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RESUME  

La galectine humaine 7 (GAL-7) est à la fois une protéine protumorale (sein, ovaires, etc.) 

et antitumorale (côlon, prostate, etc.) prototypique caractérisée par une architecture moléculaire 

homodimérique et un site de liaison pour les β-galactosides (GBS). En formant un réseau 

extracellulaire de galectines-glycoprotéines via le GBS ou en établissant des interactions 

indépendantes du GBS avec d'autres protéines intracellulaires, GAL-7 régule l'apoptose, 

l'adhésion et la migration cellulaire, la différenciation cellulaire et la prolifération. Depuis plusieurs 

années, de nombreux efforts ont été consacrés à la conception d'inhibiteurs de galectines se liant 

au GBS en utilisant des molécules à base de glycanes, afin de perturber l'interaction entre GAL-

7 et les récepteurs glycosylés dans le traitement de cancers associés à son rôle protumoral. 

Cependant, cette stratégie s’est avérée inefficace pour cibler les fonctions indépendantes du GBS 

de GAL-7, en plus de comporter un risque élevé d'effets hors cible en raison de la grande 

homologie entre les GBS de différentes galectines homologues. Ainsi, de nouvelles approches 

visant le développement d’inhibiteurs sélectifs de GAL-7 sont souhaitables. La modulation 

allostérique étant reconnue comme étant plus sélective et parfois plus efficace que l’inhibition 

orthostérique traditionnelle, elle s’avère une approche prometteuse dans l’optique d’une 

modulation fonctionnelle des galectines. Or, la conception d’inhibiteurs allostériques rationnelle 

requiert le développement et l’application de méthodes permettant la caractérisation de sites 

allostériques potentiels. Une étude précédente a révélé l'existence d'une coopérativité positive à 

longue distance entre chaque GBS des deux protomères de GAL-7, maintenue par des 

interactions électrostatiques entre les résidus opposés de l'interface homodimérique. Nous avons 

ainsi soulevé l’hypothèse que l'activité protumorale de GAL-7 puisse être allostériquement 

modulée par des résidus de l’interface dimérique. Ainsi, l’objectif de la présente recherche vise à 

prédire et à caractériser les potentiels sites de modulation allostérique situés à l’interface 

dimérique de GAL-7 en lien avec son activité apoptotique. Pour ce faire, des tests d’apoptose 

cellulaire, de résolution de structure par cristallographie aux rayons X, de caractérisation 

biophysique et de prédictions bioinformatiques ont été effectués. En étudiant trois régions 

physicochimiques différentes de l'interface homodimérique de GAL-7, nous avons démontré que 

différentes positions de l'interface dimérique peuvent être ciblées pour moduler négativement ou 

positivement l'activité pro-apoptotique de GAL-7. La déstabilisation de l’interface homodimérique, 

la perturbation de la communication inter-protomérique et la régulation dynamique sont autant de 

mécanismes moléculaires distincts qui modulent la structure et la fonction de cette protéine 



  ix 

tumorale. À la lumière de ces connaissances, des pistes pertinentes pourront être établies dans 

le but d’améliorer la conception de modulateurs allostériques négatifs ou positifs visant le 

traitement personnalisé de pathologies selon l’effet souhaité. 

Mots-clés: galectine-7 humaine, modulation allostérique, site de liaison des β-galactosides (GBS), 

activité pro-tumorale, activité anti-tumorale, interface dimérique, apoptose, caractérisation  

biophysique, modélisation moléculaire, cristallographie aux rayons X, dynamique des protéines.  
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ABSTRACT 

Human galectin 7 (GAL-7) is both a prototypical protumoral (breast, ovarian, etc.) and 

antitumoral (colon, prostate, etc.) protein characterized by a homodimeric molecular architecture 

and a binding site for β-galactosides (GBS). By forming an extracellular galectin-glycoprotein 

network via its GBS or by establishing GBS-independent interactions with other intracellular 

proteins, GAL-7 regulates apoptosis, cell adhesion and migration, cell differentiation, and 

proliferation. For several years, numerous efforts have been devoted to the design of GBS-binding 

galectin inhibitors using glycan-based molecules to disrupt the interaction between GAL-7 and 

glycosylated receptors in the treatment of cancers associated with its protumoral function. 

However, this strategy has proven ineffective for targeting GBS-independent functions of GAL-7, 

in addition to carrying a high risk of off-target effects due to the high homology between GBSs of 

different homologous galectins. Thus, new approaches aimed at the development of selective 

GAL-7 inhibitors are desirable. As allosteric modulation is known to be more selective and 

sometimes more efficient than traditional orthosteric inhibition, it is a promising approach for 

functional modulation of galectins. However, the design of rational allosteric inhibitors requires 

the development and application of methods to characterize potential allosteric sites. A previous 

study revealed the existence of positive long-range cooperativity between each GBS of the two 

GAL-7 protomers, maintained by electrostatic interactions between opposite residues at the 

homodimeric interface. We thus hypothesized that the protumoral activity of GAL-7 may be 

allosterically modulated by residues of the dimer interface. Therefore, the objective of the present 

research is to predict and characterize potential allosteric modulation sites located at the dimer 

interface of GAL-7 in relation to its apoptotic activity. To this end, cellular apoptosis, structure 

resolution by X-ray crystallography, biophysical characterization, and bioinformatics predictions 

were performed. By studying three different physicochemical regions of the GAL-7 homodimeric 

interface, we demonstrated that different positions of the dimer interface can be targeted to 

negatively or positively modulate the pro-apoptotic activity of GAL-7. Destabilization of the 

homodimeric interface, disruption of inter-protomeric communication, and dynamic regulation are 

distinct molecular mechanisms that modulate the structure and function of this tumor protein. In 

light of this knowledge, relevant avenues can be established to improve the design of negative or 

positive allosteric modulators for the development of personalized treatment of pathologies with 

desired effects. 
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SOMMAIRE RECAPITULATIF 

Puisque les galectines jouent un rôle critique dans le cancer (Chou et al., 2018; Dubé-

Delarosbil et al., 2018; Girotti et al., 2019; Labrie et al., 2014; Liu et al., 2005; Wdowiak et al., 

2018) de nombreuses études se sont concentrées sur la synthèse d'inhibiteurs de galectines pour 

le traitement du cancer (Chou et al., 2018; Girard et al., 2018; Sörme et al., 2003). Malgré plus 

de deux décennies consacrées à ce domaine, la lente progression n’a permis le développement 

que de six composés ciblant les GAL-1, -3 ou -9, qui sont soumis à des essais cliniques (Chou 

et al., 2018; Girard et al., 2018). Par conséquent, peu de types de cancers associés aux 

galectines pourraient actuellement être traités sur la base de leur inhibition. Il est donc essentiel 

de consacrer des efforts à la synthèse d’inhibiteurs d’autres galectines. Dans le présent 

travail, nous nous sommes concentrés sur l'étude de GAL-7, car cette galectine représente 

une nouvelle cible potentielle pour le traitement du cancer du sein triple négatif (TNBC), qui est 

difficile à reconnaître et à éradiquer en raison de l'absence de trois récepteurs spécifiques : 

ER-, PR-, HER2- (Demers et al., 2010; Grosset et al., 2014, 2016; Wu et al., 2021). GAL-7 est 

une galectine prototypique caractérisée par un site de liaison aux β-galactosides (GBS) 

(Leonidas et al., 1998). En effet, la surexpression de GAL-7 chez les cellules cancéreuses 

du sein favorise non seulement la résistance de ces cellules à l’apoptose, mais également 

l'apoptose des cellules T activées, en formant une matrice galectine-glycoprotéine 

extracellulaire à la surface des cellules T (Demers et al., 2010; Grosset et al., 2014, 2016; 

St-Pierre, 2012). Depuis les premières tentatives d’inhibition il y a désormais 16 ans, le 

développement d'un inhibiteur de GAL-7 est principalement axé sur des composés à base de 

sucre et de petites molécules visant à perturber les interactions des glycorécepteurs (Cumpstey 

et al., 2005; Masuyer et al., 2012; Salameh et al., 2006). Étant donné la grande similarité entre 

les GBS de différents homologues de galectines, cette stratégie est confrontée à des effets 

non ciblés, incluant des effets d’inhibition non-spécifiques ciblant d’autres galectines ayant 

une activité antitumorale bénéfique, notamment GAL-4 et GAL-9 (Morishita et al., 2021; 

Satelli et al., 2011; Tadokoro et al., 2016). De plus, ces inhibiteurs sont inefficaces pour 

perturber les interactions indépendantes du GBS, telle que l’interaction intracellulaire 

entre GAL-7 et BCL-2, qui semble moduler l’apoptose cellulaire (Villeneuve et al., 2011). Une 

approche alternative doit donc être élaborée pour développer de nouveaux inhibiteurs efficaces 

et spécifiques à GAL-7.  

Il a été démontré que les modulateurs allostériques sont plus sélectifs et efficaces que les 

inhibiteurs ciblant le site actif (Wenthur et al., 2014). Ainsi, cibler les régions non-GBS de GAL-7 
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permettrait de moduler spécifiquement des activités dépendantes et indépendantes du GBS de 

GAL-7. En appui à cette direction, malgré une structure tertiaire globalement similaire, 

l'architecture oligomérique des galectines humaines est différente entre elles (Kamitori, 2018). 

Ceci suggère donc que cibler l'interface homodimérique améliorerait la spécificité d’un inhibiteur 

de GAL-7. De plus, l’oligomérisation est importante pour la formation d’un réseau galectine-

glycoprotéine qui lui permet de contrôler de multiples processus cellulaires associés à la 

progression du cancer (Boscher et al., 2011; Brewer, 2002; Sacchettini et al., 2001). En outre, 

Ermakova et al. ont montré que la liaison au lactose induit une coopérativité positive à longue 

distance en traversant l'interface du dimère entre les deux GBS sur les protomères opposés de 

GAL-7 (Ermakova et al., 2013). Pour toutes ces raisons, des peptides interférant avec le dimère 

de GAL-7 (dimer interfering peptides, ou DIPs) ont été récemment développés pour modifier la 

stabilité du dimère ainsi (Boscher et al., 2011; Brewer, 2002; Sacchettini et al., 2001) que la 

fonction de la protéine (Vladoiu et al., 2015). Parmi les DIPs conçus, il a été démontré que le 

peptide hGAL-7(129-135) diminue avec succès l'activité proapoptotique dépendante du GBS de 

GAL-7 sur les cellules T Jurkat en perturbant l'équilibre d'interaction monomère-monomère en 

solution. Cependant, la majorité des DIPs possèdent une faible affinité pour GAL-7 (mM) et une 

faible solubilité, ce qui limite significativement leur application thérapeutique. Dans le but 

d'améliorer la conception des DIPs, il est donc nécessaire de mieux comprendre le rôle de chaque 

résidu appartenant à l'interaction homodimérique dans la régulation de l'activité de GAL-7. Tous 

ces résidus de l’interface de l’homodimère sont-ils impliqués dans le contrôle de l'activité de GAL-

7 ? Contrôlent-ils de manière allostérique l'activité dépendante du GBS ? Quelles positions 

doivent être ciblées ou évitées pour moduler l'activité de GAL-7 de manière négative ou positive 

? Pour répondre à toutes ces questions, nous avons caractérisé le mécanisme moléculaire de 

l'interaction de l'homodimère modulant l'activité proapoptotique dépendante du GBS chez GAL-

7. 

En partant de l'hypothèse que la force d'interaction du dimère pourrait moduler l'activité 
proapoptotique de GAL-7 (hypothèse 1), l'article "Perturbing dimer interactions and 
allosteric communication modulates the immunosuppressive activity of human galectin-
7" (Pham et al., 2021) a présenté une analyse in silico en utilisant les algorithmes PoPMuSiC et 

BeAtMuSiC dans le but de prédire la formation d’un pont disulfure covalent (G16C) et une 

mutation déstabilisante (G16S) pour contrôler la force de l’interaction protomère-protomère. Afin 

d'évaluer l'impact de ces mutations sur l'activité de GAL-7, nous avons effectué un test d'apoptose 

sur des cellules T Jurkat en collaboration avec le laboratoire du Prof. Yves St-Pierre. 

Parallèlement, des techniques biophysiques de thermophorèse (MST), de dichroïsme circulaire 
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(CD) et de titrage calorimétrique isotherme (ITC) ont été utilisées pour évaluer la force de

l’interaction homodimérique, la stabilité et l’affinité des mutants de GAL-7 envers lactose. La

cristallographie aux rayons X et des simulations de dynamique moléculaire ont également été

effectuées en collaboration avec le laboratoire du Prof. Patrick Lagüe afin d’évaluer l’effet

perturbateur de ces mutations sur le changement structural et la transmission allostérique entre

les protomères de GAL-7 et ses deux sites GBSs. À partir des résultats de simulations, nous

avons établi le premier réseau allostérique de GAL-7, permettant d'identifier les voies

allostériques potentielles qui relient les GBS au sein de chaque protomère. La reconnaissance

de ces voies allostériques a illustré la coopérativité positive entre les deux GBSs précédemment

suggérée (Ermakova et al., 2013). En général, nos résultats ont démontré que malgré la

conservation de la structure globale, de l'affinité de liaison au lactose pour les mutants G16X, et

même des voies allostériques reliant les deux GBS chez GAL-7, l'activité proapoptotique de la

protéine pouvait être modulée positivement ou négativement via le renforcement ou

l'affaiblissement de la force de l'homodimérisation.

Dans le manuscrit "Allosteric network analysis in galectin-7 uncovers key residues 
controlling communication between two opposite glycan binding sites ", nous avons étudié 

l'impact de la perturbation de la communication interprotomère mise en évidence dans l'analyse 

de réseau de l'étude précédente (Pham et al., 2021) sur la fonction de GAL-7. L'analyse des 

réseaux allostériques de GAL-7 avait précédemment suggéré que R20, R22 et D103 étaient 
importants pour maintenir la communication entre les deux protomères de GAL-
7 (hypothèse 2) (Ermakova et al., 2013). Par conséquent, nous avons caractérisé les 

conséquences de trois mutations simples R20A, R22A, D103A et d'une double mutation R20A-

R22A sur l'activité de GAL-7 et ses propriétés biophysiques, structurales et allostériques. Nos 

résultats ont démontré que malgré la préservation des structures globales de GAL-7 et de l'affinité 

de liaison au lactose, la réduction de la communication inter-protomérique et l'altération de la voie 

allostérique, ainsi que la déstabilisation de l'interaction homodimérique et de l'intégrité de la 

protéine causée par ces mutations ont empêché GAL-7 d'induire l'apoptose dans les cellules T 

Jurkat. Dans cette étude, nous avons également apporté une nouvelle approche pour évaluer le 

flux de la communication globale entre les deux GBS, en démontrant la diminution de la 

communication globale entre deux GBS chez tous les mutants.  

Dans les deux études précédentes, nous avons étudié l'impact de la perturbation de 

l'interaction des homodimères dans la région supérieure (R20, R22, D103) et centrale (F135, 

G16) (Pham et al., 2021) de l’interface homodimérique (Figure 5.1) de GAL-7. Pour obtenir une 
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image complète de la modulation de l'activité proapoptotique de GAL-7 à l’interface de 

l'homodimère, nous avons étudié les effets de la perturbation de l'interaction électrostatique de 

R14 et de D94/D95 (région inférieure de l'interface du dimère) sur l'activité proapoptotique de 

GAL-7. De plus, une étude précédente (Ermakova et al., 2013) a suggéré que le résidu R14 était 

possiblement impliqué dans le changement dynamique du GBS à l'interface du dimère. Cette 

observation suggère que la perturbation de l'interaction électrostatique entre R14 et les 
résidus D94 ou D95 peut modifier l'activité proapoptotique de GAL-7 (hypothèse 3). Afin de 

répondre à cette hypothèse, nous avons utilisé le test d'apoptose des cellules T Jurkat, la 

résolution de structure par cristallographie aux rayons X et la caractérisation biophysique des 

mutants. Nos résultats ont indiqué que la mutation D94A avait augmenté la capacité de GAL-7 à 

induire l'apoptose dans les cellules T Jurkat, alors qu'aucune altération de l’apoptose ne semble 

être causée par la mutation R14A. Cependant, nous avons observé un effet synergique des 

mutations R14A-R22A sur la modulation négative de l'activité proapoptotique de GAL-7. Cet effet 

pourrait s’expliquer par une déstabilisation de l'interaction homodimérique, une altération de la 

stabilité de la protéine, et/ou encore par la réduction de l'affinité de liaison du ligand pour R14A-

R22A. Néanmoins, l'augmentation de l'activité proapoptotique causée par D94A demeure 

inexplicable puisqu’aucune corrélation directe n’est observable entre cette activité et l'affinité de 

liaison au ligand, ou encore entre l'intégrité de l'homodimère et la stabilité de la protéine. Comme 

D94 et R14 sont situés sur des régions en boucle, leur mécanisme de modulation pourrait 

possiblement être impliqué dans la modulation de la dynamique liant les GBSs à l'interface du 

dimère (Ermakova et al., 2013). Pour confirmer cette hypothèse, des expériences de 

caractérisation biophysique et de dynamique moléculaire in silico pourraient être entreprises. 

En conclusion, nous avons démontré que les interactions des résidus au niveau de l'interaction 

du dimère jouent un rôle critique dans la modulation de l’activité proapoptotique de GAL-7. De 

manière intéressante, selon l'interaction de la paire de résidus ciblée, l’activité proapoptotique de 

GAL-7 peut être régulée négativement ou positivement en altérant différents mécanismes 

moléculaires. En effet, la perturbation de la région centrale de l'interface du dimère permet 

d'augmenter ou de diminuer l'activité proapoptotique de GAL-7 via le contrôle de la force 

d'interaction entre les protomères (Pham et al., 2021). L'altération de la région électrostatique 

supérieure de l'interface homodimérique permet de moduler négativement l'activité 

proapoptotique de GAL-7 en interrompant la communication allostérique entre protomères, ainsi 

qu'en réduisant l'affinité de l’interaction homodimérique. La perturbation de la région inférieure de 

l'interface du dimère semble quant à elle permettre l’amélioration ou l’altération de l'activité 

proapoptotique de GAL-7, probablement via la régulation dynamique de GAL-7 (Ermakova et al., 
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2013). Cependant, comme nous n’avons pas pu tester le remplacement de ces résidues par autre 

type d’acide amines, nous ne pourrions pas conclure que la perturbation à ces positions permet 

uniquement une modulation exclusivement positive ou négative de l’activité proapoptotique de 

GAL-7. Il est possible qu'un autre type de perturbation introduite à la même position puisse donner 

un effet complètement différent que la mutation vers alanine. En général, cibler les positions 20, 

22, 103, 16, 94, 14 pourrait permettre de moduler le GAL-7 proapoptotique. Le type de 

perturbation qui favorise la déstabilisation de l’intéraction homodimérique sur ces positions, à 

l'exception de la 94, pourrait réduire l'activité proapoptotique de GAL-7. Ces connaissances 

mettent en évidence de nouvelles voies pour la conception de modulateurs fonctionnels ciblant 

l'interface dimérique de GAL-7. 
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1 INTRODUCTION 

1.1 Context 

 In 2020, female breast cancer led the worldwide cancer incidence and mortality in women, 

with 2,261,419 cases and 684,996 deaths, respectively. It was also the most widespread cancer 

in women, occurring in 159 out of 185 countries and causing deaths in 110 countries (Sung et al., 

2021). Based on the presence or absence of different molecular markers [i.e. estrogen receptor 

(ER), progesterone receptor (PR), human epidermal growth factor receptor 2 (HER2)], along with 

the expression level of cellular proliferation marker KI-67, five breast cancer subtypes have been 

characterized: luminal A (ER+ or/and PR+, HER2-, low level of KI-67), luminal B (ER+ and/or 

PR+, high level of KI-67), triple-negative/basal-like (ER-, PR-, HER2-), HER2-enriched (ER-, PR-

, HER2+), and normal-like (similar to luminal A but with different expression profile). Among these 

subtypes, triple-negative breast cancer (TNBC), accounting for 10–20 % of all breast cancers 

(Triple-Negative Breast Cancer, 2021), is the hardest subtype to treat due to the lack of molecular 

targets (Wu et al., 2021). TNBC cells were found to overexpress galectin-7 (GAL-7), which not 

only helps these cells acquire resistance to apoptosis, but also leads to metastasis (Demers et 

al., 2010; Grosset et al., 2014, 2016; St-Pierre, 2012). It was shown that GAL-7 promotes cancer 

by inducing the expression of matrix metalloproteinase-9 (MMP-9), which plays a critical role in 

tumor growth and metastasis. GAL-7 is also known to trigger the transforming growth factor beta 

(TGF-β) signaling pathway and, like many other galectins, to induce killing of activated immune 

cells (Demers et al., 2005; Salatino et al., 2013; Sturm et al., 2004). Therefore, the development 

of specific inhibitors targeting GAL-7 potentially represents a promising target for the treatment of 

many cancers, particularly TNBC.   

 GAL-7 is a prototypical galectin characterized by a β-galactoside glycan binding site (GBS) 

and a homodimeric molecular architecture. At the cell surface, GAL-7 homodimers crosslink to 

various glycoconjugated receptors via their GBS and form a dynamic extracellular lattice that can 

modulate different cellular functions, including cell apoptosis, adhesion, differentiation, 

proliferation, and migration (Advedissian et al., 2017a; Nabi et al., 2015). Furthermore, GAL-7 

cellular modulation is also GBS-independent through interaction with the anti-apoptotic BCL-2 

regulator, or through binding with E-cadherin on epithelial cells (Advedissian et al., 2017b; 

Villeneuve et al., 2011).  

To this day, the development of GAL-7 modulators has almost exclusively favored GBS 

inhibition to perturb the interaction between GAL-7 and glycoreceptors (Cumpstey et al., 2005; 
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Denavit et al., 2018; Salameh et al., 2006). However, considering the high degree of homology 

among GBS residues in different galectin homologs, this glycan-based strategy to modulate 

galectin function generates off-target inhibitory effects, including on beneficial anti-tumorigenic 

galectins, e.g. GAL-4 and GAL-9 (Morishita et al., 2021; Satelli et al., 2011; Tadokoro et al., 2016). 

Moreover, GBS inhibitors cannot disrupt glycan-independent functions also promoted by GAL-7 

(Kuwabara et al., 2002; Labrie et al., 2015; Truong et al., 2007; Villeneuve et al., 2011). New 

approaches are thus required to develop effective and highly specific GAL-7 inhibitors. Among 

such strategies, targeting allosteric sites in proteins has been shown to offer better efficiency and 

selectivity than the design of orthosteric ligands (Wenthur et al., 2014). Interestingly, it has been 

proposed that evolution has favored stabilization of the oligomeric galectin architecture to improve 

ligand affinity and biological function (Konno et al., 2011; St-Pierre et al., 2018; Vasta, 2016). 

Accordingly, positive cooperativity between two GBSs on opposite protomers has been suggested 

to be functionally maintained via long-range allosteric communication through the dimer interface 

(Ermakova et al., 2013). This potential allosteric network remains largely uncharacterized but 

opens the possibility of allosterically modulating the activity of selected members of the galectin 

family. The present study aims to uncover the mechanistic details governing the link between 

allosteric communication and biological function in human GAL-7. 
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1.2 Overview of Galectins 

1.2.1 Galectin family and overall structure 

Galectins belong to a subfamily of animal lectins characterized by their conserved β-

galactoside binding site (GBS) within a carbohydrate recognition domain (CRD) of ~ 130-140 

amino acids (aa). The first vertebrate galectin was discovered in 1975 (Teichberg et al., 1975) 

and 19 mammal galectins have been identified to date. Among of them, 13 galectins were found 

in humans (galectin-1, -2, -3, -4, -7, -8, -9, -10, -12, -13, -14, -16, -17). Galectins are subdivided 

into three groups according to their quaternary structure: tandem repeat (galectin-4, -6, -8, -9, -

12), chimera (galectin-3), and prototype (galectin-1, -2, -5, -7, -10, -11, -13, -14, -15, -16, -17, -

19, -20) (Varki et al., 2015). Tandem repeat galectins have two different carbohydrate recognition 

domains (CRDs) covalently joined by a short peptide chain linker. The chimera galectin-3, existing 

as a monomer or as oligomeric state, has a CRD and a collagen-like N-terminus. Prototype 

galectins have two identical CRDs forming a non-covalent homodimer, with the exception of GAL-

13, which links its two protomers with disulfide bridges (Kamitori, 2018; Su et al., 2018) (Figure 

1.1A). 

Despite high variation in primary sequence identity among human galectin members, 

ranging from 6 % to 75 % (Figure 1.1B), these lectin-like proteins share high homology of their 

overall tertiary CRD structure (Figure 1.1D). The backbone root mean square deviation (RMSD) 

between representative galectin members is lower than 2Å, which indicates low dissimilarity 

(Figure 1.1C). The CRD is composed of antiparallel β-strands folded in a “jelly roll” motif. This 

protein fold consists of a concave sugar-binding face (S-face) and an opposing convex F-face. 

The GBS, which is located in the S-face cavity, is highly conserved among human galectins 

(Figure 1.1D).  The minimum binding glycan unit of this GBS is usually a disaccharide unit of 

lactose or N-acetyl-lactosamine (LacNAc). This binding is primarily maintained by interactions 

with His, Asn, and Arg residues on strand S4, Arg on strand S5, and Trp, Glu, and Arg on strand 

S6 (Figure 1.2A). While polar residues on strands S4 and S5 form hydrogen-bonding interactions 

with the galactose moiety and Trp makes CH-𝜋𝜋 interactions with the opposite face of the same 

monosaccharide (Diehl, 2021; Kiessling et al., 2021; Modenutti et al., 2019), Glu and Arg residues 

on strand S6 make electrostatic interactions with the glucose moiety (Figure 1.2B). 
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Figure 1.1 Galectin family members. 

A. Galectins are subdivided into three groups according to their quaternary structure: prototypical (galectin-1, -2, -5, -
7, -10, -11, -13, -14, -15, -16, -17, -19, -20) (left), chimera (galectin-3) (middle), and tandem repeat (galectin-4, -6, -8, -
9, -12) (right) (image created with BioRender.com). B. Multiple sequence alignment of galectin CRDs using Clustal
Omega shows high variation in sequence identity between human galectin members, ranging from 6 % to 75 %.
Sequence identity is color-ramped from black (low) to yellow (high). N and C indicate CRD position located on N- or C-
terminal within a tandem repeat galectin. C. RMSD matrix obtained by superimposition of all structural single human
CRDs from GAL-1, -2, -3, -4, -7, -8, -9, -10, -13, -16 (PDBs 1W6O, 5DG2, 4R9A, 4YM3, 4ZXP, 3ZXF, 3AP4, 3OJB,
2EAK, 3NV1, 1QKQ, 5XG7, and 6LJP). D. Superimposition of human galectin CRDs in presence of lactose from GAL-
1, -2, -3, -4, -7, -8, -9 (PDBs 2EAK, 4GAL, 3AP4,1W6O, 4R9A, 4YM3, and 5DG2). The lactose bound ligands of GAL-
1, -2, -3, -4, -7, -8, -9 are shown as sticks in carbon, cyan, salmon, light blue, pale yellow, light pink, and wheat color,
respectively. Despite high variations in sequence identity, the overall CRD structure as well as the GBS and lactose
position are highly conserved among galectin members.
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Figure 1.2 GBS conservation among human galectins. 

A. Highly conserved GBS residues along the S4-S6 𝜷𝜷-strands of the protein topology are highlighted in different colors:
cyan, green, pink, purple, and marine for histidine, asparagine, arginine, tryptophan, and glutamate, respectively. The
number indicates the relative position of each residue within its strand. B. Three-dimensional illustration of highly
conserved residues in the GBS of GAL-1 (PDB 1W6O). These residues and the lactose bound ligand are shown as
ball and sticks. Residues are shown using with the same color code used in panel A. Lactose carbons are colored grey,
with red and blue spheres representing oxygen and nitrogen atoms, respectively. Polar interactions between GBS
residues and lactose are shown as yellow dashes.

Galectins are widely distributed in various species, including vertebrates (human, bird, 

amphibian, fish) and non-vertebrates (Drosophila melanogaster, Caenorhabditis elegans, plants) 

(Cooper, 2002). The conservation of primary structures and domain organization between species 

suggests that oligomerization of this lectin family plays a fundamental role in their biological 

functions (Vasta, 2016) (Figure 1.3). Indeed, a study has shown that evolutionary pressure has 

favored dimer stabilization of the fish galectin congerin in such a way that offspring members ConI 

and ConII exhibit enhanced biological activity relative to their ancestral protein. Moreover, this 

evolutionary pressure promoted carbohydrate specificity with carbohydrate association constants 

(Ka) showing high correlation with dimer interface enhancement (area and H-bonding interactions) 

(Konno et al., 2011). In another study performed on the plant lectin concanavalin A (ConA), which 

exhibits the same primary fold as galectins, it was demonstrated that the switch between tetramer 

to dimer state implied a change in oligosaccharide binding specificity (Mandal et al., 1993). As for 

human galectins, their multimerization allows them to form extracellular lattices by crosslinking to 

multivalent glycosylated ligands, which ultimately gives rise to distinct cellular functions (Nabi et 

al., 2015) (Figure 1.4). Interestingly, the glycan-independent multimerization of GAL-10, which 
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forms crystals in the mucus, stimulated innate and adaptative immunity in asthma (Persson et al., 

2019). Overall, such evidence supports the importance of oligomerization in the cellular activities 

promoted by galectins. 

Even though galectins exhibit high 3D structure homology in their protomeric CRDs, dimer 

organization differs significantly between family members and may not even exist in GAL-16 (Si 

et al., 2021). Based on spatial organization, three homodimeric prototype galectin sub-groups 

have been observed to date: side-to-side (GAL-1, GAL-2, GAL-13), back-to-back (GAL-7), and 

face-to-face (GAL-10, GAL-14) (Figure 1.3B). As for heterodimers of tandem-repeat human 

galectins, they also exhibit distinct quaternary structures. In fact, recent X-ray crystallization 

studies revealed a back-to-side architecture in GAL-8, while GAL-9 forms a back-to-back complex 

(Kamitori, 2018). In addition to their distinct oligomerization patterns, the Mayo group recently 

suggested that prototype GAL-1, -7, and chimera-type GAL-3 could form hetero-oligomers to 

synergetically modulate cellular function. For example, GAL-1 and -7 could synergetically 

attenuate the endothlial cell migration and proliferation (Dings et al., 2021). However, these 

observations remain in vitro preliminary results with no evidence for the existence of these hetero-

oligomer galectin complexes in vivo. Overall, the unique spatial arrangements of each human 

galectin family member implies formation of a particular glycan-galectin cross-linking lattice 

architecture, giving rise to distinctive biological functions. 
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Figure 1.3 Structural conservation and oligomeric organization of galectin and lectin CRDs 

A. Homologous plant and ancestral lectins display distinct tetrameric architectures, as illustrated with CchG-1 galectin
(Ball sponge, PDB 4AGV), PNA lectin (Peanut lectin, PDB 1CIW), and ConA (Jack bean lectin, PDB 1CJP). B. Despite
conserving similar 3D CRD structures, prototypic human galectins form distinct quaternary structural homodimers: side-
to-side (GAL-1, GAL-2, and GAL 13, PDBs 1W6O, 5DG2, and 5XG7), back-to-back (GAL-7, PDB 4GAL), face-to-face
(GAL-10 and GAL-14, PDBs 6QRN and 6K2Z). Highly conserved GBS residues are shown as sticks with the following
coloring scheme: white for carbon, red for oxygen, and blue for nitrogen.



8 

1.2.2 Human galectin functions 

Galectins are cytosolic proteins which are exported out of the cell by a non-classical 

secretion process and/or translocated into the nucleus (Johannes et al., 2018; Nabi et al., 2015). 

Residing in all three main cellular compartments (extracellular, cytoplasm, and nucleus), galectins 

modulate various cellular events, including growth, adhesion, migration, differentiation, cell death 

(apoptosis), intracellular trafficking, innate immune response, and pre-mRNA splicing (Arthur et 

al., 2015; Johannes et al., 2018; Liu et al., 2005; Nabi et al., 2015).  

• Extracellular functions

o Endocytosis

Extracellular galectins crosslink cell-surface glycoconjugates or glycoproteins (integrins, 

laminin, fibronectin, hensin, and elastin) via their GBS to form an extracellular lattice (Liu et al., 

2005) (Figure 1.4). Since interactions between galectins and glyco-partners are multivalent and 

glycosidic bonds of glycan complexes are free to rotate, this lattice behaves like a dynamic planar 

gel polymer (Nabi et al., 2015). Through this lattice, galectins can modulate the endocytosis of 

different glycoproteins and amino acids. For example, GAL-3 modulates the internalization of 

CD44, CD59, and MHC1, GAL-8 favors the uptake of CD166 in lymphocytes, GAL-12 decreases 

glutamine cellular penetration, while E-cadherin internalization depends on GAL-7 levels 

(Johannes et al, 2020; Katzenmaier et al., 2019; Lakshminarayan et al., 2014; Mathew 2018; 

Renard et al., 2020). In contrast, GAL-7 blocks E-cadherin internalization in keratinocytes via a 

glycan-independent interaction (Advedissian et al., 2017b).  

o Cell adhesion and migration

Extracellular galectins also play an important role in cell adhesion. For instance, GAL-3 

aids with the adhesion of T cells to dendritic cells and macrophages, and the adhesion of human 

neutrophils to endothelial cells, possibly through interactions with laminin (Kuwabara et al., 1996; 

Sato et al., 2002; Swarte et al., 1998). GAL-8 regulates the integrin-based interaction between 

the human carcinoma 1299 cells and the extracellular matrix (Hadari et al., 2000). Furthermore, 

exogenous galectins also promote cell migration. Indeed, GAL-3, -7, and -8 enhance migration of 

HTR-8/SVneo human trophoblast cells, endometrial cancer cells, and U87 glioblastoma cells, 

respectively (Bojić-Trbojević et al., 2019; Menkhorst et al., 2018; Metz et al., 2016). Conversely, 

GAL-4 inhibits migration of pancreatic cancer cells (Belo et al., 2013). 
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Figure 1.4 Extracellular functions of human galectins. 

Extracellular galectins bind to glycolysated receptors to form galectin lattices, which are involved in multiple cellular 
functions. These include endocytosis (illustrated by the internalization of CD44 by GAL-3), cell adhesion and cell-
extracellular matrix interaction, pathogen recognition and response, as well as signal transduction (illustrated by the 
regulation of JAK-STAT pathway of GAL-3 in immune cells). Galectins are shown as Pac-Man forms in red, orange, 
and yellow colors representing chimera, prototypic, and tandem-repeat galectins, respectively. Image created with 
BioRender.com. 

o Hemostasis, Tissue Repair and Angiogenesis

Besides the above mentioned functions, exogenous galectins modulate hemostasis, 

tissue repair and wound (Arthur et al., 2015; Cao et al., 2002). For example, GAL-1 promotes 

muscle formation and regeneration angiogenesis (Ahmed et al., 2009; Georgiadis et al., 2007; 

Thijssen et al., 2006). GAL-1, -3, and -8 regulate activation of platelets using different pathways. 

GAL-8 tunes Factor V levels, while GAL-1 and -3 block the interaction between platelets and the 

von Willebrand factor by binding its N-glycan moiety (Pacienza et al., 2008; Romaniuk et al., 2010; 

Saint-Lu et al., 2012). In tissue repair, GAL-3 and -7 induce cell migration and proliferation after 

an epithelial wound by enhancing fusion of myoblasts with myotubes (Cao et al., 2002). Moreover, 

GAL-7 can modulate apoptosis, proliferation, and migration of kerinocyte during skin repair or 

stimulate the healing of corneal epithelial wound (Advedissian et al., 2017a; Cao et al., 2003; 

Gendronneau et al., 2008). In addition to their role in hemostasis and tissue repair, GAL-1, -3, 

and -8 also facilitate angiogenesis through interactions with vascular endothelial growth factor 1 

(VEGFR1) and VEGFR2, neural/glial antigen 2 (NG2), and α3β1 integrins, and CD166, 
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respectively (Delgado et al., 2011; D’Haene et al., 2013; Fukushi et al., 2004; Nangia-Makker et 

al., 2000). 

o Immune system regulation 

 Extracellular galectins recognize leucocyte glycoreceptors from both adaptive and innate 

immune systems, playing important roles in immunomodulatory processes (Arthur et al., 2015; 

Compagno et al., 2020; Giovannone et al., 2018b; Pereira et al., 2018; Rabinovich et al., 2002, 

2012; Sun et al., 2021; Xu et al., 2021) (Figure 1.5). Indeed, distinct galectins modulate T cell 

viability and activation as well as cytokine production. For example, human GAL-1, -2, -3, -4, -7, 

-8, and -9 induce apoptosis of T cells (Kovács-Sólyom et al., 2010; Labrie et al., 2014; Lhuillier et 

al., 2015; Norambuena et al., 2009; Pace et al., 2000; Paclik et al., 2008a, 2008b; Perillo et al., 

1995; Sebban et al., 2007; Stillman et al., 2006; Sturm et al., 2004). However, GAL-1 and -8 also 

facilitate T-cell activation, while GAL-3 inihibits this process (Chen et al., 2009; Demetriou et al., 

2001; Tribulatti et al., 2012). GAL-1, -2, and -3 reduce IFNγ production whereas GAL-9 reduces 

this production (Cedeno-Laurent et al., 2012; Chen et al., 2009; Lhuillier et al., 2015; Sturm et al., 

2004). GAL-1 and -4 increase production of interleurkins IL-10 and IL-6, respectively (Chen et al., 

2009; Hokama et al., 2004). Noteworthy, IFNγ, IL-10 and IL-6 induce autocrine/paracrine 

signaling on immune cells to regulate the JAK-STAT pathway, which plays an important role in 

immune cell responses (Seif et al., 2017). Moreover, IFNγ and IL-6 are generally associated to 

pro-inflammatory responses, while IL-10 can inhibit this cytokine-induced inflammatory stimulus 

(Chen et al., 2017). Additionally, GAL-3 can indirectly reduce chemokine production by restricting 

the diffusion of their inducer IFNγ through the GAL-3 tumor extracellular matrix, allowing tumor 

cells to escape from T-cell chemotaxis, and therefore T-cell infiltration (Gordon-Alonso et al., 

2017). 

In addition to T cell regulation, galectins also regulate B cell immunity (Giovannone et al., 

2018). For instance, during B cell development in bone marrow, the extracellular GBS-

independent interaction of GAL-1 with pre-B-cell receptor triggers pre-BII cell proliferation and 

differentiation (Elantak et al., 2012; Espeli et al., 2009; Gauthier et al., 2002). Galectins also 

control the differentiation of naïve B cells after their maturation along with translocation to the 

splenic environment. Indeed, binding of extracellular GAL-1 and -8 on matured B cells enhances 

their differentiation into antibody secreting plasma cells (Tsai et al., 2011). GAL-1,-3, and -9 can 

positively and/or negatively regulate B cell activation and signaling (Arthur et al., 2015; Cao et al., 

2018; Clark et al., 2012; Fouillit et al., 2000; Giovannone, 2018a, 2018b; Tsai et al., 2014). For 

example, GAL-1, -3 or -9 binding to CD45 located on the cell surface of BL36 Burkitt lymphoma 
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cells, geminal center B cells, or naïve B cells, respectively, inhibits the CD45 phosphatase activity 

of these cells, reducing B cell proliferation. However, GAL-1 binding to the B-cell receptor 

stimulates B-cell activity in chronic lymphocytic leukemia. 

In regards to the innate immune system, extracellular galectins have a wide range of 

effects on multiple cell types (Arthur et al., 2015; Liu et al., 2010). For example, GAL-1 expressed 

by glioma cells helps these cells to escape eradication by NK cells (Baker et al., 2014). GAL-3 

binds to NKp30 on the surface of NK cells and blocks their cytolysis (Wang et al., 2014). GAL-9 

regulates NKT cells homeostasis by interacting with TIM-3 expressed in different cell types. 

Indeed, the interaction of GAL-9 with TIM-3 on NKT cells induces apoptosis of these cells, while 

interaction with TIM-3 on Kuffer cells enhances the secretion of IL-15, which is a crucial factor 

inducing NKT cell proliferation (Tang et al., 2013).  

Concerning monocytes, GAL-1 and -3 regulate the activation of macrophages 

(Barrionuevo et al., 2007; MacKinnon et al., 2008). GAL-3 also enhances the respiratory burst 

and impedes cytokine response in macrophages induced by lipopolysaccharides (LPS) (Li et al., 

2008; Liu et al., 1995) . GAL-1 induces the tolerogenic phenotype of dendritic cells (tol-DCs) (Blois 

et al., 2007). In fact, tol-DCs are semi-mature dendritic cells with immunosupressive properties 

playing a crucial role in balancing immune homeostasis (Domogalla et al., 2017). In contrast, 

exposition of DCs to GAL-9 enhances immune response by stimulating production of IL-12, which 

ultimately promotes IFNγ production as well as cytolytic activity and proliferation of NK and T cells 

(Dai et al., 2005; Vecchio et al., 2007). In addition, GAL-1, -2, -3, -4, -8 sensitize neutrophils to 

phagolytic removal by inducing preaparesis, a process known as the exposure of 

phosphotidylserine in neutrophiles without causing their apoptosis (Nishi et al., 2003; Stowell et 

al., 2006, 2008, 2009). GAL-1 and -3 also control extravasation, the oxidative burst and 

chemotaxis of neutrophils, regulating their inflammatory activity (Almkvist et al., 2001, 2002; 

Bhaumik et al., 2013; Cooper et al., 2008; Karlsson et al., 1998; La et al., 2003; Sato et al., 2002; 

Yamaoka et al., 1995). GAL-1 disfavors the degranulation of mast cells whereas GAL-3 favors 

this cellular process and induces mast cell apoptosis (Rabinovich et al., 2000; Suzuki et al., 2008). 

GAL-9 regulates chemotaxis and viability of eosinophils and GAL-3 prohibits the production of IL-

5 in these cells (Cortegano et al., 1998; Matsumoto et al., 1998, 2002) . 
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Figure 1.5 Role of human galectins in immune system regulation. 

Human galectins control multiple cellular processes in different immune cells. Within the adaptative immune system, 
galectins regulate apoptosis, immune cell activation, IFNγ and ILs production, chemotoaxis of T cells, and the 
development, differentiation, and activation of B cells. Within the innate immune system, galectins modulate the 
immunosuppression, apoptosis, and activation of natural killer cells; apoptosis and degranulation of mast cells; 
chemotaxis, apoptosis, and IL-5 production of eosinophils; preaparesis, extravasation, chemotaxis, and respiratory 
burst of neutrophils; tolerogenic phenotype and ILs production of dendritic cells; and the respiratory burst and activation 
of macrophages. Red and blue labeling colors/arrows denote an increase or decrease in galectin function, respectively. 
Image created with BioRender.com. 

o Pathogenic responses

Due to their broad glycan recognition range, human galectins can bridge host cell glycans 

with pathogenic glycans, playing a crucial role in host defense (Arthur et al., 2015; Ayona et al., 

2020) (Figure 1.4). For example, GAL-1 inhibits the internalization of Nipah, Influenza, and 

Dengue viruses, while GAL-3 facilitates the killing of Candida spp, Candida albicans, Toxoplasma 

gondii, and restrains the growth of Streptococus (Chen et al., 2015; Debierre-Grockiego et al., 

2010; Farnworth et al., 2008; Garner et al., 2014; Kohatsu et al., 2006; Toledo et al., 2014). In 

addition, GAL-4 and GAL-8 can kill bacteria expressing blood group antigen B (Stowell et al., 

2010). However, pathogens including viruses, bacteria, parasites, and fungus can also exploit 

extracellular galectins to infect the host cell (Arthur et al., 2015; Ayona et al., 2020). For instance, 

GAL-1 facilitates the viral infection by Human Immunodeficiency Virus Type 1 (HIV-1), Human T 
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Cell Leukemia Virus Type 1 (HTLV-1), Herpes Simplex Virus (HSV-1), Epstein-Barr Virus (EBV), 

and Enterovirus 71 (EV71) (Gauthier et al., 2008; Gonzalez et al., 2005; Lee et al., 2015; Mercier 

et al., 2008; Ouyang et al., 2011). GAL-3 is frequently involved in fungal (Histoplasma 

capsulatum), parasitic (Trypanosoma cruzi, Plasmodium spp.), and bacterial (Salmonella spp., 

Listeria monocytogenes, Neisseria meningitidis, Group A Streptococcus (GAS), Helicobacter 

pylori, Pseudomonas aeruginosa, Proteus mirabilis) infections (Altman et al., 2001; Farnworth et 

al., 2008; Fowler et al., 2006; Gupta et al., 1997; Kleshchenko et al., 2004; Li et al., 2008; 

Quattroni et al., 2012; Toscano et al., 2012; Weng et al., 2009; Wu et al., 2013). Besides, GAL-7, 

GAL-8, and GAL-9 also favor other pathogenic infections. Hence, human galectins are a double-

edged sword for pathogen eradication and invasion (Ayona et al., 2020; Chernyy et al., 2011; 

Klibi et al., 2009; Li et al., 2019; Pineda et al., 2015; Wang et al., 2011). 

• Intracellular functions

Although extracellular galectin functions are generally related to their glycan-binding ability 

occurring at the GBS, a large number of in vivo and in vitro studies have demonstrated that 

intracellular galectins can modulate various intracellular signaling pathways via both GBS-

dependent and GBS-independent interactions with an intracellular partner. Indeed, intracellular 

galectins have been shown to regulate apoptosis, cell cycle, cell proliferation, intracellular 

trafficking, as well as mediate the response to damaged endocytosis vesicles and control the 

transcriptional activity of transcription factors (Figure 1.6) (Arthur et al., 2015; Johannes et al., 

2018; Liu et al., 2002; Vladoiu et al., 2014). 

o Apoptosis

In SKW6.4 cells, cytoplasmic GAL-3 interacts with CD95 to form the death inducing 

signaling complex (DISC), which stimulates caspase-8 activation to induce cell apoptosis 

(Fukumori et al., 2004). However, GAL-3 also inhibits apoptosis by interacting with the 

proapoptotic Bax protein, which prevents its oligomerization (Harazono et al., 2014). Moreover, 

GAL-3 partners with the anti-apoptotic protein BCL-2 in mitochondria, preventing mitochondrial 

damage and cytochrome c release (Akahani et al., 1997; Harazono et al., 2014; Yang et al., 

1996). In addition, GAL-3 possesses a NWGR motif, an amino acid sequence conserved in the 

BH1 domain of BCL-2 family members including Bax, Bak, and BCL-XL, protein partners that 

interact together to control cellular apoptosis. This anti-apoptotic effect of GAL-3 probably relies 

on its interaction with synexin to mediate its translocation from cytoplasm to mitochondria (Yu et 

al., 2002). On the contrary, mitochondrial GAL-7 makes a GBS-independent interaction with BCL-

2 to sensitize mitochondria to the apoptotic signal (Villeneuve et al., 2011). In the cytoplasm, GAL-
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7 also induces the apoptosis of colorectal DLD-1, keratinocyte HaCaT, and HeLa cell lines 

through the c-Jun N-terminal kinase (JNK) pathway and mitochondrial cytochrome c release 

(Chen et al., 2016; Kuwabara et al., 2002). Besides GAL-3 and GAL-7, intracellular GAL-12 

promotes the apoptosis of adipocytes and cervical cancer cells, in a GBS-independent manner 

(Wan et al., 2018). 

o Cell cycle

In mitochondria, GAL-3 interacts with the F0 subunit of ATP synthase and inhibits its 

activity, which may affect the interphase cell cycle in human colon cancer cells in presence of 

anti-cancer drugs (doxorubicin, nocodazole) (Kim et al., 2008). In addition, intracellular GAL-3 

was shown to induce G1 arrest of epithelial breast BT549 cells by down-regulating cyclin E and 

A levels, and up-regulating expression of their inhibitory p21 and p27 proteins (Kim et al., 1999) . 

GAL-12 initiates G1 cell cycle arrest in adipose tissue (Wan et al., 2018). 

o Cell proliferation

Intracellular galectins can modulate cell proliferation through Wnt and Ras-GTPase 

signaling pathways. Under Wnt stimulation, cytoplasmic GAL-3 forms a complex with Axin, ß-

catenin, and GSK-3ß which induces GAL-3 phosphorylation. ß-catenin is then imported into the 

nucleus by phosphorylated GAL-3 to promote cell proliferation (Shimura et al., 2004, 2005). 

Inversely, interaction between GAL-4 and these proteins reduces nuclear import of ß-catenin, 

preventing cell proliferation (Maftouh et al., 2014). Regarding Ras-GTPase signaling pathway, 

cytoplasmic GAL-1 interacts with the Ras binding domain of Raf (Ras effector) to form H-Ras-

GTP nanoclusters through GAL-1 dimerization (Blaževitš et al., 2016), inducing an increased 

MAPK signaling pathway output which enhances cell proliferation (Pudewell et al., 2021). On the 

other hand, cytosolic GAL-3 interacts with the farnesyl group of K-Ras-GTP to increase 

nanocluster formations at the plasma membrane (Shalom-Feuerstein et al., 2008b), resulting in 

different output signals depending on tissue type. For example, GAL-3-K-Ras-GTP clusters 

exclusively activate Phosphoinositide 3-kinases (PI3K) pathway in HEK-293 cells while MAPK is 

activated in BT549 cells (Elad-Sfadia et al., 2004; Shalom-Feuerstein et al., 2008b). In addition, 

the anchorage of GAL-1 and GAL-3 by Protocadherin-24 (PCDH-24) in cytosol was suggested to 

impede activation of PI3K pathway in HCT116 colon cancer cells (Ose et al., 2012). 

o Cellular responses to damaged endocytic vesicles

Cytoplasmic galectins can also bind to glycans exposed at the lumen side of disrupted 

endocytic vesicles resulting from a pathogenic infection, virulence factors, mineral crystals or 
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chemical reagents (Figure 1.6) (Hong et al., 2021). This accumulation around impaired vesicles 

has been shown to be spatiotemporally distinct among diverse galectins. Galectins further 

activate autophagy of these damaged vesicles by linking them to autophagy adapter proteins 

(NDP52, p62), AMP-activated protein kinase (AMPK), mammalian target of rapamycin (mTOR) 

complex, or tripartite motif containing proteins (TRIMs) (Chauhan et al., 2016; Hong et al., 2019; 

Jia et al., 2018; Thurston et al., 2012). Moreover, galectins can also recruit antimicrobial proteins 

(e.g., antimicrobial interferon-inducible guanylate binding proteins) into the vesicle to act against 

bacteria (Feeley et al., 2017). Noteworthy, GAL-3 can either trigger or obstruct autophagy. Indeed, 

GAL-3 accumulation inhibits autophagy in Listeria infection but promotes autophagy of endocytic 

vesicles damaged by red laser light (Hong et al., 2019, 2021) 

o Intracellular trafficking  

Under epidermal growth factor (EGF) stimulation, GAL-3 can regulate the interaction 

between the EGF receptor (EGFR) and Alix, a component of ESCRT (endosomal complexes 

required for transport), therefore modulating intracellular trafficking of EFGR (Liu et al., 2012). 

GAL-3 may also regulate cell differentiation through the Hedgehog (Hh) pathway by monitoring 

the distribution of Sufu (suppressor of fused) between nucleus and cytoplasm (Haudek et al., 

2010). Indeed, translocation of Sufu from cytoplasm to nucleus is linked to modulation of Gli 

transcriptional activities within Hh pathway (Paces-Fessy et al., 2004). Moreover, GAL-3 is 

involved in the non-raft-associated sorting of apical cargo. In contrast, GAL-4 influences protein 

trafficking at the apical membrane by clustering lipid rafts through interaction with sulfatides and 

galactosylceramides (Delacour et al., 2005). 

o Nuclear galectin functions 

In the nucleus, GAL-1 and GAL-3 are classified as mRNA splicing factors (Dagher et al., 

1995; Vyakarnam et al., 1997). They are associated with Gemin 4 within the Survival of Motor 

Neuron (SMN) complex involved in the recycling of small nuclear ribonucleoproteins (snRNPs) 

for the splicing pathway (Charroux et al., 2000; Park et al., 2001; Pellizzoni et al., 1998). Nuclear 

GAL-3 also forms a complex with β-catenin and TCF-4 to promote the transcriptional activity of 

TCF-4 in breast cancer cells (Shimura et al., 2004). Since TCF-4 is known to induce epithelial-

mesenchymal transition (Forrest et al., 2014), GAL-3 might promote metastasis of breast cancer 

cells through the TCF-4/β-catenin pathway. Moreover, GAL-3 directly interacts with the 

homeodomain of TTF-1 and stimulates its transcriptional activity by enhancing its DNA binding 

activity. High transcriptional activity of TTF-1 therefore promotes proliferation of thyroid cells 

(Paron et al., 2003). GAL-7 has also been shown to act within cell nuclei. It promotes nuclear 
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export of Smad3 in response to Hepatocyte Growth Factor (HGF). Since HGF inhibits the 

transforming growth factor β (TGF-β) pathway, hepatic anti-fibrosis is induced (Inagaki et al., 

2008). 

Figure 1.6 Intracellular functions of human galectins. 

Galectins modulate apoptosis by activating caspase 8 (GAL-3, red Pac-Man) or regulate cytochrome c release via 
interaction with the anti-apoptotic BCL-2 protein (GAL-3, -7, blue Pac-Man). GAL-3 and -8 (orange-yellow Pac-Man) 
activate autophagy of damaged vesicles by linking them to the autophagy adapter protein p62 and NDP52, respectively. 
GAL-1(purple Pac-Man) and -3 enhance cellular proliferation through activation of Ras-GTPase pathway. GAL-3 also 
controls the hedgehog pathway by regulating the distribution of SUFU between the nucleus and cytoplasm. In the 
nucleus, GAL-7 is involved in nuclear export of SMAD-3. GAL-7 also induces the expression of MMP-9 in tumor cells 
(breast, ovarian, head and neck, cervix, gastric cells, and carcinoma) to promote tumor progression. GAL-1 and -3 
regulate the mRNA splicing activity of SMN complex by binding to Germin4 proteins. GAL-3 promotes metastasis of 
breast cancer cells by inducing the expression of c-myc via interaction with theTCF-4/β-catenin complex. GAL-3 also 
enhances cellular proliferation by interacting with TTF-1. Image created with BioRender.com. 
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1.2.3 Galectins in cancer 

With the involvement of diverse galectin members in numerous cellular functions, it is not 

surprising that these proteins significantly contribute to tumor progression (Chou et al., 2018; 

Dubé-Delarosbil et al., 2018; Girotti et al., 2019; Liu et al., 2005; Vladoiu et al., 2014; Wdowiak et 

al., 2018). In fact, galectins have been shown to contribute to all 10 tumor hallmarks: enhanced 

cell proliferation signal, tumor suppressors inactivation, sustained immune escape, promotion of 

limitless replicative potential, stimulation of tumor-associated inflammation response, invasion 

and metastasis, angiogenesis, chromosomal alterations, resistance to apoptosis, and altered 

energy metabolism (Girotti et al., 2019; Gordon-Weeks, 2020; Huang et al., 2021; Martínez-

Bosch, 2020; St-Pierre, 2021) (Figure 1.7B). For example, GAL-7 and -8 promote migration of 

endometrial cancer cells and U87 glioblastoma cells, respectively (Menkhorst et al., 2018; Metz 

et al., 2016). Reduced IFNγ production, induced tol-DCs phenotype, and neutrophil preaparesis, 

as well as T cell apoptosis caused by diverse galectins promote an 

immunosuppressive/immunoescaping environment (Cedeno-Laurent et al., 2012; Chen et al., 

2009; Nishi et al., 2003; Stowell et al., 2006, 2008, 2009; Sturm et al., 2004). Moreover, tumor 

cell proliferation can be stimulated by GAL-1 and-3 through Wnt, Ras signaling pathways, and 

regulation of TCF-4 and TTF-1 transcriptional activity (Blaževitš et al., 2016; Charroux et al., 2000; 

Elad-Sfadia et al., 2004; Forrest et al., 2014; Paron et al., 2003; Pudewell et al., 2021; Shalom-

Feuerstein et al., 2005; Shalom-Feuerstein et al., 2008a, 2008b; Shimura et al., 2004, 2005). 

Finally, inhibition of apoptosis caused by galectins helps cancer cells to be more resistant to cell 

death (Aboulhagag et al., 2018; Fukumori et al., 2004). 

Depending on cancer types, each galectin can either be pro- or anti-tumorigenic (Figure 

1.7A) (Ajarrag et al., 2021; Dubé-Delarosbil et al., 2018; Pergialiotis et al., 2021; Sewgobind et 

al., 2021). For example, GAL-1, -3, -4 promote the progression of liver cancer, while GAL-9 

inhibits it (Bacigalupo et al., 2015; Cai et al., 2014; Fang et al., 2011; Inufusa et al., 2001; Li et 

al., 2012; Liang et al., 2015; Manzi et al., 2016; Serizawa et al., 2015; Spano et al., 2010; Zhang 

et al., 2016; Zhang et al., 2012; Zheng et al., 2014). GAL-4 is pro-tumorigenic for lung cancer but 

anti-tumorigenic for pancreatic cancer (Belo et al., 2013; Hayashi et al., 2013; Maftouh et al., 

2014). Although GAL-7 promotes breast cancer, this protein also reduces tumor progression of 

stomach cancer (Grosset et al., 2016; Kim et al., 2013). The ability of galectins to facilitate cancer 

progression can be induced by both GBS-dependent or -independent interactions with their 

various partners. For instance, extracellular galectins have been previously shown to induce T 

cell apoptosis by binding to surface glycoproteins through their GBS, allowing tumors to escape 
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from immune destruction (Kovács-Sólyom et al., 2010; Labrie et al., 2014; Lhuillier et al., 2015; 

Norambuena et al., 2009; Pace et al., 2000; Paclik et al., 2008a, 2008b; Perillo et al., 1995; 

Sebban et al., 2007; Stillman et al., 2006; Sturm et al., 2004). The immunosuppressive activity of 

galectins can be mediated by GBS-independent interactions between intracellular galectins and 

the anti-apoptotic protein BCL-2 (Akahani et al., 1997; Harazono et al., 2014; Villeneuve et al., 

2011; Yang et al., 1996). In addition, non-GBS interactions involving GAL-3 and K-Ras-GTP 

intensify the downstream signaling of KRAS pathway, resulting in continuous tumor proliferation. 

Hence, galectins are potential targets for cancer therapeutics (Seguin et al., 2017).  

To this day in the United States, six compounds (GCS-100, Davanat, GR-MD-02, 

OTX008, GB0139 and LYT-200) targeting galectins, and three compounds (TSR-002, 

LY3321367, and Sabatolimab) targeting TIM-3, a galectin-9 binding partner, were submitted to 

clinical trials for various cancer treatments in combination with chemotherapy (5-fluorouracil) or 

immunotherapy (ipilimumab, pembrolizumab) (Chou et al., 2018; Girard et al., 2018) (Table 1.1). 

Among the 24 clinical trials reported to use a galectin inhibitor, 25% were withdrawn, terminated 

or unknown status, and only three compounds advanced to phase II (GR-MD-2, GCS-100, and 

GB0139). In contrast, clinical trials targeting TIM-3 appear to be more efficient since a candidate 

(Sabatolimab) advanced to phase III. Despite more than two decades dedicated to this research, 

these observations demonstrate that significant challenges still hamper the design of effective 

and specific galectin inhibitors (Dubé-Delarosbil et al., 2018; Sörme et al., 2003). Indeed, the 

development of functional modulators has exclusively favored inhibition of galectins at their glycan 

binding sites, aiming to perturb the interactions between galectins and their glycoprotein partners 

(Denavit et al., 2018). However, considering high GBS similarity among different galectin 

homologs (Figure 1.1D), this is a risky strategy due to significant off-target effects observed on 

other important galectins such as anti-pancreatic-tumor GAL-4. As stated previously, GBS 

inhibitors are ineffective for targeting glycan-independent functions of galectins. Therefore, it is 

crucial to establish a new approach to develop effective and specific galectin inhibitors that rely 

on distinct molecular mechanisms and strategies (St-Pierre et al., 2018) 
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Figure 1.7 Galectins in cancer. 

A. Pro- and anti-tumor functions of galectins in different types of cancers are highlighted in red and green, respectively (Barrow et al., 2011; Dubé-Delarosbil et al.,
2018; Martínez-Bosch et al., 2019; Wang et al., 2013). Image created with BioRender.com. B. Role of human galectins on hallmarks of cancer (figure from (Girotti
et al., 2019)). Galectins can either promote (green) or inhibit (red) the various cellular and molecular processes involved in tumor growth and progression. Studies
have mainly focused on the role of galectins on selected cancer hallmarks such as the ones listed in this figure, but their influence could include other cancer-related
phenomena not yet fully investigated.
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Table 1.1 List of compounds targeting galectins or galectin partners submitted to clinical trials for cancer therapy 

Sponsor Compound Proposed 
Target Indication Intervention Phase NCT number Status 

Galectin 
Therapeutics 

DAVANAT 
(GM-CT-01) 

GAL-1 and 
-3

Colorectal, lung, breast, 
prostate, head and neck 

cancer 

In combination with 
5-fluorouracil 1 NCT00054977 Completed 

(n=40) 

Gallbladder cancer 
Cancer of the bile duct 

In combination with 
5-fluorouracil 2 NCT00386516 Withdrawn 

Colorectal cancer 

In combination with 
5-fluorouracil, leukovorin,

bevacizumab 
2 NCT00388700 Withdrawn 

In combination with 
5-fluorouracil 2 NCT00110721 Terminated 

(n=20) 

Metastatic melanoma 
In combination with tumor 

specific peptides: MAGE-3.A1 
and / or NA17.A2 

2 NCT01723813 Terminated 
(n=6) 

Belapectin 
(GR-MD-02) GAL-3 

Melanoma, lung cancer, 
head and neck cancer 

In combination with 
pembrolizumab 1 NCT02575404 Active, not 

recruiting 

Metastatic Melanoma In combination with 
Ipilimumab 1 NCT02117362 Completed 

(n=8) 

Non-alcoholic 
steatohepatitis (NASH), 

liver fibrosis 

Only belapectin 

1 NCT01899859 Completed 
(n=31) 

2 NCT02421094 Completed 
(n=30) 

Hypertension, protal, liver 
fibrosis, nash cirrhosis 2 NCT02462967 Completed 

(n=162) 

Psoriosis 2 NCT02407041 Completed 
(n=5) 

Hepatic impairment 1 NCT04332432 Completed 
(n=38) 

NASH, cirrhosis, 
esophageal varices 2 NCT04365868 Recruiting 
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Oncoethix 
GmBH OTX008 GAL-1 Solid Tumors Only OTX008 1 NCT01724320 Unknown 

Pure Tech LYT-200 GAL-9 

Metastatic cancer, solid 
tumor, cholangiocarcinoma, 

colorectal and pancreatic 
cancer 

In combination with Anti-PD-
1, gemcitabine/nab-paclitaxel 1 NCT04666688 Recruiting 

La Jolla 
Pharmaceuticals GCS-100 GAL-3 

Chronic kidney disease 

Only GCS-100 

1 NCT01717248 Completed 
(n=29) 

2 NCT01843790 Completed 
(n=120) 

2 NCT02155673 Completed 
(n=92) 

2 NCT02333955 Withdrawn 

Chronic lymphocytic 
leukemia 2 NCT00514696 Completed 

(n=12) 

Diabetic chronic kidney 
disease 2 NCT02312050 Unknown 

Eli Lilly and Co. LY3321367 TIM-3 

Solid Tumors In combination with 
LY3300054 1 NCT03099109 Active, 

not recruiting 

Solid Tumors, cutaneous 
melanoma, pancreatic 
cancer, breast cancer 

(HR+HER2-) 

In combination with 
LY3300054, ramucirumab, 
abemaciclib, merestinib, 

LY3321367 

1 NCT02791334 Active, 
not recruiting 

Tesaro, Inc. TSR-022 TIM-3 

Liver cancer Only TSR-022 2 NCT03680508 Recruiting 

Neoplasms 

In combination with 
nivolumab, TSR-042, TSR-

033, docetaxel, pemetrexed, 
cisplatin, carboplatin 

1 NCT02817633 Active 
(n=58) 

Neoplasms, Metastatic, 
Solid Tumor, Lung cancer 

In combination with niraparib, 
carboplatin-paclitaxel, 

bevacizumab, carboplatin-
pemetrexed, carboplatin-nab-

paclitaxel, TSR-042 

1 NCT03307785 Recruiting 

Melanoma Stage III and IV In combination with 
dostarlimab (TSR-042) 2 NCT04139902 Recruiting 
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Novartis Sabatolimab 
(MBG453) TIM-3 

Advanced malignancies In combination with PDR001, 
decitabine 1 NCT02608268 Active 

(n=252) 

Acute myeloid leukemia 
(AML) 

In combination with 
venetoclax, azacitidine 2 NCT04150029 Recruiting 

In combination with 
azacitidine 1 NCT04623216 Recruiting 

Myelodysplastic syndrome 
(MDS) 

In combination with 
venetoclax, azacitidine 2 NCT04812548 Recruiting 

In combination with NIS793, 
canakinumab 1 NCT04810611 Recruiting 

In combination with 
hypomethylating agents 2 NCT03946670 Active 

(n=127) 
In combination with 

azacytidine, decitabine 2 NCT04878432 Recruiting 

AML, MDS In combination with HMD201 1 NCT03940352 Recruiting 

Glioblastoma multiforme Only MBG453 1 NCT03961971 Recruiting 

MDS, leukemia, 
myelomonocytic, chronic 

In combination with 
azacitidine 3 NCT04266301 Active 

(n=530) 

Leukemia, MDS 
In combination with 

azacytidine, decitabine, 
PDR001 

1 NCT03066648 Active 
(n=243) 

Myelofribosis 

In combination with 
ruxolitinib, siremadlin, 

crizanlinumab, LTT462, 
NIS793 

1 NCT04097821 Recruiting 

Galecto Biotech 
AB 

GB0139 
(TD139) GAL-3 

Idiopathic Pulmonary 
Fibrosis (IPF) Only TD139 

1 & 2 NCT02257177 Completed 
(n=60) 

2 NCT0383294 Active, 
not recruiting 

COVID-19 In combination with 
Nafamostat Mesilate 1 & 2 NCT04473053 Active, 

not recruiting 

*Source:  (Home - ClinicalTrials.Gov, n.d.) (accessed on May, 30th, 2022)
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1.3 Galectin-7 (GAL-7)  

1.3.1 Expression  

Human GAL-7 was first reported in two independent studies published in 1995. One study 

originally identified GAL-7 under the name IEF17 from the search of a keratinocyte protein marker 

responsible for this phenotype (Madsen et al., 1995). The other study identified GAL-7 from the 

isolation of an epidermal-specific cDNA clone 1A12 responsible for keratinocyte differentiation 

(Magnaldo et al., 1995). Based on sequence analysis and confirmation of lactose binding ability, 

both studies used the name "galectin-7" according to the nomenclature proposed by galectin 

researchers (Barondes et al., 1994). 

GAL-7 is encoded by the LGALS7 gene mapped to chromosome 9. Its expression is tissue 

specific to a high degree and especially marked in epithelial cells (Magnaldo et al., 1998; Saussez 

et al., 2006; St-Pierre, 2012). GAL-7 expression can be induced via different transcription factors, 

including wild-type and mutant p53, and CCAAT/enhancer-binding protein beta (C/EBPb) 2 

transcription factor (Campion et al., 2014; St-Pierre, 2021). In the case of mutant p53, its 

expression can also involve a gain-of-function mechanism via Nf-kB, depending on the cancer 

cell type (Campion et al., 2013, 2014). GAL-7 is frequently located in the nucleus and cytoplasm, 

but can also be secreted through a non-classical secretory pathway like other galectins (St-Pierre, 

2012). 

1.3.2 Structure  

GAL-7 is a prototype galectin characterized by a homodimeric molecular architecture. 

Each protomer is composed of 11 antiparallel β-strands folded into a “jelly roll”-type motif. This 

fold consists of a sugar-binding face (S-face) defined by β-1, -10, -3, -4, -5, -6 strands and an 

opposing F-face defined by β-11, -2, -7, -8, -9 strands. GAL-7 homodimerization is organized in 

a “back-to-back” orientation of 1494 Å2 surface area with central hydrophobic interactions 

(leucine, isoleucine, valine, phenylalanine) stabilized by terminal polar interactions (arginine, 

lysine, aspartate, and glutamate) between the F-faces of two protomers (Leonidas et al., 1998; 

Masuyer et al., 2012) (Figure 1.8). Polar interactions involving side-chain and backbone atoms 

on the two opposite protomers are formed between residues Arg14, Pro15, Gly16, Val18, Arg20, 

Ile91, Ala92, Ser93, Lys98, Val100, Asp103, and Phe135. Salt bridges are formed between 

residue pairs Arg14-Asp95, Arg14-Asp94, Arg20-Glu87, Arg20-Asp103, Arg22-Asp103, Lys98-

Phe135, and Asp103-Arg133 across the homodimer interface (Table 1.2 and Figure 1.8). Inter-
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protomer hydrophobic interactions are primarily maintained by Val18, Leu89, Ile91, Val100, and 

Phe135 (Figure 1.8). 

The glycan binding pocket of GAL-7, located on the S-face, is formed by an ionic network 

involving Arg31, His33, His49, Asn51, Arg53, Glu58, Val60, Arg62, Ser63, Lys64, Trp69, Arg71, 

Glu72, Glu73, and Arg74 (Leonidas et al., 1998). Among these residues, seven (His49, Asn51, 

Arg53, Arg62, Trp69, Glu72, and Arg74) are highly conserved among galectin family members 

and are essential for direct interactions with β-galactoside ligands (Figure 1.2) (Leonidas et al., 

1998; Modenutti et al., 2019). Indeed, O4, O5, and O6 of the galactose moiety make hydrogen 

bonding interactions with residues His49, Asn51, and Arg53, while the oxygen atom of the 

glycosilic bond and O3 of glucose moiety form hydrogen bonds with Arg53 and Glu72 (Table 1.3 

and Figure 1.8) (Leonidas et al., 1998). Finally, Trp69 makes a CH-𝜋𝜋 interaction with the glucose 

moiety (Diehl, 2021; Kiessling et al., 2021; Modenutti et al., 2019). 

Table 1.2 Intermolecular Contacts at the Dimer Interface  

(PDB 1BKZ) (adapted from (Leonidas et al., 1998)) 

Polar (distance < 3.3 Å) 
van der Waals interactions 

(the maximum distances allowed values of C-C, 4.1 Å; C-N, 3.8 Å; 
C-O, 3.7 Å; O-O, 3.3 Å; O-N, 3.4 Å; and N-N,3.4 Å) 

Molecule A Molecule B Distance (Å) Molecule A Molecule B No. of contacts 

Arg 14 Nh2 Asp 94 Od1 2.5 Arg14 Asp 94, Asp 95 7 

Arg 14 Nh2 Asp 95Od1 3.1 Pro 15 Pro 15, Ser 93, Asp 94 4 

Gly 16 O Lys 98 Nz 2.8 Gly 16 Gly 16, Ile 91, Ala 92, Lys 98 6 

Arg 20 Nh1 Asp 103 Od1 3.0 Val 18 Val 18 1 

Lys 98 Nz Gly 16 O 3.0 Arg 20 Asp 103 4 

Lys 98 Nz Phe 135 OT 2.9 Ile 91 Gly 16 1 

Asp 103 Od1 Arg 20 Nh1 2.6 Ala 92 Gly 16 1 

Asp 103 Od2 Arg 20 Nh2 2.6 Ser 93 Pro 15 1 

Asp 103 O Arg 133 Nh1 3.2 Lys 98 Gly 16, Phe 135 5 

Asp 103 O Arg 133 Nh2 3.0 Val 100 Phe 135 2 

 
Asp 103 Arg 20, Arg 133, Phe 135 8 

Phe 135 Ile 91, Lys 98, Val 100, Asp 103 10 
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Table 1.3 Hydrogen bonding interactions between GAL-7 and lactose 

(PDB 4GAL) (adapted from (Leonidas et al., 1998)) 

Donor Acceptor Distance (Å) 

His 49 Ne2 O4 2.8 

O4 Asn 51 Od1 2.9 

Arg 53 Nh2 O4 2.6 

Arg 53 Nh2 O5 2.9 

Asn 62 Nd2 O6 3.4 

O6 Glu 72 Oe1 3.1 

O3’ Glu 72 Oe1 2.5 

Figure 1.8 Overall structure of GAL-7 

GAL-7 folds as “jelly roll” protein fold consisting of a S-face (green) and a F-face (cyan) (PDB 4GAL). Back-to-back 
homodimeric interactions within GAL-7 are formed by outer edge electrostatic interactions shielding a central 
hydrophobic core. Dimer interface residues between protomer A (left) and B (right) are shown as ball-and-stick 
representation using marine (protomer A) and brown (protomer B) coloring for polar residues, and orange (protomer A) 
and yellow (protomer B) for hydrophobic residues. Interprotomer electrostatic interactions are shown in the top, bottom, 
and left inset boxes. Salt bridges between residues are represented as a yellow dashed lines (distance cut-off value of 
4 Å). GBS residues are shown as green spheres and as ball-all-stick representation in protomers A and B, respectively. 
Conserved residues (green) involved in direct binding with lactose (gold) are shown in the right inset box.  
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1.3.3 Long-range positive cooperativity between the two GBSs on opposite 
GAL-7 protomers  

 In 2013, Ermakova and coworkers used nuclear magnetic resonance (NMR) titration 

experiments to determine that lactose affinity is characterized by two different association 

constants when binding to the GAL-7 homodimer complex (Ka1 = 0.9 ± 0.6 x 103 M−1 and Ka2 = 

3.4 ± 0.8 x 103 M−1). They hypothesized that GAL-7 could be subjected to cooperative binding 

(Palmer et al., 2011; Stefan et al., 2013), whereby lactose binding to the first protomer would 

induce long-range conformational changes that would increase binding affinity on the opposite 

protomer (Ermakova et al., 2013). Using molecular dynamics simulations and energy calculations, 

they suggested that binding of the first lactose moiety would induce internal motions within loop 

3 and restrict motions of loops 1 and 5, which would further increase dimer stability. The authors 

suggested that induced positive ligand binding cooperativity between the two opposite GBSs was 

stabilized by electrostatic interactions between residues of the GAL-7 dimer interface. Despite not 

having demonstrated this fact, their overall results suggest the existence of an allosteric network 

of cross talking residues governing communication between the GBS of each GAL-7 protomer, 

with dimer interface residues potentially controlling communication. 

1.3.4 Glycan-dependent and -independent functions of GAL-7  

Like other galectin members, GAL-7 regulates diverse cellular functions such as 

apoptosis, cell proliferation, cell differentiation, cell adhesion, cell migration, pathogen binding, 

and nuclear export (Figure 1.9) (Advedissian et al., 2017a; Saussez et al., 2006; St-Pierre, 2012). 

These functions can be driven with or without GBS activity. Indeed, exogenous GAL-7 induces 

apoptosis of Jurkat T cells through interactions with glycoproteins located at the T cell membrane 

(Labrie et al., 2014). GAL-7 facilitates trophoblast-endometrial epithelial intercellular adhesion, 

potentially by crosslinking with extracellular matrix glycoproteins (integrins, laminin, fibronectin, 

etc.) via its GBS (Menkhorst et al., 2014). Furthermore, through this galectin-glycan matrix lattice, 

GAL-7 also promotes cell migration during epithelial wound healing (Cao et al., 2002, 2003; 

Gendronneau et al., 2008, 2015). 

On the other hand, GAL-7 has been shown to induce apoptosis of cervical cancer HeLa 

cells, of colorectal adenocarcinoma DLD-1 cells, and of prostate cancer DU-145 cells via the JNK 

pathway in a GBS-independent fashion (Kuwabara et al., 2002; Labrie et al., 2015). Through the  

same pathway, GAL-7 also regulates cell differentiation of keratinocytes (Truong et al., 2007). 

Besides its proapoptotic activity, GAL-7 exhibits a glycan-independent anti-apoptotic effect on 
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breast cancer MCF-7 cells and on B16F1 melanoma cells (Grosset et al., 2014). Moreover, GAL-

7 is suggested to regulate cell apoptosis through a glycan-independent interaction with the anti-

apoptotic protein BCL-2 (Villeneuve et al., 2011). Finally, the GBS-independent binding of GAL-7 

on E-cadherin immobilizes this protein on cell membranes, preventing its endocytosis in 

keratinocytes (Advedissian et al., 2017b). 

Figure 1.9 Biological functions of GAL-7. 

Extracellular GAL-7 binds to glyco receptors to facilitate cell migration, cell adhesion, and Trypanosoma cruzi infection. 
GBS-dependent binding of GAL-7 to cell membranes also promotes the expression of MMP-9 in cancer cells through 
p38 MAPK and ERK 1/2 pathways for cell migration and induces the apoptosis of T cells. GAL-7 also binds to E-
cadherin to prevent its endocytosis, a mechanism that is glycan-independent. In the cytoplasm, GAL-7 induces cellular 
apoptosis by upregulating the release of cytochrome c via interaction with BCL-2 or through the JNK pathway. In the 
nucleus, GAL-7 is involved in nuclear export of SMAD-3. Image created with BioRender.com. 



28 

1.3.5 GAL-7 in cancer 

GAL-7 plays a dual role in cancer. Depending on cancer types, this protein can be pro-

tumorigenic (oral skin, thyroid, esophagus, breast, gastric, ovaries, cervix, lymphs) or be more 

anti-tumorigenic (colon, prostate) (Figure 1.10) (Campion et al., 2013; Demers et al., 2007, 2009, 

2010; Grosset et al., 2016; Guo et al., 2017; Higareda-Almaraz et al., 2016; Kim et al., 2013; 

Kuwabara et al., 2002; Labrie et al., 2014; Moisan et al., 2003; Park et al., 2009; Rorive et al., 

2002; Schulz et al., 2017; Wang et al., 2020; Zhu et al., 2013; Zhu et al., 2010). The pro-

tumorigenic function of GAL-7 is thought to be linked with p53, MMP-9, and Smad 2/3 proteins. 

Indeed, mutation of p53, which is well known as a major cause of aggressive cancer, induces 

high expression of GAL-7 through the NF-κB pathway in cancer cells. Then, secreted GAL-7 

undergoes autocrine signaling to induce over-expression of MMP-9 via the p38 MAPK, ERK1/2 

and JNK pathways, resulting in cancer cell invasion (St-Pierre, 2021). On the other hand, GAL-7 

is also supposed to modulate the nuclear export of Smad2/3, interfering with the TGF-β pathway, 

therefore promoting tumorigenesis (Inagaki et al., 2008; St-Pierre, 2021). 

Figure 1.10 Role of GAL-7 in cancers. 

GAL-7 is pro-tumorigenic (red boxes - oral skin, thyroid, esophagus, breast, gastric tissues, ovaries, cervix, lymphatic 
tissues) or anti-tumorigenic (green boxes - colon, prostate). Image created with BioRender.com. 
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1.4 GAL-7 inhibitor design trends 

Figure 1.11 Approaches for the design of a protein inhibitor 

Two primary approaches govern inhibitor design of a protein activity. The first approach is orthosteric inhibition, whereby 
an inhibitor molecule directly targets the active site (or orthosteric site) of a protein. This inhibitor molecule (pink sphere) 
directly competes with active-site binding of a natural protein ligand (green sphere) to alter protein function. The second 
approach is allosteric inhibition, whereby an inhibitor molecule targets a different site than the orthosteric site. This 
distant site is called an allosteric site. Once the inhibitor binds to the allosteric site (blue star), a cascade of dynamics 
and/or conformational changes are induced in the protein structure, which remotely prevents the binding of a natural 
ligand to the orthosteric site. This also results in modulation of protein activity, with added benefit of positive or negative 
regulation (Wodak et al., 2019; Xie & Lai, 2020). 

1.4.1 Orthosteric inhibition approach - GBS inhibitors of GAL-7 

The first attempt to design a GAL-7 inhibitor was performed in 2005 by the Nilsson group 

(Cumpstey et al., 2005), using mouse GAL-7 as template. By replacement of the N-acetyl 

glucosamine moiety of LacNAc by a non-carbohydrate aglycon, the authors synthesized three 

specific analogs that bind the mouse GAL-7 GBS with a dissociation constant (KD) in the 100 nM 

range, which is 10-fold higher in affinity than with other galectins (Molecules 1, 2 and 3) (Figure 
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1.12, Table 1.4). Later in the same year, Salameh and his colleagues synthetized a thioureido N-

acetyllactosamine derivative binding to GAL-7 with a better KD  (around 23 nM) (Molecule 4) 

(Figure 1.12, Table 1.4). (Salameh et al., 2006), but showed low specificity for GAL-7 in 

comparison with other galectins. In 2011, the Nilsson and Acharya groups reported the crystal 

structure of human GAL-7 bound to the novel 2-O-benzylphosphate-galactoside inhibitor with a 

KD of 450 nM (Molecule 5) (Figure 1.12, Table 1.4). (Masuyer et al., 2012). Still, it is unclear 

whether this new inhibitor is specific for GAL-7. Despite 16 years since the first attempt, the 

development of GBS inhibitor specifically targeting GAL-7 has yet to reach a turning point. The 

high GBS similarity among different galectin homologs makes small-molecule GAL-7 GBS 

inhibitor design challenging. Noteworthy, targeting the GBS using small-molecule compounds 

does not inhibit glycan-independent activities of GAL-7, preventing full control over its diverse 

biological functions. 

Table 1.4 List of GAL-7 inhibitors synthesized up to date. 

KD (nM) 

Molecules Name 
Human 
GAL-1 

Human 
GAL-3 

Human 
GAL-7 

Mouse 
GAL-7 

Human 
GAL-8N 

Human 
GAL-9N 

1 
1,5-Bis(β-D-galactopyranosylthio)-

2,4-dinitrobenzene 
1900 n.b na 170 n.b n.b

2 
5-Benzylsulfanyl-2,4-dinitrophenyl

1-thio-β-D-galactopyranoside
n.b n.b na 180 2200 n.b

3 

2,4-Diacetamido-5-benzylsulfanyl-

phenyl-1-thio-β-D-

galactopyranoside 

n.b 1800 na 140 n.b n.b

4 

Methyl-3-deoxy-3-(N’-(3-

pyridylmethylthioureido))- 

β-D-galactopyranosyl-(1-4)-2-

acetamido-2-deoxy-β-D-

glucopyranoside 

43 35 23 na na 47 

5 2-O-benzylphosphate-galactoside na na 450 na na na 

n.b : no binding, na : not applicable/not tested
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Figure 1.12 Structure of GAL-7 GBS inhibitors 

Molecule 1: 1,5-Bis(β-D-galactopyranosylthio)-2,4-dinitrobenzene. Molecule 2: 5-Benzylsulfanyl-2,4-dinitrophenyl 1-
thio-β-D-galactopyranoside. Molecule 3: 2,4-Diacetamido-5-benzylsulfanyl-phenyl-1-thio-β-D-galactopyranoside. 
Molecule 4: Methyl-3-deoxy-3-(N’-(3-pyridylmethylthioureido))-β-D-galactopyranosyl-(1-4)-2-acetamido-2-deoxy-β-D-
glucopyranoside. Molecule 5: 2-O-benzylphosphate-galactoside. 

1.4.2 Allosteric inhibition approach - Dimer interface inhibitors of GAL-7 

The first allosteric mechanism was described in 1965 by Monod, Wyman, and Changeux 

(Monod et al., 1965). It is defined by a conformational or dynamic change at a position on a protein 

induced by perturbation of an another distal site on the same protein (Guo et al., 2016; Motlagh 

et al., 2014; Nussinov et al., 2015) (Figure 1.11). Since the allosteric binding sites are less 

evolutionary conserved than the orthosteric binding sites (Panjkovich et al, 2010; Wei et al., 2016), 

allosteric inhibition is more selective and efficient than orthosteric inhibition (Lu et al., 2017; 

Nussinov et al., 2011; Nussinov et al., 2012; Wootten et al., 2013). For this reason, drug discovery 

and design have shifted focus toward allosteric inhibition to improve compound selectivity and 

efficiency (Wenthur et al., 2014). To this day, the AlloSteric Database (ASD) 2019 holds over 

1949 protein targets and 82,070 allosteric modulators (Huang et al., 2011, 2014; Liu et al., 2020; 

Shen et al., 2016). Based on DrugBank database information accessed on March, 27th 2022, 25 

allosteric drugs were already approved by the FDA for maket use (Wishart et al., 2006). For 

example, Drotaverine inhibits phosphodiesterase-4 (PDE4) and is used for treatment of 

gastrointestinal diseases and smooth muscle spasms (Mk, 2020). Enasidenib, an allosteric 
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inhibitor of isocitrate dehydrogenase-2 (IDH2), is applied for the treatment of myeloid leukemia. 

Trametinib is an allosteric kinase inhibitor of Mitogen-activated protein kinase (MEK) 1 and MEK2 

for melanoma treatment (Stein et al., 2017). Although no galectin allosteric modulator has yet 

been approved in the market, antitumor calixarene 0118 (OXT008) was found to allosterically 

inhibit the GBS activity of GAL-1 (Dings et al., 2012), and was then advanced to phase 1 clinical 

trial for solid tumor treatment (Table 1.1). In 2021, OXT008 was shown to prevent proliferation, 

migration, and invasion of six thyroid cancer cell lines overexpressing GAL-1 (Gheysen et al., 

2021). Based on the progress of this GAL-1 allosteric inhibitor study, the same strategy could be 

applied for the functional modulation of GAL-7. 

To overcome the limitations of designing GBS inhibitors, our group targeted the 

functionally relevant dimer interface of GAL-7. This approach is based on three main 

considerations. First, the oligomeric structure of prototypic galectins is the result of selective 

pressure and is strictly conserved among diverse human proteins of this family. Based on this 

evidence, it can be presumed that the GAL-7 homodimer architecture is functionally important, 

especially for the formation of glycan-galectin matrix lattices that confer the extracellular 

function of GAL-7. Second, the “back-to-back” quaternary architecture of the GAL-7 homodimer 

is unique among human galectins. Therefore, targeting this dimer interface would significantly 

improve inhibitor specificity for GAL-7. Third, Ermakova and colleagues previously illustrated the 

existence of long-range positive binding cooperativity between the two GBSs located on 

opposite GAL-7 protomers, suggesting functional communication occurring through the dimer 

interface (Ermakova et al., 2013). Thus, destabilization of the dimer interface could inhibit both 

GBS-dependent and oligomerization-dependent functions of GAL-7. As a result, our group 

previously designed peptides mimicking a portion of the dimer interface (St-Pierre et al., 2018; 

Vladoiu et al., 2015). These Dimer Interfering Peptides (DIPs) were designed to disrupt β-

strands 13-25 and 129-135, which are directly involved in protomer-protomer interactions. 

Among the synthesized peptides, DIP129-135 specifically inhibited GAL-7 dimer formation and 

reduced the proapoptotic activity of GAL-7 on Jurkat T cells, but did not alter GAL-7 binding at 

the surface of T cells (St-Pierre et al., 2018; Vladoiu et al., 2015). This achievement is a proof-

of-concept demonstrating that GAL-7 activity is tunable through the modulation of its 

oligomerization architecture (St-Pierre et al., 2018).
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1.5 Thesis  

1.5.1 Problem Statement 

As detailed above, GAL-7 plays a pro-tumorigenic role in many epithelial cancers, making 

it a promising target for cancer therapy, especially for TNBC treatment. Currently, the 

development of inhibitors targeting the GAL-7 GBS has not yet reached a milestone. The novel 

approach encompassing the design of an inhibitor targeting the dimer interface appears to be a 

promising strategy to specifically and efficiently modulate GAL-7 activity (St-Pierre et al., 2018; 

Vladoiu et al., 2015). In fact, the dimer interface has been suggested to play an important role for 

remote positive ligand binding cooperativity between GBSs located on opposite protomers 

(Ermakova et al., 2013). However, due to the lack of information on key residues involved in 

stabilizing this protomer-protomer interaction, it is challenging to identify potential regions of the 

dimer interface that should be targeted for modulation. Although the DIP alternative shows 

interesting modulating properties, their affinity is low (mM range) and initial attempts to optimize 

DIP affinity towards GAL-7 did not result in tangible improvements. Thus, a better understanding 

of the residue network controlling the allosteric communication between GAL-7 protomers is 

mandatory to lay down the fundamental knowledge that could lead to the design of improved 

GAL-7 modulators, either as activators or inhibitors of GAL-7 depending on the targeted cellular 

activity and cancer tissue type. 

1.5.2 Hypothesis and Objectives  

Since destabilization of the dimer interface by a DIP showed inhibition of the GAL-7 

immunosuppressive activity, we hypothesized that GAL-7 activity is at least partly modulated 
by dimer interaction strength (Hypothesis 1). To validate this hypothesis, an in-silico analysis 

of GAL-7 dynamics was performed to provide insights on putative strengthening and weakening 

mutations located at the dimer interface. Two single GAL-7 variants, G16C and G16S, were 
prepared as improved and weakened GAL-7 homodimer affinity, respectively, to 
investigate their impact on the immunosuppressive activity of GAL-7 (Objective 1).  Multiple 

methods combining biological assays, X-ray crystallography, biophysical, and computational 

characterization were carried out to accomplish this objective. The details of this work are 

described in the article presented in chapter 2: “Perturbing dimer interactions and allosteric 
communication modulates the immunosuppressive activity of human galectin-7” (Pham et 
al., 2021). This study was published in the Journal of Biological Chemistry in 2021. 
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This initial work presented the establishment of a residue network governing the molecular 

function of GAL-7 and highlighted the fact that residues involved in protomer-protomer 

communication at the interface are crucial to maintain allosteric communication. We then further 

hypothesized that perturbing this inter-protomer communication would weaken the 
communication network between protomers, as well as affect GAL-7 function in the cell 
(Hypothesis 2). Our second objective investigated the consequences of disrupting inter-
protomer communication on GAL-7 function (Objective 2). The results of this objective are 

detailed in the manuscript presented in chapter 3, which will shortly be submitted for publication.  

We functionally sectioned and studied the dimer interface of GAL-7 into three distinct 

regions: a central section primarily consisting of hydrophobic interactions involving residues 

Phe135, Arg98, and Gly16, complemented by two primarily electrostatic regions located on top 

(Arg20, Arg22, Asp103, Arg133, and Glu87) and bottom (Arg14, Asp94, and Asp95) of the dimer 

interface. Results from objectives 1 and 2 of this thesis investigated interactions located in the 

central and top sections of the GAL-7 interface. Moreover, the bottom section residue Arg14 was 

previously suggested to be involved in a dynamical alteration linking the distant GBS to the dimer 

interface (Ermakova et al., 2013). This observation suggests that perturbing the interaction 
between R14 and D94 (or D95) may alter the GBS-dependent proapoptotic activity of GAL-
7 (Hypothesis 3). Therefore, the last objective of this study investigated the effects of 
perturbing electrostatic interactions between Arg14, Asp94, and Asp95 on the 
proapoptotic activity of GAL-7 (Objective 3). The results of this objective are detailed in chapter 

4 and paint a complete picture of the modulation of GAL-7 activity through homodimer 

interactions. 
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2.1 Résumé 

La conception de modulateurs allostériques pour contrôler la fonction des protéines est 

un aspect important de la découverte de médicaments. L'altération de la fonction de résidus 

essentiels d’un réseau allostérique permet de cibler spécifiquement des protéines venant d’une 

même sous famille et de minimiser les effets hors cible non désirés, tout en évitant l'acquisition 

d’une résistance au médicament, un problème généralement associé aux composés qui ciblent 

les sites orthostériques. Dans cette étude, nous avons utilisé l'ingénierie des protéines et des 

mutations de l'interface du dimère pour moduler positivement et négativement l'activité 

immunosuppressive de la protéine pro-apoptotique galectine-7 humaine (GAL-7). Les 

algorithmes PoPMuSiC et BeAtMuSiC ont servi à prédire les positions et l’identité des résidus à 

muter qui pourraient soit altérer, soit stabiliser l’interface dimérique de GAL-7. En introduisant un 

lien covalent via un pont disulfure entre les deux protomères pour contrôler la force de l’interaction 

et la stabilité de l’homodimère, nous démontrons l'importance des perturbations de l'interface 

dimérique sur le réseau allostérique qui relie les deux sites de liaison aux glycanes (GBS) de 

GAL-7, ce qui contrôle l’apoptose des cellules T Jurkat induite par GAL-7. L’étude moléculaire 

des variants G16X de GAL-7 par la cristallographie aux rayons X ainsi que les caractérisations 

biophysiques et computationnelles dévoilent les résidus impliqués dans la stabilité du dimère, la 

communication allostérique et les effets dynamiques à longue portée impliquant les boucles 1, 2 

et 3. Ainsi, nous montrons que la perturbation de l'interface homodimérique entre les protomères 

de GAL-7 peut moduler sa fonction biologique même si la structure globale et l'affinité de liaison 

du ligand demeurent inchangées. Cette étude met donc en évidence de nouvelles avenues pour 

la conception de modulateurs spécifiques de galectines pouvant influencer les interactions 

dépendantes et indépendantes de glycanes par les protéines de cette famille. 

2.2 Abstract 

The design of allosteric modulators to control protein function is a key objective in drug 

discovery programs. Altering functionally essential allosteric residue networks provides unique 

protein family subtype specificity, minimizes unwanted off-target effects, and helps avert 

resistance acquisition typically plaguing drugs that target orthosteric sites. In this work, we used 

protein engineering and dimer interface mutations to positively and negatively modulate the 

immunosuppressive activity of the proapoptotic human galectin-7 (GAL-7). Using the PoPMuSiC 

and BeAtMuSiC algorithms, mutational sites and residue identity were computationally probed 

and predicted to either alter or stabilize the GAL-7 dimer interface. By designing a covalent 
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disulfide bridge between protomers to control homodimer strength and stability, we demonstrate 

the importance of dimer interface perturbations on the allosteric network bridging the two opposite 

glycan-binding sites on GAL-7, resulting in control of induced apoptosis in Jurkat T cells. 

Molecular investigation of G16X GAL-7 variants using X-ray crystallography, biophysical, and 

computational characterization illuminates residues involved in dimer stability and allosteric 

communication, along with discrete long-range dynamic behaviors involving loops 1, 3, and 5.  

We show that perturbing the protein–protein interface between GAL-7 protomers can modulate 

its biological function, even when the overall structure and ligand-binding affinity remains 

unaltered. This study highlights new avenues for the design of galectin-specific modulators 

influencing both glycan-dependent and glycan-independent interactions. 

2.3 Introduction 

Human galectins (GAL) are oligomeric β-galactoside binding lectins assembled from small 

(~15 kDa) protomeric carbohydrate recognition domains (CRD). In mammals, they are 

categorized by their CRD architecture and form three broadly defined structural groups: prototype 

(GAL-1, -2, -5, -7, -10, -11, -13, -14, -15, -16), tandem repeat (GAL-4, -6, -8, -9, -12), and chimera-

type (GAL-3) (Cummings et al., 2015). While prototype galectins exist as noncovalent or disulfide-

bridged homodimers, tandem repeat galectins are built from heterodimeric CRDs covalently 

linked by short peptide linkers. In contrast, the monomeric chimera-type GAL-3 is unique in its 

ability to oligomerize through its collagen-like N-terminal tail (Ahmad et al., 2004). Galectins are 

known to bind cell surface glycoconjugates via their glycan-binding sites (GBS), initiating the 

formation of an extracellular lattice through divalent and multivalent cross-linking of glycosylated 

receptors (Kamitori, 2018). This dynamic lattice imparts galectins with the ability to regulate 

multiple cellular functions, including cell adhesion, cell signaling, and intracellular trafficking (Nabi 

et al., 2015). This is particularly true when galectins bind to glycoreceptors on activated immune 

cells to induce apoptosis (Perillo et al., 1995). As a result, galectins act as key apoptotic regulators 

and potential disease targets in multiple disorders, including cancer tumor progression and 

metastasis (Dubé-Delarosbil et al., 2018) 

Among prototype galectins, galectin-7 (GAL-7) is recognized for its preferential expression 

profiles in normal epithelial cells (St-Pierre, 2021). When overexpressed in many tissues, it can 

accelerate cancer progression. This is particularly true for lymphoma (Demers et al., 2005, 2007), 

triple-negative breast cancer (Demers et al., 2010; Grosset et al., 2014), endometrial cancer 

(Menkhorst et al., 2018), and other subtypes of cancer (Advedissian et al., 2017a). GAL-7 also 
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plays important cellular functions in cell adhesion, migration, differentiation, proliferation, and 

apoptosis (Advedissian et al., 2017a) via glycan-dependent or glycan-independent protein–

protein interactions with other cellular partners. For example, while extracellular GAL-7 can trigger 

apoptosis of activated T cells following binding to glycoreceptors via its GBS (Labrie et al., 2014), 

it can also bind E-cadherin on epithelial cells independently of its GBS. Glycan-independent 

interactions implicating GAL-7 have also been reported inside the cells, most notably with the 

anti-apoptotic BCL-2 regulator (Villeneuve et al., 2011). Overexpression of GAL-7 has also been 

implicated in other pathologies, including preeclampsia (Menkhorst et al., 2020) and abnormal 

wound healing of the skin and cornea (Cao et al., 2003; Gendronneau et al., 2015). 

For more than a decade, the development of galectin modulators has almost exclusively 

focused on sugar-based, small-molecule compounds aimed at perturbing glyco-receptor 

interactions (Denavit et al., 2018). However, the high degree of GBS homology among family 

members renders highly specific, high-affinity galectin modulators extremely difficult to 

synthesize. As a result, GBS inhibition remains a high-risk strategy because of unwanted off-

target effects involving binding to other highly homologous and often beneficial anti-tumorigenic 

galectin members, e.g., GAL-4 (Belo et al., 2013; Satelli et al., 2011). To further complicate 

matters, an increasing number of studies have now confirmed the importance of GBS-

independent activities modulated by galectins (Advedissian et al., 2017b; Chun, 2020; Meinohl et 

al., 2020), including potentially relevant hetero-oligomeric galectin architectures, modular 

designs, and valence variability (Ludwig et al., 2021; Ludwig et al., 2019a, 2019b; Miller et al., 

2018). This should come as no surprise, as it has been known for a while that lectin can bind non-

carbohydrate compounds, often exhibiting higher affinities than their “natural” saccharide ligands 

(Komath et al., 2006). GBS inhibitors are ineffective at targeting glycan-independent galectin 

function, further exemplifying the need to establish new approaches for targeting unique galectin 

members in highly specific therapeutic circumstances. 

These observations have awakened interest in targeting and modulating galectin function 

using newly developed allosteric effectors. In many instances, allosteric modulation of protein 

function was shown to be more selective and effective than traditional orthosteric inhibition 

(Wenthur et al., 2014). Furthermore, such strategy has proven effective in finding compounds 

inhibiting mammalian C-type lectins, a protein family initially deemed undruggable (Aretz et al., 

2018; Borrok et al., 2007). Targeting non-GBS regions in galectins would also offer means to 

develop new generations of galectin inhibitors that specifically modulate glycan-independent 

functions in the cell, a therapeutic strategy that remains marginally represented. In support of this 



  39 

avenue, galectins have been shown to undergo evolutionary pressure that stabilizes their 

quaternary oligomeric architecture to improve ligand affinity and biological function (St-Pierre et 

al., 2018). The relatively low sequence identity and unique dimer architecture among members of 

the prototypic galectin family (Kamitori, 2018) offer means to specifically target their dimer 

interface to improve inhibitor specificity. 

We recently developed GAL-7 dimer interfering peptides (DIPs) to alter dimer stability in 

this functionally important protein (Vladoiu et al., 2015). Among selected designer sequences, 

peptide hGAL-7(129–135) was shown to effectively reduce the pro- apoptotic activity of GAL-7 on 

Jurkat T cells by disrupting the monomer–dimer equilibrium in solution. This sequence was also 

shown to promote accumulation of GAL-7 on the surface of T cells. These results suggest that 

dimer interface perturbation might alter the specificity and affinity of the GAL-7 GBS against 

distinct glycosylated receptors, potentially acting via an allosteric mechanism involving 

homodimer interface communication. This hypothesis is further strengthened by prior work 

suggesting the existence of lactose-induced, long-range positive cooperativity between the two 

GBSs on opposite GAL-7 protomers (Ermakova et al., 2013). Despite being largely 

uncharacterized, positive cooperativity behavior suggests the involvement of long-range, 

organized residue networks relaying dynamic information between GAL-7 protomers. Further, 

characterizing the relationship between the biological function of GAL-7 and allosteric 

communication would significantly improve our ability to design GAL-7-specific allosteric 

inhibitors. 

In this work, we studied the impact of homodimer interface mutations on the induction of 

Jurkat T cell apoptosis, allowing us to positively and negatively modulate the biological activity of 

GAL-7 by designing a covalent disulfide bridge (G16C) and destabilizing mutation (G16S) to 

control homodimer strength, stability, and biological activity. Biophysical, structural, and 

computational characterization of G16X variants provides a clearer view of the allosteric network 

governing molecular function in GAL-7. 

2.4 Results and discussion 

2.4.1 Prediction and design of GAL-7 variants that destabilize homodimer 
integrity 

A number of structural studies have previously highlighted the unique “back-to-back” 

homodimer architecture adopted by GAL-7 in solution (Brinda et al., 2005; Kamitori, 2018; 

Leonidas et al., 1998; St-Pierre et al., 2018). Some reports have also alluded to the potential 
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importance of interface residues involved in dimer formation and stability, in addition to proposing 

the existence of allosteric networks connecting the two distant GBS sites on opposite GAL-7 

protomers (Ermakova et al., 2013). To confirm complex formation and stability in apo and holo 

forms, we tested the integrity of the GAL-7 homodimer in solution. NMR translational diffusion 

measurements were performed on free and lactose-bound WT GAL-7 complexes of increasing 

protein–ligand molar ratios. Our results not only confirm the existence of a stable WT GAL-7 

homodimer in solution, but further demonstrate that diffusion coefficients are not significantly 

altered upon addition of increasing lactose concentrations to GAL-7 (Figure 2.4). This supports 

structural integrity, stability, and biological relevance of a stable WT GAL-7 homodimer in its apo 

and holo forms. 

The propensity of GAL-7 to maintain homodimer integrity upon interface perturbation was 

thus interrogated by performing computational mutational predictions at the interface using the 

algorithms PoPMuSiC (Gilis et al., 2000) and BeAtMuSiC (Dehouck et al., 2013). These tools 

provide computer-aided design of all possible single-site mutational replacements in proteins. 

PoPMuSiC evaluates the folding free energy changes (ΔΔGF) resulting from each mutated site, 

while BeAtMuSiC evaluates protein– protein binding free energy alterations upon mutation 

(ΔΔGB). Both algorithms were used in complementary fashion to help with prediction and design 

of experimental point mutations that effectively promote stabilization or destabilization of the GAL-

7 monomer–dimer equilibrium. 

We first searched for GAL-7 protomer interface mutations that favored stabilization of the 

monomer over that of the dimer. Using PoPMuSiC, we computationally introduced and evaluated 

all possible single-site mutations in GAL-7. Residues located at the dimer interface and exhibiting 

solvent accessibility differences greater than 10% between monomer and dimer states were 

prioritized. Mutations with significant monomer–dimer stability differences were selected, as 

defined by ΔΔGF (dimer) - ΔΔGF (monomer) ≥ 2 kcal/mol (Table 2.1). Amino acid replacements 

satisfying these criteria were found at positions Gly16, Val18, Ile91, and Phe135 (Table 2.1). 

Mutations at positions Gly16/Phe135 were prioritized over Val18/ Ile91 since they exerted a 

greater number of dimer destabilizing effects in addition to displaying an extended dimer interface, 

as exemplified by greater solvent accessibility changes upon binding. We applied further 

restrictions on the variants to prevent detrimental secondary structure perturbations or disulfide 

bridge formation (i.e., no Gly, Pro, Cys replacements) (Table 2.1). We also avoided variants that 

altered the overall charge of the protein. BeATMuSiC calculations predicted significant dimer 

affinity alterations for all remaining variants, with ΔΔGB ≥ 4 kcal/mol (Table 2.1). We finally 
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prioritized individual substitutions G16S and F135S, as they caused the largest ΔΔGB among all 

remaining variants. These two variants were thus experimentally tested in the context of GAL-7 

dimer stability and function. Interestingly, the main chain oxygen atoms of Gly16 and Phe135 both 

make inter-protein H-bonding interactions with the Nζ atom of Lys98, according to the Protein 

Interaction Calculator (PIC) (Tina et al., 2007). Phe135 is also involved in hydrophobic contacts 

with Leu89, Ile91, and Val100 on the opposite chain. We expected that mutation to serine would 

break these interactions. 

As a counterpart to destabilizing mutations, we also searched for mutational predictions that 

favored stabilization of the GAL-7 homodimer rather than its monomeric form. Analysis of the WT 

homodimer structure (PDB entry 4GAL) highlighted ideal distance between Gly16-Cα atoms in 

each protomer (4 Å), suggesting that introduction of a cysteine at this site could favor formation 

of a covalently linked GAL-7 homodimer through formation of a disulfide bridge, with only slight 

structural reorganization. As a result, we also designed a G16C variant for further functional and 

structural investigation. 

Based on our computational predictions, mutations G16S and F135S should weaken GAL-

7 homodimer interactions, while formation of a disulfide bridge in G16C could strengthen protomer 

interactions and favor GAL-7 homodimer stability. Recombinant expression of mutational 

constructs yielded soluble proteins for the G16X variants, but F135S was found to be 

systematically expressed as inclusion bodies, despite several trials to improve its solubility. These 

results suggest irreversible structural alterations and/or limited stability upon introduction of a 

polar residue at position 135. Interestingly, Phe135 is the terminal residue within the primary 

structure of GAL-7, forming van der Waals interactions with neighboring residues Ile91, Lys98, 

and Asp103 on β-strand 7. A ConSurf analysis (Ashkenazy et al., 2010) illustrates that this 

position is the terminal amino acid residue for only 12/81 nonredundant galectin homologs, 

exhibiting limited sequence variability and strict hydrophobic conservation (Phe, Val, Leu, and 

Ile). This observation suggests that replacing the benzyl moiety with a polar hydroxyl group at 

position 135 impedes essential hydrophobic interactions involved in preserving monomer–dimer 

stability in GAL-7. 

2.4.2 Perturbing homodimer stability alters the proapoptotic activity of GAL-7 

Galectins are known to induce apoptosis of human T cells by binding to their glycosylated 

receptors, thereby modulating cell fate in diseases such as cancer (Girotti et al., 2019). For a 

number of years, our group has extensively used GAL-7 as a relevant model for studying Jurkat 
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T cell induced apoptosis, providing additional information on molecular and cellular mechanisms 

governing GAL-7 function in the cell (Grosset et al., 2014; Labrie et al., 2014; López de los Santos 

et al., 2020; Vladoiu et al., 2015). Despite several studies detailing the existence of a homodimeric 

structure in GAL-7, few reports have thus far interrogated the importance of maintaining the 

integrity and stability of this dimer for preservation of function. To investigate the computational 

predictions of G16X replacements, we performed Jurkat T cell apoptosis experiments with 

variants G16S and G16C. Our results show that the G16S mutation decreases the proapoptotic 

activity of GAL-7, yielding an EC50 of 13.7 μM (95% confidence interval [CI95%] between 10.2 

and 18.3 μM) relative to 8.4 μM (CI95% 7.6–9.1 μM) for WT GAL-7 (Figure 2.1A). Conversely, 

the G16C variant has a greater capacity to induce apoptosis of Jurkat T cells than WT (Figure 

2.1A), yielding an EC50 of 5.9 μM (CI95% 5.2–6.7 μM). These results suggest that residue Gly16 

is directly involved in monomer–dimer stabilization and/or allosteric communication between 

protomers in GAL-7. 

2.4.3 Perturbing dimer interface alters GAL-7 stability but does not affect 
glycan-binding affinity 

The overall fold and stability of the GAL-7 variants were assessed by performing CD 

spectropolarimetry in the presence and absence of α-lactose. Under these conditions, the far UV 

molar ellipticity spectra (200–260 nm) of all proteins is virtually indistinguishable, further 

illustrating that Gly16 mutations do not perturb the overall fold of free or lactose-bound GAL-7 

(Figure 2.5). Thermal denaturation experiments were also carried out to examine the effects of 

mutations on GAL-7 stability. CD melting curves show that G16C is the most stable variant (Tm = 

70.0 ± 0.1 ºC), followed by WT (Tm = 67.8 ± 0.2 ºC) and G16S (Tm = 58.7 ± 0.2 ºC) (Figure 2.1B). 

These results confirm the thermal stability advantage conferred by the G16C mutation, which 

provides a 2.2 ºC increase in Tm relative to WT. Conversely, the G16S mutation weakens GAL-

7 stability, inducing a 9.1 ºC decrease in melting temperature. By incubating protein with 

saturating concentrations of α-lactose, we observe an overall thermal stability increase of 2.7 for 

WT (Tm = 70.5 ± 0.1 ºC), 1.9 ºC for G16C (Tm = 71.9 ± 0.2 ºC), and 2.9 ºC for G16S (Tm = 61.6 ± 

0.1 ºC). These results confirm the previously observed thermal stability advantage conferred by 

lactose binding to GAL-7 (Ermakova et al., 2013). This effect is more prominent in WT GAL-7 and 

variant G16S than in G16C, further suggesting the existence of a covalent link in the latter variant. 

We also used microscale thermophoresis (MST) to investigate the strength of dimer 

association and equilibrium induced by Gly16 replacements. In this experiment, the fluorophore-

labeled GAL-7 dimer is incubated at higher temperature with unlabeled GAL-7, resulting in 
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weakening of noncovalent dimer interactions and induction of equilibrium exchange between 

labeled and unlabeled complexes to form mixed heterodimers. This allows extraction of the GAL-

7 equilibrium dimer dissociation constant (KD) under specific experimental conditions and protein 

concentration range. It also further provides an estimate of dimer affinity perturbations induced 

upon mutation at the protomer interface. GAL-7 was previously shown to be predominantly 

dimeric at concentrations around 1.6 μM and above (Ermakova et al., 2013). Consistent with 

these observations, our MST results show that WT GAL-7 adopts a dimeric form in similar 

experimental conditions, exhibiting a dimer equilibrium dissociation constant (KD) of 0.06 μM 

(Figure 2.1C). In contrast, the G16S variant displays 32-fold lower dimer affinity relative to WT 

GAL-7 (KD = 1.88 μM), indicative of significant homodimer destabilization induced by the mutation. 

As hypothesized, no binding-associated MST signal was observed for G16C, lending support to 

stabilization by formation of a disulfide bridge between the two G16C GAL-7 protomers. The dimer 

interaction energies between the apo WT, G16C, and G16S were also evaluated using FoldX 

(Schymkowitz et al., 2005) and protein structures from MD simulations (see below). Results were 

averaged over 5000 dimer structures from the respective trajectories of WT and G16X variants. 

Consistent with our MST results, G16S was found to be the least stable homodimer, with a dimer 

interaction energy of -11.6 ± 0.1 kcal/mol. Interaction energies of −13.1 ± 0.2 kcal/mol and −14.8 

± 0.1 kcal/mol were also calculated for WT and G16C, respectively. As expected, the disulfide 

bridge between the G16C homodimers was found to be a significant contributor to dimer stability. 

In addition to testing dimer stability, we also performed ITC experiments to investigate 

whether mutations at the dimer interface affect long-range glycan-binding affinity in the GAL-7 

GBS. Our results show that α-lactose-binding affinities (KD) were found to be similar for WT GAL-

7 and G16X variants (Figure 2.1D and Table 2.2). Closer thermodynamic investigation illustrates 

that although WT and G16C exhibit very similar entropic (ΔS) and enthalpic (ΔH) contributions to 

ligand binding, variant G16S shows significantly altered ΔH and ΔS contributions relative to the 

two more stable WT and G16C forms of the protein, in line with the lower stability observed in 

variant G16S. 
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Figure 2.1 Single-site dimer-interfering mutations G16C and G16S act as positive and negative functional 
regulators of the proapoptotic activity of GAL-7. 

A, GAL-7-induced apoptosis of human Jurkat T cells for WT GAL-7 (black circles), G16S (pink triangles), and G16C 
(blue squares), as evaluated by positive Annexin V staining using flow cytometry analysis. B, thermal stability of WT 
GAL-7 and variants G16S and G16C in the absence and presence of lactose, as measured by CD-induced thermal 
denaturation. C, dimer equilibrium affinity of WT GAL-7 and the G16S variant, as measured by MST. D, α-lactose-
binding isotherm of WT GAL-7 and variants G16S and G16C, as measured by ITC. 

2.4.4 G16C and G16S variants maintain dimer architecture in free and lactose-
bound states 

Since the proapoptotic activity of GAL-7 on Jurkat T cells involves glycosylated receptors 

and since no significant change in lactose-binding affinity was observed in variants G16C and 

G16S, it is unclear how homodimer formation and stability modulate GAL-7 activity in the cell. To 

examine whether these functional changes are rooted in structural perturbations at the molecular 

level, we solved the X-ray structures of lactose-bound WT GAL-7 and that of variants G16C and 

G16S in their apo and holo states (Table 2.3). We found that both G16C and G16S variants 

maintain GAL-7 dimer architecture in solution (Figure 2.2A), unlike other protomer interface 

mutations that likely perturb the hydrophobic core of the dimer interface, resulting in insoluble 

constructs (e.g., F135S). Apo structures of G16C (PDB 6VTP) and G16S (PDB 6VTR) were 
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crystallized as dimers in the P212121 space group at 2.3 Å resolution (Table 2.3). As predicted 

from our calculations and in support of our MST results, the apo G16C omit map revealed the 

formation of a Cys16-Cys16 disulfide bridge at the dimer interface (Figure 2.2B). Overall, GAL-7 

dimer architecture is minimally perturbed, as illustrated by Cα structural alignments between apo 

WT GAL-7 (PDB 3ZXF) and apo G16C (RMSD 6VTP versus 3ZXF = 0.686 Å) or between apo 

WT and apo G16S (RMSD 6VTR versus 3ZXF = 0.629 Å). The lactose-bound holo crystal 

structures of WT (PDB 6VTO), G16C (PDB 6VTQ), and G16S (PDB 6VTS) were resolved at 1.69 

Å, 1.95 Å, and 1.9 Å, respectively. These structures also appear as dimers in the P212121 space 

group (Table 2.3 and Figure 2.2A). Similar to the apo forms, no major change in the overall 

structure was observed between WT GAL-7 and G16C (RMSD 6VTQ versus 6VTO =0.477 Å) or 

between WT and G16S (RMSD 6VTS versus 6VTO = 0.357 Å). Much like its apo counterpart, a 

Cys16-Cys16 disulfide bridge between each protomer was also confirmed by the presence of a 

clear electron density map in the G16C holo structure (PDB 6VTQ). In contrast to the apo G16C 

structure, two disulfide bridge conformers are observed in the electron density of the Cys16-

Cys16 covalent bond at the dimer interface of holo G16C (Figure 2.2B) 

2.4.5 Glycan-binding site organization and ligand positioning 

In accordance with the overall structural similarity, overall GBS organization and residue 

positioning remain largely unchanged between WT and G16X variants. This was expected since 

Gly16 mutations are located at the homodimer interface, more than 20 Å away from the GBS. 

Except for Arg71, side chain conformations for all GBS residues were found to adopt similar 

orientations in all GAL-7 holo structures (Figure 2.2C). However, since Arg71 is located at the 

crystal contact surface, this dissimilarity could easily be an artifact of crystal packing. Lactose 

positioning within the GBS also remains analogous for WT GAL-7 and G16X variants, preserving 

the vast majority of the previously described polar interactions (Leonidas et al., 1998). These 

results are supported by the largely unaffected α-lactose-binding affinities (KD) calculated for WT 

GAL-7 and G16X variants (see above). The previously published lactose-bound WT GAL-7 

structure of Leonidas et al. (PDB 4GAL) was shown to limit lactose access to the binding site of 

one GAL-7 protomer due to crystal packing. In contrast, our omit maps clearly show the presence 

of a bound lactose molecule in the GBS of both protomers within the WT, G16C, and G16S 

complexes (Figure 2.2A). This is likely explained by the use of different crystallization techniques, 

i.e., soaking of WT GAL-7 crystals in lactose solution (Leonidas et al., 1998) versus 

cocrystallization with lactose (present study). Interestingly, the D-glucose moiety of lactose was 

found to adopt an open linear chain configuration in our WT GAL-7 structure (PDB 6VTO), 
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contrary to its typical closed pyranose ring. This could result from X-ray irradiation during crystal 

shooting (Dizdaroglu et al., 1977) or protonation of the ring oxygen atom of the glucose moiety by 

the nearby terminal guanidinium group of Arg74. In a similar fashion, the ring opening of glucose 

was previously shown to be catalyzed by the amine group of a nearby lysine in the binding site of 

human serum albumin (Wang et al., 2013). 

Figure 2.2 Crystal structures of WT, G16S, and G16C variants of GAL-7. 

A, structural overlay of ligand-bound forms of WT GAL-7 (PDB 4GAL and 6VTO), G16S (PDB 6VTS), and G16C (PDB 
6VTQ). Width of putty cartoon representation illustrates B-factor values, highlighting conformational variations observed 
in loop 1 (L1) and loop 3 (L3). The engineered disulfide bridge between protomers A (right) and B (left) in variant G16C 
is labeled S-S and shown in ball-and-stick representation. The two opposite glycan-binding sites are labeled GBS1 
(protomer A) and GBS2 (protomer B). Bound ligands are shown in red and white atomic representation. Local 
environment perturbations resulting from G16X mutations in L1 are shown in panel D (black rectangle). B, electron 
density map surrounding the Cys16A-Cys16B disulfide bridge at the dimer interface of apo (top) and holo (bottom) 
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GAL-7 variant G16C. C, overlay of CRD protomers A and B in apo (top) and holo (bottom) structures of WT GAL-7 and 
variants G16S and G16C. L1 (blue) and L3 (red) are highlighted in apo (PDB 1BKZ, 3ZXF, 6VTP, and 6VTR) and holo 
(PDB 4GAL, 6VTO, 6VTQ, and 6VTS) GAL-7 structures. Main GBS residues are labeled and shown in ball-and-stick 
representation on apo panel. D, atomic view of the overlay between WT (white) and G16C variant (green) showing the 
local environment surrounding the Gly16 site of mutation and neighboring conformational change experienced by 
selected residues in loop 1. 

2.4.6 Apo and holo GAL-7 structures suggest distinct dynamic behavior for 
loops 1, 3, and 5 in G16X variants 

Previous simulations suggested the existence of positive binding cooperativity in GAL-7, 

whereby entropic penalty at a ligand-free binding site (i.e., increased dynamics in GBS residues) 

may facilitate induced fit and binding of a second ligand to the GBS in the opposite protomer 

(Ermakova et al., 2013). It has been proposed that these effects would be compensated by 

rigidification of other internal motions observed elsewhere in the protein. In line with this 

observation and despite overall structural similarity to WT GAL-7, apo versus holo G16X 

structures suggest distinct long-range conformational alterations triggered by interface mutation 

and ligand binding. One of the most significant structural rearrangements between WT and G16X 

apo structures occurs in the local environment of residues 8–17 (loop 1), which exhibit significant 

atomic-scale deviations in the variants (Figure 2.2A-C). This local rearrangement of loop 

1 involves Gly16 and its neighboring residues, particularly residues Pro10, Glu11, Gly12, and 

Arg14 (Figure 2.2D). Contrary to apo structures, the conformation of loop 1 in both chains is 

not as significantly perturbed in ligand-bound WT and G16X variants (Figure 2.2C). 

To evaluate conformational changes observed between apo and holo structures 

independent of X-ray artifacts and crystal variability, Z-scores of the atomic B-factors were 

calculated and used for comparative assessment (Broom et al., 2020). Cα B’-factors between apo 

and holo WT structures show that chain B is less flexible, while chain A is more flexible in the 

presence of lactose (Figure 2.6). This indicates that loop 1 experiences distinct dynamic behavior 

in each GAL-7 chain upon ligand binding, an observation that was not immediately obvious from 

a previous GAL-7 dynamic investigation (Ermakova et al., 2013). Similarly, although both chains 

in G16X structures exhibit increased Cα B’-factor values for residues 10–15 (loop 1), the mobility 

gain in one chain was found to be significantly higher than that observed in the opposite chain 

(Figure 2.6, B and C). In addition to the previously highlighted holo loop 1 rigidification in WT 

(Ermakova et al., 2013), these results suggest that GAL-7 may rely on an asymmetric allosteric 

network involving distinct loop 1 rigidification (or flexibility) in chains A and B to facilitate 

cooperativity between the two protomers. Even when similar loop 1 conformations are observed 

in each chain between holo WT and G16X structures (Figure 2.6, D and E), Cα B’-factor analysis 
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shows an increase in loop 1 mobility for the mutationally induced G16X structures upon ligand 

binding. These observations further suggest the importance of loop 1 dynamics in interface 

communication between protomers, in line with the proapoptotic functional effects we illustrated 

above. 

In comparison with holo WT, holo G16X structures also exhibit higher Cα B’-factor values 

in loop 1, especially for residues Ile13, Arg14, and Pro15, which are located near the site of 

mutation. In some protomer–protomer interactions, a shift in the side chain of Arg14 leads to the 

loss of a salt bridge between its terminal guanidinium moiety and residue Asp94 on the opposite 

protomer. Neighboring residues Asp94 and Asp95 on the opposite protomer also exhibit altered 

conformational states relative to WT. This leads to the loss of a salt bridge between Arg14 and 

Asp95 in the G16X variants, a result supported by reduced population of this electrostatic 

interaction in our MD simulations (see below). These results suggest that homodimer 

destabilization in variant G16S is partly attributed to changes inside chain conformation and 

dynamics involving residues Arg14, Asp94, and Asp95, which also neighbor the site of mutation 

(Figure 2.6, D and E). This structural reorganization also results in the overall reduction of the 

surface area defining the dimer interface in G16C and G16S variants (Table 2.4). 

Besides loop 1, holo structures of G16S and G16C exhibit increased conformational 

variations in residues 37–46 (loop 3) relative to WT, a structural element neighboring the GBS 

(Figure 2.2C). The Cα B’-factor of these residues increases in the presence of lactose for WT and 

G16X variants (Figure 2.6, A-C). However, except for Glu41, G16X variants exhibit higher loop 3 

Cα B’-factor values than WT (Figure 2.6, D and E). Moreover, holo structures of WT and G16X 

variants display distinct rigidity behaviors in residues 64–74 (loop 5), a structural element 

encompassing several GBS residues. In the presence of lactose, loop 5 Cα B’-factor values 

decrease in WT, while conversely increasing in G16X variants (Figure 2.6, A-C). Increased loop 

3 dynamics upon ligand binding supports the importance of long-range allosteric communication 

between the dimer interface, the GBS, and neighboring structural elements. Furthermore, 

although gain of loop 5 dynamics for G16X variants does not significantly contribute to the affinity 

of small glycan compounds such as lactose, it might still affect GAL-7 binding to more complex 

glycoreceptors. 



49 

2.4.7 G16X variants experience similar residue fluctuations but altered 
interprotomer dynamics relative to WT 

To further investigate the role of interface mutation on potential allosteric communication in 

GAL-7, we performed principal component analysis (PCA) to allow visualization of the overall 

protein dynamics. The Cα backbone root mean square fluctuations (RMSFs) for each residue 

within apo WT, G16C, and G16S are presented in Figure 2.7, while the first five PCA normal 

modes are presented in Figure 2.8. Movies WT-PCA.mov, G16C-PCA.mov, and G16S-PCA.mov 

are also presented in supplementary information for the first ten PCA normal modes of WT, G16C, 

and G16S, respectively. For all GAL-7 variants, most residues display RMSF values below 1.5 Å, 

suggesting overall protein rigidity, except for specific segments. In addition to the N-terminus, 

protein segments exhibiting significant mobility (i.e., higher RMSF values) are located in residues 

8–12 (located in loop 1), 39–43 (in loop 3), and 64–68 (in loop 5). For both protomers and for all 

three protein systems, the highest mobility observed lies within residues 64–68 (loop 5). 

Noteworthy, the C-termini of GAL-7 displayed low RMSF values because of its location at the 

homodimer interface.  Overall, we observe no significant difference in RMSF values between WT 

and G16X variants. However, comparison of apo WT with apo G16X normal modes supports the 

involvement of long-range, global alterations to the rocking movement between protomers 

triggered by the mutations at the interface (Figure 2.8). 

2.4.8 GAL-7 dynamical network analysis uncovers critical edges that define 
interprotomer communication between the two glycan-binding sites 

A previous study observed positive cooperativity in ligand binding to GAL-7 (Ermakova et 

al., 2013), suggesting that one or more long-range allosteric residue networks can modulate 

binding properties between the two opposite glycan-binding sites in the GAL-7 homodimer. As 

described previously (Barbeau et al., 2017), we used a dynamical network analysis approach 

similar to the dynamical network of residue–residue contact to calculate allosteric effects in a 

protein (Doshi et al., 2016). This network analysis was performed on WT GAL-7 and variants 

G16X to identify potential allosteric pathways that connect the GBS within each protomer and to 

estimate the effect of mutation on network pathways. Details of network construction and allosteric 

pathway identification are described in the Experimental procedures. 

Our results illuminate critical edges within WT GAL-7 and G16X mutants that support the 

importance of the dimer interface in allosteric communication. Indeed, the highest prevalent edges 

of the network are located at the dimer interface (Figure 2.3). Interprotomer communication in WT 

GAL-7 is primarily formed by seven critical edges between protomers A and B: R20(A)-D103(B), 
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R20(B)-D103(A), V18(A)-I91(B), V18(B)-I91(A), V18(A)-V18(B), F135(A)- V100(B), and F135(B)-

V100(A). Except for the F135(A)-V100(B) and F135(B)-V100(A) pairs, these critical edges are 

conserved in the G16C and G16S network (Figure 2.3B). These results indicate that only the 

F135(A)-V100(B) and F135(B)-V100(A) interactions are significantly weakened by the G16X 

mutations, and that the contact interactions involving other residues between protomers are 

similar or only slightly affected. 

We further investigated the allosteric pathway between the two opposite GBSs within each 

protomer using the shortest path method, i.e., the path for which the sum of its constituent edges 

is minimized. The shortest pathway connecting both opposite GBSs exhibits an identical pathway 

weight value of 0.27 and is identical for both WT and G16C: N62(A)-F61(A)-Y106(A)-A104(A)-

D103(A)-R20(B)-V88(B)-F50(B)-H49(B) (Figure 2.3A). The shortest pathway between the two 

G16S opposite GBSs also exhibits a similar weight value of 0.27 and involves the same sequence 

of residues but transposed to the other protomer: N62(B)-F61(B)-Y106(B)-A104(B)-D103(B)-

R20(A)-V88(A)-F50(A)-H49(A) (Figure 2.3A). The shortest pathway between the two G16S 

opposite GBSs also exhibits a similar weight value of 0.27 and involves the same sequence of 

residues but transposed to the other protomer: N62(B)-F61(B)-Y106(B)-A104(B)-D103(B)-

R20(A)-V88(A)-F50(A)-H49(A) (Figure 2.3A). These results suggest that the primary interaction 

network connecting the GBS of each protomer is conserved in G16X mutants, although 

transposed between the A and B protomers in G16S. 

2.5 Conclusion 

In this work, we used protein engineering to illuminate the importance of long-range 

interprotomer communication involving the homodimer interface in GAL-7. Our mutational results 

show that subtle interface perturbations can be exploited to alter residue communication between 

protomers, further supporting the previously observed positive cooperativity in GAL-7 (Ermakova 

et al., 2013). Subtle engineering changes that perturb dimer stability at the interface can be 

positively or negatively exploited to control the proapoptotic activity of GAL-7 at the cellular level. 

This functional modulation further demonstrates the relevance of this protein–protein interaction 

as an efficient interface for future rational drug discovery programs targeting GAL-7. Indeed, many 

structurally homologous galectins are  involved  in  mediating subtle yet critical glycan-dependent 

and -independent interactions between pro- and antiapoptotic molecular partners in the cell 

(Borrok et al., 2007; López de los Santos et al., 2020; Villeneuve et al., 2011). As a result of their 

highly homologous GBS interactions, the specific targeting of selected galectin members remains 
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one of the most promising avenues for future disease treatments. Our results identified residues 

involved in dimer stability and allosteric communication between protomers, along with altered 

dynamic behaviors involving loops 1, 3, and 5, which could also potentially be used to modulate 

GAL-7 function. Overall, these observations highlight new avenues for the design of galectin-

specific modulators to alter GAL-7-mediated functions in cancer and other diseases. 

Figure 2.3 Dynamical network analysis of WT GAL-7, G16S, and G16C variants. 

A, the shortest pathway between two opposite GBSs (N62-H49) is highlighted on WT GAL-7 (white, top), G16S (pink, 
middle), and G16C (blue, bottom). Residues involved in interprotomer communication at the dimer interface are 
represented by black spheres. Communication between residues is represented by sticks. The critical edge of 
communication is color scaled from blue-to-red and is proportional to stick thickness. Selected GBS residues are 
labeled and colored brown. B, residues involved in interprotomer communication at the dimer interface are represented 
by black spheres, with similar critical edge color scale and thickness to represent importance. For clarity and better 
visual comparison, note that protomers A and B are swapped in variant G16S. 
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2.6 Experimental procedures 

2.6.1 GAL-7 dimer stability assessment 

The PoPMuSiC algorithm was used to estimate the impact of amino acid substitutions on 

protein stability (Gilis et al., 2000). PoPMuSiC predicts changes in folding free energy (ΔΔGF) 

upon single-site mutation using solvent-accessibility-dependent combinations of statistical 

potentials. GAL-7 PDB entry 1BKZ was used as input for the algorithm, which requires the 

experimental or modeled 3D structure of the target protein. Analyses were also performed with 

the BeAtMuSiC algorithm (Dehouck et al., 2013), which uses similar potential combinations to 

predict changes in binding affinity (ΔΔGB) of protein–protein complexes upon mutation. 

2.6.2 DNA constructs and site-directed mutagenesis 

The recombinant human gene encoding for galectin-7 (GAL-7) was subcloned into vector 

pET-22b(+) using NdeI and HindIII restriction enzymes and propagated as previously described 

(Grosset et al., 2014). G16C and G16S mutants were generated with the Q5 Site-Directed 

Mutagenesis Kit (NEB) using the forward (G16Cf: 5'-atccgcccttgcacggtgctg-3'; G16Sf: 5' 

atccgcccttccacggtgctg-3') and reverse (G16Xr: 5'-gccctcgggcagtgaggacttg-3') primers. The 

F135S mutant was generated by the QuikChange site-directed mutagenesis method with PfU 

DNA polymerase (Bio Basic) using forward (F135f: 5'-gactccgtgaggatctcctgaaacgttgcgg-3') and 

reverse (F135r: 5'-ccgcaacgtttcaggagatcctcacggagtc-3') primers. All gene sequences were 

confirmed by DNA sequencing. Plasmid constructs were further employed for all protein 

expressions. 

2.6.3 Recombinant expression and purification of WT GAL-7 and variants 

All pET-22b(+) constructs were transformed into E. coli BL21(DE3) for recombinant protein 

overexpression under control of the T7 promoter. A volume of 500 ml of lysogeny broth (LB) 

medium was inoculated with a 5-mL overnight preculture of E. coli BL21(DE3) carrying WT 

recombinant human GAL-7 or G16X mutant plasmids. Culture growth was carried out at 37 ºC 

until OD600 nm = 0.6 – 0.7, after which protein expression was induced with 0.5 mM isopropyl-β-

D-1-thiogalactopyranoside (IPTG) at 16 ºC overnight. Bacterial cells were harvested by

centrifugation for 30 min at 3800g (4 ºC). Pellets were resuspended in 80 ml of buffer A (50 mM

Tris pH 8.0, 150 mM NaCl) and lysed by sonication using a 1/200 wave horn connected to a 450

Sonifier (Branson). Sonication was performed at power output level 7 with 70% pulse rate for 2-

min cycles and 1 min cooling between each cycle. Cells were completely lysed after four cycles.
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The sonicated lysate was centrifuged for 30 min at 17,600g (4 ºC). The supernatant was filtered 

and the protein was purified by lactose affinity gravity-flow purification at 4 ºC. A 2-ml volume of 

α- lactose-agarose matrix (Sigma-Aldrich, Oakville, ON) was added into a 24 ml gravity column 

and then equilibrated with 50 ml buffer A. Filtered supernatant was applied to the column, which 

was then washed extensively with 50 ml buffer A. The pure protein was eluted with 15 ml buffer 

B (50 mM Tris pH 8.0, 150 mM NaCl, 150 mM α-lactose) and 1.5 ml fractions were collected. α-

lactose was removed from the eluted protein by dilution in buffer C (20 mM Tris pH 8.0, 150 mM 

NaCl) for protein crystallization, buffer D (20 mM potassium phosphate, pH 7.2) for circular 

dichroism (CD) and isothermal titration calorimetry (ITC), or PBS (0.144 g/L KH2PO4, 0.795 g/l 

NaH2PO4, 9 g/l NaCl, pH 7.4) for microscale thermophoresis (MST) and cell assays. Dilution 

factors were set at 160,000-fold or higher to remove all α-lactose traces. Protein solutions were 

further concentrated using 3-kDa Amicon Ultra 15 ml Filters (EMD Millipore) at 3800g (4 ºC). 

2.6.4 Translational diffusion analysis of free and lactose-bound WT GAL-7 

Diffusion measurements were conducted using the BPP-LED (bipolar pulse pair–

longitudinal-eddy-current delay) sequence (Wu et al., 1995), modified to include continuous wave 

water saturation during the relaxation delay, diffusion period, and LED period (i.e., the 

ledbpgppr2s sequence as provided by the spectrometer vendor). In the BPP-LED experiment, 

the NMR signal intensity (I) is dependent on the molecular diffusion coefficient (D) and may be 

expressed as a function of the strength of the gradients used to probe the diffusion coefficient (g): 

𝐼𝐼(𝑔𝑔) = 𝐼𝐼(0) 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐷𝐷(𝛾𝛾𝑔𝑔𝛾𝛾)2 �∆ −
𝛾𝛾
3
−
𝜏𝜏
2
�� 

where γ is the 1H gyromagnetic ratio, δ/2 is the duration of each gradient pulse, Δ is the delay 

between the so-called “encoding” and “decoding” gradients, and τ is the gradient stabilization 

delay. In this work, δ/2 was fixed at 4.3 ms, Δ was held at 70 ms, and τ was maintained at 0.226 

ms, while g was varied linearly in 40 steps from 3.6 to 32.5 G/cm (accounting for the sine-bell 

amplitude profile of the gradient pulses). The LED time was set to 5 ms. Sixteen transients were 

collected at each gradient strength, with a 5-s relaxation delay between scans, for a total 

experiment time of roughly 1 h. The sample temperature was regulated at 25 ± 1 ºC, using a high 

gas flow of 1070 L/h to minimize convection-related artifacts in the diffusion measurement (Swan 

et al., 2015). Spectra were processed using a 20 Hz line-broadening window function along with 

polynomial baseline correction. Signal intensity of the protein in the methyl region (0.8 ppm) was 

integrated to provide 40 values of I(g). The methyl region was selected because it is far away 
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from peaks associated with water or buffer, is less likely to be affected by solvent exchange, and 

is intense. A nonlinear-least-squares fit of the I(g) values against g provided the reported diffusion 

coefficients. The error in the diffusion measurement was calculated as 0.14 × 10−11 m2/s, as 

determined from the spread of fitted diffusion coefficients from five technical replicates of the 

diffusion measurement of the final titration point. 

2.6.5 Apoptosis assays with Annexin V/PI staining 

Apoptosis was measured by flow cytometry using FITC-labeled Annexin V (Biolegend, 

San Diego, CA) and propidium iodide (PI) (Vladoiu et al., 2015). Increasing concentrations of WT 

and GAL-7 variants (1–50 μM) were incubated with 2.5 × 105 Jurkat T cells maintained in RPMI 

1640 medium (Life Technologies, Burlington, ON) at 37 ºC for 4 h. After incubation, cells were 

centrifuged for 8 min at 900g at 4 ºC. Cell pellets were then resuspended in 100 μl of a solution 

containing Annexin V-FITC buffer (0.01 M HEPES pH 7.4, 0.14 M NaCl, 2.5 mM CaCl2, 0.63 μg/ml 

Annexin V) (Biolegend, San Diego, CA) and incubated for 15 min at room temperature in the dark. 

Four-hundred microliters of propidium iodide (PI) buffer (0.01 M HEPES pH 7.4, 0.14 M NaCl, 2.5 

mM CaCl2, 0.25 μg/ml PI) was added to cells prior to flow cytometry analysis. In total, 5000 events 

were recorded and analyzed using a BD FACS Calibur flow cytometer. Controls included 

unstained cells to set positivity and a no-GAL-7 untreated control, value of which was subtracted 

for each data point. Results were based on three independent assays performed in duplicate. 

Proapoptotic activity was normalized to activity of 50 μM WT GAL-7 and evaluated the day of the 

assay, and the resulting percentages were plotted as a function of variant concentration using 

GraphPad Prism 9.0 (GraphPad Software). EC50 values were determined by nonlinear least 

squares regression fitting. Fitted concentration curves and best-fit values were compared using 

the extra sum-of-squares F-test method. The comparison analysis concluded that the preferred 

model was each dataset representing a different curve (a = 0.05, p ≤ 0.0003). 

2.6.6 Circular dichroism and thermal unfolding 

Thermal unfolding of WT and GAL-7 variants was monitored by circular dichroism (CD) 

using a Jasco J-815 spectropolarimeter equipped with Peltier Jasco CDF-426S/15 thermostatic 

system. All thermal scanning experiments were acquired with 50 μM apo or holo protein (in 

presence of 6 mM α-lactose) in 200 μl buffer D (20 mM potassium phosphate, pH 7.2). Initial 

spectra were acquired at 20 ºC from 250 nm to 200 nm in a 1 mm pathlength quartz cuvette. 

Thermal denaturation experiments were performed by monitoring changes in ellipticity at 220 nm 
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between 20 ºC and 80 ºC with a heating rate of 1 ºC /min. Tm values were determined using the 

first order derivatives and polynomial functions of the Jasco Spectra Manager software with the 

Savitzky–Golay algorithm. 

2.6.7 Microscale thermophoresis (MST) 

GAL-7 dimer equilibrium affinity was measured by MST using the Monolith NT.115 Pico 

instrument (NanoTemper Technologies GmbH) at 25 ºC. In accordance with the manufacturer’s 

protocol, WT GAL-7 and G16S variants were labeled with RED-NHS second generation using a 

Monolith NT.115 Protein Labeling Kit (Nanotemper Technologies) in PBS buffer. The excessive 

dye was separated by the provided column and protein was eluted in 20 mM Tris-HCl pH 8, 150 

mM NaCl, supplemented with 0.05 % (v/v) Tween 20. Each binding assay experiment consisted 

of 16 2-fold serial dilutions of 50 μM (starting concentration) unlabeled GAL-7 prepared in 5 nM 

labeled GAL-7. All samples were incubated at 40 ºC in a water bath for 45 min prior to loading 

into a NT.115 MST premium coated capillary. MST was induced by a 21s infrared laser (IR-laser) 

activation at 25 ºC. All experiments were performed in triplicate. Raw data were preanalyzed and 

extracted using MO.Affinity software, version 2.3 (Nanotemper Technologies). Thermophoresis-

induced changes in fluorescence were plotted as a function of unlabeled GAL-7 concentration 

using GraphPad Prism 9.0 (GraphPad Software). Dimer equilibrium dissociation constants (KD) 

were determined using the least squares regression fitting method. The G16S homodimer KD was 

determined with the initial fluorescent signal while the WT homodimer KD was calculated using 

the MST on-time signal between 4 and 5 s. 

2.6.8 Isothermal titration calorimetry (ITC) 

All ITC experiments were carried out in triplicate at 25 ºC using a Nano ITC 

microcalorimeter (TA Instruments).  In total, 300 μl of 200 μM WT GAL-7 and G16X variants were 

prepared in 20 mM potassium phosphate (pH 7.2) and injected in the Nano ITC cell. 6 mM α-

lactose was dissolved in the same buffer and filled in the syringe. Titration was performed with 25 

injections of 2 μl ligand into protein with a stirring rate of 150 rpm and a 150-s interval between 

each injection. A blank experiment was carried out by titrating each ligand in a protein-free buffer. 

Data was analyzed and fitted using the NanoAnalyze software v2.3.6 (TA Instruments). 

2.6.9 Protein crystallization 

• Lactose-bound WT GAL-7 
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Cocrystallization of WT GAL-7 with α-lactose was performed using the sitting-drop vapor 

diffusion technique. Crystals were obtained by incubating a drop consisting of a 1:1 mixture of 1 

μl of 7.5 mg/ml WT GAL-7 solution (50 mM Tris pH 8.0, 150 mM NaCl, 7.5 mM α-lactose) with 0.1 

M NaCl, 0.1 M Tris pH 8.0, 20 % PEG 3350, 15% glycerol at room temperature after 1 week. 

Crystals were cryo-protected by soaking in a solution of 0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % PEG 

3350, 30% glycerol. 

• Apo GAL-7 (G16C)

One microliter of 7.5 mg/ml GAL-7 (G16C) solution (in buffer C) was mixed at 1:1 ratio 

with 0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % PEG 3350, 15% glycerol. Crystals were obtained by the 

sitting-drop vapor diffusion technique at room temperature after 1 week. Crystals were cryo-

protected by soaking in a solution of 0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % PEG 3350, 30% glycerol. 

• Lactose-bound GAL-7 (G16C)

Cocrystallization of GAL-7 (G16C) with α-lactose was performed by the hanging-drop 

vapor diffusion technique. Crystals were obtained by incubating a drop consisting of a 1:1 mixture 

of 1 μl of 7.5 mg/ml GAL-7 (G16C) solution (50 mM Tris pH 8.0, 150 mM NaCl, 7.5 mM α-lactose) 

with 0.1 M NaCl, 0.1 M Tris pH 8.0, 25 % PEG 3350 at room temperature after 1 week. Crystals 

were cryo-protected by soaking in a solution of 0.1 M NaCl, 0.1 M Tris pH 8.0, 25 % PEG 3350, 

30% glycerol. 

• Apo GAL-7 (G16S)

One microliter of 7.5 mg/ml GAL-7 (G16S) solution (in buffer C) was mixed at ratio 1:1 

with 0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % PEG 3350, 17.5% glycerol. Crystals were obtained by 

the sitting-drop vapor diffusion technique at room temperature after 1 week. 

• Lactose-bound GAL-7 (G16S)

Cocrystallization of GAL-7 (G16S) with α-lactose was performed by the hanging-drop 

vapor diffusion technique. Crystals were obtained by incubating a drop consisting of a 1:1 mixture 

of 1 μl of 7.5 mg/ml GAL-7 (G16S) solution (50 mM Tris pH 8.0, 150 mM NaCl, 150 mM α-lactose) 

with 0.1 M NaCl, 0.1 M Tris pH 8.0, 16 % PEG 3350 at room temperature after 1 week. Crystals 

were cryo-protected by soaking in a solution of 0.1 M NaCl, 0.1 M Tris pH 8.0, 15 % PEG 3350, 

20% glycerol. 
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2.6.10 Data collection, structure resolution, and refinement 

All diffraction data of crystals in the presence and absence of α-lactose were collected at 

the Canadian Macromolecular Crystallography Facility Beamline 08B1-1 and 08ID-1 of the 

Canadian Light Source Synchrotron (Fodje et al., 2014; Grochulski et al., 2011). Raw data was 

immediately processed on the MxLIVE platform after collection. Structure resolution and 

refinement were carried out using the PHENIX software suite. Phase was calculated using the 

molecular replacement method using 1BKZ and 4GAL PDB structures as models for apo and holo 

structures, respectively. All structural  

Ccomparisons and visualizations were performed with the Open-Source PyMOL 

Molecular Graphics System, Version 2.4 (Schrödinger, LLC). The Cα B-factor profiles were 

normalized and compared using the BANΔIT server using IBM z-Score (MADE) and MMLigner 

methods (Barthels et al., 2021). 

2.6.11 Statistical analysis 

Results represent at least three independent experiments and are plotted as mean with 

standard error of the mean (SEM) using GraphPad Prism 9.0 (GraphPad Software). Statistical 

significance was evaluated with F-test (cell assays, ITC and MST experiments) or one-way 

ANOVA with Tukey post-hoc tests (CD experiments). Two data sets were considered significantly 

different if p-value ≤ 0.05. 

2.6.12 Molecular dynamics simulations 

Structural coordinates from PDB 4GAL (Leonidas et al., 1998) were used to build the WT 

GAL-7, G16C, and G16S apo systems. Ionizable residues were considered in their standard 

protonation state at pH 7.0 with neutral histidine protons placed at ND1 or NE2 positions, 

according to the interactions with their respective neighbors within the structure. Systems were 

built using the CHARMM-GUI (Brooks et al., 2009; Jo et al., 2008; Lee et al., 2016) and the G16C 

and G16S mutations were introduced using the CHARMM-GUI tools. Structures were immersed 

in neutrally charged orthogonal boxes of water with a 10 Å distance from the protein to the edges 

of each box. Na+ and Cl− ions were added at a concentration of 150 mM. MD simulations were 

performed with NAMD 2.13b1 (Phillips et al., 2020) using the CHARMM36m force field 

parameters for proteins and carbohydrates (Huang et al., 2017) and TIP3P waters (Price et al., 

2004). Simulations were carried out at 303.15 K under isothermal-isobaric (NPT) ensemble 

conditions with a 2-fs time step and periodic boundary conditions. Langevin damping with a 
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coefficient of 1 ps−1 was used to maintain constant temperature, while pressure was controlled 

by a Nosé–Hoover Langevin piston at 1 atm. Bond length between hydrogen and heavy atoms 

was constrained using SETTLE (Miyamoto et al., 1992) for water molecules and SHAKE 

(Ryckaert et al., 1977) for all other molecules. Cutoffs for the short-range electrostatics and the 

Lennard–Jones interactions were set at 12 Å, with the latter smoothed via a switching function 

over the range of 10–12 Å. Long-range electrostatic interactions were calculated with the Particle 

Mesh Ewald (PME) method (Darden et al., 1993; Essmann et al., 1995) using a sixth-order 

interpolation and a grid spacing of ≈1 Å at every integration step. Nonbonded pair lists were 

updated at every ten steps, and coordinates were saved every 10 ps for analysis. For each system 

(WT, G16C and G16S), three 1000-ns trajectories were recorded. 

2.6.13 Trajectory analysis 

The first 500 ns of all trajectories was considered as equilibration time and was not 

included in the analyses. The last 500 ns of each of the trajectories was concatenated into three 

trajectories (one for each system) at a rate of ten frames every ns, for a total of 15,000 frames 

per trajectory. Only the proteins were included in the concatenated trajectories, which were 

aligned on the initial structure. The interface binding energies of WT, G16C, and G16S dimers 

were evaluated using the AnalyseComplex command from FoldX (Schymkowitz et al., 2005). This 

analysis was conducted on 5000 frames from the respective concatenated trajectories. For 

surface areas, final values were calculated using ten block averages over the trajectories and 

errors were calculated as standard deviations. 

2.6.14 Allosteric analysis 

The protein dynamical network analysis was realized following the methodology exposed 

in a previous work (Barbeau et al., 2017). In short, the nodes of the network were represented by 

the residue heavy atom center of mass. Edges that transfer allosteric information between the 

nodes were drawn between the nodes for which the respective residue maintains any of its heavy 

atoms within a distance of 4.5 Å for at least 75% of the time in the trajectories. The weight of the 

edges between the nodes i and j was defined as the coefficient of variation of the distance 

between the nodes: 

𝐶𝐶𝑖𝑖𝑗𝑗 =
�〈�𝑟𝑟𝑖𝑖𝑗𝑗 − 〈𝑟𝑟𝑖𝑖𝑗𝑗〉�

2〉

〈𝑟𝑟𝑖𝑖𝑗𝑗〉
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where rij = |rij| = |ri − rj| is the distance between the center of mass of residues i and j. In contrast 

to the calculation of the positional fluctuation correlations, the separation distance approach does 

not require prior removal of the global motions. NetworkX (Hagberg et al., 2008) was used to 

calculate the edge betweenness centralities using the Ulrik-Brandes algorithm (Brandes, 2001). 

All edges were ranked based on their betweenness centrality, the critical edges identified as 

edges with a prevalence of being part of an optimal path between any two nodes of at least three 

standard deviations (3σ) from the edge prevalence distribution. 

2.7 Data availability 

X-ray coordinates for human GAL-7 in complex with 4-O-beta-D-galactopyranosyl-D-

glucose, apo GAL-7 variant G16C, holo GAL-7 variant G16C in complex with lactose, apo GAL-

7 variant G16S, and holo GAL-7 variant G16S in complex with lactose have been deposited in 

the RCSB PDB under accession codes 6VTO, 6VTP, 6VTQ, 6VTR, and 6VTS, respectively. 
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2.12 Supplementary data 

Table 2.1 List of mutations exhibiting the largest folding free energy difference (∆∆GF) between dimer (D) and 
monomer (M) forms of GAL-7. 

The prediction was performed by PoPMuSiC (Gilis et al., 2000). The change in binding affinity upon mutation (∆∆GB) 
was predicted by BeATMuSiC (Dehouck et al., 2013). Secondary structure elements turn (T), coil (C), and extended β-
strand (E) were computed by an in-house program. The two mutations predicted to destabilize the dimer state relative 
to the monomeric state are shown in dark red and have been selected for further experimental characterization. 

Position Wild-type Mutant 
Secondary 
Structure 

RSA(M) 
% 

∆∆GF(M) 
(kcal/mol) 

RSA(D) 
(%) 

∆∆GF(D) 
(kcal/mol) 

∆∆GF(D)- 
∆∆GF(M) 

∆∆GB 

(kcal/mol) 

16 GLY GLU T 67 0.79 0 3.71 2.92 6.47 

16 GLY ASP T 67 0.44 0 3.18 2.74 5.91 

16 GLY LYS T 67 0.90 0 3.36 2.46 5.43 

16 GLY SER T 67 0.50 0 2.64 2.14 4.36 
16 GLY ASN T 67 0.29 0 2.37 2.08 4.06 

16 GLY THR T 67 0.88 0 2.90 2.02 4.29 

18 VAL GLU E 23 0.93 0 3.47 2.54 5.95 

18 VAL LYS E 23 1.03 0 3.30 2.27 5.52 

18 VAL ASP E 23 1.58 0 3.71 2.13 5.44 

91 ILE GLU E 19 2.05 0 4.46 2.41 6.83 

91 ILE LYS E 19 2.04 0 4.23 2.19 6.36 

91 ILE ASP E 19 2.56 0 4.74 2.18 6.42 

91 ILE PRO E 19 2.76 0 4.79 2.03 6.21 

135 PHE GLY C 68 0.36 10 3.33 2.97 6.60 

135 PHE ASP C 68 0.13 10 2.80 2.67 5.78 

135 PHE SER C 68 0.20 10 2.84 2.64 5.66 
135 PHE ALA C 68 0.28 10 2.91 2.63 5.60 

135 PHE GLU C 68 0.07 10 2.51 2.44 5.08 

135 PHE PRO C 68 0.25 10 2.64 2.39 5.13 

135 PHE LYS C 68 0.16 10 2.50 2.34 4.98 

135 PHE ASN C 68 0.16 10 2.49 2.33 4.93 

135 PHE GLN C 68 0.12 10 2.38 2.26 4.70 

135 PHE THR C 68 0.08 10 2.17 2.09 4.18 

135 PHE CYS C 68 0.07 10 2.09 2.02 3.98 
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Table 2.2 ITC binding properties of α-lactose to WT GAL-7 and G16X variants 

α-lactose 

WT G16C G16S 

KD (𝜇𝜇M) 135.3 ± 1.2 109.0 ± 1.0 122.7 ± 10.8 

N 0.93 ± 0.03 0.93 ± 0.03 0.50 ± 0.01 

ΔH (kJ/mol) -22.8 ± 0.1 -22.4 ± 1.3 -38.5 ± 6.9

ΔS (J/mol·K) -0.7 ± 3.2 -0.5 ± 4.3 -54.3 ± 23.9
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Table 2.3 Crystallography data collection and refinement statistics. 

 
GAL-7 WT – 

4-O-β-D-Galactopyranosyl-D-
glucose 

Apo GAL-7 G16C GAL-7 G16C - Lactose Apo GAL-7 G16S GAL-7 G16S - Lactose 

PDB ID 6VTO 6VTP 6VTQ 6VTR 6VTS 
Data collectiona 
  Space group P 212121 P 212121 P 212121 P 212121 P 212121 

Cell dimensions 
     a, b, c (Å) 30.52, 77.24, 111.44 53.60, 67.15, 71.92 30.37, 66.21, 111.56 54.01, 66.70, 71.43 30.30, 76.87, 113.77 
     α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 

Resolution (Å) 45.19 - 1.69 
(1.75 - 1.69) 

42.98 - 2.3 
(2.382 - 2.3) 

42.66 - 1.95 
(2.02 - 1.95) 

48.75 - 2.3 
(2.382 - 2.3) 

45.73 - 1.9 
(1.968 - 1.9) 

     Rmerge 0.08592 (0.8361) 0.1506 (2.416) 0.1069 (1.037) 0.04706 (0.4427) 0.06688 (1.224) 
     I/σI 15.71 (2.99) 14.49 (1.21) 16.73 (3.09) 31.65 (5.86) 23.53 (2.44) 
     CC1/2 0.999 (0.839) 0.999 (0.569) 0.999 (0.865) 1 (0.964) 1 (0.843) 
     CC* 1 (0.955) 1 (0.852) 1 (0.963) 1 (0.991) 1 (0.957) 
Completeness (%) 99.09 (99.22) 98.78 (97.62) 99.86 (99.88) 98.45 (97.48) 99.84 (99.72) 
Redundancy 6.9 (7.2) 9.7 (10.0) 12.6 (12.7) 9.8 (10.0) 12.6 (12.4) 
Refinement 
  Resolution (Å) 1.69 2.3 1.95 2.3 1.9 
  No. reflections 30152 (2929) 11899 (1148) 17137 (1701) 11780 (1161) 21749 (2113) 
  Rwork / Rfree 0.183/0.215 0.214/0.261 0.188/0.243 0.204/0.256 0.192/0.231 
  No. of (non-
hydrogen) atoms 

2502 2179 2250 2184 2266 

     Protein 2143 2123 2105 2115 2098 
     Ligand/ion 46 12 58 14 64 
     Water 313 44 87 55 104 
B factors 19.73 65.11 33.28 60.72 38.32 
     Protein 18.2 65.53 33.15 61.11 37.81 
     Ligand/ion 24.17 48.07 34.46 53.9 45.53 
     Water 29.58 49.48 35.59 47.4 44.2 
r.m.s. deviations      
     Bond lengths (Å) 0.012 0.005 0.013 0.004 0.011 

     Bond angles (°) 1.43 1.13 1.61 1.01 1.51 
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Table 2.4 Dimer interface surface area in apo WT and variants G16C and G16S. 

Surface area exposed to dimer interface (Å2)a 

Subunit WT G16C G16S 

A 715 (8) 661 (7) 650 (5) 

B 613 (6) 565 (6) 558 (5) 

aThe protein surface area exposed to the dimer interface was calculated using the measure sasa function of the VMD 
program (Humphrey et al., 1996) in WT, G16C and G16S, respectively. For each system, the surface of each residue 
exposed to the dimer interface was obtained from the difference in their solvent-accessible surface area (sasa) 
calculated from the dimer and their corresponding monomers. The total surface exposed to the interface from each 
monomer was obtained from the sum of the values from each residue composing each respective monomer. Final 
values were calculated using 10 block averages over the trajectories and errors (in parentheses) were calculated as 
standard deviations. Structural reorganization results in overall reduction of the surface area of the dimer interface in 
variants G16C and G16S.  
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Figure 2.4 NMR extracted diffusion coefficients for WT GAL-7 in absence and presence of increasing 
concentrations of lactose. 

NMR extracted diffusion coefficients for WT GAL-7 in absence and presence of increasing concentrations of lactose. 
Increasing ligand-to-protein concentrations have a negligible effect on the NMR-extracted diffusion coefficients of GAL-
7, suggesting that the protein exists as a homodimer in solution in absence or presence of lactose at the glycan binding 
site (GBS). Assuming the existence of a homodimeric GAL-7 state with diffusion coefficients roughly ranging between 
~8.7 - 9.5 × 10-11 m2/s, the Stokes-Einstein equation would predict a diffusion coefficient ~26 % greater for a monomeric 
form of GAL-7. As a result, monomeric GAL-7 would appear in the upper shaded region of the graph. Diffusion 
measurements were conducted using the BPP-LED (bipolar pulse pair – longitudinal-eddy-current delay) sequence 
(Wu et al., 1995).See methods for details. 
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Figure 2.5 UV molar ellipticity spectra of GAL-7 variants obtained by CD spectropolarimetry. 

CD spectra are shown for apo proteins WT GAL-7 (black), G16S (pink) and G16C (blue) (left panels) and in presence 
of 6 mM α-lactose (right panels). Bottom panels show spectra with standard deviation.  
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Figure 2.6 Plot of ∆B’-factor analysis between WT, G16S and G16C variants of GAL-7. 

Cα B’-factor variations between apo vs holo structures for A) WT, B) G16S, and C) G16C. Cα ∆B’-factor values outside 
the orange box were found to be statistically significant (p<0.05). Residues 9-17 (loop 1), residues 39-43 (loop 3) and 
residues 64-74 (loop 5) are represented by grey, blue and green boxes, respectively. Chains A and B are plotted on 
top and bottom panels, respectively. Selected residues discussed in the text are labeled in black and shown as red 
dots on the plots. Cα B’-factor variations are (Barthels et al., 2021). 
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Figure 2.7 Plot of the backbone Cα atoms RMSFs for GAL-7 variants 

Plot of the backbone Cα atoms RMSFs for each residue of GAL-7 WT (black), G16C (blue) and G16S (red). The 
standard deviations calculated from the 10 block trajectories are represented by the shaded area. 
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Figure 2.8 Average amplitude of motion for each residue involved in the first five PCA normal modes of 
GAL-7 variants 

Average amplitude of motion for each residue involved in the first five PCA normal modes (PC1 to PC5) of WT (top), 
G16C (middle), and G16S (bottom). The size of the cartoon and the color spectrum correspond to the average 
amplitudes of motion within the first ten PCs. Width of putty cartoon representation and red color indicate greater 
amplitudes of motion. Percentages correspond to contributions to total motions calculated from the respective 
trajectories. The first ten PCA normal modes are presented in movies provided as supplementary material. All normal 
modes involve concerted motions between the two protomers. In agreement with the RMSF results for all 3 proteins, 
the first principal component (PC1, i.e. the greatest amplitude of motion) involves residues from the N-terminus as the 
primary concerted movement between protomers. The rocking motion observed between protomers as the principal 
concerted movement involves a pivot at the interface and is characterized by these motion amplitudes for most of the 
residues in the protein. Such movement appears in PC2 of WT GAL-7, and is also present for the remaining first five 
principal components. For G16C and G16S, rocking between the two protomers appears only in the third and fourth 
principal components, respectively. This movement is also present for the remaining first five principal components. 
Rocking movement between the two protomers as the main concerted motions accounts for 36% of the total motions 
in WT, while representing 21% and 11% in G16C and G16S, respectively. The concerted rocking movement between 
protomers is altered as a consequence of the single point mutation at the GAL-7 interface. 
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3 SECOND ARTICLE: “ALLOSTERIC NETWORK ANALYSIS IN 
GALECTIN-7 UNCOVERS KEY RESIDUES CONTROLLING 
COMMUNICATION BETWEEN TWO OPPOSITE GLYCAN BINDING 
SITES”  

In the first article, we demonstrated that by altering the integrity of the homodimer 

interaction via G16X mutations, we can positively or negatively modulate the immunosuppressive 

activity of GAL-7. Allosteric communication networks across the dimer interface and between 

opposite protomers established during the first study suggested that residues involved in 

protomer-protomer communication at the interface are crucial to maintain allosteric 

communication. Nevertheless, it remained unclear which residues within the dimer interface 

network could modulate the positive cooperativity between opposite GBSs. Therefore, in this 

study, we investigate the consequences of disrupting inter-protomer communication on GAL-7 

function and uncovered key residues controlling allosteric communication between long-range 

functional sites within GAL-7. Results pertaining to this objective are detailed in the second article 

manuscript presented in this chapter. 

L'analyse du réseau allostérique de la galectine-7 révèle des résidus clés qui contrôlent 
la communication entre les deux sites opposés de liaison aux glycans 
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were executed by Alex Paré and Patrick Lagüe. Allosteric network analysis was performed by 

Alex Paré, Patrick Lagüe, and myself. The overall study was supervised by David Chatenet, Yves 

St-Pierre, Patrick Lagüe, Charles Calmettes, and Nicolas Doucet. 

3.1 Résumé 

Sur le plan fonctionnel, la modulation allostérique d’une protéine offre une spécificité et une 

efficacité supérieures à celles de l’inhibition traditionnelle ciblant un site orthostérique. 

Cependant, le criblage conventionnel à haut débit visant la découverte de modulateurs 

allostériques spécifiques nécessite beaucoup de temps et d'investissement. À cet effet, la 

conception rationnelle de modulateurs à l’aide d’approches computationnelles s’est avérée 

efficace pour l’amélioration des techniques de prédiction de sites allostériques. Dans la présente 

étude, nous avons utilisé l'analyse de réseau pour prédire les positions à l'interface du dimère de 

la galectine-7 (GAL-7) humaine qui modulent allostériquement son activité pro-apoptotique aux 

sites de liaison des glycanes (GBS). En utilisant l'ingénierie des protéines, nous avons conçu 

quatre variants (R20A, R22A, D103A et R20A-R22A), qui ont subséquemment été soumis à une 

caractérisation biophysique, structurale et biologique afin de confirmer nos prédictions 

fonctionnelles. Tous les variants ont réduit la capacité de GAL-7 à induire l'apoptose des cellules 

T humaines. Les résultats de nos analyses de réseau ont également démontré que le nombre de 

contacts impliqués dans la communication inter-protomères a été diminuée chez presque tous 

les variants. En particulier, 70% des contacts inter-protomères sont perdus chez le variant D103A, 

conduisant à une baisse de la communication globale entre deux GBS opposés. De plus, nous 

avons observé la déstabilisation de l'interaction homodimère et de l'intégrité de la structure chez 

tous les variants. En général, notre étude illustre que l’utilisation de l'analyse de réseau et de la 

technique de « shortest pathway » permet d’évaluer la communication du flux global pour 

révéler R20, R22 et D103 comme des résidus clés qui contrôlent la fonction de GAL-7 via la 

communication entre ses deux GBSs opposés. Cette étude met en évidence de 

potentiels sites allostériques prédictifs permettant l’amélioration de la conception de 

modulateurs fonctionnels ciblant GAL-7. 

3.2 Abstract 

Functional allosteric modulation of a protein offers greater fine-tuning specificity than 

traditional orthosteric site inhibition. However, applying conventional high-throughput screening 

to the discovery of specific allosteric modulators remains an expensive and time-consuming 
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endeavor. To this end, the rational design of small-molecule modulators using computational 

approaches has proven to be effective for improving allosteric site predictions. In the present 

study, we used computational network analysis and the shortest pathway method to predict 

residue positions at the homodimeric interface of human galectin-7 (GAL-7) that allosterically 

modulate the pro-apoptotic activity mediated by its glycan binding sites (GBSs). Based on our 

predictions, we designed four mutational variants (R20A, R22A, D103A, and R20A-R22A) that 

were subjected to biophysical, structural, and biological characterization to confirm our functional 

hypotheses. As predicted, all variants were found to reduce the ability of GAL-7 to induce 

apoptosis in human T cells. The network analysis also demonstrated that the number of contacts 

involved in inter-protomeric communication was significantly decreased in almost all variants. In 

particular, we found that 70% of inter-protomer contacts were lost in variant D103A, leading to a 

decrease in overall communication between the two opposing GBSs. In addition, we observed 

destabilization of homodimer interactions and structural integrity perturbations in all variants. 

Overall, our study illustrates that the combined use of network analysis and shortest pathway 

techniques allow for predictive assessments of global flow communication in GAL-7. They also 

reveal Arg20, Arg22, and Asp103 as key residue modulators that control GAL-7 function via 

GBS communication. This study highlights potential predictive allosteric sites for 

improved design of functional modulators targeting GAL-7, in addition to illustrating the power of 

predictive dynamic residue network fingerprinting in protein engineering approaches. 

3.3 Introduction 

Human galectins (hGALs) are multifunctional proteins playing a critical role in the 

development of high fatality cancers (HFCs) (Dubé-Delarosbil et al., 2018). For decades, many 

studies have focused on biological, structural, and functional characterization of galectins in an 

attempt to design inhibitors for the treatment of HFCs. hGALs belong to a subfamily of animal 

lectins characterized by their conserved β-galactoside glycan binding site (GBS) within a 

carbohydrate recognition domain (CRD) of ~130-140 amino acid residues. 13 hGALs have been 

identified to date, subdivided into three groups according to their quaternary structure: tandem 

repeat (galectin-4, -8, -9, -12), chimera (galectin-3), and prototype (galectin-1, -2, -7, -10, -13, -

14, -16, -17) (Varki et al., 2015). Tandem repeat galectins are formed by two different 

carbohydrate recognition domains (CRDs) covalently joined by a short peptide chain linker. 

Chimera-type galectin-3 exists in monomeric/oligomeric state and has a CRD covalently attached 

to a collagen-like N-terminus. In contrast, prototype galectins are structured by two identical CRDs 
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forming a non-covalent homodimer, except for GAL-13, whose protomers are stabilized by two 

disulfide bridges (Su et al., 2018). 

Among prototype galectin, galectin-7 (GAL-7) plays dual roles as a pro-tumorigenic (breast, 

cervix, esophagus, gastric, lymph, oral skin, ovaries, and thyroid) (Campion et al., 2013; Demers 

et al., 2007, 2009, 2010; Grosset et al., 2016; Guo et al., 2017; Higareda-Almaraz et al., 2016; 

Kim et al., 2013; Labrie et al., 2014; Moisan et al., 2003; Park et al., 2009; Rorive et al., 2002; 

Schulz et al., 2017; Wang et al., 2020; Zhu et al., 2013; Zhu et al., 2010) and anti-tumorigenic 

(colon, prostate) protein (Kuwabara et al., 2002; Labrie et al., 2015; Ueda et al., 2004). It promotes 

or inhibits the progression of different types of cancers by regulating multiple cellular functions 

such as apoptosis, cell adhesion and migration, cell differentiation, and proliferation (Chen et al., 

2018; Guo et al., 2017; Kuwabara et al., 2002; Labrie et al., 2014, 2015; Park et al., 2009; Truong 

et al., 2007; Villeneuve et al., 2011). These cellular functions are linked to GBS-dependent or -

independent interactions with other protein partners. Indeed, expression of the cell migration 

factor MMP-9 can be induced by activating p38 MAPK, ERK1/2 pathways through interaction 

between extracellular GAL-7 and glycol-receptors, or through GBS independent interactions 

between intracellular GAL-7 and TCF-3 in the nucleus, leading to cancer aggressiveness (Chen 

et al., 2018; Guo et al., 2017; Park et al., 2009). Extracellular GAL-7 produced by cancer cells 

can induce apoptosis of activated Jurkat T cells through formation of a glycoprotein-galectin lattice 

at the surface of T cells via its GBS, facilitating cancer cell immune escape (Labrie et al., 2014). 

Conversely, intracellular GAL-7 can trigger the apoptosis of cervical cancer HeLa cells, of 

colorectal adenocarcinoma DLD-1 cells, and of prostate cancer DU-145 cells via the JNK pathway 

in a GBS-independent fashion (Kuwabara et al., 2002; Labrie et al., 2015). In addition, intracellular 

GAL-7 has GBS independent interactions with the anti-apoptotic BCL-2 regulator (Villeneuve et 

al., 2011). Besides, intracellular GAL-7 was demonstrated to upregulate keratinocyte proliferation 

and differentiation via direct interaction with JNK1, but it is unknow whether the GBS is involved 

in such interaction (Truong et al., 2007). 

In recent years, the development of inhibitors and activity modulators targeting GAL-7 

have almost exclusively focused on glycan-based molecules targeting GBS-dependent functions 

(Cumpstey et al., 2005; Masuyer et al., 2012; Salameh et al., 2006). However, carbohydrate-

based small molecules that specifically target GAL-7 are difficult to synthesize due to the high 

degree of similarity between GBSs among galectin subfamily members. Moreover, GBS 

modulators cannot inhibit GBS-independent activities of GAL-7 (Kuwabara et al., 2002; Labrie et 

al., 2015). Therefore, the development of new approaches to design novel modulators targeting 
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both glycan-dependent and glycan-independent GAL-7 functions with high selectivity, low 

cytotoxicity, and good solubility will help the development of new HFC treatments. 

In regards to selectivity and efficiency, allosteric modulation has shown significant 

advantages over traditional orthosteric modulation (Wenthur et al., 2014). In 2012, an allosteric 

inhibitor targeting the non GBS (F-face) of GAL-1 was shown to reduce lactose binding affinity at 

the GBS located on the opposite S-face (Dings et al., 2012). This perturbation prevented GAL-1 

from binding to cell surface glycans, attenuating tumor angiogenesis in melanoma mouse models 

(Dings et al., 2013). Based on this successful study, we hypothesized that the same strategy 

could be applied to GAL-7 functional modulator design. This is also supported by previous 

observations suggesting the existence of long-range positive cooperativity of ligand binding in 

GAL-7 (Ermakova et al., 2013). Communication between the two distant GBSs is expected to be 

maintained by selected electrostatic interactions involving dimer interface residues within 

opposite protomers. These observations suggest the existence of allosteric communication 

between the two GAL-7 protomers, potentially controlled by homodimer interactions (Ermakova 

et al., 2013). As a result, targeting the dimer interface could be used as an efficient strategy to 

specifically alter the biological activities promoted by GAL-7 in the cell. In addition, perturbing 

homodimer interactions would also prevent galectin-glycoprotein cross-linking at the cell surface, 

further impeding signal transduction pathways (Boscher et al., 2011; Brewer, 2002; Sacchettini et 

al., 2001). 

Although the conventional development of allosteric modulators typically proceeds by 

high-throughput screening (HTS), rational predictions using computational approaches have been 

concomitantly applied to improve allosteric site predictions (Chatzigoulas et al., 2021). We 

postulate that characterizing GAL-7 allosteric pathways that govern positive cooperativity across 

the GAL-7 dimer interface would significantly help identify potentially essential dynamic nodes 

amenable to functional modulation. In support of this hypothesis, we recently used a protein 

engineering approach to confirm that the GBS-dependent proapoptotic activity of GAL-7 on Jurkat 

T cells can be modulated by controlling homodimer strength (Pham et al., 2021). We designed a 

structurally predicted disulfide bridge at interface position Gly16 and efficiently used G16C and 

G16S variants as functional switches to control GAL-7 homodimer integrity and proapoptotic 

activity (Pham et al., 2021). We showed that perturbation of the hydrophobic core at the dimer 

interface can irreversibly alter the structure of GAL-7, and that interprotomer edges are involved 

in communication pathways between opposite GBSs. We also uncovered the first model of 

allosteric communication network across the dimer interface of GAL-7 and between opposite 
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protomers (Pham et al., 2021), further suggesting that the R20-D103 contact is essential to 

maintain long-range communication between the two GBSs. However, the molecular details 

governing these putative interprotomer allosteric contacts remain elusive, especially with respect 

to the importance of physicochemical requirements. 

In the present work, we characterize perturbations induced in the network of electrostatic 

interactions that maintain the integrity of the R20-D103 interprotomer contact in GAL-7. We 

individually mutated electrostatic interactions for neighboring residues Asp103, Arg20, and Arg22, 

in addition to building the Arg20-Arg22 double mutant. Our results show that the R20A, R22A, 

D103A, and R20A-R22A variants negatively modulate the pro-apoptotic activity of GAL-7. 

Biophysical, structural and network analyses illustrate that these functional alterations could be 

due to the loss and reorganization of important interprotomer communication within variant 

residue networks, destabilization of homodimer interactions, perturbation of structural integrity, 

and reduction of global flow communication between the two distant GBSs. Overall, our results 

demonstrate that interface residues Arg20, Arg22, and especially Asp103 maintain key 

electrostatic interactions that modulate the pro-apoptotic activity of GAL-7.  

3.4 Results and discussion 

3.4.1 Asp103 acts as a key electrostatic node for maintaining interprotomer 
communication in GAL-7 

In our previous GAL-7 study (Pham et al., 2021), we used a combination of predictive 

dynamical network analysis and shortest path methodology to uncover seven critical contacts (or 

critical edges) encompassing six residues involved in long-range allosteric interprotomer 

communication between the two glycan-binding sites (GBS): Val18, Arg20, Ile91, Val100, 

Asp103, and Phe135 (Figure 3.1A-C). Intercommunication between these interface residues is 

presumed to be essential for maintaining positive cooperativity between the two distant GBSs and 

to preserve optimal GAL-7 function (Ermakova et al., 2013). Our dynamical network analysis 

suggests that electrostatic residues Arg20 and Asp103 act as the two most important interface 

residues in GAL-7 interprotomer communication, linking the two distant GBSs through the 

following shortest path [i.e., residue (protomer unit)]: N62(A)-F61(A)-Y106(A)-A104(A)-D103(A)-

R20(B)-V88(B)-F50(B)-H49(B) (Figure 3.1A). Since the physicochemical importance of residues 

governing this interprotomer communication remains elusive, the present work focuses on the 

role of electrostatic interactions governing the GAL-7 dimer interface (Figure 3.1C). 
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To investigate the effect of interprotomer perturbations at this critical R20-D103 node, we first 

performed a predictive computational dynamical network analysis of designed electrostatic single 

variants R20A, D103A, R22A, and double mutant R20A-R22A (Figure 3.2). Mutations to alanine 

abrogate WT electrostatic interactions between residues Arg20 and Asp103 (Figure 3.1C), 

significantly affecting the weight of the critical edge between these residues (Figure 3.3A). Arg22 

is also in direct contact with Asp103 (Figure 3.1C), so the R22A mutation is also expected to alter 

the WT R20-D103 connection (Figure 3.3A). To compensate for the loss of a critical edge between 

residues Arg20 and Asp103, all variants increase connectivity between hydrophobic residues at 

the dimer interface core, primarily favoring the Val18-Ile91 critical edge (Figure 3.3A). In addition, 

the dynamical network of variant R20A establishes three new critical edges between protomers 

A and B to maintain the integrity of interprotomer communication: D103(A)-R22(B), K98(A)-

T17(B), and G16(A)-I91(B) (Figure 3.3A). In contrast, no new critical edge is formed in the R22A 

variant, whereas the D103A network loses 70% of its critical edges between both protomers, i.e. 

D103(A)-R20(B), R20(A)-D103(B), F135(A)-V100(B), V100(A)-F135(B), and V18(A)-V18(B) 

(Figure 3.3A). Interestingly, the double mutant R20A-R22A mirrors the critical edges of the D103A 

variant network but gains two additional critical edges between protomers A and B: T17(A)-K98(B) 

and F135(A)-A104(B). Overall, these observations suggest that Asp103 is a crucial connector of 

interprotomer communication in GAL-7.  

3.4.2 Perturbing electrostatic interactions at the dimer interface reduces the 
proapoptotic activity of GAL-7 

GAL-7 is well known to induce apoptosis of human T cells by binding to their glycosylated 

receptors (Grosset et al., 2014; Labrie et al., 2014; López de los Santos et al., 2020; Pham et al., 

2021; Vladoiu et al., 2015). To investigate the impact of dimer interface electrostatic interactions 

on GAL-7 function, Jurkat T cell apoptosis was carried out with WT GAL-7, single variants R20A, 

R22A, D103A, and double mutant R20A-R22A. Our results show that WT GAL-7 induces Jurkat 

T cell apoptosis with an EC50 of 7.2 μM (95% confidence interval [CI95%] between 6.5–8.2 μM) 

(Figure 3.1B). Albeit subtle, all electrostatic mutations decrease the proapoptotic activity of WT 

GAL-7, yielding an EC50 of 8.7 μM for R20A (CI95% 8.1 and 9.4 μM), 10.9 μM for R22A (CI95% 

10.0–11.9 μM), and 11.6 μM for D103A (CI95% 10.0–13.3 μM) (Figure 3.1B). In contrast, the 

activity of the R20A-R22A double mutant is drastically reduced, dropping its relative pro-apoptotic 

function almost 4-fold relative to WT at 50 μM (Figure 3.5). This functional perturbation is likely 

attributed to reduced protein stability induced by the loss of two critical electrostatic interactions 

at the dimer interface. Indeed, R20A-R22A is the only variant that was found to exhibit clear 
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aggregation behavior during apoptosis assays, which likely reduces the concentration of properly 

folded and accessible R20A-R22A binding targets to glycosylated receptors. Accordingly, our 

circular dichroism experiments also showed decreased concentration of folded R20A-R22A in 

solution (Figure 3.7). Since only R20A-R22A undergoes observable changes in structural 

integrity, these results suggest that the decrease in proapoptotic activity for other variants (R20A, 

R22A, D103A) is likely caused by perturbations in interprotomer communication. 

Figure 3.1 Perturbing interprotomer contacts negatively modulates the pro-apoptotic activity of GAL-7. 

A, the residue network of WT GAL-7 highlights the shortest pathway between two opposite GBSs (N62-H49) and 
residues involved in interprotomer communication at the dimer interface (black spheres). GBS residues are represented 
by brown spheres. B, apoptotic activity of human Jurkat T cells induced by WT GAL-7 (black circles), R20A (green plus 
signs), R22A (orange asterisks), and D103A (violet diamonds) were assessed by positive Annexin V staining using flow 
cytometry analysis. C, overall structure of GAL-7. GAL-7 folds as jelly roll-type β-sheet fold composed of a S-face 
(green) and F-face (cyan). The back-to-back homodimer quaternary structure is stabilized by electrostatic interactions 
shielding a central hydrophobic core. Residues at the interface between protomer A (right) and B (left) are shown as 
ball-and-sticks representation using marine (protomer A) and brown (protomer B) coloring for electrostatic residues, 
and orange (protomer A) and yellow (protomer B) for hydrophobic residues. Top inset shows salt bridges between 
Arg20, Arg22, and Asp103 as yellow dashed lines (4 Å distance cut-off). GBS residues are shown as green ball-and-
sticks representation in protomers A and B. Left inset shows molecular interactions between GBS residues and lactose 
(gold). 



78 

Figure 3.2 Dynamical network analysis of WT GAL-7 and variants R20A, R22A, D103A, and R20A-R22A. 
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A, critical interprotomer residue contacts at the dimer interface of WT GAL-7 (white, top), R20A (green, 2nd row), R22A 
(orange, 3rd row), D103A (violet, 4th row), and R20A-R22A (firebrick, bottom row), as defined by dynamical network 
analysis. Dimer interface residues are represented by black spheres and critical edges are represented by sticks. The 
importance of the critical edge is scaled by thickness and colored-ramped from blue to red. B, the shortest pathway 
between two opposite GBSs is highlighted for WT (connecting N62-A and H49-B), and variants R20A (connecting N62-
A and N62-B), R22A (connecting N62-A and H49-B), D103A (connecting N62-A and N62-B), and R20A-R22B 
(connecting N62-A and N62-B). GBS residues are represented by brown spheres. Residues mutated in this study are 
shown as cyan spheres on structures in (A). Stars represent sites of mutations for each individual structure. 

3.4.3 R20A, R22A, D103A, and R20A-R22A mutations perturb homodimer 
interactions and protein stability 

Since Arg20, Arg22, and Asp103 are located at the dimer interface, we investigated the 

strength of dimer association and equilibrium induced by their replacement to alanine using 

microscale thermophoresis (MST). Our MST results indicate that all mutants induce homodimer 

destabilization in GAL-7, yielding a dimer equilibrium dissociation constant (KD) of 1.1 μM for 

R20A (CI95% 0.6–2.4 μM) and 1.2 μM for R22A (CI95% 0.8–1.9 μM), relative to 0.06 μM (CI95% 

0.03–0.11 μM) for WT GAL-7 (Figure 3.3 and Table 3.4). We were unable to reach binding 

saturation with variants D103A and R20A-R22A due to limitations in protein stability at higher 

concentrations, further demonstrating significant perturbations of homodimer interactions. Their 

respective KD are therefore estimated to be higher than 10 μM for D103A and 100 μM for R20A-

R22A (Figure 3.6 and Table 3.4). Altogether, these results illustrate that dimer association 

strength is weakened in all variants, especially for D103A and R20A-R22A. 

We also monitored the overall fold of the GAL-7 variants in the presence and absence of 

lactose using CD spectropolarimetry. The far UV molar ellipticity spectra (200-250 nm) of all 

proteins is similar between WT GAL-7, R20A, and R22A, indicating minimal structural 

perturbations in these variants (Figure 3.7). In contrast, ellipticity is slightly perturbed for D103A 

and significantly affected in R20A-R22A (Figure 3.7A). Moreover, we observe high UV molar 

ellipticity variation between R20A-R22A measurements in presence of lactose (Figure 3.7B). 

These results suggest high heterogeneity of folded and partially unfolded R20A-R22A population 

in the stock sample. Since lactose was previously shown to stabilize GAL-7 structure (Ermakova 

et al., 2013; Pham et al., 2021), lactose binding may induce proper folding and/or further stabilize 

structural integrity of the folded R20A-R22A population, yielding a better ellipticity signal. In 

contrast, predominantly unfolded R20A-R22A might lose the ability to bind lactose, negatively 

affecting ellipticity. Since spectral measurements were carried out at the same concentration for 

all GAL-7 variants, these results suggest mild structural perturbation of the D103A variant and 

significant changes in structural integrity and dimer stability for variant R20A-R22A. 
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The effects of mutations on GAL-7 stability was further assessed by thermal denaturation 

experiments. CD melting curves show that all mutations weaken GAL-7 stability. Indeed, Tm 

values of variants R20A (Tm = 60.9 ± 0.1 °C), R22A (Tm = 59.4 ± 0.1 °C), D103A (Tm = 55.8 ± 0.1 

°C), and R20A-R22A (Tm = 54.4 ± 0.6 °C) are respectively 6.9 °C, 8.4 °C, 12 °C, and 13.4 °C 

lower than that of WT (Tm = 67.8 ± 0.2 °C). In the presence of lactose, we observe an overall 

thermal stability increase of 2.7 °C for WT (Tm = 70.5 ± 0.1 °C), 3 °C for R20A (Tm = 63.9 ± 0.7 

°C), 3.3 °C for R22A (Tm = 62.7 ± 0.2 °C), 3 °C for D103A (Tm = 58.8 ± 0.1 C), and 2.4 °C for 

R20A-R22A (Tm = 56.8 ± 0.5 °C) (Figure 3.3A and Table 3.3). These results illustrate that lactose 

binding is preserved in all electrostatic dimer interface variants, although this effect is less 

pronounced in R20A-R22A. This is also in agreement with our previous observation suggesting 

sample heterogeneity of R20A-R22A folded/unfolded populations in solution. 

Figure 3.3 Perturbing R20, R22, and D103 electrostatic interactions destabilizes GAL-7 homodimer integrity. 

A, thermal stability of WT GAL-7 (black) and variants R20A (green), R22A (orange), D103A (violet), and double mutant 
R20A-R22A (firebrick) in the absence (filled bars) and presence of lactose (pattern bars), as measured by CD-induced 
thermal denaturation. These values are statistically significant, with p-value ≤0.0001 (illustrated by four asterisks) 
evaluated by one-way ANOVA with Tukey post-hoc tests. B, homodimer equilibrium affinity of WT GAL-7 (black circles), 
variants R20A (green plus signs), and R22A (orange asterisks), as measured by MST. 

3.4.4 R20A, R22A, D103A and R20A-R22A variants maintain GAL-7 dimer 
architecture in free and lactose-bound states 

To investigate whether changes in proapoptotic activity is caused by significant molecular 

changes in GAL-7 variants, crystal structures of single variants R20A, R22A, D103 were solved 

in their apo and holo states (in complex with lactose), in addition to the apo structure of double 

mutant R20A-R22A (Supplementary data 
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Table 3.1). All mutants were solved at resolutions ranging from 1.95 to 3 Å and were found to 

maintain GAL-7 dimer architecture in their bound and free forms. Except for the apo structure of 

D103A (PDB 7N96), which crystallized in the P1211 space group, apo structures of R20A (PDB 

7N4O), R22A (PDB 7N6C), R20A-R22A (PDB 7N8G) and holo structures of R20A (PDB 7N57), 

R22A (PDB 7N8D), and D103A (PDB 7RDG) all crystallized in the P212121 space group. Cα 

structural alignments between apo WT GAL-7 (PDB 3ZXF) and variants R20A (RMSD 7N4O vs 

3ZXF = 0.486 Å), R22A (RMSD 7N6C vs 3ZXF = 0.470 Å), D103A (RMSD 7N96 vs 3ZXF = 0.637 

Å),  R20A-R22A (RMSD 7N8G vs 3ZXF = 0.472 Å), or between holo WT GAL-7 (PDB 6VTO) and 

variants R20A (RMSD 7N57 vs 6VTO = 0.295 Å), R22A (RMSD 7N8D vs 6VTO = 0.272 Å), 

D103A (RMSD 7RDG (A and B chain) vs 6VTO = 0.437 Å) all indicate minimal structural 

perturbation of the overall GAL-7 dimer architecture.  

Since the proapoptotic activity of GAL-7 is directly linked to its ability to bind glycoreceptors 

at the GBS, we performed detailed structural comparison of the dimer interface and local GBS 

environment between holo WT GAL-7 and mutational variants. We observed significant changes 

in side chain orientations for residues located near and away from the site of mutation, inducing 

the reorganization of salt bridge interactions between the two opposite protomers in all variants 

(Figure 3.9, Figure 3.10, Figure 3.11 and Figure 3.12). Relative to holo WT, holo R20A, R22A, 

and D103A structures experience side chain reorientation of dimer interface residues Arg14, 

Asp94, or Asp95, which triggers formation of new interprotomer salt bridges between Arg14 and 

Asp94 (or Asp95)  in point mutants R20A and R22A (Figure 3.9 and Figure 3.10). These new 

interactions may compensate for the loss of a dimer interface salt bridge induced by an alanine 

replacement, further contributing to the integrity of homodimer interactions in the variants. 

Moreover, we observe side chain reorganization of residues Glu87, Arg133, Asp103 in the R20A 

structure, Arg20, Glu87, Arg133, D103 in the R22A structure, and Arg20, Glu87, Arg133 in the 

D103A structure. While these changes induce formation of a new salt bridge between D103(A)-

R133(B) in the R20A structure, no additional salt bridge interactions are observed at the dimer 

interface for R22A and D103A structures (Figure 3.9, Figure 3.11 and Figure 3.12). Since we 

were unable to crystalize a lactose-bound structure for double mutant R20A-R22A, we instead 

compared its apo structure to apo WT GAL-7. Similarly to other variants, this structural 

comparison shows side chain reorientation for Asp103, Arg133, and Glu87. As expected from 

alanine replacements, the WT salt-bridge network involving these residues is almost completely 

abrogated in apo R20A-R22A GAL-7, with only the R133(A)-D103(B) interaction remaining 

(Figure 3.12). Overall, these results support the weakening of homodimer affinity observed by 

MST, especially for variants D103A and R20A-R22A, as described above. Despite significant 
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electrostatic perturbations at the dimer interface, the R20A-R22A structure still maintains the 

prototypical GAL-7 dimer architecture, suggesting that the unperturbed hydrophobic core at the 

dimer interface plays a crucial role in dimer fold stability. However, variants experience greater 

exposure of their hydrophobic core to solvent due to weakening of the observed ‘electrostatic 

shield’ provided by top and bottom polar interactions at the dimer interface in WT (Figure 3.9, 

Figure 3.10, Figure 3.11 and Figure 3.12). This may certainly contribute to the aggregation 

behavior observed in all variants, especially for D103A and R20A-R22A, as illustrated above. 

3.4.5 Perturbing interprotomer electrostatic interactions alters efficiency of 
global communication but does not affect lactose-binding affinity of 
point mutants 

Consistent with the overall structural similarity between WT and variants, GBS residue 

orientation and lactose positioning also remain largely unperturbed between WT and single point 

mutants (Figure 3.13). Except for Arg71, the side chain conformation of all GBS residues is similar 

in all structures. Since Arg71 is positioned at the crystal contact interface, the high positional 

variability of its side chain could be caused by crystal packing artifacts. In accordance with this 

observation, lactose binding affinities (KD) calculated for WT GAL-7 and point mutants using 

isothermal titration calorimetry (ITC) and MST are largely unaffected (Figure 3.8, Table 3.2 and 

Table 3.5). In contrast, we observed low binding to the lactose affinity column during purification 

of double mutant R20A-R22A. This is coupled to our inability to determine a robust lactose binding 

affinity with this variant due to protein aggregation at high concentrations required for ITC, in 

addition to high MST signal variability caused by heterogeneity of folded/unfolded equilibrium in 

the sample. Moreover, crystallization of 0.5 mM R20A-R22A saturated with 150 mM lactose did 

not show the presence of lactose in the GBS. These results illustrate that lactose binding affinity 

is significantly perturbed in variant R20A-R22A. 

We further investigated whether perturbing interprotomer communication has an impact 

on communication between the two distant GBSs. Using the solved apo state crystal structures 

of variants R20A, R22A, D103A, and R20A-R22A, we performed a combination of dynamical 

network and shortest path analysis, as described previously (Barbeau et al., 2017; Pham et al., 

2021). The shortest pathways connecting both opposite GBSs in apo structures is N62(A)-F61(A)-

Y106(A)-A104(A)-D103(A)-R20(B)-V88(B)-F50(B)-H49(B) in WT, N62(A)-F109(A)-G96(A)-

I91(A)-V18(B)-I91(B)-F97(B)-L48(B)-H49(B) in R22A, N62(A)-F109(A)-G96(A)-I91(A)-V18(A)-

I91(B)-G96(B)-F109(B)-N62(B) in D103A, and N62(A)-F109(A)-G96(A)-I91(A)-V18(B)-I91(B)-

G96(B)-F109(B)-N62(B) in both R20A and R20A-R22A variants (Figure 3.2B). As expected, the 
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shortest pathway is altered in all GAL-7 variants due to the loss of the Arg20-Asp103 

interprotomer critical edge found in WT. However, terminal GBS residues Asn62 and His49 

are conserved in all shortest pathways, suggesting that they play an important role in 

positive cooperativity. In addition, the shortest pathway weight scores are slightly increased in all 

variants, with values of 0.289 for R20A, 0.293 for R22A, 0.297 for D103, and 0.291 for R20A-

R22A, relative to 0.276 in WT. Since lower weight values describe higher allosteric 

communication efficiency, these results suggest that altering the shortest path residue identity 

connecting both GBSs also reduces allosteric communication efficiency in GAL-7 variants. 

The GBS pocket of GAL-7 is formed by a complex array of hydrogen bonding network and 

electrostatic interactions involving residues Arg31, His33, His49, Asn51, Arg53, Glu58, Val60, 

Arg62, Ser63, Lys64, Trp69, Arg71, Glu72, Glu73, and Arg74. To investigate how the perturbation 

of electrostatic interactions between Arg20, Arg22, and Asp103 at the dimer interface influences 

the global flow of communication between the two GBSs, we extracted all pathways connecting 

GBS residues on opposite protomers and calculated their respective weight score. From these 

values, we established a pathway score matrix of 225 couplings (15 GBSs residues in protomer 

A x 15 GBSs residues in protomer B), allowing visualization of the global communication network 

between the two opposite GBSs (Figure 3.4A). The lower the weight score, the higher the 

efficiency of communication between two coupling residues. To evaluate the effect of mutation on 

global communication, the value of each GBS residue pair coupling in a variant network was 

subtracted to the value of the same residue pair in the WT network to generate a difference matrix. 

Positive or negative results respectively indicate a decrease or increase in communication 

efficiency between two opposite GBSs in the variant relative to WT (Figure 3.4B). Our results 

show both increases and decreases in weight scores for different residue couplings, illustrating 

that GBS communication shifts from one coupling to another in response to dimer interface 

mutation. For instance, we observe that GBS communication generally increases relative to WT 

(red rows and columns in Figure 3.4B) for couplings involving terminal residues (A)-33, (A)-49, 

(A)-64, (B)-62, (B)-71 in R20A; (A)-33, (A)-49, (A)-64, (B)-62, (B)-63, (B)-71 in R22A; (B)-62, (B)-

63, (B)-71 in D103A; and (A)-33, (A)-49, (A)-63, (A)-64, (B)-62, (B)-71 in R20A and R20A-R22A. 

However, most mutant network couplings exhibit higher weight scores (particularly in D103A) than 

in WT networks (blue rows and columns in Figure 3.4B). Accordingly, statistical analysis indicates 

that the average score of all 225 couplings in all mutant networks is significantly higher than in 

WT, suggesting an overall decrease in GBS global communication efficiency in all variants. 

Moreover, among 49 couplings between GBS residues forming direct interactions with lactose, 

few couplings show decreases in their weight score (i.e. increased efficiency). These include 
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seven residue pairs in R20A ((A)-49-(B)-62, (A)-49-(B)-72, (A)-49-(B)-74, (A)-62-(B)-49, (A)-62-

(B)-62, (A)-69-(B)-62, (A)-69-(B)-72), 5 in R22A ((A)-49-(B)-62, (A)-49-(B)-72, (A)-49-(B)-74, (A)-

62-(B)-62, (A)-69-(B)-62), 3 in D103A ((A)-51-(B)-62, (A)-53-(B)-62, (A)-62-(B)-62), and 7 in 

R20A-R22A ((A)-49-(B)-62, (A)-49-(B)-69, (A)-49-(B)-72, (A)-49-(B)-74, (A)-62-(B)-62, (A)-62-(B)-

62, (A)-69-(B)-62) (Figure 3.4B). Within these last couplings, almost all involve residues Asn62 or 

His49, confirming their importance as key GBS positions to maintain allosteric communication 

between the two opposite binding sites. Overall, these results suggest that the perturbation of 

interprotomer communication alters the global communication between the two opposite GBSs in 

GAL-7. 

3.5 Conclusion 

We previously uncovered and characterized an allosteric network that may be essential 

for modulating the biological function of GAL-7 in the cell (Pham et al., 2021), further suggesting 

that the Arg20-Asp103 contact is crucial to maintain allosteric communication between protomers. 

In the present work, we demonstrated that altering electrostatic interactions between Asp103 and 

its neighbors Arg20 or Arg22 at the dimer interface negatively modulate the pro-apoptotic activity 

of GAL-7. Functional GAL-7 activity perturbation caused by mutations R20A, R22A, D103A, and 

R20A-R22A are caused by weakening of protomer-protomer interactions and lower protein 

stability, in addition to reorganization of interprotomer communication. Except for variant R20A, 

which shows reorganization in different communication contacts at the interface, other variants 

exhibit loss of at least two critical contacts between A(B)-20 and B(A)-103. Remarkably, point 

mutation D103A alone induces a loss of 70% interprotomer contacts at the dimer interface, 

suggesting that D103A could be the most important residue to maintain allosteric communication 

between the two GAL-7 protomers.  

Our ligand binding experiments and crystallization of holo structures show no significant 

change in lactose binding affinity and ligand positioning in single mutants, while double mutant 

R20A-R22A might reduce lactose binding affinity. However, it remains unclear whether this effect 

is caused by heterogeneity of unfolded vs. folded R20A-R22A population in solution and/or 

intrinsic physicochemical properties of this mutant. Since lactose is a simplified in vitro model 

ligand of GAL-7, it is not surprising that these binding results do not reflect the negative modulation 

observed in pro-apoptotic assays with the same variants. Further investigation is required to 

evaluate the binding affinity of GAL-7 to biologically relevant partners and the downstream effects 

of this interaction to the pro-apoptotic activity. Shortest path analyses connecting GBS residues 
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between two opposite protomers nevertheless suggest a decrease in the efficiency of global 

communication between the two GBSs in all variants, supporting the observed decline in pro-

apoptotic activity. Our global communication results also suggest that Asn62 and His49 are the 

most important GBS residues preserving the integrity of GBS communication in GAL-7. 

Overall, we identified dimer interface residues Arg20, Arg22, and Asp103 as potential sites 

for modulating positive ligand cooperativity and pro-apoptotic activity in GAL-7. Our proof-of-

concept demonstrates that a comprehensive network analysis and shortest pathway analysis 

provides relevant measures to predict potential sites of communication breakdown between two 

protomers, resulting in perturbation of protein function. Cross-linking glycoreceptors by galectins 

on the cell surface is known to regulate multiple cellular processes (cell adhesion, migration, 

apoptosis, proliferation, and differentiation) that favor the formation of a tumor micro-environment 

(Boscher et al., 2011; Brewer, 2002; Sacchettini et al., 2001). As a result, these computational 

analyses represent a promising approach to predict residue positions that may be essential for 

non-covalent dimer association within galectins, which may help prevent the cross-linking of 

galectin-glycoprotein matrices in cancer treatment. Given that galectins can also form 

heterodimers exerting a synergistic effect on cellular functions (Dings et al., 2021; Miller et al., 

2018), this approach may not be limited to the perturbation of protypical galectin homodimers but 

also be applicable to heterodimer formation. However, the success of this approach will clearly 

rely on identification of dimer interface between heteroprotomers using structural methodologies 

and predictions.  
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Figure 3.4 GBS global flow analysis of WT GAL-7 and variants R20A, R22A, D103A, and R20A-R22A. 

A. Matrix representation of the shortest pathway value connecting all GBS residues between two protomers in WT and variants R20A, R22A, D103A, and R20A-
R22A. Pathway weight values are scaled by color from purple to yellow. The lower the weight (purple), the higher the efficiency of communication between GBS pair
residues. B. Weight differences between mutant and WT matrices. Pathway weight difference values are scaled by color from red to blue. Positive (blue) or negative
(red) results respectively indicate a decrease or increase in communication efficiency between two opposite GBS in the mutant relative to WT. Residues involved in
direct interactions with lactose are highlighted in gray boxes.
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3.6 Experimental procedures 

3.6.1 Site-directed mutagenesis and protein expression 

The pET-22b(+) vector encoding for recombinant human galectin-7 (WT GAL-7) was 

described in a previous study (Pham et al., 2021). R22A and D103A mutants were generated with 

the Q5® Site-Directed Mutagenesis Kit (NEB) using the forward (R22Af: 5’-

gctgagaattgccggcttggttc-3’; D103Af: 5’-gtggttggggccgcccagtacc-3’) and reverse (R22Ar: 5’-

accgtgccagggcggatg-3’; D103Ar: 5’-ggccttgaagccgtcgtctgacg-3’) primers. R20A and R20A-R22A 

mutants were generated by the QuikChange site-directed mutagenesis method with iProof High-

Fidelity DNA Polymerase kit (BioRad) using the forward (R20Af: 5’-

cctggcacggtgctggcaattcgcggcttgg-3’; R20A-R22Af: 5’-cacggtgctggcaattgccggcttggttcctcccaatg-

3’) and reverse (R20Ar: 5’-cattgggaggaaccaagccggcaattctcagcaccgtg-3’; R20A-R22Ar: 5’-

cattgggaggaaccaagccggcaattgccagcaccgtg-3’) primers. All plasmid constructs were confirmed by 

DNA sequencing prior to protein expression. Recombinant WT GAL-7 and variants were 

expressed in Escherichia coli BL21(DE3) and purified by lactose affinity gravity-flow purification 

at 4°C, as previously described (Pham et al., 2021). 

3.6.2 Apoptosis assays with Annexin V/PI staining.  

Purified proteins were prepared in PBS solution (0.144 g/L KH2PO4, 0.795 g/L NaH2PO4, 

9 g/L NaCl, pH 7.4) for WT GAL-7, R20A, R22A, and D103A or in buffer A (50 mM Tris pH 8.0, 

150 mM NaCl) for WT GAL-7 and R20A-R22A. All apoptosis assays were performed as 

previously described (Pham et al., 2021). 

3.6.3 Biophysical characterisation. 

Isothermal Titration Calorimetry (ITC), Circular Dichroism (CD), and thermal unfolding 

experiments were performed as previously described (Pham et al., 2021). Homodimer KD 

determination was performed by microscale thermophoresis (MST), as follows. WT GAL-7, R20A, 

R22A, D103A, and R20A-R22A were labeled with Cy5 or AlexaFluo647 in accordance with the 

protocols, as previously described (Pham et al., 2021). Each binding assay experiment consisted 

of 16 2-fold serial dilutions of 50 μM, 150 μM, 100 μM, 326.5 μM, and 189.5 μM (starting 

concentration) of unlabeled WT GAL-7, R20A, R22A, D103A, or R20A-R22A. Unlabeled samples 

were then prepared in 5 nM labeled GAL-7. Depending on the protein stability of each GAL-7 

variant, each sample was incubated at a specific time and temperature to avoid aggregation and 
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adsorption during experiments. WT and R20A samples were incubated at 40°C in a water bath 

for 45 min while R22A samples were incubated at room temperature for 30 min. No incubation 

was performed for D103A and R20A-R22A. After incubation, all samples were loaded into a 

NT.115 MST standard coated capillary and thermophoresis was measured using the Monolith 

NT.115 Pico instrument (NanoTemper Technologies GmbH). MST was induced by a 21s infrared 

laser (IR-laser) activation at room temperature. All experiments were performed in triplicate. Data 

analysis and KD calculation were processed as previously described (Pham et al., 2021). Lactose 

binding assays were also performed by MST using 16 2-fold serial dilutions of 50 μM and 100 μM 

of lactose (starting concentrations) prepared in 5 nM labeled WT GAL-7 and 10 nM labeled 

D103A, respectively. MST measurements and analysis was carried out as described above. 

3.6.4 Statistical analysis. 

All experiments were carried out in triplicate. The mean and standard error of the mean 

(SEM) of all measured results were plotted using GraphPad Prism 9.0 (GraphPad Software, San 

Diego, CA). Statistical significance was evaluated with F-test (cell assays, ITC, and MST 

experiments), one-way ANOVA with Tukey post-hoc tests (CD experiments), or one-tailed paired 

Student’s t-test (comparison of GBS coupling between WT and variants). The difference between 

two data sets was considered statistically significant if the p-value ≤ 0.05. 

3.6.5 Protein crystallization. 

• Apo GAL-7 (R20A)

1 μl of 7.5 mg/ml GAL-7 (R20A) solution of 20 mM Tris pH 8.0, 150 mM NaCl (buffer A) 

was mixed at 1:1 ratio with a solution of 0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % w/v PEG 6000, 20 

% v/v glycerol. Crystals were obtained by the sitting-drop vapor diffusion technique at room 

temperature after one week.  

• Apo GAL-7 (R22A)

1 μl of 7.5 mg/ml GAL-7 (R22A) solution (in buffer A) was mixed at 1:1 ratio with 0.1 M 

NaCl, 0.1 M Tris pH 8.0, 20 % w/v PEG 6000, 17.5 % v/v glycerol. Crystals were obtained by the 

sitting-drop vapor diffusion technique at room temperature after one week.  

• Apo GAL-7 (D103A)
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1 μl of 7.5 mg/ml GAL-7 (D103A) solution (in buffer A) was mixed at 1:1 ratio with 0.1 M 

NaCl, 0.1 M Tris pH 8.0, 20 % w/v PEG 6000, 15 % v/v glycerol. Crystals were obtained by the 

sitting-drop vapor diffusion technique at room temperature after one week. Crystals were cryo-

protected by soaking in a solution of 0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % w/v PEG 6000, 30 % 

v/v glycerol. 

• Apo GAL-7 (R20A-R22A)

1 μl of 7.5 mg/ml GAL-7 (R20A-R22A) solution in buffer of 20 mM Tris pH 8.0, 150 mM 

NaCl, 150 mM lactose was mixed at 1:1 ratio with 0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % w/v PEG 

6000, 17.5 % v/v glycerol. Crystals were obtained by the sitting-drop vapor diffusion technique at 

room temperature after one week. Crystals were cryo-protected by soaking in a solution of 0.1 M 

NaCl, 0.1 M Tris pH 8.0, 20 % w/v PEG 6000, 30 % v/v glycerol. Since lactose did not bind and 

crystallize to this variant, we considered it an apo structure.  

• Lactose-bound GAL-7 (R20A)

Co-crystallization of GAL-7 (R20A) with α-lactose was performed using the sitting-drop 

vapor diffusion technique. Crystals were obtained by incubating a drop consisting of a 1:1 mixture 

of 1 μl of 7.5 mg/ml GAL-7 (R20A) solution (50 mM Tris pH 8.0, 150 mM NaCl, 7.5 mM α-lactose) 

with 0.2 M NaCl, 0.1 M Tris pH 8.0, 20 % w/v PEG 6000, 17.5 % v/v glycerol at room temperature 

after one week. Crystals were cryo-protected by soaking in paratone. 

• Lactose-bound GAL-7 (R22A)

Co-crystallization of GAL-7 (R22A) with α-lactose was performed using the sitting-drop 

vapor diffusion technique. Crystals were obtained by incubating a drop consisting of a 1:1 mixture 

of 1 μl of 7.5 mg/ml GAL-7 (R22A) solution (50 mM Tris pH 8.0, 150 mM NaCl, 7.5 mM α-lactose) 

with 0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % w/v PEG 6000, 17.5 % v/v glycerol at room temperature 

after one week.  

• Lactose-bound GAL-7 (D103A)

Co-crystallization of GAL-7 (D103A) with α-lactose was performed using the hanging-drop 

vapor diffusion technique. Crystals were obtained by incubating a drop consisting of a 1:1 mixture 

of 1 μl of 7.5 mg/ml GAL-7 (D103A) solution (50 mM Tris pH 8.0, 150 mM NaCl, 150 mM α-
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lactose) with 0.1 M NaCl, 0.1 M Tris pH 7.3, 0.1 M NaCl, 18% v/v P400, 26% w/v PEG 3350 at 

room temperature after two weeks.  

3.6.6 Data collection, structure resolution, and refinement 

All diffraction data of crystals was collected at the Canadian Macromolecular 

Crystallography Facility Beamline CMCF-BM of the Canadian Light Source Synchrotron  (Fodje 

et al., 2014; Grochulski et al., 2011). Raw data was immediately processed on the MxLive platform 

after collection. Phase calculation was determined by a molecular replacement method using 

1BKZ and 4GAL PDB structures as models for apo and holo structures, respectively. Structure 

resolution and refinement were carried out using the PHENIX software suite, version 1.19.2. All 

structural comparisons and visualizations were performed with the Open-Source PyMOL 

Molecular Graphics System, Version 2.4 (Schrödinger, LLC). 

3.6.7 Molecular dynamics simulations 

Molecular dynamics (MD) simulations were performed for the apo structures of WT GAL-

7, variants R20A, R22A, D103A, and R20A-R22A, as previously described (Pham et al., 2021). 

Briefly, systems were built using CHARMM-GUI (Jo et al., 2008; Lee et al., 2016) and structural 

coordinates from PDB 4GAL (Leonidas et al., 1998). Mutations were introduced using the 

CHARMM-GUI tools. MD simulations were performed with NAMD 2.14 (Phillips et al., 2020) using 

the CHARMM36m force field parameters for proteins (Huang et al., 2017) and TIP3P waters 

(Price et al., 2004). Simulations were carried out at 303.15 K under isothermal-isobaric (NPT) 

ensemble conditions with a 2-fs time step and periodic boundary conditions. Langevin damping 

with a coefficient of 1 ps−1 was used to maintain constant temperature, while pressure was 

controlled by a Nosé–Hoover Langevin piston at 1 atm. Bond length between hydrogen and heavy 

atoms was constrained using SETTLE (Miyamoto et al., 1992) for water molecules and SHAKE 

(Ryckaert et al., 1977) for all other molecules. Cutoffs for the short-range electrostatics and the 

Lennard–Jones interactions were set at 12 Å, with the latter smoothed via a switching function 

over the range of 10-12 Å. Long-range electrostatic interactions were calculated with the Particle 

Mesh Ewald (PME) method (Darden et al., 1993; Essmann et al., 1995) using a sixth order 

interpolation and a grid spacing of ≈1 Å at every integration step. Nonbonded pair lists were 

updated at every ten steps, and coordinates were saved every 10 ps for analysis. For each 

system, three 1500-ns trajectories were recorded. 



 

 91 

3.6.8 Trajectory analysis 

The analysis of the trajectories was performed as described in a previous study (Pham et 

al., 2021). To summarize, for each system, the last 1000 ns of each of the three trajectories was 

concatenated into a single trajectory, at a rate of five frames every ns, for a total of 15,000 frames 

per trajectory. In these concatenated trajectories, proteins were aligned on the initial structure. 

The interface binding energies of the respective dimers were evaluated using the 

AnalyseComplex command from FoldX (Schymkowitz et al., 2005). This analysis was conducted 

on 1500 frames from the respective concatenated trajectories. For surface areas, final values 

were calculated using ten block averages over the trajectories and errors were calculated as 

standard deviations. 

3.6.9 Allosteric analysis  

The detailed methodology for the protein dynamical network analysis is presented in 

previous works (Barbeau et al., 2017; Pham et al., 2021). In short, for each system, the nodes of 

the network were represented by the residue heavy atom center of mass. The edges that transfer 

allosteric information between the nodes were drawn between the neighboring residues that 

maintained any of its heavy atoms within a distance of 4.5 Å for at least 75% of the time in the 

trajectories. The weight of the edges between the nodes was defined as the coefficient of variation 

of the distance between the nodes. NetworkX (Hagberg et al., 2008) was used to calculate the 

edge betweenness centralities using the Ulrik-Brandes algorithm (Brandes, 2001). All edges were 

ranked based on their betweenness centrality, the critical edges identified as edges with a 

prevalence of being part of an optimal path between any two nodes of at least three standard 

deviations (3σ) from the edge prevalence distribution. 

3.7 Data availability 

 X-ray coordinates for apo GAL-7 variants R20A, R22A, D103A, R20A-R22A, and holo 

GAL-7 variants R20A, R22A, D103A in complex with lactose were deposited in the RCSB PDB 

under accession codes 7N4O, 7N6C, 7N96, 7N8G, 7N57, 7N8D, and 7RDG, respectively. 
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3.11 Abbreviations 

The abbreviations used are: CRD, carbohydrate recognition domain; GAL-7, galectin-7; GBS, 

glycan-binding site. 
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3.12 Supplementary data 

Table 3.1  Data collection and refinement statistics of R20A, R22A, D103A, and R20A-R22A crystal structures 

 
Apo GAL-7 

 R20A 
GAL-7 R20A - 

Lactose 
Apo GAL-7 R22A GAL-7 R22A - 

Lactose 
Apo GAL-7 

 D103A 
GAL-7 D103A - 

Lactose 
Apo GAL-7 
 R20A-R22A 

PDB ID 7N40 7N57 7N6C 7N8D 7N96 7RDG 7N8G 
Data collectiona 
Space group P 212121 P 212121 P 212121 P 212121 P 212121 P 1211 P 212121 
Cell dimensions 
     a, b, c (Å) 53.43 64.64 71.81 30.22 76.19 111.19 53.35 64.89 71.9 30.53 77.62 111.95 53.51 67.11 68.01 30.33 112.28 77.04 53.24 64.96 72.16 
     α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90 91.085 90 90, 90, 90 

Resolution (Å) 41.19 - 2.05  
(2.12 - 2.05) 

44.91 - 1.83  
(1.90 - 1.83) 

48.17 - 2.1  
(2.18 - 2.1) 

31.89 - 2.49  
(2.58 - 2.49) 

47.77 - 2.38  
(2.47 - 2.38) 

38.51 - 3.0  
(3.11 - 3.0) 

48.28 - 1.95  
(2.02 - 1.95) 

     Rmerge 0.11 (1.18) 0.15 (0.38) 0.12 (1.07) 0.07 (0.19) 0.15 (1.52) 0.07 (0.16) 0.07 (0.23) 
     I/σI 16.1 (1.9) 8.1 (4.5) 13.58 (2.31) 22.2 (11.4) 13.74 (1.89) 12.81 (7.31) 22.58 (9.98) 
     CC1/2 0.999 (0.636) 0.984 (0.936) 0.998 (0.758) 0.998 (0.99) 0.998 (0.719) 0.993 (0.978) 0.998 (0.986) 
     CC* 1 (0.882) 0.996 (0.983) 1 (0.929) 1 (0.998) 0.999 (0.914) 0.998 (0.994) 0.999 (0.997) 
Completeness (%) 100 (100.00) 99.9 (99.9) 100 (99.9) 99.6 (100) 99.8 (99.8) 98.7 (98.2) 99.4 (98.7) 
Redundancy 7.2 (7.3) 6.9 (7.2) 10.1 (10.2) 8.9 (9.6) 9.6 (9.8) 3.2 (3.2) 9.7 (9.9) 
Refinement 
  Resolution (Å) 2.05 1.83 2.1 2.49 2.38 3 1.95 
  No. reflections 16151 (1573) 23497 (2324) 15102 (1459) 9850 (966) 10282 (1003) 10242 (1022) 18712 (1790) 
  Rwork / Rfree 0.185/0.252 0.171/0.208 0.197/0.235 0.242/0.281 0.218/0.259 0.204/0.268 0.167/0.204 
  No. of (non-
hydrogen) atoms 

2333 2382 2303 2321 2190 4372 2458 

     Protein 2162 2131 2133 2099 2108 4178 2153 
     Ligand/ion 66 133 129 98 42 210 120 
     Water 143 187 117 172 64 90 255 
B factors 38.65 26.12 43.82 25.35 47.64 37.17 28.03 
     Protein 38.17 24.77 43.45 24.98 47.71 37.28 26.52 
     Ligand/ion 51.02 44.28 61.27 27.12 54.25 35.92 47.48 
     Water 43.40 35.30 42.69 29.38 43.45 33.59 36.94 
r.m.s. deviations        
    Bond lengths (Å) 0.006 0.012 0.005 0.011 0.006 0.016 0.008 
    Bond angles (°) 1.16 1.51 1.08 1.34 1.21 1.89 1.35 

(a) Statistics for the highest-resolution shell are shown in parentheses 
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Table 3.2 Thermodynamic properties of α-lactose binding to WT GAL-7 and R20A, R22A variants. 

 

 α-lactose 

 WT R20A R22A 

KD (𝜇𝜇M) 135.3 ± 1.2 162.7 ± 10.7 145.7 ± 3.2 

N 0.93 ± 0.03 0.81 ± 0.01 0.76 ± 0.07 

ΔH (kJ/mol) -22.8 ± 0.1 -20.8 ± 0.4 -21.6 ± 2.9 

ΔS (J/mol·K) -0.7 ± 3.2 2.6 ± 0.8 0.9 ± 10 
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Table 3.3 Melting temperature of GAL-7 variants in presence and absence of α-lactose 

 

 Without Lactose (°C) With Lactose (°C) 

WT 67.8 ± 0.2 70.5 ± 0.1 

R20A 60.9 ± 0.01 63.9 ± 0.4 

R22A 59.4 ± 0.1 62.7 ± 0.1 

D103A 55.8 ± 0.1 58.8 ± 0.1 

R20A-R22A 54.4 ± 0.4 56.8 ± 0.3 
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Table 3.4 Homodimer dissociation constants (KD) 

 

 Dissociation Constant (𝜇𝜇M) 95% Confidence Interval 

WT 0.06 0.03-0.12 

R20A 1.14 0.55–2.35 

R22A 1.20 0.79–1.94 

D103A > 10 N.A 

R20A-R22A > 100 N.A 
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Table 3.5 Binding affinity of α-lactose to WT GAL-7 and variant D103A, as measured by MST 

 

  KD (𝜇𝜇M) 95% Confidence Interval 

WT 540 358 - 806 

D103A 748 516 - 1079 
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Figure 3.5 Pro-apoptotic activity of human Jurkat T cells induced by GAL-7 double mutant R20A-R22A 

Activity of WT GAL-7 (black circles) and double mutant R20A-R22A (firebrick stars) was assessed by positive Annexin 
V staining using flow cytometry analysis (see Materials & Methods for details). 
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Figure 3.6 Unsaturated homodimer equilibrium curves for GAL-7 variants, as measured by MST. 

D103A (A, violet) and R20A-R22A (B, firebrick). 
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Figure 3.7 UV molar ellipticity spectra of GAL-7 variants 

WT GAL-7 (black), R20A (green), R22A (orange), D103A (violet) and R20A-R22A (firebrick) spectra are measured by 
CD spectropolarimetry. CD spectra are shown for (A) apo proteins and (B) in presence of 6 mM α-lactose. Standard 
deviation is shown as pale colored line thickness. 
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Figure 3.8 Lactose binding affinity for WT GAL-7 and variants R20A, R22A, and D103A 

Lactose binding to WT GAL-7 (black spheres), R20A (green crosses), R22A (orange stars), and D103A (violet 
diamonds), as measured by (A) ITC or (B) MST. 
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Figure 3.9 Structural comparison between holo WT GAL-7 and holo R20A 

A, structural alignment of residues involved in homodimer interactions between WT and R20A at the dimer interface of 
protomer A (top) and protomer B (bottom). Residues are shown in grey (WT) and green (R20A) ball-and-sticks 
representation. B, salt bridge interactions (yellow dashed lines) between dimer interface residues A/R20, R22, E87, 
D103, and R133 in WT (top) and R20A (bottom). C, salt bridge interactions between dimer interface residues R14, 
D94, and D95 in WT (top) and R20A (bottom). (PDB 6VTO and 7N57). 



104 

Figure 3.10 Structural comparison between holo WT GAL-7 and holo R22A 

A, structural alignment of residues involved in homodimer interactions between WT and R22A at the dimer interface of 
protomer A (top) and protomer B (bottom). Residues are shown in grey (WT) and yellow-orange (R22A) ball-and-sticks 
representation. B, salt bridge interactions (yellow dashed lines) between dimer interface residues R20, A/R22, E87, 
D103, and R133 in WT (top) and R22A (bottom). C, salt bridge interactions between dimer interface residues R14, 
D94, and D95 in WT (top) and R22A (bottom). (PDB 6VTO and 7N8D). 



105 

Figure 3.11 Structural comparison between holo WT GAL-7 and holo D103A 

A, structural alignment of residues involved in homodimer interactions between WT and D103A at the dimer interface 
of protomer A (top) and protomer B (bottom). Residues are shown in grey (WT) and pink (D103A) ball-and-sticks 
representation. B, salt bridge interactions (yellow dashed lines) between dimer interface residues R20, R22, E87, 
A/D103, and R133 in WT (top) and D103A (bottom). C, salt bridge interactions between dimer interface residues R14, 
D94, and D95 in WT (top) and D103A (bottom). (PDB 6VTO and 7RDG). 
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Figure 3.12 Structural comparison between apo GAL-7 WT and apo R20A-R22A 

A, structural alignment of residues involved in homodimer interactions between WT and R20A-R22A at the dimer 
interface of protomer A (top) and protomer B (bottom). Residues are shown in grey (WT) and brown (R20A-R22A) ball-
and-sticks representation. B, salt bridge interactions (yellow dashed lines) between dimer interface residues A/R20, 
A/R22, E87, D103, and R133 in WT (top) and R20A-R22A (bottom). C, salt bridge interactions between dimer interface 
residues R14, D94, and D95 in WT (top) and R20A-R22A (bottom). (PDB 3ZXF and 7N8G). 
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Figure 3.13 Glycan binding site (GBS) superposition between holo WT GAL-7 and single variants R20A, 
R22A, and D103A 

A. Structural alignment of residues involved in GBS. Residues are shown as ball-and-sticks representation with white-
grey, green, yellow-orange, and violet-purple colors for WT, R20A, R22A, and D103A, respectively.
B. Structural alignment of lactose ligands bound to the GBS of all holo GAL-7 structures. (PDB 6VTO, 7N57, 7N8D and
7RDG.
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4 EFFECTS OF PERTURBING R14, D94, AND D95 ELECTROSTATIC 
INTERACTIONS ON THE PROAPOPTOTIC ACTIVITY OF GAL-7 

In the first article, we demonstrated that the proapoptotic activity of GAL-7 can be positively 

and negatively modulated by altering the integrity of the homodimer interactions via G16X 

mutations (central section of the dimer interface). In the second article, we demonstrated that the 

perturbation of protomer-protomer interactions, in combination with the disruption of inter-

protomer communication via Arg20, Arg22, and Asp103 mutations (top section of the dimer 

interface) decreases the proapoptotic activity of GAL-7. To achieve a complete overview of the 

involvement of homodimer interactions in GAL-7 function, here we focus on the bottom section of 

the dimer interface, primarily consisting of Arg14, Asp94, and Asp95 residues. Moreover, Arg14 

was previously outlined as a potential residue involved in dynamical communication transitioning 

between the GBS and the dimer interface (Ermakova et al., 2013). To verify this hypothesis, we 

investigated the proapoptotic effects of perturbing electrostatic interactions at these positions in 

GAL-7. 

4.1 Results and discussion 

4.1.1 Perturbing the D94-R14 electrostatic interaction can positively and 
negatively modulate the proapoptotic activity of GAL-7 

To investigate the effect of the R14-D94 electrostatic interaction on GAL-7 activity, we 

carried out Jurkat T cell apoptosis experiments on variants R14A and D94A. Although located in 

opposite sections of the dimer interface, we also investigated the effects of double mutants R14A-

R20A and R14A-R22A. Our results show no significant change in the proapoptotic activity of the 

R14A variant, yielding an EC50 of 6.5 μM (CI95% between 6.1 and 7.0 μM) relative to 6.6 μM 

(CI95% 6.4-6.8 μM) for WT GAL-7 (Figure 4.1). Accordingly, the R14A-R20A double mutant and 

R20A single mutant exhibit comparable cellular activity, yielding an EC50 of 10.9 μM (CI95% 8.6-

13.7 μM) and 8.7 μM (CI95% 8.1-9.4 μM), respectively. However, the R14A-R22A double mutant 

shows a more pronounced effect on the proapoptotic activity of GAL-7, yielding an EC50 of 16.5 

μM (CI95% 15.1-18.2 μM) relative to 10.9 μM (CI95% 10.0–11.9 μM) for R22A. This suggests 

that the combination of single mutations R22A and R14A has a synergistic effect on the inhibition 

of GAL-7 function. Additionally, contrary to R14A, variant D94A promotes the ability of GAL-7 to 

induce Jurkat T cell apoptosis, yielding an EC50 of 4.6 μM (CI95% 4.0-5.2 μM) (Figure 4.1). These 
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results suggest that pertrubing the R14A-D94A contact could negatively or positively modulate 

the proapoptotic activity of GAL-7 regardless of interprotomer communication perturbation. 

Figure 4.1 Apoptosis of human Jurkat T cells induced by GAL-7 variants. 

WT (black circles), D94A (purple triangles), R14A (blue circle), R20A (green plus signs), R14A-R20A (lime crosses), 
R22A (orange asterisks), R14A-R22A (brown hexagons). 

4.1.2 R14A, D94A, R14A-R20A, and R14A-R22A variants perturb homodimer 
interactions and protein stability 

Given that D94A, R14A, R14A-R20A, and R14A-R22A are homodimer interface residues, 

we investigated the strength of dimer association/equilibrium and protein stability using MST and 

CD, respectively. As previously mentioned on other interface variants (chapters 2-3), R14A, 

D94A, R14A-R20A, and R14-R22A exhibit destabilization of the homodimer interface in GAL-7. 

While the R14A mutation minimally perturbs dimer stability relative to WT, variants D94A, R14A-

R20A, and R14A-R22A share a similar KD range as variants R20A and R22A, which are 19-fold 

and 20-fold less stable than WT, respectively (Table 4.1). 

Our CD results show that all mutations reduce protein stability but still preserve stability 

enhancements induced by lactose binding. Indeed, the Tm value of D94A (Tm = 64.5 ± 0.3°C), 

R14A (Tm = 64.1 ± 0.1 °C), R20A (Tm = 60.9 ± 0.1 °C), R14A-R20A (Tm = 56.9 ± 0.1 °C), R22A 

(Tm = 59.4 ± 0.1 °C), R14A-R22A (Tm = 54.8 ± 0.1 °C), are respectively 3.3 °C, 3.7 °C, 6.9 °C, 

10.9 °C, 8.4°C, and 13 °C lower than WT (Tm = 67.8 ± 0.2 °C) (Figure 4.2). In presence of lactose, 
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thermal stability is increased by 2.7 °C for WT (Tm = 70.5 ± 0.1 °C), 2.5 °C for D94A (Tm = 67.0 ± 

0.2 °C), 1.9 °C for R14A (Tm = 66.0 ± 0.2 °C), 3 °C for R20A (Tm = 63.9 ± 0.7 °C), 2.6 °C for R14A-

R20A (Tm = 59.5 ± 0.1 C), 3.3 °C for R22A (Tm = 62.7 ± 0.2 °C), and 5.2 °C for R14A-R22A (Tm 

= 60.0 ± 0.5 °C) (Figure 4.2).  

Table 4.1 Homodimer dissociation constants (KD) 

KD (𝜇𝜇M) 95% Confidence Interval 

WT 0.06 0.03-0.12 

R14A 0.16 0.08-0.32 

R20A 1.14 0.55–2.35 

R22A 1.2 0.79–1.94 

D94A 0.97 0.46-1.81 

R14A-R20A 0.79 0.33-1.82 

R14A-R22A 0.41 0.18-0.98 

Overall, these results suggest that destabilization of homodimer interactions at positions 

Arg14 or Asp94, along with the reduction in protein stability did not decrease the proapoptotic 

activity of GAL-7. Conversely, the fact that the D94A mutation increases the ability of GAL-7 to 

induce apoptosis of T cells on its own is puzzling. This result suggests that the biological activity 

of GAL-7 is not exclusively controlled by homodimer strength but may also be governed by 

another unknown mechanism. Considering that R14A and D94A are both located in loop regions 

while R20A and R22A are beta strand residues, this unknown mechanism controlling the 

proapoptotic activity might relate to other dynamical effects experienced by GAL-7 and/or involve 

other GAL-7 protein binders, as previously described for other GBS-independent biological 

interactions (Advedissian et al., 2017b; Villeneuve et al., 2011). 
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Figure 4.2 Thermal stability of GAL-7 variants in presence and absence of lactose. 

WT (black) and mutants D94A (purple), R14A (aquamarine), R20A (green), R14A-R20A (lime), R22A (orange), and 
R14A-R22A (brown) in the absence (filled bar) and presence of lactose (pattern bar), as measured by CD-induced 
thermal denaturation. These values are statistically significant, with p-value ≤0.0001 (illustrated by four asterisks) 
evaluated by one-way ANOVA with Tukey post-hoc tests. 

4.1.3 R14A, D94A, R14A-R20A, and R14A-R22A variants maintain GAL-7 dimer 
architecture in free and lactose-bound states 

The X-ray structures of R14A, D94A, and R14A-R20A variants in their apo and holo states 

(in complex with lactose) were solved (Table 7.1) to investigate the relationship between structural 

changes and the proapoptotic activity of GAL-7 mutants. The resolutions of all solved X-ray 

structures range from 1.8 to 2.53 Å. Except for the apo structure of R14A-R20A (PDB 7TRN), 

which crystallized in the P1 group, all other apo structures of R14A (PDB 7TKW), D94A (PDB 

7TKY), and holo structures of R14A (PDB 7TKX), D94A (PDB 7TKZ), and R14A-R20A (PDB 

7TRO) crystallized in the P212121 group. The GAL-7 dimer architecture in the free and lactose 

bound states was maintained for all mutants. Except for the apo R14A-R20A structure, all other 

variants show the dimer complex in a single asymmetric group. Indeed, the asymmetric unit of 

apo R14A-R20A consists of four monomers that form a dimer complex with the monomer from 

four different asymmetric units (Figure 7.1). Cα structural alignments of dimer structures between 

apo WT GAL-7 (PDB 3ZXF) and variants R14A (PDB 7TKW), D94A (PDB 7TKY), and four dimeric 
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complexes of R14A-R20A (PDB 7TRN) show no significant change in the overall GAL-7 dimer 

architecture (Table 7.4). This is also the case between holo WT GAL-7 (PDB 6VTO) and variants 

R14A (PDB 7TKX) and D94A (PDB 7TKZ). 

To investigate the link between homodimer interactions and the GBS-dependent 

proapoptotic activity of GAL-7, the side chain conformation of dimer interface residues was 

compared between holo WT GAL-7 and R14A, D94A, and R14A-R20A structures. As expected, 

the R14A mutation abrogates the electrostatic interaction between residues Arg14 and Asp95 in 

variants R14A and R14A-R20A (Figure 7.2 and Figure 7.4). Similar to the R20A single mutant, 

the salt bridge interaction between residue Ala20 and opposite residues Asp103 and Asp87 are 

missing in the R14A-R20A variant (Figure 3.9 and Figure 7.4). No change of side chain 

conformation was observed for interface residues in the D94A structure, while R14A and R14A-

R20A variants induced conformational changes in residues Asp94 and Asp103, and Arg133, 

respectively (Figure 7.2, Figure 7.3, and Figure 7.4). However, only one Arg133 conformation in 

variant R14A-R20A was shown to form a new salt bridge with Asp103, as previously observed in 

the R20A variant (Figure 3.9 and Figure 7.4). Overall, the loss of the Arg14-Asp95 salt bridge did 

not cause significant impact on the position of other neighboring interface residues, explaining 

the unaltered proapoptotic activity in variant R14A, and similar activity observed between variants 

R20A and R14-R20A. Although no structural perturbation was observed at the dimer interface in 

variant D94A, protein stability and homodimer affinity was reduced. This observation may be 

explained by different structural behaviors observed between immobilized protein in crystal forms 

and in solution. Even though no electrostatic interaction was observed between Arg14 and Asp94 

in holo WT GAL-7 (Figure 7.3), it is possible that this interaction still occurs in solution. Indeed, 

since Arg14, Asp94, and Asp95 are all located in loop regions, the movement of these loops may 

continuously form and break the Arg14-Asp94 and Arg14-Asp95 salt bridges as the protein 

experiences conformational exchange in solution. The D94A mutation inevitably causes a loss in 

the stabilizing Arg14-Asp94 salt bridge in solution, resulting in overall destabilization of the protein 

and homodimer affinity. In contrast, the increase in apoptotic activity observed with the D94A 

remains unexplained. 

4.1.4 Double mutants R14A-R20A and R14A-R22A affect lactose binding 
affinity in GAL-7 

Since the proapoptotic activity of GAL-7 is known to be GBS dependent, we investigated 

the effects of mutations on lactose binding affinity using X-ray crystallography, ITC, and MST. The 

overall GBS organization and lactose positioning are similar between WT (PDB 6VTO) and 
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variants R14A (PDB 7TKX), D94A (PDB 7TKZ), and R14A-R20A (7TRO) (Figure 7.5). Only the 

side chain conformation of Arg71 is positioned differently among these structures. As previously 

outlined, since Arg71 is located at the crystal contact surface, this dissimilarity could easily be an 

artifact of crystal packing. However, while a lactose molecule is observed in the GBS of each 

protomer (A and B) in WT, R14A, and D94A X-ray structures, it is only present in a single GBS of 

double mutant R14A-R20A (Figure 4.3D). Accordingly, our MST results show significantly lower 

lactose binding affinity for double mutant R14A-R20A, yielding a KD value of 790 𝜇𝜇M relative to 

116 𝜇𝜇M for WT (Figure 4.3A and Table 7.3). Moreover, we were unable to achieve saturation of 

lactose binding with the R14A-R22A mutant (Figure 4.3B and Table 7.3). In contrast, our ITC 

results indicate no significant change in lactose binding affinity between WT GAL-7 (KD = 135.3 ± 

1.2) and variants R14A (KD = 163.7 ± 17.0) or D94A (KD = 157.3 ± 6.4) (Figure 4.3C and Table 

7.2). This is consistent with the pro-apoptotic activity observed with all variants exhibiting a 

mutation at position Arg14. Indeed, the proapoptotic activity of the R14A variant is comparable to 

WT GAL-7, while that of the R14A-R20A and R14A-R22A double mutants is lower than WT. Since 

no lactose binding affinity change was observed in variant D94A, the increase in its proapoptotic 

activity remains unexplained. 

4.2 Conclusion  

Our studies showed that perturbing the Arg14-Asp94 electrostatic interaction alters the pro-

apoptotic activity of GAL-7. Mutations R14A and R22A act synergistically to negatively modulate 

the function of GAL-7. In contrast to other mutations reported in this vicinity, the D94A 

replacement improves the ability of GAL-7 to induce the apoptosis of Jurkat T cells. However, our 

characterization of protein stability, homodimer interaction, lactose binding affinity, and solving of 

the X-ray structure cannot adequately explain this increase in biological function. Since Asp94 is 

located in a loop region of GAL-7 (L7-𝛽𝛽8) that was proposed to be involved in correlating motions 

between the GBS and the dimer interface in presence of lactose (Ermakova et al., 2013), 

conformational changes induced by the D94A mutation might be involved in positive modulation 

of GAL-7 activity. Further dynamical investigation and biophysical characterization would be 

warranted to clarify this hypothesis. 
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Figure 4.3 Lactose binding affinity for WT GAL-7, R14A, D94A, and R14A-R20A variants 

Lactose binding affinity for (A) WT and R14A-R20A, (B) R14A-R22A, as measured by MST, and for (C) WT, D94A, and 
R14A, as measured by ITC. (D) A lactose molecule is only observed in one GBS in the X-ray structure of variant R14A-
R20A. The WT and R14A-R20A cartoon structures are superimposed and colored in white and green, respectively. 
Lactose molecules are shown as balls and sticks. 

4.3 Experimental procedures 

4.3.1 Site-directed mutagenesis and protein expression 

The pET-22b(+) vector encoding for recombinant human galectin-7 (WT GAL-7) was 

reused from the previous study (Pham et al., 2021). R14A and D94A mutants were generated by 

the QuikChange site-directed mutagenesis method with iProof High-Fidelity DNA Polymerase kit 

(BioRad) using the forward (R14Af: 5’-cccgagggcatcgcccctggcacggtg-3’; D94Af: 5’-

catcatcgcgtcagccgacggcttcaagg-3’) and reverse (R14Ar: 5’-caccgtgccaggggcgatgccctcggg-3’; 

D94Ar: 5’-ccttgaagccgtcggctgacgcgatgatg-3’) primers. R14A-R20A and R14A-R22A mutants 

were generated by introducing the R14A mutation in the R20A and R22A mutants constructs from 

the previous study using the Q5® Site-Directed Mutagenesis Kit (NEB) and the forward (R14Af: 
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5’-cgagggcatcgcccctggcacgg-3’) and reverse (R14Ar: 5’-ggcagtgaggacttgtgggggacg-3’) primers. 

All plasmid constructs were confirmed by DNA sequencing before being used for protein 

expression. Recombinant WT GAL-7 and variants were expressed in E.coli BL21(DE3) and 

purified by lactose affinity gravity-flow purification at 4°C, as previously described (Pham et al., 

2021). 

4.3.2 Apoptosis assays with Annexin V/PI staining 

Purified proteins were prepared in PBS solution (0.144 g/L KH2PO4, 0.795 g/L NaH2PO4, 

9 g/L NaCl, pH 7.4) All apoptosis assays were performed as previously described (Pham et al., 

2021). 

4.3.3 Biophysical characterisation 

ITC, CD, and Tm calculation experiments were performed and processed as previously 

described (Pham et al., 2021). MST experiments were carried out as detailed (Pham et al., 2021), 

with the following modifications: 

• Dimer KD determination

WT GAL-7, R14A, D94A, R14A-R20A, and R14A-R22A were labeled with Cy5 or 

AlexaFluo647 in accordance with the manufacturer’s protocols, as previously described (Pham et 

al., 2021). Each binding assay experiment consisted of 16 2-fold serial dilutions of 50 μM (starting 

concentration) of unlabeled WT GAL-7, R14A, D94A, R14A-R20A, or R14A-R22A. Unlabeled 

samples were then prepared in 5 nM labeled GAL-7 for WT, R14A-R20A, and R14A-R22A, or in 

20 nM labeled sample for R14A and D94A. Depending on protein stability of each GAL-7 variant, 

each sample was incubated at a specific time and temperature to avoid aggregation and 

adsorption during experiment. WT, R14A, and D94A samples were incubated at 40°C in a water 

bath for 45 min, while R14A-R20A and R14A-R22A variants required no incubation. MST 

acquisition, data, and KD calculation were processed as previously described (Pham et al., 2021). 

• Lactose binding assay

Each binding assay experiment consisted of 16 2-fold serial dilutions of 50 μM (WT), 50 

μM (R14A-R20A), and 150 μM (R14A-R22A) (starting concentration) of lactose prepared in 5 nM 
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labeled WT GAL-7, R14A-R20A, and R14A-R22A, respectively. The MST measurement and 

analysis was carried out as described above. 

4.3.4 Statistical analysis  

All experiments were carried out at least in triplicate. The mean and standard error of the 

mean (SEM) of all measured results are plotted using GraphPad Prism 9.0 (GraphPad Software, 

San Diego, CA). Statistical significance was evaluated with or one-way ANOVA with Tukey post-

hoc tests (CD experiments) or F-test (cell assays, ITC, and MST experiments). p-value cut off 

was set 0.05 to confirm the statistical difference between two data sets. 

4.3.5 Protein crystallization. 

• Apo GAL-7 (R14A) 

1 μl of 2 mg/ml GAL-7 (R14A) solution (in buffer A) was mixed at 1:1 ratio with 0.1 M NaCl, 0.1 M 

Tris pH 8.0, 20 % w/v PEG 6000, 20 % v/v glycerol. Crystals were obtained by the sitting-drop 

vapor diffusion technique at room temperature after one week. Crystals were cryo-protected by 

soaking in paratone. 

• Apo GAL-7 (D94A) 

1 μl of 7.5 mg/ml GAL-7 (D94A) solution (in buffer A) was mixed at 1:1 ratio with 0.1 M NaCl, 0.1 

M Tris pH 8.0, 20 % w/v PEG 6000, 15 % v/v glycerol. Crystals were obtained by the sitting-drop 

vapor diffusion technique at room temperature after one week. Crystals were cryo-protected by 

soaking in a solution of 0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % w/v PEG 6000, 30 % v/v glycerol. 

• Apo GAL-7 (R14A-R20A) 

1 μl of 7.5 mg/ml GAL-7 (R14A-R20A) solution (in buffer A) was mixed at 1:1 ratio with 0.1 M 

NaCl, 0.1 M Tris pH 8.0, 20 % w/v PEG 6000, 17.5 % v/v glycerol. Crystals were obtained by the 

sitting-drop vapor diffusion technique at room temperature after one week. 

• Lactose-bound GAL-7 (R14A) 

Co-crystallization of GAL-7 (R14A) with α-lactose was performed using the sitting-drop 

vapor diffusion technique. Crystals were obtained by incubating a drop consisting of a 1:1 mixture 
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of 1 μl of 7.5 mg WT GAL-7 solution (50 mM Tris pH 8.0, 150 mM NaCl, 7.5 mM α-lactose) with 

0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % PEG 6000, 10% glycerol at room temperature after one 

week. Crystals were cryo-protected by soaking in paratone. 

• Lactose-bound GAL-7 (D94A) 

Co-crystallization of GAL-7 (D94A) with α-lactose was performed using the sitting-drop 

vapor diffusion technique. Crystals were obtained by incubating a drop consisting of a 1:1 mixture 

of 1 μl of 7.5 mg WT GAL-7 solution (50 mM Tris pH 8.0, 150 mM NaCl, 7.5 mM α-Lactose) with 

0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % PEG 6000, 15% glycerol at room temperature after one 

week. Crystals were cryo-protected by soaking in a solution of 0.1 M NaCl, 0.1 M Tris pH 8.0, 20 

% PEG 6000, 30% glycerol. 

• Lactose-bound GAL-7 (R14A-R20A) 

Co-crystallization of GAL-7 (R14A) with α-lactose was performed using the sitting-drop 

vapor diffusion technique. Crystals were obtained by incubating a drop consisting of a 1:1 mixture 

of 1 μl of 7.5 mg WT GAL-7 solution (50 mM Tris pH 8.0, 150 mM NaCl, 7.5 mM α-Lactose) with 

0.1 M NaCl, 0.1 M Tris pH 8.0, 20 % PEG 6000, 5% glycerol at room temperature after one week. 

Crystals were cryo-protected by soaking in paratone. 

4.3.6 Data collection, structure resolution, and refinement 

 All diffraction data of crystals was collected at the Canadian Macromolecular 

Crystallography Facility Beamline CMCF-BM or CMCF-OD of the Canadian Light Source 

Synchrotron (Fodje et al., 2014; Grochulski et al., 2011). Raw data processing, structures 

resolution and refinement was processed as previously described in chapter 3.  All structural 

comparisons and visualizations were performed with the Open-Source PyMOL Molecular 

Graphics System, Version 2.4 (Schrödinger, LLC). 

4.4 Data availability 

 X-ray coordinates for apo GAL-7 variants R14A, D94A, R14A-R20A, and holo GAL-7 

variants R14A, D94A, R14A-R20A in complex with lactose have been deposited in the RCSB 

PDB under accession codes 7TKW, 7TKY, 7TRN, 7TKX, 7TKZ, and 7TRO, respectively. 
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5 GENERAL DISCUSSION AND CONCLUSION 

5.1 Summary  

Given that galectins play critical roles in cancer (Chou et al., 2018; Dubé-Delarosbil et al., 

2018; Girotti et al., 2019; Liu et al., 2005; Vladoiu et al., 2014; Wdowiak et al., 2018), many studies 

have focused on the synthesis of galectin inhibitors as cancer therapeutics (Chou et al., 2018; 

Girard et al., 2018; Sörme et al., 2003). Despite more than two decades dedicated to this field, 

progress is slow, with only six submitted compounds currently in clinical trial with a narrow target 

span comprising GAL-1, -3, and -9 (Chou et al., 2018; Girard et al., 2018). This significantly limits 

the number of cancer types that could be treated using this therapeutic approach. Therefore, it is 

essential to extend available inhibition tools to other galectins. In this research, we focused on 

GAL-7 since it represents a new potential target for the treatment of TNBC, which is hard to 

eradicate due to the absence of the usual breast cancer receptor markers (ER-, PR-, HER2-) 

(Demers et al., 2010; Grosset et al., 2014, 2016; Wu et al., 2021). GAL-7 is a prototypic galectin 

characterized by a β-galactoside glycan binding site (GBS) and a homodimeric quaternary 

structure (Leonidas et al., 1998). Overexpression of GAL-7 in breast cancer cells helps them 

acquire resistance to apoptosis, which can be induced by immune cells, but also induces 

apoptosis of activated T cells by making galectin-glycoprotein lattices at the T cell membrane 

(Demers et al., 2010; Grosset et al., 2014, 2016; St-Pierre, 2012). Since the first attempt 16 years 

ago, development of GAL-7 inhibitors has focused on sugar-based, small-molecule compounds 

aimed at perturbing glycoreceptor interactions (Cumpstey et al., 2005; Masuyer et al., 2012; 

Salameh et al., 2006). To this day, this approach has yet to reach a turning point. This GAL-7 

GBS inhibitor design has encountered many challenges due to the high GBS structural similarity 

among different galectins, which likely causes unwanted off-target effects through binding to other 

highly homologous and often beneficial, anti-tumorigenic galectin members (Morishita et al., 2021; 

Satelli et al., 2011; Tadokoro et al., 2016). Moreover, this strategy will most likely fail to target 

other GBS-independent activities promoted by GAL-7 (Advedissian et al., 2017b; Kuwabara et 

al., 2002; Labrie et al., 2015; Villeneuve et al., 2011). As a result, the development of a new 

approach to inhibit GAL-7 is required.  

As a case study, allosteric modulators were previously demonstrated to be more selective 

and effective than inhibitors that target the active site (Wenthur et al., 2014). Thus, targeting non-

GBS regions of GAL-7 could allow specific modulation of the GBS-dependent and -independent 

GAL-7 activities. In support of this idea, one goal would be to exploit the quaternary oligomeric 
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architecture of human galectins, which differs among family members despite an overall similar 

tertiary structure (Kamitori, 2018). For instance, targeting the homodimeric interface would 

significantly improve the specificity of GAL-7 inhibitors. Moreover, quaternary oligomeric 

architecture is important for galectins to form galectin-glycoprotein lattices, a scaffold involved in 

multiple cellular processes associated with cancer progression (Boscher et al., 2011; Brewer, 

2002; Sacchettini et al., 2001). In addition, Ermakova et al. showed that lactose binding induces 

long-range positive cooperativity that crosses the dimer interface between the two GBSs on 

opposite GAL-7 protomers (Ermakova et al., 2013). Hence, GAL-7 dimer interfering peptides 

(DIPs) were recently developed to alter dimer stability and biological function (Vladoiu et al., 

2015). Among designed DIPs, peptide hGAL-7(129–135) was shown to successfully decrease 

the GBS-dependent proapoptotic activity of GAL-7 on Jurkat T cells by disrupting the monomer-

monomer interaction equilibrium in solution. However, designed DIPs have relatively low affinity 

for GAL-7 (KD ≥ 1mM) and low solubility in physiological condition buffers, restricting their use as 

therapeutics. Improving DIP design requires a better understanding of the role played by each 

residue along the homodimer interface in relation with the regulation of GAL-7 activity. Are all 

residues involved in controlling GAL-7 activity? How are they involved in controlling the GBS-

dependent activity of GAL-7? Are they important for allosteric communication between the two 

long-range GBSs? Which residue position needs to be targeted (or avoided) to negatively or 

positively modulate GAL-7 activity? To answer all these questions, we characterized the 

molecular mechanisms governing homodimer interactions and modulating the GBS-dependent 

proapoptotic activity of GAL-7. 

Starting with the hypothesis that the dimer interaction strength could modulate GAL-7 

proapoptotic activity, the Chapter 2 article “Perturbing dimer interactions and allosteric 
communication modulates the immunosuppressive activity of human galectin-7” (Pham et 

al., 2021) described in silico analyses using the PoPMuSiC and BeAtMuSiC algorithms to predict 

covalent disulfide bridge (G16C) and destabilizing mutation (G16S) to control homodimer 

strength. To assess the impact of these mutations on GAL-7 activity and on biophysical 

properties, apoptosis assays on Jurkat T cells, X-ray crystallography, biophysical, and 

computational characterizations were performed. We also established the first allosteric network 

analysis of GAL-7, which allowed us to identify potential allosteric pathways that interconnect the 

GBS within each protomer, partly explaining the positive binding cooperativity behavior of GAL-7 

(Ermakova et al., 2013). Our results demonstrated that despite the conservation of overall GAL-

7 structure, lactose binding affinity, and allosteric pathways connecting the two GBSs, the 
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proapoptotic activity of GAL-7 could be positively or negatively modulated via strengthening or 

weakening homodimer interface interactions, respectively. 

With the Chapter 3 manuscript “Allosteric network analysis in galectin-7 uncovers key 
residues controlling communication between two opposite glycan binding sites”, we further 

investigated the impact of perturbing interprotomer communication previously highlighted in our 

network analysis study (Pham et al., 2021). The analysis of GAL-7 allosteric networks suggested 

that R20, R22, and D103 were important to maintain communication between the two protomers 

of GAL-7 (Ermakova et al., 2013). Therefore, we used similar approaches from the previous study 

to characterize the consequences of three important interface point mutants (R20A, R22A, 

D103A) and one double mutant (R20A-R22A) on GAL-7 activity, along with evaluation of their 

biophysical and structural properties. Our results showed that despite the preservation of the 

overall GAL-7 structure, these mutations induced differences in lactose binding affinity, reduction 

of inter-protomer communication, alteration of allosteric pathways, and perturbation of homodimer 

interactions/stability that prevented GAL-7 from inducing apoptosis of Jurkat T cells. This study 

also contributed to the development of a new approach to assess global flow communication 

between the two distant GBSs, demonstrating a decrease in overall communication between 

GBSs in all protein variants.  

To complete our study, which already investigated the impact of perturbing homodimer 

interactions at the top (R20, R22, D103) and the middle (F135, G16) regions (Pham et al., 2021) 

on GAL-7 proapoptotic activity, we investigated the effects of perturbing R14 and D94/D95 

electrostatic interaction (bottom region of dimer interface) on apoptosis of Jurkat T cells, X-ray 

crystal structure and biophysical properties of such GAL-7 mutants. Our results indicated that 

D94A mutation increased the ability of GAL-7 to induce Jurkat T cell apoptosis while there was 

no alteration caused by the single R14A mutation. However, we observed a synergetic effect of 

R14A-R22A mutations on negative modulation of GAL-7 proapoptotic activity. This effect could 

be explained by a destabilization of the homodimer interaction and protein stability and perhaps 

the reduction of ligand binding affinity for the R14A-R22A GAL-7 mutant. Nevertheless, the 

increase of proapoptotic activity caused by the D94A mutation remains enigmatic since no 

correlation were defined between this activity and ligand binding affinity, protomer-protomer 

affinity, or protein stability. Since residues D94 and R14 are located on loop regions of the protein, 

their modulation mechanism might be through interfering with molecular dynamics between the 

GBS and the dimer interface (Ermakova et al., 2013). To confirm this, dynamical experiments 
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including biophysical techniques and in silico molecular dynamics need to be carried out in the 

future. 

Figure 5.1 Effect of dimer perturbation on the GBS dependent proapoptotic activity of GAL-7 

Dimer interface residues investigated in this study are shown in spheres. The GBS residues (brown) and lactose (cyan) 
are represented as balls-and-sticks. Perturbation of electrostatic interactions between top residues (R22, D103, R20) 
at the dimer interface decreases the proapoptotic activity of GAL-7 on Jurkat T cells (red). The perturbation of the 
hydrophobic core allows to modulate positively or negatively this proapoptotic activity (yellow). At the bottom region of 
the dimer interface, the substitution to alanine of D94 increases the proapoptotic activity of GAL-7 (green) while R14A 
mutation contributes to a negative synergistic effect with R22A mutation on this Jurkat T cell activity (pink). However, 
R14A single mutation has no effect on GAL-7 induced T cell apoptosis. (PDB 6VTO) 

5.2 Discussion, conclusion and perspectives 

In these studies, we demonstrated that interactions involving residues at the dimer interface 

play a critical role in modulation of GAL-7 proapoptotic activity (Figure 5.1). Interestingly, 

depending on the residue pair interaction targeted, this proapoptotic activity can be negatively or 

positively regulated through different molecular mechanisms. Indeed, mutations within the middle 

region of the dimer interface allows to increase or decrease the GAL-7 proapoptotic activity via 

controlling the interaction strength between protomers (Pham et al., 2021). Electrostatic alteration 
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of the top region of the dimer interface only enabled to negatively modulate GAL-7 proapoptotic 

activity by interrupting protomer-protomer allosteric communication as well as destabilizing 

homodimer interactions. The substitution of Asp by Ala at position 94 of the bottom region of the 

dimer interface can enhance or prevent the GAL-7 proapoptotic effect through probably a 

molecular dynamic regulation of GAL-7 (Ermakova et al., 2013). However, we cannot conclude 

that targeting the above mentioned positions would specifically increase or decrease the 

proapoptotic effect of GAL-7 since only few substitutions were tested. For example, we did not 

evaluate the effect of introducing a covalent bridge, or a substitution of hydrophobic residues to 

favor hydrophobic interactions at the top or bottom regions of the dimer interface. It is plausible 

that various type of perturbations at the same position would generate different outcomes on the 

proapoptotic activity of GAL-7. Overall, targeting positions 20, 22, 103, 16, 94, 14 could allow to 

modulate the GAL-7 proapoptotic activity with different perturbation trends. The perturbation type 

favoring destabilization of protomer-protomer interaction would probably reduce the proapoptotic 

activity of GAL-7. 

In a previous study, four DIPs were designed to mimick S β-strands of GAL-7 in order to 

disrupt GAL-7 homodimerization (Figure 5.2A) (Vladoiu et al., 2015). These peptides encompass 

residues 13–25 (β-strand S4, IRPGTVLRIRGLV, Figure 5.2A), 86–102 (β-strands S2–

S3,FEVLIIASDDGFKAVVG Figure 5.2A), 95–108 (β-strands S1–S2, DGFKAVVGDAQYHH, 

Figure 5.2A), and 129–135 (β-strand S5, LDSVRIF, Figure 5.2A). However, they are composed 

of more than 50% hydrophobic residues, and not surprisingly, these peptides encounter low 

solubility problems that could affect their functional binding to the GAL-7 dimer interface and 

minimize their effect on GAL-7 activity. Among these DIPs, only DIP129-135 could slightly reduce 

GAL-7 proapoptotic activity by disrupting GAL-7 homodimerization. In support with this result, the 

F135S mutation results in protein expression within inclusion bodies most probably due to loss of 

essential hydrophobic interactions involved in preserving monomer–dimer stability in GAL-7. 

Nevertheless, an approach to perturb GAL-7 dimerization through DIPs could benefit of results 

gathered in this study. Since residues R20, R22, G16 and R14, identified as key players of GAL-

7, are all located on the S4 β-strand, and D103 is positioned on the loop between β-strands S1–

S2 (Figure 5.2A), a new DIP could be designed to comprise these features (β-strands S1–S2 and 

S4) along with β-strand S5 (DIP129-135) to improve the inhibitory effect on proapoptotic activity of 

GAL-7. To this end, various peptide chemistry techniques, cyclization reactions or backbone 

modifications, can allow construction of different peptide scaffolds without altering the critical 

residues (R20, R22, G16, R14, D103) with the objective to improve effectiveness against protein-

protein interaction as well as pharmacological properties (Wang et al., 2021) (Figure 5.2A). For 
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example, interaction between the two proteins p53 and MDM2 was successfully inhibited by using 

peptidomimetics termed 𝛾𝛾-AA peptides because they are oligomers of γ-substituted amino acids 

(Sang et al., 2020a, 2020b; Shi et al., 2020). Moreover, starting from a peptide sequence showing 

desirable binding and pharmacological properties, side chain optimization can be achieved 

through generation of a small targeted peptide library as it was shown with a peptide-based 

inhibitor of the APC-Asef interaction to improve its disrupting effectiveness (Yang et al., 2018). 

Beside optimization of existing peptides, different tools have been developed to support the 

design of peptide-based drugs such as dTERMen, a computational protein design method using 

tertiary structural motif energies to identify sequence features that can stabilize a given structural 

motif, SORTCERY, a high-throughput method for ranking peptide protein affinity, and studies of 

the data-parameterized protein interaction landscape to generate peptide libraries targeting new 

regions encompassing critical residues (Frappier et al., 2019; Jenson et al., 2018; Dutta et al., 

2015). These tools were part of the approaches used successfully to design high-affinity peptide 

binders (KD in nm range) of the anti-apoptotic proteins Bfl-1 and Mcl-1 (Frappier et al., 2019; 

Jenson et al., 2018; Dutta et al., 2015). Applied to the GAL-7 context of this study, a peptide 

binding the interface surface that encompasses residues R20, R22, D103 (Figure 5.2B) or R20, 

R22, D103, G16 and F135 (Figure 5.2C) could be designed to block the interaction between the 

two protomers. 
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Figure 5.2 Avenues for optimization of DIPs for GAL-7 

A. (left side) Localization of previous GAL-7 DIPs sequences on the protein structure highlighted in blue (β-strands S1–
S2), marine (β-strands S2–S3), deepteal (β-strands S4), purple (β-strands S5)). Due to sequence overlap between
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designed peptides from β-strands S1–S2 and S2-S3, only β-strand S3 of peptide 86–102 is colored marine on the 
structure. Destabilization of the protomer-protomer interaction at critical residues (spheres) allows to modulate 
negatively (red, pink, yellow) or positively (green, yellow) the pro-apoptotic activity of GAL-7. (right side) Different 
methods allow to improve pharmacological properties of peptide targeting protein-protein interactions (adapted from 
(Wang et al., 2021)). B. Top view of GAL-7 (left side) shows the surface contact between residues R22, R20, and D103 
of protomer A (white) and B (grey). Right, dimer interface view indicates hypothetical targeted region to design a novel 
DIP to disrupt protomer-protomer interaction of GAL-7 by blocking interactions between residues R22, R20, D103 of 
opposite protomers. C. Face view of GAL-7 (left side) shows the surface contact between residues R22, R20, D103, 
F135, G16 and R14 of protomer A (white) with protomer B (grey). Right, hypothetical targeted region to design a novel 
DIP to disrupt protomer-protomer interaction of GAL-7 by blocking contact of R22, R20, D103, F135, G16 and R14 with 
the surface of the opposite protomer.  

Even if we were not able to establish a correlation between lactose binding affinity and a 

GAL-7 molecular dynamic regulation, it is still possible that a relationship exists between effective 

GAL-7 binding partners at the T cell membrane surface and molecular dynamics taking place 

within the protein homodimer. Indeed, lactose is only a subunit of the glycan structures binding 

on GAL-7 (Noll et al., 2016). Glycan microarrays of GAL-7 showed that GAL-7 binds different 

glycan motifs (Noll et al., 2016). Results from this study did not highlight differences in lactose 

binding affinity but it is possible that GAL-7 glycan binding profile was affected by dimer interface 

mutations, inducing a change of GAL-7 glycosylated-protein lattice organization. Therefore, 

introduced mutations could affect the proapoptotic activity of GAL-7. Results from a glycan array 

using the GAL-7 mutants described herein would allow to verify the effect of dimer interface 

mutations on the binding of GAL-7 to a large variety of sugar moieties. In addition, it is important 

to acknowledge the fact that the proapoptotic activity of galectins on activated T cells can be 

induced by binding on different glycosylated cell membrane proteins. For example, GAL-1 induces 

apoptosis of T cells by binding on CD3, CD7, CD34 and CD45 receptors, while the proapoptotic 

activity of GAL-3 on T cells is related to interaction with CD7, CD29, CD45 and CD71 receptors 

(Fukumori et al., 2003; Grigorian et al., 2009; Motran et al., 2008; Pace et al., 1999; Perillo et al., 

1995; Rabinovich et al., 2009; Stillman et al., 2006; Toscano et al., 2007). Furthermore, GAL-9 

activates apoptosis of T cells by binding to Tim-3 (Zhu et al., 2005).Therefore, it would be valuable 

to identify the partner(s) of GAL-7 involved in Jurkat T cells apoptosis induction and evaluate the 

impact of all mutations presented in our studies on the binding affinity with these putative cell 

membrane protein partners.  

Given that we revealed different spots that can modulate positively or negatively activity 

of GAL-7, the knowledge obtained through this study is not only limited to guide the development 

of GAL-7 inhibitor for TNBC, but can also applied for all other cancer associated with GAL-7 which 

can be a pro-tumorigenic (oral skin, thyroid, esophagus, breast, gastric, ovaries, cervix, lymphs) 

or an anti-tumorigenic (colon, prostate) (Campion et al., 2013; Demers et al., 2007, 2009, 2010; 

Grosset et al., 2016; Guo et al., 2017; Higareda-Almaraz et al., 2016; Kim et al., 2013; Kuwabara 
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et al., 2002; Labrie et al., 2014; Moisan et al., 2003; Park et al., 2009; Rorive et al., 2002; Schulz 

et al., 2017; Wang et al., 2020; Zhu et al., 2013; Zhu et al., 2010). However, in this study, we only 

tested the ability of GAL-7 to induce apoptosis in Jurkat T cells, one of the mechanisms 

contributing to the progression TNBC. The behavior of our tested mutants on cancer cells, TBNC 

or other cancer types, has not been yet evaluated. Such a study would complete our 

understanding of the impact of homodimer strength, interprotomer communication, protein 

stability on cellular response. For instance, and in the context of TNBC, it is important to determine 

if a negative modulation of T-cell apoptosis is associated with a reduced resistance to apoptosis 

of cancer cells. Proper position targeting to generate galectin inhibitors should induce the desired 

effect on cancer cells as well as other cell types involved in the pathological state. 

For a while, cross-linking of cell surface glycoproteins was demonstrated to be important to 

regulate multiple cellular processes (cell proliferation, cell differentiation, adhesion, migration, and 

apoptosis) promoting cancer progression (Boscher et al., 2011; Brewer, 2002; Sacchettini et al., 

2001). Our study evidences that by altering the homodimer interaction of GAL-7, the galectin 

glycoprotein lattice organization at the cell membrane surface might be affected, resulting in 

changes in GAL-7 proapoptotic activity on Jurkat T cells. Therefore, our results can serve as a 

proof of concept that modulating protomer-protomer interactions can be the basis for the design 

of galectin activity inhibitors. A combination of computational analyses, X-ray crystallography, 

biophysical and biological characterization for identication of critical residues involved in 

maintaining the homodimeric structure of galectins could offer means to design specific inhibitors 

of the galectin-glycoprotein interactions at the cell surface. Hence, these approaches could be 

applied for all prototypic galectins to identify their potential target positions at the dimer interface 

that control the formation of galectin lattices in the context of cancer regulation. The application 

might not only be limited to homodimer interactions but could also be extended to non-covalent 

heterodimer interactions between galectin monomers (Dings et al., 2021a; Miller et al., 2018) as 

long as prior knowledge of the interacting region was obtained by other structural techniques (X-

ray crystallography, NMR, cryo-EM, cross-linking mass spectrometry, etc.). 
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7 ANNEXE I - SUPPLEMENTARY DATA OF CHAPTER 4 

Table 7.1 Data collection and refinement statistics of R14A, D94A, and R14A-R20A crystal structures 

 
Apo GAL-7 

 R14A 
GAL-7 R14A - 

Lactose 
Apo GAL-7 D94A GAL-7 D94A - 

Lactose 
Apo GAL-7 
 R14A-R20A 

GAL-7 R14A-R20A 
- Lactose 

PDB ID 7TKW 7TKX 7TKY 7TKZ 7TRN 7TRO 
Data collectiona 
Space group P 212121 P 212121 P 212121 P 212121 P 11 P 212121 
Cell dimensions 
     a, b, c (Å) 53.75 64.95 70.41 30.25 76.38 111.30 53.97 66.83 69.49 30.23 76.4 111.09 36.05 53.64. 69.37 53.97 66.16 70.55 
     α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 87.46, 79.03, 84.84 90 90 90 
Resolution (Å) 42.72 - 1.85  

(1.92 - 1.85) 
36.12 - 1.83  
(1.90 - 1.83) 

48.17 - 2.53  
(2.62 - 2.53) 

44.93 - 1.83  
(1.90 - 1.83) 

41.46 - 1.95  
(2.02 - 1.95) 

48.26 - 1.80  
(1.86 - 1.80) 

     Rmerge 0.69 (0.89) 0.08 (0.75) 0.18 (1.37) 0.07 (0.25) 0.05 (0.29) 0.05 (0.793) 
     I/σI 142.7 (12.8) 17.5 (3) 11.9 (1.9) 17.7 (6.8) 16.1 (3.6) 24.7 (2.2) 
     CC1/2 0.714 (0.712) 0.998 (0.828) 0.997 (0.623) 0.997 (0.98) 0.997 (0.874) 1 (0.77) 
     CC* 0.908 (0.917) 1 (0.952) 0.999 (0.876) 0.999 (0.995) 0.999 (0.966) 1 (0.93) 
Completeness (%) 100 (100) 98.6 (95.8) 100 (100) 99.81 (99.91) 99.77 (99.76) 99.8 (99.8) 
Redundancy 12.1 (12.1) 7.2 (7.4) 9.6 (9.8) 6.2 (6.3) 2.6 (2.5) 9.3 (6.6) 
Refinement 
  Resolution (Å) 1.85 1.83 2.53 1.83 1.95 1.8 
  No. reflections 21589 (2117) 23270 (2241) 8822 (858) 31442 (1659) 21589 (2117) 23989 (2366) 
  Rwork / Rfree 0.193/0.231 0.169/0.214 0.226/0.283 0.166/0.225 0.195/0.224 0.175/0.221 
  No. of (non-hydrogen) 
atoms 2357 2407 2149 2484 4754 2379 

     Protein 2103 2106 2105 2155 4149 2076 
     Ligand/ion 90 144 28 117 172 75 
     Water 216 233 32 272 355 268 
B factors 29.79 24.95 48.09 23.3 26.11 34.06 
     Protein 28.73 23.74 48.05 21.73 25.03 33.04 
     Ligand/ion 55.44 33.08 62.32 33.52 43.45 56.53 
     Water 35.62 33.59 44.82 33.53 32.12 39.05 
r.m.s. deviations       
    Bond lengths (Å) 0.008 0.011 0.007 0.012 0.014 0.012 
    Bond angles (°) 1.36 1.45 1.34 1.44 1.67 1.47 
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Table 7.2 ITC binding properties of α-lactose to WT GAL-7 and R14A, D94A variants. 

 

 α-lactose 

 WT R14A D94A 

KD (𝜇𝜇M) 135.3 ± 1.2 163.7 ± 17.0 157.3 ± 6.4 

N 0.93 ± 0.03 0.49 ± 0.02 0.87 ± 0.01 

ΔH (kJ/mol) -22.8 ± 0.1 -29.1 ± 2.5 -16.8 ± 0.6 

ΔS (J/mol·K) -0.7 ± 3.2 -2.5 ± 8 16.2 ± 1.7 
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Table 7.3 Binding affinity of α-lactose to WT GAL-7 and variant R14A-R20A, R14A-R22A, as measured by MST 

KD (𝜇𝜇M) 95% Confidence Interval 

WT 116 42.8 - 301 

R14A-R20A 790 511 – 1214 

R14A-R22A > 60000 N/A 
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Table 7.4 RMSD value calculated from Cα structural alignments of dimer structures between apo and holo 
WT GAL-7, R14A, D94A, and R14A-R20A 

  RMSD  

Apo 

WT (3ZXF) vs R14A (7TKW) 0.196 

WT vs D94A (7TKY) 0.625 

WT vs R14A-R20A (7TRN) – Dimer complex 1 0.707 

WT vs R14A-R20A – Dimer complex 2 0.486 

WT vs R14A-R20A – Dimer complex 3 0.707 

WT vs R14A-R20A – Dimer complex 4 0.486 

Holo 

WT (6VTO) vs R14A (7TKX) 0.186 

WT vs D94A (7TKZ) 0.213 

WT vs R14A-R20A (7TRO) 0.407 
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Figure 7.1 Dimer complex formation between monomers belonging to different asymmetric units in apo 
R14A-R20A structure 

Five asymmetric units illustrated by different colors are presented (blue, yellow, orange, green, grey). Each unit consists 
of four monomers that form dimeric complexes with monomers from the neighboring asymmetric unit. Residues 
involved in dimer interface interactions are shown as sticks. (PDB 7TRN). 
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Figure 7.2 Structural comparison between holo GAL-7 WT and R14A 

A, superimposition of residues involved in homodimer interaction between WT and R14A at the dimer interface of 
protomer A (top) and protomer B (bottom). Residues are represented as ball and stick with monochrome grey and 
aquamarine color for WT and R14A, respectively. B, the salt bridge interaction between dimeric interfacial R20, R22, 
E87, D103, and R133 residues of WT (top) and R14A (bottom). Salt bridge interactions are represented as yellow 
dashes. C, the salt bridge interaction between dimeric interfacial A/R14, D94 and D95 residues of WT (top) and R14A 
(bottom). (PDB 6VTO and 7TKX). 
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Figure 7.3 Structural comparison between holo GAL-7 WT and D94A 

A, superimposition of residues involved in homodimer interaction between WT and D94A at the dimer interface of 
protomer A (top) and protomer B (bottom). Residues are represented as ball and stick with monochrome grey and 
purple color for WT and D94A, respectively. B, the salt bridge interaction between dimeric interfacial R20, R22, E87, 
D103, and R133 residues of WT (top) and D94A (bottom). Salt bridge interactions are represented as yellow dashes. 
C, the salt bridge interaction between dimeric interfacial R14, A/D94 and D95 residues of WT (top) and D94A (bottom). 
(PDB 6VTO and 7TKZ). 
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Figure 7.4 Structural comparison between holo GAL-7 WT and R14A-R20A 

A, superimposition of residues involved in homodimer interaction between WT and R14A-R20A at the dimer interface 
of protomer A (top) and protomer B (bottom). Residues are represented as ball and stick with monochrome grey and 
lime color for WT and R14A-R20A, respectively. B, the salt bridge interaction between dimeric interfacial A/R20, R22, 
E87, D103, and R133 residues of WT (top) and R14A-R20A (bottom). Salt bridge interactions are represented as yellow 
dashes. C, the salt bridge interaction between dimeric interfacial A/R14, D94 and D95 residues of WT (top) and R14A-
R20A (bottom). (PDB 6VTO and 7TRO). 
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Figure 7.5 Glycan binding site (GBS) superposition between holo WT GAL-7 and variants R14A, D94A, and 
R14A-R20A 

A. Superimposition of residues involved in GBS. Residues are represented as ball and stick with white-grey, blue,
green, and violet-purple colors for WT, R14A, D94A and R14A-R20A, respectively. B. Superimposition of lactose
position at the GBS. (PDB 6VTO, 7TKX, 7TKZ and 7TRO).
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