented at the terminal ends of N-glycans. Moreover, the atomic details of the 

interactions have been delineated, highlighting how the recognition prevalently 

involves the GlcNAc ring but also demonstrating that some protons of the Man moiety 

are also in close contact to the protein surface.  

 

It has been described that, under array conditions, the GalNAc substitution in the 3-

arm of biantennary N-glycans (LDN3) completely abrogated the binding to LSECtin, 

whereas the same substitution at the 6-arm (LDN6) was tolerated. [2] However, herein, 



CHAPTER 5: LSECTIN AND ASYMMETRIC N-GLYCANS  

 

140 

 

through 1H-NMR-based titration and STD-NMR protocols, a completely different 

outcome has emerged. Strikingly, our analysis has demonstrated that, in solution, both 

asymmetric N-glycans are recognized by LSECtin in a similar fashion and with good 

affinities, also comparable to those obtained for the disaccharide and for the non-

elongated N-glycans. On the other hand, in the absence of the GalNAc residue, the 

lectin recognizes both arms, with certain preference for the epitope on the α(1→3) arm.  

Since no preference for any of the two asymmetric N-glycans was detected in solution, 

this study has also then focused on understanding the reason behind such a marked 

difference observed with respect to the array data. Our initial hypothesises was that, on 

the array, the recognition was hindered due to intrinsic difference in the flexibility of 

the two arms, but more data were needed to confirm the theory.  

MD calculations mimicking the array conditions (linker, surface and sugar) were then 

performed with the G0 N-glycan, demonstrating that the α(1 → 6) arm of the sugar 

was interacting with the polar surface for the majority of the time of the trajectory. This 

observation could be considered as a direct hint of the fact that the epitope presented 

at the 6-arm was less prone to be accessible to the protein when the glycan was 

immobilized on a hydrophilic surface. The situation changes in solution, where in the 

presence of isotropic motion, both branches are nearly equally accessible and ready to 

interact with LSECtin.  

 

The global results of this work have general consequence for the molecular recognition 

field, since they are the proof of how different outcomes can be obtained using diverse 

experimental approaches. Care should be taken when extracting conclusions from 

experiments conducted under specific conditions, because the molecular recognition 

details may differ from solution state to surfaces.  

Under immobilized settings, the presentation of the interacting sugar epitope is 

essential, and therefore, the length and chemical nature of the linkers used to attach the 

ligands to surfaces and the composition of the solid support itself could also influence 

the final outcome and the interpretation of the obtained results.  

On the contrary, when the analysis is taken in solution, the actors enjoy motional 

freedom that do not have in a natural environment.  
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Therefore, the adequate understanding of how rationalize the outcomes of each 

technique is of paramount importance. 

 

Is it tempting to speculate which is the system closer to those existing in nature. We 

know that glycans are flexible structures usually exposed on cell surfaces as part of 

glycoconjugates forming the glycocalyx and, in this sense, the arrays at least provide 

a support mimicking the reality. [47] However, the architecture of cell glycocalyx is 

highly complex and glycan presentation is difficult to fit in a single, simple and flat 

surface presentation model. With our study we indeed proved that the immobilization 

on array surface can lead to false negative results because of changes in the 

presentation of the epitopes.  

 

In conclusion, this compelling example points out the tremendous difficulty of 

translating in vitro results to the in vivo environment. Since a full understanding of 

sugar-lectin recognition events in vivo remains still elusive, a hot challenge in the field 

is to find complementary systems to study these interactions in a microenvironment 

closer to the real one, without losing the level of precision. [20] The use of liposomes, 

cell-based assays, or glycogenomic profiling are only some examples emerged in the 

last years and the continuous refinement of such techniques enables the study of 

glycan-protein interactions in a more natural context. An overview of promising results 

employing some of these emerging methodologies are discussed in Chapter 6. 
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6.1. Introduction 

In the previous Chapters, the importance of aspects such as conformational motions, 

multivalency and presentation, involved in the recognition of glycans by lectins, has 

been highlighted. In all these cases, the experiments were conducted under in vitro 

conditions. Therefore, a full understanding of the features that regulate sugar-lectin 

interactions in vivo remains elusive. The standard reductionistic approach employed in 

chemistry labs has to be complemented with experiments towards the natural-like 

context, trying to analyse the lectin-glycan interaction events in systems related to the 

real biological environment.  In the light of this, our most promising results obtained 

adopting in-cell and on-cell strategies is presented in this chapter (Figure 6.1).  

 

Figure 6.1. Graphic overview of the systems used to detect lectin-sugar binding in cellular 

contexts. A) In-cell NMR study of the interaction of galectin-7 (microinjected into zebrafish 

oocytes) with TDG, chapter 6.2. B) On-cell NMR study of the interaction of FimH (present on 

E. coli pili) with glycodendrimers, chapter 6.3. C) On-cell NMR study of the interaction of 

siglec-10 (overexpressed in HEK cells) with F9 glycomimetic, chapter 6.4. D) On-cell FACS 

analysis of galectins’ binding to glycoengineered HEK293 and HaCaT cell lines, chapter 6.5.  



CHAPTER 6: NEW AVENUES FOR LECTIN-GLYCANS INTERACTIONS 

 

150 

 

Specifically, an NMR approach employing zebrafish (Danio rerio) oocytes to detect 

the binding of galectin-7 to thiodigalactoside (TDG) directly in-cell is discussed in 

Chapter 6.2 (Figure 6.1, A). 

Then, two similar on-cell NMR strategies using bacterial (Chapter 6.3) as well as 

mammalian (Chapter 6.4) cells to study the sugar recognition accomplished by exposed 

receptors are presented (Figure 6.1, B and C). In the first case, the protein target was 

FimH, a mannose-binding protein naturally expressed at the apical end of pili of 

uropathogenic strain of E. coli’s. In this case, its binding with dendrimers has been 

scrutinized in a cellular environment (Chapter 6.3). On the other hand, HEK293 cells 

were manipulated in order to overexpress the full-length receptor siglec-10 and its 

recognition with a selective glycomimetic (F9) was analysed on-cell (Chapter 6.4).   

Finally, motivated by the recent and rapid developments in the field of 

glycoengineering, some preliminary results of glycogenomic modification on 

mammalian cells (HEK293 and HaCaT) as well as their employment in FACS-based 

assays to study the binding of exogenous galectins on-cell, are described in Chapter 

6.5 (Figure 6.1, D). This last work was performed during a two-months secondment at 

the Copenhagen Center for Glycomics (University of Copenhagen, Denmark).  
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6.2 In-cell NMR using Danio rerio (zebrafish) oocytes 

The results presented in this sub-chapter describe the setup and initial results of an in-

cell NMR method for the detection of galectin-7 and its interactions within zebrafish 

(Danio rerio) oocytes. 

This project is still ongoing and it was started by a former postdoc at the lab (Marta 

Gutierrez-Lete). It is also based on the collaboration with Biobide (Bionaturis Group, 

San Sebastian, Spain), which provided us the oocyte samples and is in charge of the 

microinjection procedure.   

 

6.2.1 General context 

The development and optimization of in solution in-cell NMR protocols have allowed 

to characterize the conformation and dynamics of biological macromolecules inside 

living cells. [1–5] Various examples, employing different cell types (bacterial, yeast, 

or mammalian cells and oocytes), as well as different strategies to deliver the protein 

inside the cell (direct protein expression, microinjection, CCP delivery, electroporation 

or pore-forming toxins) and different labellings, have been proposed. [6–16] 

However, due to different causes, the application of this technique remains far from 

trivial. In fact, there are some fundamental aspects to be considered that may hamper 

the final success of the in-cell experiment:  

 High concentrations of protein need to be used (or overexpressed directly into 

the target cell). This condition may cause aggregation and/or unspecific 

binding effects. Apart from that, sometimes is not possible to obtain high 

concentrated batches from the protein expression and purification protocols. 

Nevertheless, the use of ultra-high magnetic field spectrometers can partially 

overcome this weak point. [16] 

 Selective labelling of the protein is required (fluorescent tags, NMR spin-

active isotopes). 

 The tumbling of the target molecule is the key point. In the case of in-cell 

NMR, the intracellular tumbling is very different to that of the receptor 

purified in solution for two main reasons:  

 The intracellular media is a crowded environment much more 

complex than the most typical aqueous buffers used to characterize 
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proteins in vitro. The high viscosity affects the rotational diffusion 

correlation time, leading to an apparent increase of molecular weight.  

 Unspecific interactions with large cellular components, (other 

proteins, cytoskeleton components, or membranes) slow down the 

tumbling rate, the transverse relaxation time became rather fast and, 

as a result, the resonance signals are broadened or even disappear.  

 Cell vitality needs to be maintained during the acquisition of the spectra and 

this point is translated into the necessity of recording the spectra in short 

acquisition times. Moreover, in many cases, the natural cell sedimentation can 

prejudge the final results. To solve this issue, the use of bioreactors or the 

employment of gels like agar or alginate as well as methylcellulose hydrogels 

have been proposed. [17–20] 

 

With the purpose to compare the data collected for sugar-lectin interactions in-vitro, 

with those obtained using experimental conditions that mimic the dense cell 

atmosphere, the in-cell NMR methodology was employed and adapted to our system.  

However, it has to be emphasized that this is a challenging and difficult task, since 

lectins can interact with multiple glycosylated partners inside the cell, as well as 

participate in protein-protein interaction events. In fact, the majority of the works 

involving in-cell NMR experiments use target proteins with high binding selectivity 

and specificity (e.g. enzymes), which have likely much smaller chances to interact with 

the cellular components than a lectin, which is intrinsically promiscuous.  

 

Initial attempts to detect 15N labelled galectins into E. coli cells or mammalian 

(HEK293T adherent and CHO Lec8) cells were performed in our lab. In the first case, 

the exogenous protein was firstly purified and then inserted into the bacterial cells 

using electroporation protocols. In the second effort, the protein overexpression was 

obtained directly in the target mammalian cells through transfection and growth in 

labelled medium. However, both protocols failed: the pattern of 1H-15N cross peaks of 

different galectins in HSQC spectra was never detected.   

From the analysis of the attempts with E. coli, paying attention to the results of the 

experiments carried out with the cell lysates, we concluded that the level of 
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internalization of the protein upon electroporation was too low to detect a proper NMR 

signal.  

Though, in the case of the mammalian cells, we never achieved high protein 

localization in the cytosol upon induction of the overexpression (checked with western 

blot). For this reason, we concluded that some regulatory pathway intervened to 

prevent the localization of high concentrations of galectin in the cytoplasm, which are 

probably toxic to the cells. Furthermore, we could also exclude the presence of 

unspecific interactions of the galectin with large glycoconjugates present in the 

complex cellular milieu, since the UDP-Gal transporter is inactive in the employed 

CHO Lec8 cell lines, what results in the impossibility of adding galactose residues at 

the GlcNAc-terminating branches of complex N-glycans.  

 

Hence, analysing the outcomes of the first tests, the strategy for the protein-delivery 

seemed to be the bottleneck of the methodology. Consequently, we decided to change 

it and move to the microinjection technology, which allows a precise control of the 

concentration of the sample. In particular, a selected dimeric lectin (galectin-7) has 

been microinjected into zebrafish (Danio rerio) oocytes in the absence and in presence 

of a non-hydrolyzable glycomimetic ligand: thiodigalactoside (TDG).  

 

6.2.2. Danio rerio (zebrafish) oocytes as host cells 

The zebrafish oocytes have been described as a promising cellular system for studying 

proteins in a more biologically relevant environment. Indeed, they have already been 

employed for in-cell NMR studies. [21,22]  

The use of zebrafish oocytes in this particular context is justified by some favourable 

properties:  

 The transparency of the oocytes (Figure 6.2). On the contrary, frog (Xenopus 

laevis) oocytes are opaque and limit the ability to determine the localization of 

the injected sample. Moreover, dead oocytes are bright white and they can be 

easily identified. 

 The easy manipulation of the oocyte. The safe microinjection and also the 

transference into NMR tubes are not risky operations for the cell vitality.   
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 The fixed development. In fact, the oocytes are not fertilized and do not suffer 

changes due to the cell cycle and growth in development, minimizing the 

experimental heterogeneity.   

 

Figure 6.2. In-cell NMR procedure adopted to detect galectin-7 into zebrafish oocytes in its 

apo form and in the presence of TDG. 

 

 

6.2.3 In-cell 1H-15N HMQC experiments 

The samples of galectin-7 apo and galectin-7 with TDG (a non-hydrolizable lactose 

analogue, thanks to the presence of S-glycosidic linkage) were prepared, shipped to 

Biobide, and microinjected into the oocytes, as detailed in Chapter 7.  

 

For each trial (two in total at the moment), two different samples were prepared: 

 The control: 15N labelled galectin-7 at a concentration of 2-2.5 mM. The 

protein concentration needed is considerably high. Galectin-7 has been chosen 

among other member of the galectin family because of its stability even at 

elevate concentrated conditions. 
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 The sample: 15N labelled galectin-7 at a concentration of 2-2.5 mM in the 

presence of 60 molar equivalents of thiodigalactoside (TDG).  

 

As evidenced in Figure 6.3, clear protein signals are detected in all the in-cell HMQC 

spectra. The protein fingerprint is the typical one obtained for galectin-7 in its folded 

form. [23] After the analysis, the extracellular media was scrutinized with the same 2D 

experiment and the resulting spectra displayed no traces of the labelled protein, thus 

confirming that the signals of the in-cell experiments arose form intracellular galectin-

7 (Figure 6.3).  

Moreover, a general trend can be deduced by simple observation of the spectra. In fact, 

in the presence of TDG, more protein cross peaks are detected.  

 

Figure 6.3. On the left: 1H-15N HMQC experiment in-cell acquired with oocytes microinjected 

with galectin-7 apo (red) and galectin-7 with TDG (blue). On the top right: 1H-15N HMQC 

experiment acquired for the extracellular media taken from the tube after the in-cell experiment. 

All the experiments were recorded with 64 scans, using the 800 MHz spectrometer and at 301K. 

On the bottom right: chemical structure and stick representation of the thiodigalactoside (TDG) 

lactose analogue.  
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A quantitative estimation of the percentage of the missing (or barely detectable) peaks 

in each spectrum was then performed. 

Following the analysis of the first injection experiments, in the in-cell apo spectra, 

20% (23 peaks) of the total protein peaks were missing, while in those spectra acquired 

at the presence of TDG, only 7% (8 peaks) of the peaks remained undetectable.   

However, in the second injection, under an increased galectin concentration, only 10% 

of the peaks (12 signals) were absent in the apo spectra and almost all of them (only 3 

cross peaks were missing) were recovered in the spectra acquired with the ligand.  

The structural inspection of the missing peaks demonstrated that, in all cases, they were 

not localized in a specific site of galectin-7 monomer, but homogenously distributed 

throughout the -sheets and the loops of the protein (Figure 6.4).  

 

Figure 6.4. The missing peaks (dark blue) or those showing a drastic intensity decrease (light 

blue) detected by in-cell HMQC experiments plotted on the galectin-7 monomer (apo PDB 
1BKZ, bound to lactose PDB 4GAL). The peaks at flexible loops are indicated with arrows. 
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The intensity analysis of the peaks was then carefully performed. To start with, the 

individual height of each detectable cross peak was analysed. The height values were 

always higher for the samples containing TDG than for the apo samples (confirming 

the trend deduced by simple visual inspection of the spectra). Furthermore, the 

individual heights were almost identical when the same type of sample (apo or with 

TDG) from different injections was compared.  This observation can be considered as 

proof of the reliability of the set of experiments. The heights of the on-cell spectra were 

also compared with those obtained for galectin-7 in-vitro (dissolved in PBS) in its apo 

form (Figure 6.5). The values of the heights were normalized (plot B) by dividing the 

heights obtained in-vitro for a factor of 6.5 (based on the in-vitro/in-cell factor 

calculated for the most intense peak detected in-vitro). A huge decrease of the signal 

in the cellular conditions is evident. Interestingly, the peaks that in the in-vitro 

conditions displayed a moderate of low intensity, probably due to intrinsic dynamics 

in a particular time scale, matched with those lost in the oocyte sample.  

 

Figure 6.5. A) Height plot of the on-cell NMR HMQC spectrum of galectin-7 apo (injection 

2) compared with that obtained for the same protein under in-vitro conditions. B) Same plot 

normalized. The heights obtained in-vitro were divided by a factor of 6.5. The factor (in-cell/in-

vitro height fraction) measured for the most intense in-vitro peak. 

 

Finally, from the analysis of the total height of the spectra, it can be observed that the 

intensity is higher for both experiments of the second injection, very likely due to the 

higher protein concentration used (Figure 6.6). More remarkably, the trend of intensity 
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enhancement when passing from the apo form to the samples containing TDG is 

conserved along the two different set of injections (Figure 6.6).  

 

Figure 6.6. Total heights measured in the 1H-15N HMQC spectra recorded with in-cell 

conditions.  

 

We hypothesized that the loss of the lectin cross-peaks is caused by the interaction of 

galectin-7 with nonspecific high molecular weight-binders inside the cell. The 

formation of supramolecular structures made some residues of the protein undetectable 

by NMR. The majority of the lectin cross-peaks was visible again after the addition of 

TDG. This suggested that the exogenous ligand competes with nonspecific glycan-

containing binders dissociating the complexes and enabling the recovery of the signals.   

 

As a future plan, more injections will be performed in order to enhance the repertory 

of data and increase the statistical significance of the outcome. In addition, experiments 

employing the purified galectins in the presence of crowding agents (such as Ficoll70) 

are currently ongoing, with the aim to compare these results with those obtained using 

oocytes. Besides, we will also strive to find a tailored methodology to identify the 

putative interactors of galectin-7 in the intracellular environment.  

 

Although the experimental portfolio is not completed yet, the first in-cell NMR 

observation of a folded galectin has been herein achieved.    
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6.3 On-cell NMR for the identification of FimH ligands using the 

uropathogenic E. coli (UPEC) strain 

The project discussed in this section described the development of an on-cell NMR 

method for the rapid screening of putative inhibitors of the bacterial adhesin FimH.    

I was involved in this work during various stays at Milan, within the framework of the 

co-tutorship of my doctorate within the University of the Basque Country and the 

University of Milano-Bicocca. In fact, this section was directly supervised by my thesis 

co-director Professor Cristina Airoldi (https://en.unimib.it/cristina-airoldi, University 

of Milano-Bicocca, Dipartimento di Biotecnologie e Bioscienze, Italy) and developed 

in collaboration between her laboratory (bioOrg NMR lab) and the laboratory of 

Professor Alessandra Polissi (https://www.unimi.it/it/ugov/person/alessandra-polissi, 

University of Milano, Dipartimento di Scienze Farmacologiche e Biomolecolari, 

Italy). The results presented herein were successfully published in 2021. [24] 

6.3.1 General context 

The extensive use of antibiotics has raised a public health problem dictated by the 

antibiotic resistance of bacterial pathogens. [25] The uropathogenic E. coli (UPEC) 

strain is one of the main responsible factors of urinary tract infections. In this context, 

there is an increasing need to develop therapies to revert the bacterial resistance 

phenomenon. [26] UPEC is able to adhere and colonize host-tissues through the 

orchestrate actions of its adhesin proteins. [27,28] The type 1 pili are extracellular 

fibers exposed on UPEC’s cell surface that present the FimH adhesin at their extremity, 

which is in charge of the bacterial binding to the bladder epithelium. [29–32] 

Specifically, FimH is a mannose-binding lectin capable of recognizing mannosylated 

proteins exposed at the host epithelium and its binding to these molecules facilitates 

the bacterial colonization. [33] Therefore, the selective targeting of FimH for 

antiadhesive purposes has been proposed as a possible avenue for developing 

therapeutics (Figure 6.7). [34–36] The rational design of new antiadhesive molecules 

able to inactivate the pathologic mechanism initiated by FimH is, therefore, an 

urgency, since no anti-virulence agents versus UPEC are currently under clinical 

development. 
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Figure 6.7. Representation of FimH-mediated adhesion of UPEC strain to host mammalian 

epithelial cells. Zoomed-in: FimH (PDB ID: 6GTZ) recognition of glycosylated receptors in 

pathological conditions (top) versus the inhibition of the adhesion process in the presence of a 

selective inhibitor (below).  

 

Since the FimH affinity for monosaccharides is low, the multivalent presentation of 

mannose epitopes can be used to obtain high affinity ligands. The multivalent 

presentation has been previously exploited in the host laboratory to synthetize potential 

lectin inhibitors. [37–39] With this background, a variety of FimH potential inhibitors 

bearing a variable number (4, 6 or 18) of the key D-mannose epitope were generated, 

using pentaerythritol as core scaffold (Figure 6.8). The experimental details of the 

synthesis of the final mannosylated glycodendrimers (Man4, Man6, Man18) and of the 

control molecule, which is decorated with galactose units (Gal6) are discussed in the 

corresponding publication. [24] 

 

These ligands were used to set up a NMR-based methodology for the rapid screening 

of potential FimH binders. The protocol is composed by: 

 The preliminary test of putative inhibitors exploiting the ability of bacterial 

cells exposing FimH to agglutinate yeast cells. 
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 The on-cell STD-NMR experiments using intact and living cells. In this way, 

the receptor has not to be purified or labelled and the molecular recognition is 

studied by NMR under physiologically relevant conditions. This methodology 

has already been employed by us and other groups to detect on-cell recognition 

events at atomic level [24,39,40] 

 

Figure 6.8. Structure of the glycodendrimers (Man4, Man6, Man18), the core scaffold, and the 

control molecule (Gal6) used in this study.  

 

6.3.2 Uropathogenic E. coli CFT073 ΔfimH strain construction and initial 

screening of FimH inhibitors using yeast agglutination  

The E. coli CFT073 (UPEC) strain, naturally overexpressing FimH, was selected as 

target cell line. Apart from the employment of the glycodendrimer control decorated 

with galactose units (Gal6) and of the naked core scaffold, another important cell-

negative control was developed. In fact, the uropathogenic E. coli CFT073 ΔfimH 

strain was obtained in the laboratory of Prof. Alessandra Polissi upon deletion of the 

chromosomal fimH gene, employing common techniques for bacterial gene 

engineering (details described in Chapter 7). This strain, lacking FimH adhesin, is not 

capable of binding the tailored mannosylated glycodendrimers.  
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Then, to test the ability of E. coli CFT073 and E. coli CFT073 ΔfimH to bind D-

mannose residues through FimH, the yeast aggregation test was employed. [41–43] In 

fact, FimH is able to bind to mannans exposed on the yeast’s surface, leading to the 

formation of cell clumps, called agglutinates, which are visible to the eye. Agglutinated 

yeast cells form a diffuse mat, whereas non-agglutinated yeast cells sediment and form 

a clear dot in the bottom of the well.  

Hence, CFT073 cultures grown overnight were diluted to reach an OD600 value of 1 and 

suspended in PBS. Afterwards, they were incubated in a 96-well microtiter plate and 

the suspension was mixed with a fixed amount (10 mg/ml) of commercial 

Saccharomiciae cerevisiae (suspended in PBS). The ability of preventing or favouring 

the yeast agglutination was visually evaluated after 2 h of incubation, and the results 

are shown in Figure 6.9 From the visual inspection, it can be stated that, while in the 

presence of the wt CFT073 the agglutination is evident, the ability to form homogenous 

aggregation is lost with the ΔfimH mutants and clear dots of precipitation are visible at 

the bottom of the well. This observation can be translated into loss of FimH-yeast 

interaction. 

 

Figure 6.9. Yeast agglutination assay of E. coli CFT073 strain and of isogenic ΔfimH mutants. 

Three different ΔfimH were used, two of them bearing the kanamycin resistance cassette. The 

bacterial culture were incubated in serial two-fold dilutions of cultures starting from OD600 = 1. 

 

Yeast agglutination assays were also employed for an initial screening of FimH 

inhibitors. In fact, the agglutination phenomenon can be inhibited by adding 

mannosylated molecules that compete with the yeast epitopes for the binding of FimH. 

The higher the affinity of the competitor for FimH, the stronger will be the reversion 

of the agglutination. The CFT073 strain was incubated with two-fold serial dilutions 
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of the glycodendrimers, as described above. The ability of the glycodendrimers to 

inhibit the aggregation of yeast cells mediated by CFT073 type I pili was evaluated 

visually after 2 h of incubation and the minimal concentration leading to negative 

aggregation was recorded as MIC. Serial dilutions of the core-scaffold and Gal6 were 

used as negative control. The Man18 glycodendrimer displayed the highest anti-

aggregation activity, with an MIC value of 63 μM, four-fold and five-fold lower than 

those for Man6 (250 μM) and Man4 (500 μM), respectively. The core scaffold showed 

a MIC > 500 μM. Moreover, the incubation of CFT073 cells with high concentrations 

Gal6 did not display inhibitory activity in yeast agglutination assay, confirming that 

the interactions of the mannose units of the Man-derived glycodendrimers are 

specifically responsible for the inhibition of the agglutination process. 

 

Apart from the visual inspection, a microscopy examination was also performed, using 

samples prepared with the same experimental conditions set for the yeast agglutination 

assay. Gal6 was again tested as negative control, showing no inhibitory activity in the 

yeast agglutination by CFT073 cells. Moreover, the BL21 (DE2) strain was also 

employed and displayed no agglutination after the incubation with yeast (Figure 6.10). 

On the contrary, both Man6 and Man18 clearly inhibited the agglutination process.  

 

Figure 6.10. Yeast agglutination assay visualized by light microscopy (magnification, x 63, 

scale bar 3 µm.). A) E. coli CFT073 strain induces agglutination of S. cerevisiae in the absence 

(A) or presence of 500 µM core-scaffold (B) and 500 µM of Gal6 (C).  Incubation of CFT073 

with 500 µM Man6 (D) or 100 µM of Man18 (E) inhibit yeast agglutination.  Incubation of 

CFT073 with E. coli BL21(DE3) strain does not induce agglutination of S. cerevisiae cells (F).  
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All together, these experimental results indicate a clear correlation among the number 

of sugar units exposed on the surface of glycodendrimers and their inhibitory efficacy, 

suggesting Man18 as a hit compound for the development of new antiadhesive 

molecules targeting FimH.  

 

6.3.3 On-cell STD NMR binding studies  

Man6 and Man18 were then tested as FimH ligands employing on-cell STD NMR 

interaction studies (Figure 6.11).  

 

Figure 6.11. Representation of the strategy used to scrutinize FimH binding to hit compounds 

through on-cell NMR.  

 

The experimental conditions were carefully fixed (playing with cells density, ligand 

concentrations, on-resonance saturation frequency and number of scans) to guarantee 

the success and reliability of the protocol. The final setup was established as follow:  

 2 x 109 cells were used for each NMR sample. Due to the small dimension of 

the bacterial cells, a high cell number could be used without cell aggregation 

and precipitation during acquisition.  

 Ligands were employed at millimolar (or sub millimolar) concentration.  

 The on-resonance irradiation frequency used was δ 0.0 ppm.  
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 A high signal-to-noise ratio was achieved with a low number of scans (256), 

what ensured a short acquisition time (30 minutes, short enough to assure cell 

integrity and viability).  

 The spectra were acquired at 298K using 3 s of saturation time. 

 

The final results of the on-cell STD experiments are reported in Figure 6.12 together 

with the epitope maps. Indeed, STD spectra acquired in presence of wt CFT073 cells 

and Man6 or Man18 showed that both D-mannose units and the dendrimer core-scaffold 

are involved in the interaction, since they display clear STD contributions.  

 

In order to validate these results, several controls were performed. First, the binding of 

Man6 and Man18 was tested at the presence of the CFT073 ΔfimH strain. The loss of 

Man binding activity (resulting from the targeted deletion of fimH gene) acts as correct 

negative control, since no STD NMR signals were detected in this case (Figure 6.12) 

In addition, on-cell STD experiments were performed with samples containing E. coli 

BL21 cells and, again, no binding to was detected. These data are also in accordance 

with the yeast agglutination assay results and can be explained by the fact that BL21 

strain does not express pili when grown in rich media (Figure 6.12).   

Moreover, STD NMR experiments acquired on-cell using the core-scaffold lacking 

sugar units as ligand displayed absence of interactions with the CFT073 strain (Figure 

6.12).  

With the support of all the controls performed, it is possible to state that the binding 

event observed for Man6 or Man18 on CFT073 cells was:  

 Mediated by FimH (demonstrated through with the experiments using CFT073 

ΔfimH and BL21 strains) 

 Dependent on the D-mannose moieties exposed in the ligand structure 

(demonstrated with the experiments using the core scaffold) 
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Figure 6.12. A) 1H and STD NMR spectra acquired in presence of ligands and different 

bacterial strains; cells were always used at a fixed concentration of 2 × 109 cells in each NMR 

tube 1) 1H spectrum of Man6 (1 mM); 2) STD spectrum of Man6 (1 mM); 3) 1H spectrum of 

Man6 (1mM) and CFT073 cells; 4) STD spectrum of Man6 (1mM) and CFT073 cells; 5) 1H 

spectrum of Man6 (1 mM) and CFT073ΔfimH cells; 6) STD spectrum of Man6 (1 mM) and 

CFT073ΔfimH cells; 7) 1H spectrum of Man18 (0.25 mM); 8) STD spectrum of a sample 

containing Man18 (0.25 mM); 9) 1H spectrum of Man18 (0.25 mM) and CFT073 cells; 10) STD 

spectrum of Man18 (0.25 mM) and CFT073 cells; 11) 1H spectrum of Man18 (0.25 mM) and  

CFT073ΔfimH cells; 12) STD spectrum of Man18 (0.25 mM) and CFT073ΔfimH cells; 13) 1H 

spectrum of core-scaffold (1 mM) and CFT073 cells; 14) STD spectrum of core-scaffold (1 

mM) and CFT073 cells. B) Man6 and Man18 binding epitopes obtained from the STD NMR 

on-cell experiments acquired in presence of CFT073 cells. The expression of the results is 

shown in percentage. The relative STD effect of some protons were not determined (n.d.) due 

to peak overlapping or proximity to solvent resonance. 
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6.4 The interaction of siglec-10 with glycomimetics: a view by on-cell NMR  
 

In this section, further applications of on-cell NMR will be presented. The study is 

focused on the inspection of the binding of siglec-10 to a synthetic molecule (F9), a 

sialic acid glycomimetic. The aim behind this strategy was to examine, through on-cell 

NMR, molecular recognition events that take place at the surface of mammalian cells. 

In particular, we chose HEK293 cells, which have been widely used in the lab to 

generate well-folded glycoproteins. [44] 

The project is still ongoing in our laboratory, within the framework of a project in the 

Chemical Glycobiology group dedicated to the siglec family of receptors (coordinated 

by Dr. June Ereño-Orbea). [45] Other key persons in this project have been Dr. Ana 

Ardà, in the NMR side, and Maria Pia Lenza, a former postdoc in the group, in the 

protein expression, purification, and manipulation side. The target molecule, the so-

called F9 glycomimetic (Figure 6.13), selected through a screening campaign based on 

the synergic employment of high-throughput synthesis and microarray selection, was 

kindly provided by Prof. James H. Paulson (Scripps Research Institute, USA). [46]  

 

6.4.1 General context 

Although galectins carry out their biological function also in the extracellular micro-

environment, they are soluble and not anchored to the cell membrane. [47] Therefore, 

they are not proper targets to detect their binding properties through on-cell NMR 

methods. To curb the problem, strategies to artificially anchor their CRDs to the cell 

membrane or the creation of chimeras can been explored. [48–51] However, in this 

particular case, we decided to change the target protein, focusing on a lectin membrane 

receptor, such as the siglec family, which are available in the lab.  

 

As commented in the Introduction chapter, the sialic acid-binding immunoglobulin 

(Ig)-like lectins (siglecs) family is composed of 15 members in humans. [45,52] They 

are receptors of the innate immune system and preferentially bind sialic acid moieties 

connected to other sugar units through α2-3, α2-6, and α2-8 linkages. [53–56] The key 

establishment of a salt bridge between a conserved arginine residue of the protein and 

the carboxyl group of the sialic acid is common for all siglecs. [52] As frequently found 
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for lectin-sugar interactions, the affinity of these lectins for monomeric sialic acid-

containing ligands is rather weak (from the high micromolar to the low millimolar 

range). [45]   

We focused on siglec-10, besides its biological relevance, also because, among CD33-

related, is the one with the higher number of extracellular domains (fove), making the 

CRD more exposed to the extracellular environment to interact with exogenous 

ligands. [57] Briefly, siglec-10 is expressed on immune cells of the myeloid lineage as 

well as on B cells, where it regulates innate and adaptive immune responses to tissue 

injury, sepsis, and viral invasion. [45,58–61] Recently, siglec-10 has also been shown 

to promote immune evasion of CD24-expressing tumour cells. [58] 

Concerning its binding preferences, a minor preference for α2-3 linked sialosides over 

their α2-6 counterparts has been described, a lower specificity when compared to other 

siglecs. [62] Significant efforts have been employed to develop chemically modified 

sialylated ligands able to bind siglecs with elevate affinity and selectivity and then 

modulate their biological actions. A limited number of high affinity ligands for siglec-

10 have been proposed. The glycomimetic F9, containing a triazole-linked adamantane 

at the C-9 end of the 9-amino-Neu5Acα2-3Lac trisaccharide, did emerge from a click-

and-pick approach, and showed selective and strong binding to liposomes displaying 

ligand F9 to Siglec-10+ human peripheral blood cells. [46]  

Since the on-cell STD-NMR strategy is also favoured when using ligands with high 

specificity for the target receptor, the F9 glycomimetic was selected. This type of NMR 

protocol has already been employed by us and by other to detect, at atomic level, 

interactions occurring on the cell surface. [24,39,40,63,64] 

Nevertheless, the on-cell NMR experiments surmount some of the unfavourable 

aspects described for the in-cell NMR analysis (Chapter 6.2.1), since:  

 The target receptor can be overexpressed directly in its natural cell line. 

 The selective labelling of the protein is not required when using standard 1D-

STD NMR experiments. 

 The problems arising from the large tumbling of the protein are minimized. In 

fact the extracellular portions of the receptor still display a relatively fast 

motion, with adequate effective rotational motion correlation times to provide 

sharp NMR signals of their bound ligands. The viscosity of the extracellular 
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environment in the NMR tube is lower than that within the cell, considering 

also that the cells suffer several washes before the NMR measurements.  

 

However, some challenges still remain:  

 The existence of non-specific interactions with other receptors can undermine 

the study. Both cis and trans interactions between receptors can occur. 

Nevertheless, depending on the specific case, different solutions can be 

designed and applied. 

 Cell vitality is an issue, because it has to be maintained during the acquisition. 

Thus, the experiments have to be set with short recording times and this point 

obviously compromises the acquisition of complex 2D experiments. Different 

methods have been proposed to overcome this phenomenon and the natural 

cell sedimentation process, including the use of bioreactors specifically 

designed for NMR experiments or the employment of methylcellulose 

hydrogels. [17,20] However, every single case have to be evaluated, since 

some mammalian cell lines can result sensitive to these type of treatments.  

  

Therefore, these factors were considered when analysing of the interaction of the 

overexpressed full length siglec-10 on mammalian HEK293 cells in the presence and 

absence of the F9 glycomimetic using on-cell STD-NMR experiments (Figure 6.13).  

 

Figure 6.13. Above, representation of the strategy adopted in this chapter to detect on-cell 

binding events. Below, structure of the F9 glycomimetic employed in the study. [46] 
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6.4.2 Overexpression of siglec-10 in HEK293F cell lines 

The chosen hosts for the overexpression of siglec-10 were HEK293 cells, as they are 

a cell line particularly easy to transfect and to maintain in culture. Nowadays, many 

subtypes and derivatives of HEK293 cells are available. [65] We chose HEK293F, 

which are adapted (from the parental HEK293T attached cells) to live in in suspension 

culture in serum-free media. 

 

Thus, the full length siglec-10 receptor was overexpressed in this cell line. The 

effective overexpression was proved by FACS analysis (data not shown). From the 

comparison of non-transfected and transfected cells, it emerged that the hits generated 

by the binding of the antibody anti-siglec10 to the transfected cells were considerably 

higher.  

The protocol for the transfection is described in the Method chapter; however, it is 

worthy to mention that FectoPRO was chosen as transfection agent, mixed with an 

equal amount of the vector and gently added to the flask containing the cells. Two days 

after the transfection, the cells were harvested and washed twice with deuterated PBS 

before the NMR measurements.  

 

6.4.3 On-cell STD-NMR experiments 

The conditions for the on-cell STD-NMR experiments (Figure 6.14) were carefully 

optimized and the final setup was designed as follow:  

 2 x 106 cells were used for each NMR sample. Their vitality was measured 

before and after the experiments and decreased by 20-25%.   

 The F9 mimetic was employed at millimolar concentration (1 mM per NMR 

tube). 

 The on-resonance irradiation frequency used was set at δ -0.8 ppm, adjusted 

in order to keep it at a safe frequency difference to the last signal arising from 

the glycomimentic ( δ 1.5 ppm). 

 The experimental parameters were set to ensure a short recording time (1 

hour). 

 The spectra were acquired at 286 K using 2 s of saturation time. 
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´ 

Figure 6.14. Overview of the on-cell STD NMR results. The concentration of cells (HEK293F) 

was set at 2x106 cells/tube with ligand F9 concentrated, when present, at 1 mM. A) off-

resonance spectrum acquired for the sample containing transfected cells with F9. B) On-cell 

STD-NMR experiment acquired with transfected cells, F9 and after mild periodate treatment. 

C) On-cell STD-NMR experiment acquired with transfected cells and F9. D) On-cell STD-

NMR experiments acquired with non-transfected cells and F9. E) On-cell STD-NMR 

experiment acquired with transfected cells without ligand. 

 

Additional STD NMR experiments were carried out after treating the cells with sodium 

periodate (NaIO4). Indeed, sialic acid-terminated glycolipids and glycoproteins 

exposed on mammalian cell surfaces are natural ligands for siglecs and may interact 

with them when they are displayed on the same cell surface (cis) or at two different 

cells (trans). A possible strategy to avoid these undesired binding event is to treat the 

transfected cells with sodium periodate. [64,66] The periodate disrupts the cis-binding 

process since it truncates the key interacting vicinal diols of the sialic acid moieties 

through oxidation. This reaction provides modified molecules that do not bind to 

siglecs (Figure 6.15) [66] 

 

Moreover, in order to obtain robust and non-ambiguous results, different control 

experiments were also performed using i) non-transfected cells, ii) in absence of the 

ligand, or iii) with the isolated purified receptor. 

All the experiments were carried out employing the same identical set-up, as follows:  



CHAPTER 6: NEW AVENUES FOR LECTIN-GLYCANS INTERACTIONS 

 

172 

 

 On-cell STD-NMR experiments with transfected HEK293F cells 

(overexpressing siglec-10) and the F9 mimetic after mild periodate treatment. 

(Figure 6.14, B).  

 On-cell STD-NMR experiments with transfected HEK293F cells 

(overexpressing siglec-10) and the F9 mimetic. (Figure 6.14, C). 

 On-cell STD-NMR experiment with non-transfected HEK293F cells and the 

F9 mimetic. (Figure 6.14, D).  

 On-cell STD-NMR experiment with transfected HEK293F cells 

(overexpressing siglec-10) without any added ligand (Figure 6.14, E). 

 In-vitro STD-NMR with the purified siglec-10d1d2 lectin with the F9 mimetic. 

 
Figure 6.15. A) Zoom-in of two STD proton signals of F9 mimetic in the on-cell STD 

experiments of cells transfected and undergone to periodate treatment with F9 (blu), cells 

transfected with F9 (grey) and non-transfected cells with F9 (black). Details of the experiments 

described in Figure 6.14 B) Chemical action of the mild periodate treatment on the sialic acid.  

 

From the comparison of the entire set of spectra, it can be affirmed that the on-cell 

STD-NMR experiments were successful, since a selective profile was obtained (Figure 

6.14), as detailed below. However, the inspection of the results allows concluding that 

a complete specificity for siglec-10 was not achieved, since a weak STD profile also 

appeared in the experiments using the non-transfected cells. This evidence suggests 

that other unknown entities transiently bind to F9 in the absence of an elevate 

presentation of siglec-10 on the cells. Doubtless, the STD intensity is way lower than 

that observed in the experiments recorded when siglec-10 is overexpressed on the cell 

surface, strongly suggesting that the detected STD NMR enhancement is indeed due 

to the presence of the siglec-10 receptor on the cellular membranes. 
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Focusing on the experiments performed after the treatment with mild periodate, it can 

be perceived that the STD NMR signal increased when compared to the untreated 

sample that has the intact sialic acids, without disruption of the diols that may mediate 

the cis-interactions. (Figure 6.14).  

 

From the detailed comparison of each STD NMR experiment, a general trend can be 

deduced: the observed STD intensities are continuously increasing when passing from 

the non-transfected cells, to the transfected ones and to those transfected and treated 

with periodate (Figure 6.15). This tendency can be explained by the existence of the 

interaction of the extracellular siglec-10 with F9 and with the involvement of siglec-

10 in cis-interactions that are disrupted with mild periodate treatment. Under these 

conditions, more receptors are available for the interaction with the F9 mimetic.  

 

The STDD (Saturation Transfer Double Difference) spectrum, generated by 

subtracting the on-cell STD obtained without receptor overexpression (Figure 6.14, D) 

to that acquired with transfected cells and periodate treatment (Figure 6.14, B), 

displayed a clear STD profile that was used to obtain the final binding epitope (Figure 

6.16).   

 

Figure 6.16. STD binding epitope obtained for the in-vitro experiment with siglec-10d1d2 

(concentrated 30 µM) and F9 (0.9 mM) (A) and for the STDD spectrum (B) generated by 

subtracting the on-cell STD obtained without receptor overexpression (Figure 6.14, D) to the 

one acquired with transfected cells and periodate treatment (Figure 6.14, B). 
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The F9 epitope interacting with siglec-10 on the extracellular environment include all 

the protons of the adamantane moiety as well as the proton of the azide linker. H4, H5, 

H6, H7, H8, and the Ac moiety also displayed STD intensities. Minor contributions 

from the Gal unit (H2 and H5) and Glc moieties (H2) were also observed.  

Fittingly, the binding epitope is consistent with that obtained from the in-vitro STD 

experiments (Figure.16). Regarding the sialic acid, the recognition pattern is similar to 

that reported for the interaction of siglec-10 with α2-3sialyllactosamine. [62] 

 

The same repertory of experiments was also performed for α2-6 sialyl lactose. In this 

case, the resulting STD profile was not reliable (data not shown). In fact, the STD 

intensities arose from all the sugar rings, including the Glc moiety. Thus, the putative 

binding epitope was improbable for the interaction with siglec-10. Very probably, the 

the α2-6 sialyl lactose ligand interacts with a variety of receptors (including siglec 10 

and other undefined partners on the cell surface) with similar low affinities, hampering 

the achievement of realistic data on its recognition by siglec-10 on-cell. These findings 

confirm that the use of a specific inhibitor with on-cell NMR experiments is of 

fundamental importance.  

 

Although the results reported are still preliminary and need additional investigations, 

it is tempting to propose that the on-cell STD-NMR experiments have indeed 

demonstrated the interaction of siglec-10 exposed on the cell surface with a selective 

glycomimetic molecule, characterizing the binding epitope. Additionally, this binding 

epitope is consistent with that obtained in-vitro for the same system.   

 

As a future plan, new experiments will be performed employing methylcellulose 

hydrogels to reduce the sedimentation rate of the cells. If this method is not successful 

for cells adapted to live in suspension, the possibility to use adherent cells (HEK293T) 

will be evaluated, since this type of cells has been shown to tolerate these conditions, 

even increasing their lifespan. [20] 
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6.5 On-cell galectin-glycan recognition using genetically glycoengineered 

mammalian cell lines 

The work presented in this section gathers the results obtained during a secondment (2 

months) carried out in 2022 at the Copenhagen Center for Glycomics (University of 

Copenhagen, Department of Cellular and Molecular Medicine, Denmark) under the 

supervision of Professor Hans Wandall (https://icmm.ku.dk/english/research-

groups/wandall-group/). During the stay, I had the possibility to actively participate in 

some steps of a global work on this topic, already ongoing in the group. 

The major aims of the training stay were: 

- Learn how to produce controlled cellular knockouts targeting specific enzymes 

involved in glycan biosynthesis; to this purpose, the cutting-edge technology 

of clustered regularly interspaced short palindromic repeats with the CRISPR-

associated protein 9 (CRISPR-Cas9) has been used. [67–69] 

- Characterize, through flow cytometry, the binding of a set of selected galectins 

to genetically engineered cell lines presenting homogeneous and well-defined 

glycosylation on their surface. 

 

In order to achieve these goals, I worked together with the laboratory technician Karin 

Uch Hansen and with the student assistant Frederikke Moll Engersgaard, who trained 

and assisted me for the glycoengineering protocol and the FACS experiments, 

respectively.  

 

6.5.1 General context  

Glycans decorate our cellular membranes and influence the organization and function 

of many proteins, especially the ones expressed on the cell surface. [70] They also 

modulate the interaction with the surroundings and the formation of multicellular 

structures such as tissue and organs. [71,72]  

As commented in the Introduction Chapter, the biosynthesis of the rich assortment of 

glycans (the glycome) found on mammalian glycoproteins, glycolipids, and 

proteoglycans is a complex process involving more than 200 different 

glycosyltransferases (GTs) operating in 16 major pathways (Figure 6.17). [73] The 

possibility of performing a precise genome engineering of these enzymes on selected 
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cell lines, thus modifying the entire glycome, is a fascinating tool for glycosciences. 

Indeed, by exploiting precise targeting of glycogenes, it is possible to rationally 

modulate the glycosylation capacity of a selected cell line. [67,68,74,75]  

 

Figure 6.17. Schematic overview of the glycosylation biosynthetic pathways with main acting 

GTs reported. Image taken from Marinova et al., 2021. [69] 

 

Diverse controlled knockouts targeting specific enzymes involved in glycan 

biosynthesis have been obtained by exploiting different technologies, including zing 

finger nuclease (ZFNs) and transcription activator-like effector nucleases (TALEN), 

but, lately, mostly clustered regularly interspaced short palindromic repeats with the 

CRISPR-associated protein 9 (CRISPR-Cas9) have been used. [73,76–79] 

This type of strategy has opened new avenues in the area, not only for the dissection 

and design of well controlled glycoproteins for therapeutic purposes, but also for the 

study of glycan interactions with target biomolecules at the cell level. [76,80,81]  

 

The availability of such potent tools has captured the attention of several laboratories. 

In particular, a few years ago, my host research group at CCG developed a 

comprehensive protocol to obtain Chinese hamster ovary (CHO) cells lines expressing 

different homogeneous glycosylation patterns. [76] Moreover, Wandall’s team 

decided to exploit the glycoengineering technology for the analysis of glycan-galectin 

interactions in a cellular context. Precisely, they have recently used this tool to probe 

Core 

extension

Initiation
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the binding of selected galectins to CHO cells presenting different complex N-linked 

glycans and core-1 O-glycans. [80] 

They performed an exquisite genetic deconstruction of cellular glycosylation, 

demonstrating that bi-antennary N-glycans are sufficient for high-affinity binding of 

galectins and that sialylation is an important checkpoint for their binding ability. They 

also proved that galectin-8N can binds the core-1 O-glycans with high affinity. [80] 

 

Based on these prior achievements, they decided to further expand this workflow and 

to characterize the interaction of a wider panel of galectins with a new generation of 

cell lines. In particular, the new designed cell lines differed from the ones employed in 

the previous work in terms of: [80] 

i. Type of cell used (human embryonic kidney 293 -HEK293- and immortal 

human keratinocyte –HaCaT- cells instead of CHO cells); the choice lies in 

the fact that both HaCaT and HEK293 are widely used human cells lines with 

slightly different glycosylation capacity among them and with respect to the 

more simplified glycosylation pattern of CHO cells. [82] 

ii. Glycosyltransferases knock-out (KO). In fact, the KOs were planned to obtain 

cells presenting only N-glycans, complex O-glycans or glycosphingolipds 

(instead of focusing mainly on the modifications of N-glycans’ antennae). The 

idea is to implement the past knowledge of stable lines bearing only a single 

KO with combinatorial KOs and thus discern the role of each player in the 

recognition phenomenon. 

 

I participated in the glycoengineering (through CRISPR-Cas9 methodology) of the 

HaCaT cells (Chapter 6.5.2), whereas the library of glycoengineered HEK293 cells 

was already available in the laboratory. Indeed, I had the opportunity to use them for 

preliminary flow cytometry experiments with galectins (Chapter 6.5.3).  

 

6.5.2 Generation of glycoengineered HaCaT cell lines  

At the time of designing KOs of GTs, it is crucial to know whether they can be 

differentiated in non-redundant and redundant enzymes. In fact, some steps in the 

glycosylation pathways in mammalian cells are regulated by a single GT (non-
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redundant). Therefore, the loss of function of such genes leads to global changes in 

the glycan structures. Contrarily, some other glycosylation steps that are regulated by 

multiple isoenzymes (redundant), where the loss of function of a single isoenzyme 

gene may lead to no or only subtle effects on the glycans. [68,73,81] Usually, 

elongation, branching and capping are covered by partial redundancies, while the very 

first core extension is less interested by this phenomenon (Figure 6.17). 

 

HaCaT cell lines bearing only N-glycans, O-glycans or glycospgingolipids (GSL) were 

obtained performing the combinatorial KOs of multiple genes. The detailed 

experimental procedure, based on the employment of CRISPR-Cas9 technology, is 

described in Chapter 7. 

The following mutant cells lines were produced (Figure 6.18): 

• HaCaT KO mgat1/c1galt1 

• HaCaT KO mgat1/B4galt5/6 

• HaCaT KO c1galt1/B4galt5/6 

All the KO enzymes act in the core extension steps of glycan synthesis (Figure 6.17).  

 

Figure 6.18. Overview of the different glycolengineered cells lines produced for this work with 

the respective genes KO indicated 
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It should be pointed out that none of the cell lines produced has a controlled synthesis 

of non-mucin type O-glycosylations (O-fucosylation, O-mannosylation, or O-

glucosylation) and glycosaminoglycans (GAGs), which that are expected to be present.  

 

6.5.2.1 Phenotypical validation of glycoengineered HaCaT cells 

Once isolated the desired combinatorial KOs, they were phenotypically examined 

through FACS based assay. In detail, their binding to three control biotinylated lectins 

(PNA, VVA and PHA-L) was scrutinized  through fluorescence detection (see Chapter 

7 for the experimental details).  

Each lectin recognizes specific epitopes: 

 Biotinylated Phaseolus vulgaris Leucoagglutinin (PHA-L) preferably binds to 

GlcNAc residues presented on the 6 branches of N-glycans, and it is expected 

to bind to wt cells and only to N-glycan presenting lines. 

 Biotinylated Peanut Agglutinin (PNA) preferably binds to β-Gal terminal 

moieties presented on Tn-mucin-type O-glycans, and it is expected to bind to 

wt cells and also to O-glycan presenting lines, but only after treatment with 

neuraminidase (in order to cleave the sialic acid cappings). 

 Biotinylated Vicia villosa lectin (VVA) preferably binds to GalNAc residues 

presented on truncated mucin-type O-glycans. It is expected to bind to cells 

with inactive O-glycans synthesis (only N-glycans or glycosphingolipids-

presenting cell lines). 

 

The FACS assay proved the quality of the obtained glycoengineered HaCaT cell lines 

(Figure 6.19). In fact, the binding profiles of the control lectins were in accordance 

with the expected glycan presentation on the different lines and, moreover, was almost 

identical to the profile obtained previously testing the same type of glycoengineering 

on HEK293 cells (Figure 6.19).  

 

Specifically, those cells only expressing N-glycans displayed binding to PHA and 

VVA and low binding to PNA. Fittingly, the cell line that only presented 

glycosphingolipids showed low binding to PHA and PNA, and high affinity to VVA. 

To test cells expressing only mucin-type O-glycans, the culture was previously treated 
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with neuraminidase, to cleave the sialic acid terminal moieties, and then incubated with 

PNA. The cells only showed high affinity for PNA after the enzymatic treatment. No 

binding to the other lectins, including PNA without previous neuraminidase 

incubation, was observed.  

In a further step, the glycoprofiles resulting from the combinatorial enzymatic 

knockouts will be assessed using mass spectrometry (ongoing experiments). 

 

Figure 6.19. Lectin control cell-surface binding to different glycoengineered HEK and HaCaT 

cells. Above: schematic overview of the lectin control binding sites. Below: Fluorescence 

quantification from FACS assay for each cell line treated with the respective lectin control. The 

results are expressed in terms of MFI (Median Fluorescence Intensity). 
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6.4.3 Binding of galectins to glycoengineered HEK293 cell lines  

In a further step, the initial results about the specific relevance of complex N-glycans, 

O-glycans, and glycosphingolipids (GSL) in the interaction with galectins were 

obtained through flow cytometry. The experimental details are discussed in Chapter 7 

During the secondment, galectins -1, -3, -8C, and -8N conjugated to NSH-fluorescein 

were tested for their capacity to recognize HEK293 KO cell lines. The initial data are 

reported in Figure 6.20.  

Lactose 100 mM was used to treat cells as negative control. In particular, the 

background fluorescence of lactose-treated samples was subtracted for all the tested 

concentrations of galectin tested to provide the final results. 

 

Figure 6.20. Preliminary data of the galectin cell-surface binding experiments to different 

glycoengineered HEK cells. Fluorescence quantification obtained from FACS analysis for each 

cell line treated with the increasing galectin concentrations. Results expressed in terms of MFI 

(Median Fluorescence Intensity) after subtracting background fluorescence in the presence of 

100 mM lactose as negative control. 
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Although the experiments should be further repeated to obtain robust average values, 

from the observation of these FACS results it can be deduced that all galectins bound 

to the cells presenting only N-glycans (c1galt1/B4galt5/6 KOs).  

Moreover, galectin-1 bound with high affinity to the N-glycans presenting cells, apart 

from to the wt line. On the other hand, galectin-3 bound to both N-glycans and 

glycosphingolipids (mgat1/c1galt1 KOs) in the cellular context, with highest affinity 

for N-glycans. Similarly, galectin-8C binds to N-glycans and GSL, but with diverse 

affinities (higher affinity for N-glycans than to glycosphingolipids). Interestingly, 

galectin-8N, apart from binding to N-glycans and GSL, resulted the only galectin, 

among the tested ones, which showed also association with mucin-type O-glycans 

(mgat1/B4galt5/6 KOs).  

 

New sets of FACS assays will be performed in the next months using the HaCaT cells 

KOs produced during the secondment. This aspect is interesting since the host group 

has found that, generally, the HaCaT cells’ glycosylation pattern displays extended 

poly-LacNAc elongation, a higher degree of sialylation, and an increased degree of 

complexity for O-glycans structures, when compared to the HEK cells.   

Galectin specificity toward N-glycans is particularly dependent on branching and 

terminal modifications. In particular, poly-LacNAc extensions on tri- and tetra-

antennary N-glycans have been proposed to be of major importance for providing 

specificity to galectin- 1, -3, and -8. [83] 

Also, sialylation of terminal galactose residues has been proved to be important for 

some galectins. For example, while glycans capped with 2,6-sialic acid globally block 

galectin binding, whereas galectin-8N has a particularly high affinity for galactose 

residues with a terminal 2,3-sialic acid. [80] 

In this context, additional information concerning the unique specificity of galectin-

8N to bind O-glycans with high affinity will be obtained by performing additional 

experiments with systems displaying increasing O-glycans complexity. [80] 

 

Finally, the array of galectins will be extended with more members of the family 

(galectin-4, galectin-7 and galectin-9, already available at CIC bioGUNE).  
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6.6 Conclusions 

The observation of intracellular events is always fascinating. In the panorama of 

protein-sugar recognition processes, the task is quite difficult, since lectins are 

generally promiscuous and can interact with several partners inside the cells. Here a 

methodology for the detection of galectin-7 injected into zebrafish oocytes have been 

proposed and its intracellular detection alone or in the presence of a glycomimetic 

ligand has been demonstrated by NMR. 

 

The extracellular matrix (ECM) is an intricate network composed by proteins, 

glycoproteins, and other components that provides physical support for cells but also 

determines biological functions. Its complexity, unknown for a long time, can be 

compared to the one observed in the intracellular compartments.   

Knowing that, the available methods to study on-cell phenomena are usually an 

approximation, because several manipulations of the cells are done right after the 

measurements. However, they can be considered good types of approximation, since 

allow to study receptors directly embedded into membranes and without have to 

purifying them. In this chapter methodologies to study extracellular binding events 

involving not only NMR but also other emerging techniques based on precise genome 

engineering, have been explored. 

 

With the aim to find inhibitors of the FimH-mediated adhesion of the uropathogenic 

E. coli strains to host epithelium, the on-cell STD-NMR methodology has been 

employed. The protocol allowed assessing the ligand-lectin binding directly on the 

surface of intact cells, mimicking the physiological environment. D-mannose decorated 

dendrimers were synthetized to reproduce the multiple epitope presentation of the 

mannosides naturally recognized by FimH. This strategy permitted to identify the 

structural determinants of the binding of new potential inhibitors of adhesion under 

physiologically relevant conditions and at atomic level. 

Similarly, the recognition event of the siglec-10 receptor with a glycomimetic with 

marked selectivity, employing mammalian HEK293F, cells have been unravelled. 

Although further validations have to be performed, this approached allowed to obtain 
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a reliable first information concerning the binding epitope of this extracellular 

interaction in cellular conditions.  

 

To finish, preliminary experiments have allowed analysing the galectin-binding 

specificities versus HEK cells exposing only N-glycans, mucin-type O-glycans, or 

glycosphingolipids. To achieve this aim, controlled glycoengineered HaCaT and HEK 

cell lines were successfully obtained.  

These results represent the first step towards the study of combinatorial effects of 

glycosylation on the interaction with galectins in an extracellular context. Once 

completed and optimized, this tool will provide an array of cells presenting tailored 

glycans in their native context, which will be used to interrogate carbohydrate ligands 

of lectins of interest. 

The future interpretation of such significant outcomes will hopefully shed light on how 

galectins control the organization, endocytosis, and residence time of membrane 

proteins. Moreover, this unique approach to glycomics is a promising tool to uncover 

and dissect how glycosylation can modulate galectin recognition in health and disease 

events. [74] 
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7.1 Proteins  

All the proteins used in this PhD thesis were produced in our lab (galectins and siglec-

10), except LSECtin that was provided by the group of Dr. Franck Fieschi (IBS, 

University of Grenoble). I also present herein the methodology used to obtain 

mammalian cells overexpressing siglec-10. In this case, the protocol lacks the 

purification step since intact cells were directly used for the on-cell-NMR experiment.  

 

7.1.1 Galectin expression and purification in E. coli 

All the analysed galectins (galectin-1, galectin-3 CRD, galectin-7 and galectin-8C and 

–N terminal domain) were expressed and purified in our laboratory (Table 7.1).  

  

7.1.1.1 Plasmid generation 

The sequence of the gene encoding for sequence of a specific galectin was inserted into 

a pET21 expression vector (Thermo Fisher Scientific) and, after the design of the 

construct, the plasmids were synthetized by GeneScript Biotech. They were amplified 

in our lab using competent DH5α cells and QIAprep Spin Miniprep Kit from QIAGEN.  

 

 
Table 7.1 Galectins produced for the work presented in the PhD thesis, their Uniprot code, as 

well as the number of amino acid residues cloned and the vector that was employed. 

 

pET21 plasmid is a vector for inducible expression of genes in bacteria, endowed with 

some fundamental elements: 

- the gene for ampicillin resistance necessary for the selection of the transformed 

cells;  

- the lacI gene for the synthesis of the lac repressor, LacI; 

Galectin Uniprot code Amino acid residues Vector 

Galectin-1 P09382 1-135 pET22b 

Galectin-3 CRD P17931 114-250 pET21a 

Galectin-7 P47929 1-136 pET22b 

Galectin-8C term O00214 184-317 pET21a 

Galectin-8N term O00214 20-155 pET21b 
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- and the Open Reading Frame (ORF, the site where the gene of interest is 

cloned in the plasmid) under the control of T7 promoter and the LacO operator 

(Figure 7.1).  

The pET family of plasmids is highly employed for the expression of recombinant 

proteins in E. coli. The system is based on the conjunct action of T7 RNA polymerase 

and lac operon (T7lac promoter system). The BL21(DE3) E. coli cells used in our 

laboratory are a competent cell line suitable for the expression of heterologous genes. 

They include in their genome the sequence for the T7 RNA polymerase under the 

control of lacUV5 promoter, as well as lacI gene encoding for LacI repressor (Figure 

7.1). [1] 

 

Figure 7.1. Simplified representation of the system responsible of exogenous protein 

overexpression in BL21(DE3) E. coli strain after transfection with pET vector and induction 

with IPTG.  

 

In the absence of lactose (or analogous), the LacI repressor binds to the LacO operator 

site and prevents the expression of the gene located downstream. When lactose is 

present, it binds to a pocket of LacI, disrupting its binding to LacO and allowing the 

transcription. Therefore, in the absence of the inductor, neither T7 polymerase nor the 

cloned gene are expressed, since the LacI repressor binds to the upstream-located LacO 

of both genes. The expression of T7 polymerase is induced by addition of the lactose 

analogue Isopropyl-β-D-1-thio-galactopyranoside (IPTG) to the cell media that 

positively acts on the lac promoter, dissociating its binding to the LacI repressor. Once 

T7 is produced, it can drive the overexpression of the gene of interest that is contained 
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in the exogenous plasmid under control of the strong T7 promoter. Moreover, the site 

is now accessible.  

With this strategy, E. coli is capable of producing high levels of the target protein that, 

after the subsequent purification steps, can be used for further experiments (Figure 

7.1).   

 

7.1.1.2 Transformation of E. coli cells using the heat-shock method 

The transformation protocol, based on an induced heat shock stress to the cells, has 

been common for all the galectins employed in this PhD Thesis. BL21(DE3) E. coli 

competent cells were chosen as host and transformed with the respective expression 

vector using the heat shock method. After the addition of 10 μg of DNA to the batch 

of cells, the sample was left 30 min on ice.  Then, the cells were placed at 42 °C for 90 

s and subsequently 5 min on ice. With this action, the plasmid can be incorporated into 

the bacteria passing through the pores transiently formed on the bacterial wall. The 

cells were then diluted into 2 mL of Luria-Bertani broth (LB) media and grown at 37 

°C with shaking. 2 hours later, they were incubated overnight on agar plates containing 

the antibiotic ampicillin at a concentration of 100 μg/mL. Under the pressure of 

antibiotic selection, only the cells that have internalized the expression construct can 

survive and form colonies that are visible after overnight incubation of the plate at 37 

°C.  

 

7.1.1.3 Galectin expression protocols 

The methods followed for the expression of the galectin differ for unlabelled galectins 

(7.1.1.3.1)and  15N labelled galectins (7.1.1.3.2). 

 

7.1.1.3.1 Expression of unlabelled galectins 

After the transformation, a single colony was selected from the plate and inoculated 

with 200 mL of LB and ampicillin at 100 μg/mL overnight at 37 °C with shaking. The 

required amount of the culture to achieve a final OD600 value of 0.1 was then added to 

2 L of fresh LB medium containing ampicillin. Cells were grown with shaking at 37 

°C until the OD600 value reached 0.6-1.2 and subsequently induced with 1 mM of IPTG. 
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The induced culture was then harvested for 3 h at 37 °C and centrifuged at 5500 rpm 

for 20 min. The pellet was frozen and stored at -20 °C, or purified as detailed below.  

 

7.1.1.3.2 Expression of 15N labelled galectins 

For the expression of 15N uniformly labelled galectins, after the first selection on the 

agar plate, a single colony was inoculated into 5 mL of LB medium containing 100 

μg/mL of ampicillin for 6 hours at 37 °C with shaking. The culture was centrifuged at 

4400 rpm for 5 minutes and the pellet was re-suspended in 1 mL of M9 unlabelled 

medium containing ampicillin (Table 7.2), transferred into a flask with 200 mL of the 

same medium and then incubated overnight at 37°C with shaking. The required amount 

of the overnight culture to achieve a final OD600 value of 0.1 was then added to 2 L of 

the fresh M9 labelled medium (15N-NH4Cl as the only nitrogen source) containing 

ampicillin (Table 7.2). Cells were grown at 37 °C until the OD600 value reached 0.6-

1.2, then induced with 1 mM IPTG and again grown for 3 h at 37 °C. The induced 

culture was harvested by centrifugation at 5500 rpm for 20 min. The pellet of the 15N 

labelled galectin was frozen and stored at -20 °C, or purified as explained in the 

purification section.  

 

M9 media recipe for 1L 

Salt stock (stock 10X)  

   For 1 L: 

   60 g Na2PO4 

   39 g KH2PO4 

   5 g NaCl 

100 mL (final concentration 1X) 

NH4Cl (15N labelled or not) 1 g (final concentration 1 g/L ) 

Glucose 3 g (final concentration 3 g/L) 

MgSO4 (stock 1M) 1 mL (final concentration 1 mM) 

CaCl2 (stock 100 mM) 1 mL (final concentration 0.1 mM) 

Biotin (stock 10 mg/mL) 1 mL (final concentration 0.01 mg/mL) 

Thiamine (stock 10 mg/mL) 1 mL (final concentration 0.01 mg/mL) 

Trace elements (stock 100X) 

   For 1 L: 

   5 g EDTA 

2 mL (final concentration 0.2X) 
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   0.83 g FeCl3 X 6H2O 

   84 mg ZnCl2 

   13 mg CuCl2 x 2H2O 

   10 mg CoCl2 x 6H2O 

   10 mg H2BO3 

   1.6 mg MnCl2 x 6H2O 

Ampicillin (stock 100 mg/mL) 1 mL (final concentration 100 μg/mL) 

 

Table 7.2 M9 medium recipe 

 

7.1.1.4 Galectin purification 

The purification protocol was identical for all the unlabelled and 15N labelled galectins. 

The pellet obtained from the expression in BL21 E. coli cells was suspended in a lysis 

buffer containing 22 mM Tris-HCl (pH 7.5), 5 mM EDTA, and 1 mM 

phenylmethylsulfonyl fluoride (PMSF, protease inhibitor). 10 mL of the lysis buffer 

were used for each g of pellet. The solution was left in ice for 30 minutes with shaking. 

The cell suspension was lysed by sonication (60% amplitude, 12 x 20 s, with 59 s 

intervals between each burst) paying attention to always maintain the cells on ice 

during the process. The crude extract was ultracentrifuged at 35000 rpm for 1 hour at 

4 °C. The soluble fraction containing the protein was loaded onto 5mL α-Lactose-

Agarose resin (Sigma-Aldrich) previously equilibrated with the equilibration buffer 

(50 mM TRIS (pH 7.2), 150 mM NaCl). The loaded column was washed with 100 mL 

of equilibration buffer and then the lectin was eluted with 7 mL of the elution buffer 

(150 mM α-Lactose pH 7.4 in PBS 1X).  

The purity of the galectins was checked by 4-12% SDS-PAGE and by LC-MS. To 

eliminate the lactose from the protein sample, a series of dialysis and washes with 

centrifuge filters (Sartorius Vivaspin 6 5000 MWCO) using fresh buffer (50 mM 

sodium phosphate, 150 mM NaCl, pH 7.4) were performed. The absence of lactose 

was checked by 1H NMR standard experiments.  

For galectin-1, galectin-8 C terminal domain, and galectin-8 FL, the final buffer and 

the lysis buffer also included 2 mM of dithiothreitol (DTT) reducing agent, justified 

by the presence of cysteine residues in those lectins, which are exposed to the solvent 

and could generate non-specific dimers or aggregates through intermolecular 
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disulphide bonds. Moreover, in the final buffer and in the lysis buffer for galectin-8, 

0.1% of NaN3 was added, to avoid bacterial growth. 

The sample of unlabelled galectin-1 and galectin-3 CRD used for the cryo-microscopy 

and DLS measurements (Chapter 4) were further purified through size-exclusion 

chromatography using a Superdex 10/300 75 Increase column. The elution peaks 

corresponding to the dimer and monomer forms of the lectins were collected and 

concentrated for the following analysis. 

 

7.1.2 Siglec-10 expression in HEK mammalian cells and purification 

The soluble portion of siglec-10d1-d2 used to obtain the in vitro binding epitope with the 

F9 glycomimetic ligand described in Chapter 6 was produced through overexpression 

in mammalian cells. The pHLsec vector [2] optimized for expression in human cells 

and containing the sequence for d1-d2 extracellular domain of siglec 10 (amino acid 

residues 17-537, Uniprot code Q96LC7) was designed in our laboratory and 

synthetized by GenScript Biotech. The transient expression of siglec-10d1-d2 in 

HEK293F suspension cells (Thermo Fisher Scientific) was achieved by transfection of 

the DNA with the transfection reagent FectoPRO (Polyplus Transfections). 200 mL of 

cell culture in Freestyle medium, contained into a sterile culture flask with vented cap, 

were grown in a Minitron Infors HT orbital shaker incubator at 310 K, 125 rpm, 70% 

of humidity and 8% CO2 until reaching 1 x 106 cells/mL with a viability > 97%. For 

transfection, 50 μg of Endotoxin-free DNA plasmid and 50 μg of FectoPRO (Polyplus) 

transfection reagent were added to the cells. The transfected cells were incubated with 

the same conditions described above for 7 days. Cells were harvested by centrifugation 

at 6371 x g for 20 min and the supernatant was filtered using a 0.22 μm Polysterene 

sterile filters (Corning). The supernatant was passed through a HisTrap Ni-NTA 

column (GE Healthcare). The eluted fractions containing siglec-10d1-d2 were 

concentrated and separated on a Superdex 75 Increase 10/300 size exclusion column 

(GE Healthcare). Siglec-10 d1-d2’s purity was checked by 4-12% SDS-PAGE and by 

LC-MS. 
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7.1.3 On-cell expression of FL Siglec-10 in HEK mammalian cells 

For the on-cell NMR experiments described in Chapter 6, the FL siglec-10 was 

overexpressed on the membrane of HEK293F cell lines. The pHLsec vector [2] 

optimized for expression in human cells containing siglec-10 FL sequence was 

designed in our laboratory and synthetized by GenScript Biotech. 50 mL of cell culture 

in Freestyle medium, contained into a sterile culture flask with vented cap, were grown 

in a Minitron Infors HT orbital shaker incubator at 310 K, 125 rpm, 70% of humidity 

and 8% CO2 until reaching 1 x 106 cells/mL with viability > 97%. For transfection, 15 

μg of Endotoxin-free DNA plasmid and 15 μg of FectoPRO (Polyplus) transfection 

reagent were added to the cells. The transfected cells were incubated using the same 

conditions described above. 24 hours after incubation, filtered sodium butyrate (at a 

final concentration 5 mM) was added to the culture. 48 hours after transfection, the 

cells were harvested and prepared for the on-cell NMR experiments. For the blank 

experiments, in parallel to the flask of transfected cells, a second flask containing non-

transfected cells was grown under the same experimental conditions.   

 

7.2 Ligands  

LacNAc, Galili, the H type II, and the B type II antigens were purchased from 

Elycityl (references GLY008, GLY074-2, GLY031-2 and GLY038-2).  

All the LacNAc derivatives (multivalent monomeric scaffolds and glycopolymers) 

analysed in Chapter 4 (1-6), were synthetized by Prof. Pavla Bojarová and coworkers 

(Institute of Macromolecular Chemistry of the Czech Academy of Sciences). [3] 

The thiodigalactoside (TDG) lactose analogue employed for the in-cell NMR 

experiments (Chapter 6) was purchased from Sigma Aldrich (CAS number 51555-87-

4). 

The GlcNAcβ1-2Man disaccharide as well as the G0, LDN3 and LDN6 N-glycans 

used to study the binding preferences of LSECtin (Chapter 5) were chemo-

enzymatically synthesized in the laboratory of Prof. Niels C. Reichardt (CIC 

biomaGUNE, San Sebastian, Spain). [4,5] 

The Man4, Man6, Man18 and Gal6 oligosaccharides used for the study described in 

Chapter 6 had been previously synthetized by using click chemistry methods in the 

BioOrg NMR Lab at the University of Milano-Bicocca.  
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The glycomimetic F9 studied in Chapter 6 was kindly provided by Prof. James H. 

Paulson (Scripps Research Institute, USA). [6] 

 

7.3 Cell lines used for on-cell experiments 

7.3.1 Commercial cell lines 

Human embryonic kidney (HEK) cells in suspension were used for the on-cell NMR 

experiments described in Chapter 6. HEK293F (Thermo Fisher Scientific) is an 

immortalized cell line cloned from the HEK293 cells and adapted to grow in 

commercial medium (FreeStyle ™).  

For the on-cell NMR experiments (chapter 6) with E. coli, the standard E. coli BL21 

[1], the E. coli K-12 MG1655 [7], and uropathogenic E. coli CFT073 (ATCC 700928) 

[8] strains were used.  

 

7.3.2 Mutated cell lines 

During the course of this PhD thesis, three different cell lines have been engineered to 

obtain ad hoc permanent modifications in the genome. In particular, the engineering 

of E. coli uropathogenic CFT073 strain to obtain the ΔfimH variant (used in Chapter 

6) was carried out in the Department of Pharmacological and Biomolecular Sciences 

(University of Milano), under the supervision of Prof. Alessandra Polissi.  

The genome mutation on HEK293 and HaCaT cells to obtain specific knock outs of 

glycosyltransferases were performed in the Copenaghen Center for Glycomics (CCG, 

University of Copenhagen), under the supervision of Prof. Hans Wandall. I participated 

in both protocols during my secondments.   

 

7.3.2.1 Uropathogenic CFT073 ΔfimH 

The deletion mutant CFT073 ΔfimH E. coli was generated to have a control of the 

uropathogenic strain not expressing the FimH lectin, with the consequent lack of 

mannose binding ability. During this workflow, the cells were transformed through 

electroporation.  

The electroporation protocol consists in the exposition of the cells to an electrical 

pulse to create temporary pores in the cell wall. Through these pores, exogenous 

molecules, such as nucleic acids, can pass into cells. Before electroporation, cells need 
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to be made electrocompetent through a series of washing steps with ice-cold 10% 

glycerol. Following the protocol, electrocompetent cells were then prepared in LB and 

SOC media, separated in aliquots of 50 μL, and mixed with 1 μg/mL of the desired 

plasmid. The mixture was then transferred to a chilled electroporation cuvette and a 

voltage of 750 V for 6 ms was applied. 1 mL of SOC medium was added to the cells 

and the Eppendorf was incubated at 37 °C for 1 h. The electroporated cells were then 

selected on agar plates according to the type of selection (antibiotic or thermosensitive) 

given by the plasmid. 

 

The procedure to obtain CFT073 ΔfimH E. coli strain can be divided into two parts: 

 Deletion of fimH gene through homologous recombination, obtaining CFT073 

ΔfimH::kan mutant; 

 “cure” of the strain through elimination of the kan cassette, obtaining the final 

CFT073 ΔfimH mutant. 

The first step was carried out using the λ Red Recombination system. [9] This 

methodology allows to efficiently disrupt chromosomal genes in E. coli with 

homologous recombination. The λ enzyme catalyses the homologous recombination 

of a given substrate (donor) with a target DNA sequence. The donor DNA has been 

designed to target by homology the fimH gene and to substitute it with the gene for 

kanamycin resistance (kan cassette). Moreover, the kan cassete was designed to be 

flanked by FRT sequences. To generate this fragment, a standard PCR was performed 

using the pkD4 plasmid as template (carrying kan resistance) and two hybrid primer 

paisr. The primers were synthetized by MWG Eurofins and designed as follows:   

 AP699 

(5′CATTCAGGCAGTGATTAGCATCACCTATACCTACAGCTGAACC

CAAAGAGGTGTAGGCTGGAGCTGCTTC-3’)  

 AP700 

(5′TAGCTTCAGGTAATATTGCGTACCTGCATTAGCAATGCCCTGTG

ATTTCTATGGGAATTAGCCATGGTCC-3′ ).  

APP699 and AP700 include the upstream and downstream fimH homology flanking 

regions and the priming sequences for pKD4 plasmid (underlined). The final amplified 

fragment was purified after standard PCR.  
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The competent CFT073 cells were transformed with Red helper pKD46 plasmid and 

the selection was carried out at 30 °C (since pKD46 is temperature-sensitive). Then, 

CFT073/pKD46 cells were made competent and transformed with 150 ng of the PCR-

purified plasmid. The CFT073 ΔfimH::kan mutants were colony-purified on LB with 

kanamycin at 37 °C. The replacement of the fimH gene with the kan cassette was 

verified by colony-PCR.  

 

To be cured from the kan resistance, CFT073 ΔfimH::kan cells were transformed by 

electroporation with pCP20 plasmid, which confers ampicillin resistance, temperature-

sensitive replication, and thermal activation of flippase recombinase (FLP) synthesis 

at 42 °C. FLP allows FRT-flanking kan gene’s excision through recombination at the 

FRT sites. After the transformation of CFT073 ΔfimH::kan cells with pCP20 by 

electroporation, the resistant transformants were selected at 30 °C.  To allow 

simultaneous FLP induction and loss of the pCP20 plasmid, the colonies were further 

purified non-selectively at 42 °C. The final CFT073ΔfimH mutant clones were tested 

for loss of kanamycin and ampicillin resistance and confirmed by colony-PCR. 

 

7.3.2.2 Glycosylation mutant of HEK293 and HaCaT cells 

The glycosylation HEK293 and HaCaT mutants used for flow cytometry experiments 

described in Chapter 6 were produced by using the CRISPR/Cas9 technology [10–14]. 

While the library of HEK293 mutants was already available in the Copenhagen Center 

for Glycomics, I directly participated in engineering the HaCaT cells.  

Three different mutant cells lines were produced: 

 HaCaT KO mgat1/c1galt1 

 HaCaT KO mgat1/b4galt5/6 

 HaCaT KO c1galt1/b4galt5/6 

The HEK293 cells mutants used for FACS, has been previously engineered with the 

same genetic mutations.  

 

The workflow can be summarized as follow: 

1) Guides: the CRISPR/Cas9 gene editing requires the design of a guide RNA (gRNA), 

which was carried out using the CHOPCHOP prediction tool. The best guide for each 
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target gene was chosen among those proposed in order to have a minimal number of 

off targets and the best calculated efficiency to induce disruption of the gene target. 

Together with the guide (forward and reverse) two additional ad hoc primers were 

predicted by the software. Guides and primers’ sequence were exported and adjusted 

with the following nucleotide additions:  

o Oligo_1F (Guide F) CACCG-  

o Oligo_1R (Guide R) AAAC-C  

o 1C_FamFw              AGCTGACCGGCAGCAAAATTG-  

o 1B_Rev  

The sequences were synthetized by TAG Copenhagen A/S (Frederiksberg, Denmark).  

 

2) Lentiplasmid construct with the oligo of interest: The lentiplasmid used for this 

protocol is  a Lenti-CRISPR-v2 puro vector (Addgene). The Oligo_1F and Oligo_1R 

were annealed with a PCR Annealing program of 95 °C 5 min, ramped down to 25 °C 

at a rate of 5 °C min-1, and then diluted 1:200 in milliQ water. In parallel, the lentivector 

was digested with the Bsmb1 restriction enzyme and left 2 h at 37 °C. The annealed 

oligos and the digested vector were ligated using T4 DNA ligase (ThermoFisher 

Scientific) at RT for 2.5 h.  

 

3) Amplification of the lentiplasmid: The competent E. coli cells were transformed 

using the heat shock method and the ligation mix. The day after, 15 positive colonies 

were selected, lysated, and used to setup a standard PCR colony. The PCR product was 

checked on 2.5% agarose gel and then 3 of the positive colonies were inoculate on 200 

mL of LB (and selection) overnight at 37 °C with shaking. The amplified DNA was 

purified following the Midi Prep protocol (Kit Endotoxin-free plasmid DNA 

purification NucleoBond Xtra Midi EF/Maxi EF). 

 

4) Production of the lentiviral particles in HEK293T cells: HEK293T (purchased 

bu ATCC) cells in good shape were transfected with the packaging vector (psPAX2, 

Addgene), envelop vector (pVSV-G, Addgene), and the lentiplasmid. The transfection 

was performed with the PEI (…) transfected agent. Three days later, the lentiviral 
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particles accumulated in the culture medium were harvested and filtered through 0.45 

µm microfilter (Sartorius).  

 

5) Transduction: the target cells for the 30% confluent knock-out (HEK or HaCaT) 

were transducted with the filtered media containing virus particles and polybrene to 

enhance the transduction efficiency. At this point, the lentivirus particles transfer their 

genetic content into the host cells (guide and CRISPR/Cas9 machinery). The media 

was frequently changed for 2-4 days. Then, the antibiotic selection (1 week) was 

started and only cells containing the lentivirus genome survived. During the antibiotic 

selection steps, the bulk of cells was frequently checked by IDAA (Indel Detection by 

Amplicon Analysis). IDAA provides single base resolution and allows selecting indels 

resulting in frameshifts and functional knock-outs (KOs). After the antibiotic selection, 

the cells were scaled down to single-cell into 96 wells and, through IDAA, a few good 

pure clones were identified, isolated, and scaled-up.  The final KO cells were 

maintained in culture into T175 wells and used to carry out further phenotypical tests 

before being used for specific experiments.  

 

7.4 NMR  

The NMR experiments performed at CIC BioGUNE were acquired using Bruker 

AVANCE 2 600 MHz or Bruker AVANCE 2 800 MHz NMR spectrometers (Bruker 

Inc.; Billerica, MA, US) equipped with a TCI cryo-probe.  

The NMR experiments recorded at the bioNMR lab of the University of Milano-

Bicocca (Chapter 4 and Chapter 6) were performed using a Bruker AVANCE III 600 

MHz NMR spectrometer, equipped with a 5 mm QCI cryo-probe. 

 

All the NMR samples were prepared in a final volume of 500 or 400 μL and transferred 

to precision 5 mm or Shigemi NMR tubes, respectively (New Era Enterprises, 

Vineland, USA). The pH of the buffer was measured with a Crison Basic 20 pH meter 

(Crison Instruments SA, Barcelona, Spain) and adjusted with the required amount of 

NaOH and HCl or NaOD and DCl. 
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7.4.1 1H-NMR titration  

1H-NMR titrations were employed to study the interaction of LSECtin with the 

disaccharide, the non-elongated N-glycan, LDN3 and LDN6 (Chapter 5). The soluble 

CRD portion of LSECtin was dissolved in deuterated buffer containing tris-d11 25 mM, 

NaCl 150 mM, CaCl2 4 mM, dithiothreitol-d10 (DTT-d10) 2 mM at pD 8.4.  

The set of experiments for the disaccharide and the N-glycan were acquired using the 

600 MHz spectrometer, with LSECtin at a concentration of 120 µM and 298 K.  

Starting from the apo sample containing only LSECtin, a series of 1H-NMR spectra 

was recorded using (lectin:ligand ratios of 1:0, 1:1, 1:2, 1:5, 1:10, and 1:20. Obviously, 

for the last point of the titration with ratio 1:20, the actual concentration of the ligand 

in the NMR tube was 2.4 mM. The sequence zgesgp was selected from Bruker’s 

library, using 32 scans.  

The titrations for LDN3 and LDN6 were acquired using the 800 MHz spectrometer, 

with LSECtin at a concentration of 82 µM and 298 K.  The same methodology was 

adopted and 1H-NMR spectra recorded. LDN3 was titrated with lectin:ligand ratios of 

1:0, 1:1, 1:2, 1:4, and 1:20; while the ratios used for LDN6 were 1:0, 1:2, 1:4, 1:6, and 

1:34. The same sequence and number of scans were employed.  

 

7.4.2 Saturation Transfer Difference NMR (STD NMR) 

STD-NMR have been extensively used along this PhD Thesis. [15,16] In all the 

experiments, the final STD NMR spectra were obtained by subtracting the on-

resonance spectrum from the off-resonance spectrum. The analysis was carried out 

using the 1H NMR signal with the strongest STD intensity as reference (100% of STD 

effect). On this basis, the relative STD intensities for the other protons were estimated 

from the comparison of the corresponding integrals.  

The STD NMR Amplification Factor (STD-AF) and the percentage of STD (STD%) 

were obtained comparing the intensities of the STD NMR spectrum to the off-

resonance one. Reference experiments were also acquired for samples containing only 

the protein as well as only the ligands under the same experimental conditions to assess 

the authenticity of the binding.  
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In Chapter 3, the samples of galectin-1 were prepared in deuterated phosphate-

buffered saline (50 mM sodium phosphate, 150 mM NaCl, pD 7.4), using 2 mM of 

DTT-d10, and a standard lectin:ligand ratio of 1:50 or 1:100. The concentration of the 

lectin was 50 μM. For H type-II antigen, the ratio was 1:138. The experiments were 

recorded using the 600 MHz NMR spectrometer at 298 K. The stddiff.3 sequence was 

chosen from the Bruker library, which includes spoil and T2 filters to remove the 

background protein signals. The STD NMR spectra were acquired with 1024 scans, 2 

s of saturation time and 2 s of relaxation delay. The spin-lock filter was 20 ms. The on- 

and off-resonance spectra were registered in the interleaved mode with the same 

number of scans. The on-resonance frequency was set for the aliphatic region between 

δ 0.55 ppm and δ 0.85 ppm and between δ 7.67 ppm and δ 7.73 ppm for the aromatic 

region. The off-resonance frequency was always set at δ 100 ppm.  

No signals were detected in the blank STD NMR spectra of the ligands alone, with 

exceptions for the acetyl and methyl group of GlcNAc, GalNAc and Fuc moieties 

respectively, which displayed weak STD NMR intesnsities likely due to direct 

irradiation or slow relaxation effects.  

 

For the study of the interaction of galectin-1 and galectin-3 (CRD) with the 

multivalent sugar ligands (Chapter 4), the STD NMR experiments were performed 

using the 600 MHz NMR spectrometer equipped with the QCI cryo-probe at 298 K. 

The samples were prepared in deuterated phosphate saline buffer (50 mM sodium 

phosphate, 150 mM NaCl, pD 7.4). To the sample containing galectin-1, 2 mM DTT-

d10 was added to the buffer. The ligand/lectin ratio was always 1:30 with both galectin-

1 (100 μM) and Gal-3 (50 μM). The stddiffesgp.3 sequence was chosen from Bruker 

library, with spoil and T2 filter, as well as excitation sculpting. The STD NMR spectra 

were acquired with a total of 1024 scans, 2 s of saturation time and 2 s of relaxation 

delay. The spin-lock filter was 30 ms. The on- and off-resonance spectra were 

registered in the interleaved mode with the same number of scans. The on-resonance 

frequencies were set at δ 0.00 ppm, δ -0.5 ppm, or δ -1 ppm, while the off-resonance 

frequency was δ 100 ppm.  
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The STD-NMR experiments for LSECtin (CRD) and the disaccharide (Chapter 6) 

were acquired using the 600 MHz NMR spectrometer at 310 K. The samples were 

prepared in deuterated phosphate saline buffer (Tris-d11 25 mM, NaCl 150 mM, CaCl2 

4 mM, DTT-d10 2mM at pD 8.4) with a lectin/ligand ratio of 1:70, with LSECtin at  

120 μM. The stddiffesgp.3 sequence was chosen from Bruker library with spoil and T2 

filters and excitation sculpting. The STD NMR spectrum was recorded with a total of 

1024 scans, 2 s of saturation time and 2 s of relaxation delay. The spin-lock filter was 

40 ms. The on- and off-resonance spectra were registered in the interleaved mode. The 

on-resonance frequency was set at δ 0.83 ppm for aliphatic irradiation and at δ 6.8 ppm 

for the aromatic alternative, with the off-resonance frequency at δ 100.   

For the analysis of the recognition event between LSECtin (CRD) and the N-glycans 

(Chapter 6), the STD-NMR experiments were carried out using the 800 MHz NMR 

spectrometer at 310 K. The samples were prepared in deuterated phosphate saline 

buffer (Tris-d11 25 mM, NaCl 150 mM, CaCl2 4 mM, DTT-d10 2mM at pD 8.4). The 

ligand/lectin ratio was set 1:34, with LSECtin at 120 μM. The stddiffesgp.3 sequence 

was again chosen in the interleave mode, with 2880 scans, 2 s of saturation time, 15 s 

of relaxation delay, and a spin-lock of 40 ms. The on-resonance frequency was set at δ 

0.83 ppm or δ 0.6 ppm for the aliphatic and δ 6.8 ppm for the aromatic irradiations, 

with the off-resonance frequency at δ 100 ppm.  

 

7.4.2.1 STD-NMR experiments on-cell  

In Chapter 6, on-cell STDs were carried out both in E. coli and in HEK293 cells. The 

preparation of the NMR samples is rather different compared to that required for the 

in-vitro samples and, therefore it is described in detail in this section.   

 

For the on-cell STD NMR experiments with E. coli, the cultures for CFT073, 

CFT073ΔfimH mutant and BL21 were grown at 37 ºC until the OD600 value reached 

0.5–0.7 (mid-logarithmic phase). Bacterial cells were harvested and washed four times 

in 10 mM NaH2PO4 (pH 7.2) by centrifuging 10 min at 6000 g and finally re-suspended 

in the same buffer to a final concentration of 1–5 × 109 cells/ml. The number of living 

cells was evaluated through serial dilutions of the sample plated on solid LB medium 

and incubated at 37 ºC for 16–18 h. Cells were harvested by centrifugation and re-
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suspended in deuterated PBS at a concentration of 2 × 109 cells/mL; the ligands were 

added at this point (1 mM for the core-scaffold and Man6, and 0.25 mM for Man18). 

Then, the final sample was transferred into a NMR tube. 

The NMR experiments were acquired directly using the 600 MHz NMR spectrometer 

equipped with the QCI cryo-probe. STD NMR spectra were acquired at 298K using 

the standard pulse sequence from the Bruker’s library with an on-resonance frequency 

of δ 0.0 ppm and an off-resonance frequency of δ 30.0 ppm. A train of 40 Gaussian-

shaped pulses of 50 ms each was employed, separated by a 1 ms delay, with 256 scans. 

A spin-lock of 30 ms was applied to erase the broad cell resonances.  

 

For the on-cell STD NMR experiments with the mammalian cells (Chapter 6), the 

cultures of HEK293F cells were grown 48 hours after transfection and then harvested. 

The cells were counted and the precise volume required to have 2x106 total cells was 

picked up from each flask. The withdrawn cells were centrifuged for 5 min at 800 rpm 

and room temperature (RT). The pellet was re-suspended in 1 mL of PBS 1X pH 7.4. 

The sample was centrifuged again and the pellet was re-suspended in 1 mL of 

deuterated PBS pD 7.4. After a last centrifugation, the cells were re-suspended into 

500 μL of deuterated PBS pD 7.4 and transferred into the NMR tube (with or without 

the ligand).   

The NMR experiments were acquired immediately after the sample preparation in 800 

MHz NMR spectrometer. The stddiffesgp.3 sequence was again chosen (with spoil and 

T2 filters, and excitation sculpting). The STD NMR spectra were acquired at 286K 

with 1080 scans, 2 s of saturation time and 2.4 s of relaxation delay. The length of 

experiment (2h) was set in order to guarantee the vitality of the cells in the tube 

(mortality <10%). The spin-lock filter was set 30 ms. The on- and off-resonance 

spectra were registered in the interleaved mode with the on-resonance frequency at δ -

0.8 ppm and the off-resonance at δ 100 ppm. ´ 

The periodate treatment was performed resuspending HEK293F cells in PBS pH 4 

containing freshly dissolved 2mM NaIO4 and incubated 4°C in the dark for 30 minutes. 

After 30 minutes, the excess of periodate was quenched by adding 10 uL of 20% 

deuterated glycerol followed by immediate washing with deuterated buffer optimised 

for cell NMR experiments.   
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7.4.3 1H-15N HSQC-based titrations 

Heteronuclear Single Quantum Coherence (HSQC) NMR experiment allows to 

correlate 15N nuclei with the attached 1H through the one bond scalar coupling 1JNH. 

Through this receptor-based NMR method the perturbations at different regions of the 

receptor (in terms of changes in the chemical shifts and/or intensities of the cross 

peaks) upon ligand binding can be monitored. 

 

7.4.3.1 Chemical Shift Perturbation (CSP) Analysis 

For the Chemical Shift Perturbation (CSP) NMR analysis, uniformly 15N-labelled 

proteins were employed. [17] Different concentrations of the selected ligand were 

systematically added to the protein sample and, at each point, a 1H-15N HSQC NMR 

experiment was acquired. The set of spectra was then analysed using the CcpNMR 

Analysis 2.4.2 software. [18] The average of 1H and 15N CSP were calculated for each 

NH groups of the protein backbone using the formula [19]:  

 

∆𝛿 (𝑝𝑝𝑚) = (
[∆𝛿𝐻2 + (0.14∆𝛿𝑁)2]

2
)

1
2

                   (1) 

 

The results were plotted in graphics and the standard deviation was calculated and 

represented as a line in the plot.  

 

The 1H-15N HSQC experiments recorded for the CSP analysis of galectin-1 with BGA 

presented in Chapter 3, were acquired using the 800 MHz spectrometer equipped with 

the TCI cryo-probe. The samples were prepared using 15N-labelled galectin-1 at 100 

μM dissolved in 90% phosphate-buffered saline (50 mM sodium phosphate, 150 mM 

NaCl, 2 mM of DTT-d10, pH 7.4) and 10% of D2O. The titration was carried out at 

298K with the following protein:sugar ratios: 1:0.5, 1:1, 1:3, 1:5, 1:10, and 1:15. At 

each point, a standard HSQC spectrum (Bruker library) was recorded (80 scans) with 

200 (t1) x 1024 (t2) complex data points in 15N and 1H dimensions.  

 

The 1H-15N HSQC experiments for monitoring the interaction between galectin-1 and 

galectin-3 CRD with ligands 1-3 (Chapter 4) were acquired using the 600 MHz 
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spectrometer equipped with the QCI cryo-probe. Uniformly 15N-labelled galectins 

were employed at 100 μM for galectin-1 and 50 μM for galectin-3 CRD. The buffer 

was 90% phosphate-buffered saline (50 mM sodium phosphate, 150 mM NaCl, pH 

7.4) and 10% of D2O. 2 mM of DTT-d10 was added to the buffer of galectin-1. The 

titration of ligands 1–3 employed protein:sugar ratios of 1:0, 1:0.1, 1:0.25, 1:0.5, 1:1, 

1:2.5, and 1:5. The 1H-15N HSQC experiments were recorded at 298K using the 

standard Bruker sequence, with 192 (t1) and 2048 (t2) complex data points for 15N the 

and 1H dimensions, respectively and 64 scans. 

 

7.4.3.2 Cross-peak intensity analysis  

The 1H-15N HSQC experiments described for the CSP analysis were also used to follow 

the cross peaks’ intensity variation during the titration of ligands 2-4 to galectin-1 and 

galectin-3 CRD (Chapter 4).  

The experiments were acquired using the 800 MHz spectrometer by adding 1.5 

equivalents of each ligand to a sample containing only galectin-1 and 4.5 equivalents 

to the sample of galectin-3 CRD. This addition drastically diminished the number of 

detectable cross peaks of the lectins). The subsequent recovery of the signals’ intensity 

was monitored by adding 5, 10, 20, 50, and 75 equivalents of LacNAc (used as 

competitor of the target ligands) for galectin-1 and 1, 5, 10 and 15 equivalents for 

galectin-3 CRD. The 1H-15N HSQC experiments were recorded at 298K using the 

standard Bruker sequence (32 scans), with 256 (t1) and 1536 (t2) complex data points 

for the 15N and 1H dimensions, respectively. The experiments were analysed using the 

CcpNMR Analysis 2.4.2 software. [18] The intensity lists for each cross peak was 

obtained for all the spectra and processed to create a histogram chart. The total 

intensities were normalized to those measured in the spectra recorded for the lectin 

alone, which displayed the maximum intensities (given the 100% value for each peak). 

The intensity plots to be analysed were obtained applying the formula: 

 

∆𝐼 =
𝐼𝑖−𝐼𝑓

∆𝐼𝑚𝑎𝑥
                    (2)            
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7.4.4 In-cell 1H-15N HMQC NMR with zebrafish oocytes 

The in-cell NMR experiments described in Chapter 6 required a special sample 

preparation. For each trial (three in total), two different samples were prepared and 

immediately sent to Biobide (San Sebastian, Spain) to be microinjected into living wild 

type Zebrafish (Danio rerio) oocytes: 

 Control: 15N labelled galectin-7 at a concentration of 2-2.5 mM 

 Sample: 15N labelled galectin-7 at a concentration of 2-2.5 mM with 30 or 60 

equivalents of thiodigalactoside (TDG).  

 

The protein was washed against PBS 1X to remove the remaining lactose that still was 

present after the purification process. 10% of D2O and 0.01% of phenol red solution 

were added to the final 40 µL-samples. The presence of phenol red is required to 

visually guide the operator during the microinjection process. The same day of the 

preparation, the lectin were shipped to Biobide to be microinjected the following day.  

 

The injections into the oocytes was performed by Andrea Weiner in Biobide’s 

facilities, according to EU standards of animal welfare on animal used for scientific 

purposes (2010/63/EU), compiled with national regulations for the care of 

experimental animals and were approved as described in national regulations (RD 

53/2013) by the local and regional committees.  

To obtain the zebrafish oocytes, adult female zebrafish were individually arranged in 

breeding tanks the day after the injection. On the morning of the injection, the fishes 

were anesthetized and the oocytes were obtained by abdominal stripping. The oocytes 

were collected in E3 media (specific for Zebrafish embryo) and cleaned of dead or 

misshapen units.  

The injections were performed following an established procedure: 3 nL of the protein 

samples were injected into a single oocyte’s yolk using a glass needle that penetrates 

the chorion (Figure 7.2). A total of 700 oocytes for each trial (350 with the control 

solution and 350 with the sample) were microinjected. After the injection, oocytes were 

allowed to recover in E3 media at 28.5 ºC in the incubator. 1 h post injection, damaged 

or not well injected oocytes (those in which phenol red solution was localized in the 

yolk rather than in the blastodisc) were removed. Well injected oocytes were 
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transferred to a 15 mL falcon tube containing E3 buffer with 1.5% Ficoll and 

immediately delivered to CIC bioGUNE.  

The oocytes were then transferred into a 5 mm Shigemi NMR tube using a plastic 

Pasteur pipette with large tip, taking care not to directly bump them during the process. 

The NMR tubes were filled to the standard volume height of 400 μL and 10% of D2O 

was added (Figure 7.2).  

 

Figure 7.2. A) Zebrafish oocyte. B) Zebrafish oocyte during microinjection. Yolk, chorion and 

glass needle used to deliver the sample are pointed out. C) 5 mm Shigemi tube filled with 

injected Zebrafish oocytes.  

 

Then, 1H-15N HMQC experiments were recorded (64 scans) using the 800 MHz 

spectrometer at 301K,  using an in-house sequence, with 128 (t1) and 640 (t2) complex 

data points for the 15N and 1H dimensions, respectively. The analysis of the cross peak 

intensities of the spectra was performed as detailed in Chapter 7.4.3.2. 

 

7.4.5 CLEAN Chemical Exchange (CLEANEX-PM) experiments. 

CLEANEX-PM experiments [20] presented in Chapter 3 were acquired using the 800 

MHz spectrometer equipped with the TCI cryo-probe at 298K. These experiments 
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provide information on the exchange rates of NH groups of the protein with the bulk 

water. The NMR samples were prepared using uniformly 15N-labelled galectin-1 (1 

mM) in 90% phosphate-buffered saline (50 mM sodium phosphate, 150 mM NaCl, 2 

mM DTT-d10, pH 7.4)  and 10% D2O. The CLEANEX spectra were recorded, in a 

pseudo-3D mode, for galectin-1 alone and in presence of LacNAc (12 equivalents) and 

the B-type II antigen (10 equivalents) (Figure 7.3). 

 

Figure 7.3. Visual representation of the process followed for the acquisition and analysis of 

CLEANEX-PM experiments. 

 

The setup was optimized using 2048 (t3) x 128 (t1) points for the 15N and 1H 

dimensions, respectively, and 4 points in the t2 dimension, corresponding to 3 different 

mixing times (25, 50, and 75 ms) and the reference spectrum. The ratio between the 

peak intensities in the CLEANEX spectra (Vi) and the reference spectra (V0) provides 

the estimation of the exchange rate. The analysis was performed with the CcpNMR 

Analysis 2.4.2 software [18] and the obtained ratios were fitted as function of the 

mixing time. The exchange rates, kex, were obtained by fitting to the equation (3): 

  

𝑉𝑖

𝑉𝑜
=

𝑘

𝑘 + 𝑅1
[1 − 𝑒−(𝑅1+𝑘)𝑡]                  (3) 

 

 

In the formula, R1 is the effective NH relaxation rate during CLEANEX. 
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7.4.6 1H-15N long-range HMQC experiments.  

The investigation of the behaviour of the histidine (His) side chains, to understand the 

role of  His44 and His52 of galectin-1 during the binding event, was carried out using 

long-range HMQC experiments (Chapter 1) [21,22]. This experiment allows to detect 

2JNH correlations and therefore, to assess the tautomeric form of the imidazole ring of 

a given His residue. The NMR samples were prepared using uniformly 15N-labelled 

galectin-1 at 160-260 μM in 90% phosphate-buffered saline (50 mM sodium 

phosphate, 150 mM NaCl, 2 mM DTT-d10, pH 7.4) and 10% D2O. The HMQC spectra 

were recorded at 298 K for galectin-1 in its apo form and for galectin-1 in presence of 

LacNAc and the H type-II antigen with a 1:10 lectin:ligand ratio. The experiment (96 

scans) was set with 1024 (t2) x 160 (t1) data points for the 1H and 15N dimensions, 

respectively.  

 

7.4.7 15N CPMG Relaxation Dispersion NMR experiments.  

The dynamic features of galectin-1 and galectin-3 CRD in the presence and absence of 

the ligand were monitored by transverse relaxation dispersion NMR experiments [23] 

in the 800 MHz spectrometer (Chapter 3).  

The NMR samples were prepared using uniformly 15N-labelled galectin-1 or galectin-

3 at 450 and 650 μM in 90% phosphate buffer saline (50 mM sodium phosphate, 150 

mM NaCl, pH 7.4) with 10% D2O. DTT-d10 2 mM was added as reducing agent only 

for galectin-1. Different datasets were collected for galectin-1 and galectin-3 CRD apo 

and in presence of ligands LacNAc and the B-type II antigen, using a protein:ligand 

ratio of 1:20.  

The experiments were carried out using a relaxation compensated pulse pseudo 3D-

CPMG sequence (80 ms of total CPMG time) and variable effective fields of 25, 50 

(x2), 75, 100, 125, 150, 200, 250, 350, 450, 600, 800 (x2), and 1000 Hz. A data matrix 

of 2048 (t3) x 180 (t2) was recorded for the 1H and 15N dimensions, respectively, while 

16 points in the F1 dimension were collected. The data were analysed using the 

CcpNMR Analysis 2.4.2 software [18]  and fit to the Carver-Richards equation using 

in-house Matlab© scripts. Finally, a collective fitting was done using different 

clustering residues.  
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7.4.8 2D ROESY experiments  

To detect the presence of chemical exchange-mediated cross peaks, 2D ROESY 

(Rotating frame Overhause Effect SpectroscopY) experiments were also carried out 

for LSECtin in the presence of the disaccharide and the non-elongated G0 glycan 

(Chapter 5) using the 800 MHz spectrometer with the TCI cryo-probe. The samples 

were prepared in deuterated phosphate-buffer saline (buffer (Tris-d11 25 mM, NaCl 

150 mM, CaCl2 4 mM, DTT-d10 2mM at pD 8.4). The lectin:ligand molar ratio was 

1:10 (with LSECtin CRD at 120 μM). The ROESY-NMR experiments were acquired 

at 298K, using an in-house sequence with 4096 (t2) x 256 (t1) points, 96 scans and 150 

ms of mixing time.  

 

7.4.9 The estimation of kinetic parameters from EXSY experiments  

2D-NOESY experiments were acquired in the 800 MHz spectrometer equipped with 

the TCI cryo-probe. The samples were those described above for the ROESY 

experiment (Chapter 7.4.8). All experiments were acquired at 298 K with an in-house 

NOESY sequence. Two 2D-NOESY (0 and 100 ms) were recorded for each sample 

(LSECtin:disaccharide and LSECtin:G0) with 32 scans. Once the exchange cross 

peaks had been identified by analysing the ROESY experiments, cross- and diagonal-

peaks were integrated in the NOESY experiments and the obtained intensities were 

analysed using the ExsyCalc software, which allowed deducing the pseudo-first-order 

exchange rates (kon and koff). [24,25] 

 

 

7.5 Isothermal Titration Calorimetry (ITC) 

The Isothermal Titration Calorimetry (ITC) experiments presented in Chapter 3 were 

performed using a MicroCal PEAQ-ITC calorimeter. The samples containing galectin-

1 were concentrated at 100-200 μM and then buffer-exchanged to PBS 1X pH 7.4, 

using 1 mM TCEP as reducing agent. The sugar stocks (5-9 mM) were prepared 

dissolving the powder in the same buffer. Both protein and sugar solutions were 

degasified right before the experiment was carried out. 300 μL of the protein sample 

were placed (for each measurement) into the ITC cell by using a syringe, with extreme 

care to avoid the generation of bubbles. The reference cell of the calorimeter was filled 
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with fresh degasified water and changed after 2 days of work on the machine. 70 μL 

of the solution containing the ligand were placed in a small Eppendorf and then located 

in the dedicated position of the instrument. The experiments were set up using the 

MicroCal PEAQ-ITC Control Software through modification of the stir speed (750 

rpm), initial delay (s), number of injections, volume (µL) and duration (s) of each 

injection (s) and the spacing between them (s). The temperature was 298K and the 

Reference Power (µcal/s) was set at a value of 10.  

During the automated experiments, small amounts of the sugar solution (from 1 up to 

3 μL) were withdrawn and added into the cell containing the protein solution. Since 

the released or absorbed heat is measured at each titration point by the instrument, 

binding constants (KD), the reaction stoichiometry (n), the enthalpy (∆H) and the 

entropy (∆S) of the recognition process can be accurately determined. The analysis of 

the curves was performed with MicroCal Origin 7 Analysis Software. KDs and the 

corresponding thermodynamic parameters were obtained from the fit of the titration 

profile to a single-site binding and to a sequential binding model.  

 

7.6 Cryo-EM  

The Cryo-EM experiments described in Chapter 4 were performed at the Electron 

Microscopy and Macromolecular Crystallography Platform of CIC bioGUNE under 

the supervision of Professor Nicola Abrescia and Dr. Isaac Santos. Different samples 

were prepared as follows: 

 

 Galectin-3 CRD at 0.5 mg/mL; 

 Galectin-1 at 0.5 mg/mL; 

 Ligand 4 at 0.17 mg/mL; 

 Galectin-3 CRD at 0.5 mg/mL with ligand 4 at 0.17 mg/mL (ratio 1:5); 

 Galectin-1 at 0.25 mg/mL and ligand 4 at 0.13 mg/mL (ratio 1:5). 

 

In all cases, the buffer was PBS 1X with pH 7.4. 4 µL of each sample were pipetted 

onto R2/2 cupper 300-mesh (Quantifoil) grids prior to vitrification. The grids had 

previously been plasma-cleaned, using the BAL-TEC MED 020 coating system. The 
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samples were vitrified using a Leica EM GP2 plunge freezer by preincubating them in 

a chamber at 95% of humidity and 281K for 30 s (blotting conditions: 1.5 s and 43 mm 

of offset). The images were acquired with a JEM-2200FS/CR (JEOL Ltd., Tokyo, 

Japan) electron microscope, operating at 200 kV at liquid nitrogen temperature, and 

equipped with a K2 Summit direct detection camera (Gatan, Inc., Pleasanton, CA, 

USA). Dose fractionated movies were recorded with the Gatan Digital MicrographTM 

software and the motion correction of frames was achieved within the same software. 

The movies were collected at a defocus range from -1.8 µm to -3.0 µm with a final 

dose of ~40 e–/Å2 at a nominal magnification of 30,000X, producing a pixel size of 

1.28Å at the specimen. 

 

7.7 Dynamic Light Scattering (DLS)  

The Dynamic Light Scattering (DLS) measurements reported in Chapter 4 were carried 

out using a Malvern Nano-S Zeta-Sizer spectrometer (Malvern Instruments, 

Worcestershire, UK). The hydrodynamic radii of different mixtures were measured by 

quasi-elastic light scattering employing standard acryl-cuvettes. The employed 

galectin samples were: 

 

 Galectin-3 CRD at 0.5 mg/mL; 

 Galectin-1 0.5 at mg/mL; 

 Galectin-3 CRD at 0.5 mg/mL and ligand 4 at 1.5 mg/mL (ratio 5:1); 

 Galectin-1 0.5 mg/mL and ligand 4 at 1.5 mg/mL (ratio 5:1). 

 

All samples were suspended in PBS 1X buffer pH 7.4 and the experiments were 

acquired at RT.  

 

7.8 Yeast Agglutination Assay  

A yeast agglutination assay was performed to test the ability of the E. coli strains 

presented in Chapter 6 to prevent the FimH-mediated yeast agglutination. [26] Thus, 

common baker’s yeast (Saccharomyces cerevisiae) was suspended in PBS at a 

concentration of 10 mg/mL. Bacterial strains were grown overnight at 310K on LB 
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broth without agitation, washed, and re-suspended in PBS at an OD600 value of 1. Equal 

volumes of yeast cell suspension and two-fold serial dilutions of E. coli strain 

suspensions in PBS were mixed in a 96-well plate and incubated at RT for 2 h. 

Agglutination was followed and monitored visually.  

 

The procedure was repeated in presence of the ligands to determine the minimal 

concentration of test compound (MIC, Minimal Inhibitory Concentration) able to 

inhibit yeast agglutination induced by wild-type E. coli CFT073 strain.  

90 μL of bacterial suspension were transferred on a 96-well microplate and mixed with 

10 μL of two-fold serial dilutions of the target compound in PBS (31-500 μM final 

concentration) for 10 min under orbital shaking. Equal volumes (100 μl) of yeast cell 

suspension were mixed to each well and the plates were incubated at RT for 2 h. 

Agglutination was monitored visually, and the MIC was obtained from the lowest 

concentration of each molecule that was still able to inhibit the yeast agglutination. All 

experiments were repeated three times.  

 

7.9 Fluorescence Activated Cell Sorting (FACS)  

The FACS experiments described in Chapter 6 were performed with the knock outs of 

the HEK293 suspension cells (KO mgat1/c1galt1, KO mgat1/b4galt5/6 and KO 

c1galt1/b4galt5/6). Those cells were tested for their ability to bind a selected variety 

of NHS-fluorescein labelled galectins through flow cytometry.  

 

The cell lines were grown in suspension culture until a density of 0.5–2 106 cells/ml 

was reached. Trypan blue staining was used to assess cell viability and only the cell 

cultures with at least 90% of viability were considered for the experiment.  

The preparation of the cells was different for the untreated cells and for those treated 

with neuraminidase. In both cases the cells were always kept in ice:  

 Untreated cells: cells were collected and centrifuged for 3 minutes at 500 g, 

then washed with 2 mL of PBS pH 7.4. 200 mM of lactose were added (Sigma) 

to remove bound endogenous galectins or binders. This addition was followed 

by two additional washes with PBS. The final pellet was suspended in the 

required volume to set up a 96-well plate with 0.4 x 106 cells in each well. 
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 Cells treated with neuraminidase: cells were collected and centrifuged for 5 

min at 500 g. The pellet was re-suspended in PBS with 1% BSA containing 

150 mU/mL of neuraminidase. The preparation was incubated at 310K with 

rotation for 30 minutes. The cells were then centrifuged at 500 g for 3 min and 

the pellet was re-suspended in 5 mL of PBS + 1% BSA, with 200 mM of 

lactose (Sigma). They were then washed twice with PBS + 1% BSA to remove 

the lactose excess. The final pellet was suspended in the required volume to 

set up a 96-well plate with 0.4 x 106 cells in each well.  

 

The labelling of galectins had previously been achieved in the CCG center using NHS-

fluorescein (ThermoFisher Scientific), a fluorophore that is excited at 494 nm and 

emits at 518 nm. Briefly, the NHS esters react with primary amino groups (-NH2) at 

pH 7-9, forming stable amide bonds. The NHS-fluorescein, dissolved in DMSO, was 

directly added at a 10-fold molar excess to a 2 mg/ml of galectin solution dissolved in 

the coupling buffer (20 mM HEPES). The mixture was kept in the dark and incubated 

at RT with continuous mixing for 1 h. The labelled galectins were separated from 

unreacted dye by buffer exchange with PBS on a PD10 column (GE Healthcare). The 

degree of labelling was calculated according to the manufacturer's instructions.  

 

Round-shaped 96-well plates (ThermoFisher Scientific Nunclon Delta surface) were 

seeded with 200 µL of cell suspension (following the plate-tables reported in Figure 

7.4) and then spun down (400 g for 5 minutes). During the entire preparation of the 

plates, they were always maintained on ice. The pellet on the bottom of the wells was 

re-suspended with the adequate solution depending on the organization of the plate.  

Plate 1 and plate 2 were incubated 1 h with the NHS-fluorescein labelled galectins (re-

suspended in PBS 1X pH 7.4, with or without 200 mM of lactose, depending on the 

map). The galectins were then employed at final concentrations of 0, 1, 2, 4, and 8 µM.  

After the incubation with galectins, the cells were washed twice and then 50 μg/mL of 

propidium iodide (PI, Life Technologies, Inc.) were added to identify the permeable 

cells. The use of PI allows testing the cell viability through dye exclusion, since living 

cells have membranes that are intact and exclude a variety of dyes that easily penetrate 

the damaged, permeable membranes of non-viable cells. In particular, PI binds to 
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double stranded DNA by intercalating between base pairs; it is excited at 488 nm and 

emits at a maximum of 617 nm. It can be used in combination with other fluorochromes 

excited at 488 nm. 

After PI addition, plates 1 and 2 were ready for the flow cytometry experiments.  

For plate 3, the cells were incubated at 277 K for 30 min under shaking with 1:1000 

biotinylated-control lectins:  

 Biotinylated Peanut Agglutinin (PNA) with stock concentration of 2 mg/mL 

(Vector Laboratories). 

 Biotinylated Vicia Villosa (VVA) with stock concentration of 2 mg/mL 

(Vector Laboratories). 

 Biotinylated Phaseolus Vulgaris Leucoagglutinin (PHA-L) with stock 

concentration of 2 mg/mL (Vector Laboratories). 

 

Plate 3 was subsequently washed twice with PBS and incubated with 1:1000 

streptavidin (Invitrogen, stock 2 mg/mL) at 277 K for 30 minutes with shaking. The 

plate was washed twice and the pellet was finally re-suspended in 100 μL of PBS + 

1% BSA right before flow analysis.  

 

The fluorescence cytometry experiments were performed using an LSRII cytometer 

(BD Biosciences) and the data were analysed using the FlowJo software. Fluorescence 

data were collected using logarithmic amplification on 30,000 light scatter-gated 

events (cell counts). 
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Figure 7.4. Organization of the 96-well plates  used to perform the cytofluorimetry 

experiments.  
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8.1 General Conclusions  

The detailed conclusions of the works discussed in this Thesis are reported at the end 

of Chapters 3, 4, 5, and 6.  

 

1. From a global perspective, the structural and dynamics features of the 

interaction between a variety of lectin-sugar systems have been herein 

deciphered at atomic detail employing a plethora of complementary 

experimental techniques assisted by computational methods.  

 

2. The recognition of the histo blood group saccharide antigens by the dimeric 

galectin-1 has been decoded using a combination of ITC, MD and NMR 

methodologies. An affinity decrease was detected when passing from the 

LacNAc disaccharide to the more complex tri- and tetrasaccharide antigens. 

The ITC analysis highlighted that the binding events occur with negative 

cooperativity and that are always favoured by entropy. NMR and MD 

demonstrated the presence of concerted motions of the protein related with 

allostery. Such phenomenon was noticed only upon LacNAc binding, while 

no concerted clustered residues were detected in other cases (galectin-1 with 

lower affinity binders or galectin-3 with LacNAc). These results provide 

insights into the functional role of the dimeric architecture of the lectin. 

 

3. The interaction of two human galectins of biomedical interest (galectin-1 and 

the CRD of galectin-3) with a panel of glycopolymers has been deeply 

analysed.  The detailed picture of the recognition event has been provided at 

different degrees of resolution using NMR, DLS, and cryo-EM. Those 

particular glycopolymers bring a clear discrimination between the galectins, 

being galectin-1 the preferred receptor. Cryo-EM results visually testify that 

different networks are formed by the monomeric and dimeric galectins with 

the glycoclusters and confirm the presence of cross-linked intermolecular 

entities mediated by the prototype galectin. This selectivity based on the 

structure of a multivalent molecule paves the way to the development of 

compounds of biomedical interest.  
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4. The fine details of the recognition processes taking place in solution between 

the C-type lectin LSECtin and a variety of N-glycans has been unravelled by 

NMR. The results obtained in solution strongly differ from those obtained 

when the N-glycans are immobilized on a solid surface. In fact, under array 

conditions, substitutions in the 3-arm of biantennary N-glycans completely 

abrogate the binding to LSECtin, whereas the same substitution at the 6-arm 

is tolerated. On the contrary, in solution both substitutions are equally accepted 

without precluding the binding. This dramatic difference is due to the different 

presentation of the epitopes under immobilized settings, highlighting how 

different techniques can influence the final outcome. This compelling example 

points out the tremendous difficulty of translating in vitro results to the in vivo 

environment. 

 

5. A compendium of promising results obtained adopting in-cell and on-cell 

strategies have been presented, emphasising how the standard reductionistic 

approach employed in chemistry labs has to be complemented with 

experiments towards the natural-like context.  
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9.1 Supporting Information of Chapter 3  

 

Figure 9.1. STD of galectin-1 (50 μM) and LacNAc (2.5 mM). A) Off-resonance and STD 

spectra (irradiation at 0.83 ppm). B) Relative STD-AF intensities and STD percentage for the 

most intense and non-overlapped proton signals. Data calculated on the basis of the STD 

experiment. C) Representation of the epitope mapping obtained for aliphatic irradiation with 

the corresponding color legend.  

 

Figure 9.2. STD of galectin-1 (50 μM) and Galili (2.5 mM). A) Off-resonance and STD spectra 

(irradiation at 0.83 ppm). B) Relative STD-AF intensities and STD percentage for the most 

intense and non-overlapped proton signals. Data calculated on the basis of the STD experiment. 

C) Representation of the epitope mapping obtained for aliphatic irradiation with the 

corresponding color legend.  
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Figure 9.3. STD of galectin-1 (50 μM) and H type-II antigen (6.9 mM). A) Off-resonance 

(irradiation at 100 ppm) and STD spectra (irradiation at 7.76 ppm or 0.65 ppm). B) STD 

spectrum with irradiation at 0.65 ppm (on the left) and at 7.67 ppm (on the right) compared 

with the STD of the ligand alone in the same experimental conditions (H type-II at 6.9 mM). 

C) Relative STD-AF intensities and STD percentage for the most intense and non-overlapped 

proton signals. Data calculated based on the STD experiments. D) Representation of the epitope 

mapping obtained for aliphatic irradiation with the corresponding color legend.  
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Figure 9.4. STD of galectin-1 (50 μM) and B type-II antigen (5 mM). A) Off-resonance 

(irradiation at 100 ppm) and STD spectra (irradiation at 7.67 ppm and at 0.55 ppm). B) STD 

spectrum of with irradiation at 0.55 ppm (on the left) and at 7.67 ppm (on the right) compared 

with the STD of the ligand alone in the same experimental conditions (B type-II at 5 mM). C) 

Relative STD-AF intensities and STD percentage for the most intense and non-overlapped 

proton signals. Data calculated based on the STD experiments. D) Representation of the epitope 

mapping obtained for the aliphatic irradiation with the corresponding color legend.  
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Figure 9.5. A) Superposition of the 1H-15N HSQC spectrum of galectin-1 in the apo form 

(black) and in presence of 10 equivalents of LacNAc (blue). B) CSP of backbone amides of 

galectin-1 upon addition of LacNAc (10 equivalents). C) Crystal structure of galectin-1 

complexed with LacNAc (PDB ID: 1W6P). The most perturbed amino acids are highlighted 

on the protein structure using dark (Δδ > 2) and light (Δδ =1-2) colors.  

 

Figure 9.6. A) Superposition of the 1H-15N HSQC spectrum of galectin-1 in the apo form 

(black) and in presence of 10 equivalents of Galili (green). B) CSP (in green) of backbone 

amides of galectin-1 upon addition of Galili (10 equivalents). CSP values for LacNAc are 

reported in black as comparison. C) Crystal structure of galectin-1 (PDB ID: 1GZW) with Galili 

modeled in the binding site. The most perturbed amino acids were highlighted on the protein 

structure using dark (Δδ > 2) and light (Δδ =1-2) colors. 
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Figure 9.7. A) Superposition of the 1H-15N HSQC spectrum of galectin-1 in the apo form 

(black) and in presence of 10 equivalents of H type-II (orange). B) CSP (in orange) of 

backbone amides of galectin-1 upon addition of H type-II (10 equivalents). CSP values for 

LacNAc are reported in black as comparison. C) Crystal structure of galectin-1 (PDB ID: 

1GZW) with H type-II modeled in the binding site. The most perturbed amino acids were 

highlighted on the protein structure using dark (Δδ > 2) and light (Δδ =1-2) colors. 

 

Figure 9.8. A) Superposition of the 1H-15N HSQC spectrum of galectin-1 in the apo form 

(black) and in presence of 10 equivalents of B  type-II (magenta). B) CSP (in magenta) of 

backbone amides of galectin-1 upon addition of B type-II (15 equivalents). CSP values for 

LacNAc are reported in black as comparison. C) Crystal structure of galectin-1 (PDB ID: 

1GZW) with B type II modeled in the binding site. The most perturbed amino acids were 

highlighted on the protein structure using dark (Δδ > 2) and light (Δδ =1-2) colors. 
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9.2 Supporting Information of Chapter 4 

 
 

Figure 9.9. STD of galectin-1 and ligand 2. A) Sample: galectin-1 100 μM, 2 3 mM (ratio 

lectin:ligand = 1:30). Off-resonance (irradiation at 100 ppm) and STD spectra (irradiation at 

0.0, -0.5 and -1 ppm, 50×).  B) Relative STD-AF intensities and STD percentage for each proton 

signal calculated on the basis of the relative experiment.  

 

 

STD irradiation at 0.0 ppm

Off resonance spectrum

STD irradiation at-0.5 ppm

STD irradiation -1 ppm

A)

Residue Atom STD-AF STD %

GlcNAc H1 0.0108 35%

H2 0.0156 50%

H3 - -

H4 0.0119 38%

H5 - -

H6, H6’ - -

Ac 0.023 74%

Galβ H1 - -

H2 0.022 71%

H3 0.022 71%

H4 0.024 77%

H5 0.031 100%

H6s 0.031 100%

scaffold 1, 1’, 1’’ 0.012 38%

2 0.008 25%

3 0.01 32%

4, 4’ 0.01 32%

5 0.008 25%

6, 6’ 0.005 16%

7, 7’ 0.01 32%

-0.5 ppm

Residue Atom STD-AF STD %

GlcNAc H1 0.014 30%

H2 0.0232 49%

H3 - -

H4 0.016 34%

H5 - -

H6, H6’ - -

Ac 0.034 78%

Galβ H1 - -

H2 0.03 63%

H3 0.03 63%

H4 0.038 80%

H5 0.047 100%

H6s 0.047 100%

scaffold 1, 1’, 1’’ 0.02 42%

2 0.01 21%

3 0.012 25%

4, 4’ 0.012 25%

5 0.011 23%

6, 6’ 0.006 12%

7, 7’ 0.012 25%

0.0 ppm

Residue Atom STD-AF STD %

GlcNAc H1 0.0078 35%

H2 0.011 50%

H3 - -

H4 0.009 45%

H5 - -

H6, H6’ - -

Ac 0.016 72%

Galβ H1 - -

H2 0.016 72%

H3 0.016 72%

H4 0.017 77%

H5 0.022 100%

H6s 0.022 100%

scaffold 1, 1’, 1’’ 0.008 36%

2 0.007 31%

3 0.009 40%

4, 4’ 0.009 45%

5 0.007 31%

6, 6’ 0.005 22%
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Figure 9.10. STD galectin-1 and ligand 3. A) Sample: galectin-1 100 μM, 3 3 mM (ratio 

lectin:ligand = 1:30). Off-resonance (irradiation at 100 ppm) and STD spectra (irradiation at 

0.0, -0.5 and -1 ppm, 50×). B) Relative STD-AF intensities and STD percentage for each proton 

signal calculated on the basis of the relative experiment.  
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6, 6’ 0.009 18%

6’’ 0.01 20%

7, 7’ 0.0073 15%

7’’ 0.012 25%

0.0 ppm -1 ppm

Residue Atom STD-AF STD %

GlcNAc H1ext 0.01 31%

H1int 0.014 45%

H2ext 0.015 48%

H2int 0.016 52%

H3 - -

H4 0.012 38%

H5 - -

H6, H6’ - -

Acext 0.023 74%

Acint 0.031 100%

Galβ H1 - -

H2 0.019 61%

H3 0.019 61%

H4 0.02 64%

H5 0.027 87%

H6s 0.027 87%

scaffold 1, 1’, 1’’ 0.013 42%

2 0.012 38%

3 0.019 61%

4, 4’ 0.007 22%

6, 6’ 0.0075 24%

6’’ 0.009 29%

7, 7’ 0.007 22%

7’’ 0.009 29%

Residue Atom STD-AF STD %

GlcNAc H1ext 0.005 31%
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Figure 9.11. STD galectin-3 CRD and ligand 2. A) Sample: galectin-3 CRD 50 μM, 2 1.5 mM 

(ratio lectin:ligand = 1:30). Off-resonance (irradiation at 100 ppm) and STD spectra (irradiation 

at 0.0, -0.5 and -1 ppm, 50×).  B) Relative STD-AF intensities and STD percentage for each 

proton signal calculated on the basis of the relative experiment.  
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Figure 9.12. STD galectin-3 CRD and ligand 3. A) Sample: galectin-3 CRD 50 μM, 3 1.5 mM 

(ratio lectin:ligand = 1:30). Off-resonance (irradiation at 100 ppm) and STD spectrum 

(irradiation at -0.5, 50×).  B) Relative STD-AF intensities and STD percentage for each proton 

signal calculated on the basis of the experiment.  
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9.3 Supporting Information of Chapter 5 

 
Figure 9.13. LSECtin:disaccharide titration. Stacked 1H-NMR spectra acquired during the 

titration of disaccharide GlcNAcβ1-2Man to a sample containing LSECtin CRD (120 µM in 

deuterated buffer). The relative lectin:ligand ratios are reported above each spectrum. 

Expansion of the low field region of the spectra (aromatic region) with signal suffering strong 

changes during the titration highlighted. 

 

Figure 9.14. LSECtin:non-elongated N-glycan (G0) titration. Stacked 1H-NMR spectra 

acquired during the titration of G0 to a sample containing LSECtin CRD (120 µM in deuterated 

buffer).  The relative lectin:ligand ratios are reported above each spectrum. Expansion of the 

low field region of the spectra (aromatic region) with signal suffering strong changes during 

the titration highlighted. 
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Figure 9.15. LSECtin:LDN3/LDN6 N-glycan titration. Stacked 1H-NMR spectra acquired 

during the titration of asymmetric N-glycans (on the top LDN3 and on the bottom LDN6; 

amounts of equivalents reported for each spectrum). LSECtin CRD was employed at a 

concentration of 82 µM in deuterated buffer. Expansion of the low field region (aromatic 

region) of the spectra with signal suffering strong changes during the titration highlighted. 
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Figure 9.16. 2D ROESY NMR of LSECtin and G0 glycan. Lectin:ligand molar ratio employed 

was 1:10 (being LSECtin CRD at a concentration of 120 μM). ROESY-NMR experiment 

acquired with 150 ms of mixing time. Chemical exchange-mediated crosspeaks of the ligand 

protons are pointed with arrows.  

Figure 9.17. EXSY Calculation for LSECtin/Disaccharide and LSECtin/G0 systems. Both 

rates are faster for the disaccharide. 




