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Popular summary 

Discovering a new drug for a given disease is an expensive and time-consuming 
process that often requires more than a decade of research and over a billion dollars 
per drug. Drug discovery typically starts with understanding the disease’s molecular 
mechanism and then finding suitable target molecules, known as drug targets, that 
can be attacked by drugs to treat the disease. The target molecules can be lipids, 
nucleic acids, or proteins. One way to speed up the drug discovery process is to 
identify the shape (structure) of the given drug target and assemble (design) a 
molecule (drug) that fits the shape of the drug target to treat the disease in question. 
This process (structure-based drug design) resembles putting the missing pieces of 
a puzzle together or assembling toy blocks. My thesis involves the structure-based 
design of molecules that block the function of a group of proteins called galectins, 
which play a role in the development of tumors and inflammation. Since regular 
cameras cannot be used to capture the shape of proteins, we used another method 
known as X-ray crystallography to obtain pictures of galectins to identify their 
shapes. We then used specialized computer software to look at the X-ray structures 
of galectins to design drug molecules that stop them from causing tumors and 
inflammations. 
The first part of my thesis involved the structure-based design of molecules that 
block the function of a member of the family of galectins called galectin-8, which 
plays a role in the development of breast cancer and eye inflammation. This resulted 
in the discovery of novel molecules that are currently the most potent molecules that 
inhibit galectin-8 without affecting the functionality of similar galectins. More 
importantly, these molecules affected the biochemical processes in breast cancer 
cells and attenuated eye inflammation in laboratory mice. 

The second part of the project focused on the structure-based design of molecules 
that guide the degradation of another galectin called galectin-3, which is involved 
in the fibrosis of the lung and liver as well as the development of certain tumors. 
These ensuing results will hopefully open new avenues for drug discovery. 
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Abstract 

Galectins are a family of soluble proteins that bind β-D-galactopyranoside-
containing glycoconjugates through their conserved carbohydrate-recognition 
domains. Galectins have emerged as promising drug targets due to their 
involvement in various pathological conditions, such as tumor growth and 
metastasis, autoimmune and inflammatory diseases, as well as metabolic disorders. 

This first part of the thesis describes the design, synthesis, and evaluation of novel 
glycomimetic inhibitors of human galectin-8, which plays an essential role in 
pathological lymphangiogenesis, immune system modulation, bone remodeling, 
and is upregulated in several cancers. The structure-based design of inhibitors of 
galectin-8 N-terminal domain (galectin-8N) identified a benzimidazole-galactoside 
with a Kd of 1.8 µM for galectin-8N and 3-fold selectivity over galectin-3, and 
higher selectivity over the other human galectins. Molecular dynamics simulation 
showed that the benzimidazole-galactoside binds the non-conserved amino acid 
Gln47, accounting for the higher selectivity for galectin-8N. Furthermore, the 
subconjunctival injection of the benzimidazole-galactoside reduced the severity of 
bacterial keratitis caused by Pseudomonas aeruginosa in a mouse model, providing 
the first evidence that galectin-8 inhibitors can be effective in an actual disease 
model. 

Subsequently, we designed and synthesized a set of C-3 substituted D-galactal 
derivatives, which led to the discovery of a D-galactal-benzimidazole hybrid with a 
Kd of 48 µM for galectin-8N and 15-fold selectivity over galectin-3, and higher 
selectivity over the other human galectins. X-ray structural analysis of the D-
galactal-benzimidazole hybrid in complex with galectin-8N followed by molecular 
dynamics simulation and quantum mechanical calculations showed that the high 
affinity of the compound for galectin-8N is probably due to the orbital overlap 
between the LUMO of Arg45 with the electron-rich HOMOs of the olefin and O4 
of the D-galactal. A functional assay of the D-galactal-benzimidazole hybrid and the 
abovementioned benzimidazole-galactoside showed that both compounds reduced 
the secretion of the proinflammatory interleukin-6 (IL-6) and IL-8 in a dose-
dependent manner. Attachment of a p-chlorophenyl moiety at C4 of the 
benzimidazole of the D-galactal-benzimidazole hybrid resulted in the discovery of 
the most potent selective galectin-8N inhibitor to date with a Kd of 2.9 µM for 
galectin-8N and 50-fold selectivity over galectin-3, and even higher selectivity over 
the other human galectins. X-ray structural analysis revealed that the high affinity 
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of the compound for galectin-8N is probably due to the interaction of the p-
chlorophenyl moiety with Arg59 and/or Tyr141 via cation-π stacking and/or π-π 
stacking, respectively. This compound represents a promising starting point for the 
design of ligands that bind galectin-8N with higher affinity and selectivity. 

Finally, we designed and synthesized two proteolysis-targeting chimeras 
(PROTACs) for human galectins to investigate whether galectins are amenable to 
targeted protein degradation. Although both compounds displayed nanomolar 
affinities for galectin-3, they failed to induce galectin-3 degradation in JIMT-1 and 
MDA-MB-231 breast cancer cell lines at a concentration of 25 µM. This lack of 
effect can be either due to the higher topological polar surface area of the 
compounds or the hook effect caused by the high concentration used in the assay. 
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Abbreviations 

ACN Acetonitrile 
ALCAM Activated leukocyte cell adhesion molecule 
ATP Adenosine triphosphate 
BLI Bio-layer interferometry 
CRD Carbohydrate recognition domain 
DC50 Half-maximal degradation concentration 
DC-SIGN Dendritic Cell-Specific Intercellular adhesion 
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DSF Differential scanning fluorimetry 
FAC Frontal affinity chromatography 
FimH Type 1 fimbrin D-mannose specific adhesin 
FP Fluorescence polarization 
HIA Hemagglutinin inhibition assay 
HIV Human immunodeficiency virus 
HPLC High-pressure liquid chromatography 
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ITC Isothermal titration calorimetry 
Kd Dissociation constant 
kDa Kilodalton 
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MD Molecular dynamics 
mRNA Messenger ribonucleic acid 
MST Microscale thermophoresis 
MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium 

MW Microwave 
ns Nanosecond 
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PA Pseudomonas aeruginosa 
PBMC Peripheral blood mononuclear cell 
PhMe Toluene 
PMN Polymorphonuclear leukocyte 
POI Protein of interest 
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RANK Receptor activator of nuclear factor kappa-B 
RANKL Receptor activator of nuclear factor kappa-B ligand 
RAS Rat sarcoma 
RT Room temperature 
SAR Structure-activity relationship 
SEM Standard error of mean 
TDG Thiodigalactoside 
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UPS Ubiquitin–proteasome system 
VEGF Vascular endothelial growth factor 
VHL Von Hippel-Lindau 
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1 Introduction 

“In this remarkable age of genomics, proteomics, and functional proteomics, I am 
often asked by my colleagues why glycobiology has apparently lagged so far behind 
the other fields. The simple answer is that glycoconjugates are much more complex, 
variegated, and difficult to study than proteins or nucleic acids.” 

- Professor Saul Roseman1 

1.1 The sugar code  
Carbohydrates are the most abundant class of biomolecules on the planet earth and, 
as the name indicates, they originate from the stoichiometric proportion of carbon 
and water (Cn(H2O))m, where n ≥ m.2 The simplest carbohydrates that cannot be 
hydrolyzed into smaller units are called monosaccharides. There are nine common 
monosaccharides found in vertebrates, and they include, among others, galactose, 
the focus of the thesis, in addition to glucose, mannose, and fucose. 
Monosaccharides exist in solution as an equilibrium mixture of open-chain or ring 
forms. The cyclization of the open-chain form creates a new asymmetric center, 
termed the anomeric carbon, at C1 for the aldo sugars or C2 for the keto sugars. 
According to the stereochemistry of the substituent at the anomeric carbon, 
carbohydrates can be assigned as α anomers or β anomers. In galactose, the α 
anomer refers to the anomeric hydroxyl group being axial and the β anomer refers 
to the anomeric hydroxyl group being equatorial (Figure 1). Monosaccharides can 
attach to one another via glycosidic bonds giving rise to di- (2 monosaccharides), 
oligo- (3-10 monosaccharides), and polysaccharides (> 10 monosaccharides).3 
There is a huge diversity of oligosaccharides in nature, and indeed, their diversity 
exceeds that of any other class of biomolecules. Each hydroxyl group in the 
monosaccharides can, in principle, serve as an acceptor of the glycosidic bond, and 
each glycosidic bond is linked to either an α- or β anomeric substituent. Therefore, 
the combination of monosaccharides can give rise to a large number of linear or 
branched polysaccharides with diverse geometries as opposed to nucleotides and 
amino acids with limited linkage sites that attach only in a linear fashion (Figure 
1).4 Other factors contributing to the diversity of glycans are the varying ring sizes 
of the monosaccharides (e.g. pyranoses and furanoses), the non-template driven 
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biosynthesis, and the post-biosynthetic modifications of the monosaccharides such 
as the derivatization of glucose and galactose to 2-amino sugars followed by the N-
acetylation which can be viewed as the Umlaut (putting marks over vowel letters) 
that is found in many languages such as German and Swedish languages.5,6 With 
this high permutation of structures, carbohydrates can be considered the third 
alphabet of life, next to amino acids and nucleotides, where the letters 
(monosaccharides) combine to form different molecular messages 
(oligosaccharides) that encode specific biological information (the sugar code).7  

  

Figure 1: Illustration of the open form of carbohydrates and the linkage points for oligomer formation for carbohydrates, 
nucleotides, and amino acids. Carbohydrates exist in solution as an equilibrium mixture of open chain (A) and ring (B) 
forms. Activated carbohydrates via the anomeric positions (α or β) can attach at any of the hydroxyl groups (red arrows), 
giving rise to a large number of potential oligomers. In contrast, nucleic acids (C) and amino acids (D) can only attach 
in a linear fashion (red arrows). 

The diversity of carbohydrates in nature is reflected in the diversity of their 
biological functions, beyond merely being the main energy source of the human 
diet. For example, carbohydrates are vital to plants as they act as both molecular 
concrete of cell walls enabling plants to resist gravity, as well as protective materials 
defending plants against insects and microbes.2,8 All eukaryotic cells are surrounded 
by a thick layer, 10-100 Å, of oligosaccharides conjugated to proteins 
(glycoproteins), or lipids (glycolipids) referred to as the glycocalyx.9,10 This 
glycocalyx enables cell-environment interaction, cell adhesion and mediates the 
recognition of cells by bacteria and viruses.11 The glycocalyx on the surface of the 
red blood cells also determines the ABO blood group type (Figure 2).12 

Due to the abundance and diversity of carbohydrates, several protein folds, termed 
lectins, have evolved to read the glycan-encoded message and translate it into 
biological information. The family of lectins includes, among others, C-type lectins, 
P-type lectins, I-type lectins, and galectins, the focus of this thesis.2 
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. 

 

Figure 2: Schematic representation of the diversity of functions of the cell-surface glycoconjugates (glycocalyx). The 
glycocalyx mediates cell adhesion, cell-environment interaction, as well as recognition by bacteria and viruses. 

1.2 Carbohydrates in drug discovery 
Due to the abovementioned functional diversity of carbohydrates, they are 
increasingly recognized as hotspots for biomedical intervention. In fact, the 
utilization of carbohydrates in medicine dates back to more than a century ago, with 
heparin, a naturally occurring anticoagulant, being the oldest carbohydrate-based 
drug.13 Other prime examples of carbohydrate-based drugs are the aminoglycoside 
antibiotics that have been in use since the early 1940s.14 Nonetheless, the 
exploitation of glycans in drug discovery was hindered by the poor understanding 
of the molecular basis governing glycan functions due to their structural 
complexity.15 However, the recent progress in the analytical and biophysical tools 
allowed for the precise elucidation of glycan structures and revealed the molecular 
basis for glycan recognition.16–19 In addition, the advances in carbohydrate 
chemistry combined with the high throughput screening methods such as glycan 
microarrays led to the discovery of several glycan receptors.20,21 This has resulted 
in a resurgence in the use of carbohydrates in drug discovery. For example, 
identifying the pentasaccharide sequence responsible for heparin activity led to the 
discovery of the anticoagulant drug fondaparinux, with better bioavailability and 
fewer side effects than heparin.22 Since glycans are involved in the viral invasion of 
host cells, several carbohydrate-based antiviral drugs such as zanamivir have been 
developed to stop the viral invasion.23 Carbohydrates-based drugs can also be used 
to hijack cell replication since D-ribose and deoxyribose are the building blocks of 
DNA and RNA. Examples of this include the antiviral drugs ribavirin and 
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remdesivir, and the anticancer drugs azacitidine and decitabine.24 Derivatives of D-
glucose such as dapagliflozin and canagliflozin are also used to treat type diabetes 
mellitus.25 Other examples include the antiplatelet drug ticagrelor26, the laxative 
drug lactitol27, and the anti-Alzheimer’s drug sodium oligomannate28 (Figure 3). 

Carbohydrate-based drugs still hold great promise for tackling unmet medical needs. 
The current research in the development of carbohydrate-based drugs includes, 
among others, type 1 fimbrin D-mannose specific adhesin (FimH) antagonists for 
urinary tract infections29 and Crohn's disease30,31, sialic acid derivatives as 
antibacterial agents32, dendritic Cell-Specific Intercellular adhesion molecule-3-
Grabbing Non-integrin (DC-SIGN) inhibitors as anti-HIV agents33, and siglec 
inhibitors as immunomodulators and anti-inflammatory agents34. Of particular note 
is that the carbohydrate-based FimH antagonist EB8018 (Sibofimloc) was safe and 
well-tolerated in Phase Ib clinical trials for the treatment of Crohn's disease 
(ClinicalTrials.gov identifier: NCT02998190) (Figure 3).35 Developing 
carbohydrate-based galectin inhibitors is one of the current research hotspots, and 
we will investigate galectins in more detail throughout the thesis. 
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Figure 3: Structures of selected examples of the known carbohydrate-based drugs available for clinical use or currently 
undergoing clinical trials. 

 



20 

1.3 Galectins: Structure and function 
The term galectin was first introduced in 1994 by Barondes and his coworkers to 
denote the family of proteins that fulfills the two criteria of binding β-D-
galactopyranoside-containing glycoconjugates and sharing a significant sequence 
similarity in the carbohydrate recognition domain (CRD).36 Galectins are found in 
the tissues of many members of the animal kingdom, ranging from lower vertebrates 
(e.g. sponges and nematodes) to mammals (e.g. humans). There are currently 16 
known mammalian galectins, which can be classified into three subgroups 
according to their quaternary structures. The first subgroup consists of the 
monomeric (prototype) galectins with one CRD that form noncovalent homodimers 
depending on the concentration and ligand density (1, 2, 5, 7, 10, 11, 13, 14, 15, and 
16). The second subgroup encompasses the tandem-repeat galectins with two 
distinct CRDs at the N- and C-terminal domains joined by a peptide linker of 
variable lengths (4, 6, 8, 9, and 12). The third subgroup features the lone chimera-
type galectin-3 with one CRD at the C-terminal domain in addition to a non-lectin 
glycine- and proline-rich peptide motif at the N-terminal domain that promotes the 
formation of high-order oligomers up to pentamers (Figure 4).37,38 It is worth 
mentioning that galectins-10, -13, and -16 do not strictly adhere to the definition of 
galectins as they share the significant sequence similarity in the CRD but do not 
bind β-D-galactopyranosides.39–41 Galectins are expressed in all cells; however, their 
expression varies in different tissues.42 For example, galectin-1 and galectin-3 are 
expressed in most tissues42, while galectin-2 and galectin-4 are expressed primarily 
in the gastrointestinal tract, with galectin-2 being expressed in the placenta as 
well43,44. Galectin-7 is mainly expressed in the gastrointestinal tract, the skin, and 
the lining of the mucosal membranes45, while galectin-8 is expressed in the liver, 
kidney, cardiac muscle, lung, neuronal tissues, and immune cells46.  

 

Figure 4: Illustration of the different types of galectins. (A) Prototype galectins with a single CRD which form 
noncovalent homodimers. (B) Tandem repeat galectins with two distinct CRDs joined by a peptide linker. (C) 
Chimera-type galectin-3 with one CRD which can form high-order oligomers up to pentamers with its collagen-like tail.  
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Galectins are synthesized in the cytosolic ribosomes and reside in the cytosol for 
much of their lifetime. Inside the cell, galectins interact with various cytosolic and 
nuclear ligands, regulating several cellular activities, such as mRNA splicing, cell 
division, cell growth, and apoptosis. Galectins are also secreted to the extracellular 
matrix via a nonclassical Golgi-independent secretory pathway.47 Outside the cell, 
galectins are proposed to form dynamic lattices by cross-linking the cell surface β-
D-galactopyranoside containing glycolipids and glycoproteins through their CRDs. 
Thereby, galectins can influence the behavior of the cross-linked glycoconjugates, 
such as their residence time on the plasma membrane, localization, and intracellular 
trafficking.48,49 This results in different cellular responses depending on the type of 
glycan and galectin involved. For example, galectin-glycoconjugate interactions 
modulate cell adhesion, migration, proliferation, apoptosis, and immune response. 
The galectin lattice also regulates metabolic homeostasis through the regulation of 
nutrient transporters. Thus, galectins are implicated in several pathological 
conditions, such as tumor growth and metastasis, inflammatory diseases, as well as 
autoimmune and metabolic disorders.50 This thesis is focused on developing small-
molecule inhibitors for galectin-8 (papers I, II, and III) and galectin-targeted 
proteolysis-targeting chimeras (PROTACs) (paper IV). 

1.4 Galectin-8 as a drug target 
Galectin-8 captivated our interest due to its numerous pathological involvements. 
Firstly, galectin-8 is overexpressed in several cancers, including prostate, lung, 
kidney, bladder, and breast cancer.51 Galectin-8 also promotes vascular endothelial 
growth factor-C (VEGF-C)-mediated pathological lymphangiogenesis, which is 
implicated in many pathological conditions, including tumor growth and metastasis, 
organ graft rejection, type 2 diabetes, and corneal inflammation.52 Furthermore, 
galectin-8 is involved in several inflammatory and autoimmune disorders as it 
modulates innate and adaptive immunity through the regulation of T-cell 
homeostasis.53,54 Studies on mice also showed that galectin-8 enhances the 
expression of the osteoclastogenic factor receptor activator of nuclear factor kappa-
B ligand (RANKL), which binds to the RANK receptor on osteoclasts and promotes 
osteoclastogenesis, leading to an increased bone turnover and reduced bone 
mass.55,56 Knocking down galectin-8 in the triple-negative breast cancer cells MDA-
MB-231 was reported to prevent cell-cell adhesion. Also, knocking down galectin-
8 and its glycosylated ligand activated leukocyte cell adhesion molecule (ALCAM) 
synergistically delayed tumor growth in a murine model of triple-negative breast 
cancer.57 Galectin-8 has also been shown to increase the expression of 
proinflammatory cytokines in cancer cells.58,59 Besides its pathological 
involvements, galectin-8 has antibacterial activity due to its ability to bind glycans 
in damaged vesicles and induce selective autophagy.60  



22 

Both CRDs (N- and C- terminal domains) are essential for the activity of galectin-
8.61 Therefore, inhibiting one CRD is probably sufficient to block the activity of 
galectin-8. The N-terminal domain of galectin-8 binds native oligosaccharides with 
a higher affinity than the C-terminal domain62,63, and a few reports linked the 
biological functions of galectin-8 to the unique specificity of its N-terminal 
domain.64 Therefore, we focused on developing inhibitors for the N-terminal 
domain of galectin-8 (galectin-8N). 

1.5 Targeted protein degradation 
The ubiquitin-proteasome system (UPS) is the main pathway for degrading 
intracellular proteins in eukaryotic cells.65 The UPS works by marking proteins for 
destruction by conjugating them to ubiquitin, a highly conserved 76 amino acid (8.6 
kDa) polypeptide, which is then recognized and degraded by the 26S proteasome, a 
large multisubunit protein complex with six proteolytic sites.65,66 Conjugating 
proteins to ubiquitin is carried out by a cascade of enzymes called ubiquitin-
activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-protein 
ligases (E3). In short, ubiquitin is activated by conjugating it to an ATP-dependent 
E1 enzyme via thioether bonds. The activated ubiquitin is then conjugated to an E2 
enzyme via trans-thioesterification. The E2-ubiquitin complex is then conjugated to 
an E3 ligase which is a larger protein with a substrate adaptor and accessory 
proteins. Then depending on the type of E3 ligase, the ubiquitin is either transferred 
from the E2 ligase to a lysine residue on the surface of the targeted protein directly 
or passed from E2 to E3 and then to the lysine residue on the targeted protein.65 The 
first attempt to hijack the UPS via PROTACs to degrade the protein of interest (POI) 
was reported in 2001.67 PROTACs are heterobifunctional molecules composed of a 
ligand that binds the POI joined by a linker of variable composition to an E3 ligase 
ligand. Thereby, PROTACs recruit the E3 ligase and form ternary complexes 
resulting in polyubiquitination and subsequent degradation of the POI by the 26S 
proteasome.68  

Traditionally, drug discovery relies on the occupancy-driven pharmacological 
model, in which the fraction of the bound drug is directly proportional to the ligand's 
affinity to the target. This requires high-affinity ligands (low nanomolar to 
picomolar) to elicit the desired effect. Achieving such affinity is sometimes 
challenging, especially for targets with polar or shallow binding sites. In contrast, 
PROTACs act through event-driven pharmacology, which requires only the 
transient formation of the E3 ligase-PROTAC-POI ternary complex, after which the 
degradation of the POI proceeds regardless of the POI binding. The non-covalently 
bound PROTAC is released after the destruction of the POI, thus the PROTAC can 
continue to direct more POIs for degradation (Figure 5). Therefore, high affinity for 
the target protein is not required for PROTACs, which is best exemplified by the 
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foretinib-based PROTAC's ability to induce p38α degradation with a half-maximal 
degradation concentration (DC50) of 210 nM despite having a dissociation constant 
(Kd) greater than 10 µM for p38α.69,70 Thus, PROTACs offer a chance to target the 
undruggable proteome. Indeed, PROTACs have been shown to degrade scaffolding 
proteins that lack enzymatic activity71, multicomponent proteins72, transcription 
factors, and RAS proteins with no druggable pockets73. Moreover, PROTACs have 
been reported to have a higher target selectivity, reduced off-target toxicity, and a 
better therapeutic index than traditional inhibitors.68 Of note, twelve PROTACs 
have reached clinical trials, with ARV-110 and ARV-471, the first PROTACs to 
enter clinical trials, successfully progressing to phase II.74 Therefore, we 
hypothesized that galectin-targeted PROTACs might offer a chance to exploit the 
therapeutic potential of the galectins, because their polar and shallow binding 
pockets usually hinder the development of high-affinity ligands. 

 

Figure 5: Illustration of the mechanism of the targeted protein degradation by PROTACs. 

1.6 Design of galectin inhibitors 
As mentioned above, most galectin activities result from binding β-D-
galactopyranoside-containing glycoconjugates. Thus, efforts towards developing 
galectin inhibitors focused on inhibiting the CRD of galectins to compete with the 
natural ligands. Therefore, we will have a closer look at the galectin CRD to 
understand the rationale behind the design of galectin inhibitors. The CRD of 
galectins is a β-sandwich of about 135 amino acids, with one of the sheets, 
composed of 6 strands, forming the convex side, while the other sheet, consisting of 
5 strands, forms the concave side. The concave β-sheet forms the groove in which 
the carbohydrates bind and is long enough to accommodate a tetrasaccharide. The 
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CRD can be schematically divided into five subsites (A-E) (Figure 6).37 N-
acetyllactosamine (LacNAc) is a natural ligand fragment for galectins found in 
many cell-surface glycoconjugates. Taking galectin-3 as an example, the β-
galactoside moiety of LacNAc sits in subsite C, which is the most conserved subsite 
in the CRD. The β-galactoside moiety establishes seven hydrogen bonds, namely 
HO-4' with His158, Asn160, and Arg162, HO-6' with Asn174 and Glu184, and the 
ring oxygen with Arg162 and Glu184, while H-3', H-4', and H-5' of the galactose 
engage in a CH-π stacking with Trp181. Subsite D, the second most conserved 
subsite, harbors the N-acetylglucosamine moiety at C1 of the galactose, with the 
HO-3 establishing three hydrogen bonds with Arg162 and Glu184 (Figure 6). The 
other subsites are not as conserved as subsites C and D, and they do not interact with 
LacNAc, but they contribute to the variation in specificity between galectins for 
different saccharides.37 LacNAc forms identical hydrogen-bonding networks with 
the corresponding amino acids in the other galectins. The observed hydrogen-
bonding pattern of the β-galactoside moiety of LacNAc is crucial for the recognition 
by galectins and is probably indispensable for the design of galectin inhibitors. 
Therefore, the previous work on galectin inhibitors focused on modifications at the 
anomeric carbon, HO-2, or HO-3 of the galactose, to access the less conserved CRD 
subsites to gain binding affinity and/or selectivity. 

 

Figure 6: Illustration of subsites A-E of the galectin CRD, exemplified with LacNAc (cyan sticks) bound to the CRD of 
galectin-3 (PDB ID: 1KJL; grey cartoon representation). Research on galectin inhibitors focused on modifications at C1, 
C2, and C3 of the galactose moiety. 
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LacNAc 1 itself has a weak binding affinity for galectins Kd values of about 0.1 
mM.75 Two of the most common reference compounds used in galectin research are 
methyl β-N-acetyllactosamine (LacNAc-OMe) 2 and thiodigalactoside (TDG) 3 
with Kd values of 59 µM and 43 µM for galectin-3, respectively, as determined by 
fluorescence polarization assay.76 The journey for developing galectin inhibitors 
started with the substitution of HO-3' of LacNAc-OMe 2 with various N-arylamides 
targeting subsites A and B leading to the discovery of compound 4 bearing 2-
carboxynaphth-1-amide with a Kd of 0.32 µM for galectin-3, more than two orders 
of magnitude improvement over LacNAc-OMe. This improvement in the binding 
affinity is hypothesized to result from a cation-π stacking with Arg144 in galectin-
3.77,78 Further research identified TDG derivatives with high affinity for galectin-
3.79 This was a milestone in the quest for galectin inhibitors as thioglycosides 
possess higher chemical and metabolic stability compared to O-glycosides.80,81 The 
synthesis of symmetrical fluorinated phenyltriazolyl-TDG derivatives resulted in 
the discovery of compound 5 (GB0139 formerly known as TD139) with a Kd of 2 
nM for galectin-3.82,83 It is worth mentioning that GB0139 was safe and well-
tolerated in phase IIa clinical trials for idiopathic pulmonary fibrosis and it is 
currently in phase IIb.84 Attempts to simplify TDG by substituting one of the 
galactose moieties with a β-thio aglycone to improve its pharmacokinetic properties 
resulted in the discovery of compound 6 bearing a β-thiotoluene and a Kd value of 
5.2 µM for galectin-3.83 A further modification involved inverting the 
stereochemistry of the β-thioaryl aglycone and changing the aromatic moiety to 3,4-
dichlorophenyl resulted in the discovery of compound 7 with a Kd of 37 nM for 
galectin-3. The improved affinity caused by the α-3,4-dichlorothiophenyl aglycon 
is likely due to halogen bonding interaction between the 3-chloro substituent and 
the backbone carbonyl of Gly182, as well as an S–π interaction between the 
anomeric sulfur and Trp182.85 Modification of the aromatic aglycon of compound 
7 resulted in the discovery of GB1211 (compound 8) with a Kd value of 23 nM for 
galectin-3. GB1211 is the first orally available galectin-3 inhibitor to enter clinical 
trials, and it is currently in phase IIa for the treatment of cancer and liver cirrhosis. 
(Figure 7).86 Other attempts to develop galectin inhibitors included, among other 
things, mannosides that bound selectively to galectin-9N87, talosides that bound 
selectively to galectin-8N and galectin-4C88, and C-glycosides that bound to 
galectin-1 and galectin-3 with various selectivity profiles89–91. These discoveries 
paved the way for the research work described in this thesis, which can be viewed 
as an extension of the previous research with the aim of further understanding the 
principles that govern the high affinity of the ligands for galectin-8N.  
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Figure 7: A selected set of previously reported galectin inhibitors and their binding affinities for galectin-3, showing 
the chronological progress in developing galectin inhibitors. 

1.7 Affinity measurement 
There are several methods for measuring the binding affinity of ligands to lectins, 
each with its advantages and disadvantages. The methods commonly used are 
hemagglutination-inhibition assay (HIA)92, isothermal titration calorimetry (ITC)93, 
and fluorescence polarization assay (FP)94. HIA is likely the oldest method to 
evaluate glycan-lectin interactions, which is based on the observation that 
erythrocytes agglutinate in the presence of lectins.95,96 Despite being a rapid and 
low-cost assay, HIA requires comparatively large amounts of ligand and protein, 
making it unsuitable for evaluating synthetic ligands obtained by laborious 
multistep synthesis.92 ITC is a direct titration method that allows for determining 
the thermodynamic parameters associated with the ligand-protein interaction (Kd, 
ΔG, ΔH, and ΔS) in a single experiment. Although ITC is very accurate and gives a 
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lot of information about ligand-protein interactions, it is time-consuming and 
requires relatively large amounts of the ligand and the protein; therefore, not suitable 
for the rapid screening of a large collection of ligands.93 The method used in this 
work is FP, which involves exciting a fluorescent probe (a fluorescein-tagged 
disaccharide in this case) with a plane-polarized light and measuring the degree of 
polarization remaining in the emitted light. This assay is based on two principles: 
firstly, the rotational movement of the molecule is responsible for the depolarization 
of the emitted light, and secondly, when a fluorescent probe is bound to a protein 
(galectin in this case), the ligand-protein complex rotates slower than the free ligand, 
due to the larger size of the complex. Low concentrations of the ligands or ligands 
with weak affinity will leave most of the fluorescent probe bound to the protein, 
causing it to emit less depolarized light as opposed to high concentrations of the 
ligands or ligands with high affinity. The polarization is then measured as anisotropy 
(A) or polarization (P), which is used to calculate the amount of bound and free 
probe in solution. The amount of free and bound probe is then used to determine the 
Kd of the ligand to the galectin. FP is a fast and reliable method for determining the 
Kd values of synthesized ligands without the need for large amounts of ligand and 
protein and is thus our method of choice.94 The evaluation of the binding affinity 
ligands to galectins can also be carried out with other methods such as frontal 
affinity chromatography (FAC)97, microscale thermophoresis (MST)98, bio‐layer 
interferometry (BLI)99, and differential scanning fluorimetry (DSF)100. 
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2 Hypothesis and objectives 

Having introduced the biological and pathological implications of galectins, in 
particular galectin-8, in Chapter 1, we now know the importance of developing 
potent and selective galectin inhibitors as both tool compounds to further study 
galectin functions and therapeutic candidates to tackle galectin-related pathological 
conditions.  

The work in this thesis is based on the following hypotheses: 

• Selective galectin-8N inhibitors are potential antitumor and anti-
inflammatory agents 

• The structure-based design will lead to the discovery of galectin-8N 
inhibitors with improved binding affinity and selectivity over the previously 
reported inhibitors 

• Galectin-targeted PROTACs will lead to the discovery of first-in-class 
galectin degraders 

Therefore, this research aims to: 

• Investigate the principles that govern the affinity and selectivity of ligands 
to galectin-8N 

• Design and synthesize galectin-8N inhibitors with improved binding 
affinity and selectivity over the existing inhibitors 

• Evaluate the galectin-8 inhibitors as potential anti-tumor and anti-
inflammatory agents 

• Design and synthesize PROTACs targeting human galectins to investigate 
whether galectins are amenable for targeted protein degradation 
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3 Benzimidazole-galactosides as 
selective inhibitors of galectin-8 N-
terminal domain (paper I) 

3.1 Background 
The starting point for this project was the previously published quinoline-
galactoside 9, which was the only reported monosaccharide-based ligand that binds 
galectin-8N with a higher affinity over the other human galectins, with a Kd of 110 
µM for galectin-8N, and 3-fold selectivity over galectin-3 and higher selectivity 
over the other human galectins.101 It has been shown that the carboxylate moiety and 
the quinoline nitrogen are essential for the ligand's affinity for galectin-8N and 
selectivity over the other galectins. Removal of the carboxylate moiety (compound 
10) resulted in a six-fold decrease in the binding affinity for galectin-8N and 
compromised the selectivity over galectin-3. Furthermore, the removal of the 
quinoline nitrogen (compound 11) resulted in about a 30-fold loss in the binding 
affinity for galectin-8N and reversed the selectivity over galectin-3 (Figure 8). 

  

Figure 8: The structures of the previously reported quinoline–galactosides 9 and 10, and the naphthalene-galactoside 11. 

3.2 Structural analysis 
Our first objective was to investigate the reason behind the observed structure-
activity relationship (SAR) of the quinoline-galactosides. Therefore, we obtained 
the X-ray crystal structure of the galectin-8N-9 complex at a resolution of 1.6 Å. 
The crystal structure showed that the binding mode of the methyl β-D-
galactopyranoside in compound 9 is identical to that of the corresponding galactose 
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in the galectin-8N–lactose complex. The HO-4 of the methyl β-D-galactopyranoside 
is involved in a hydrogen-bonding network with Arg45, Arg69, and His65, while 
the HO-6 engages in hydrogen bonding interactions with Asn79 and Glu89. The 
importance of the quinoline nitrogen stems from its placement in a favorable 
position for the electron-rich nitrogen to establish an ion-dipole interaction with the 
guanidinium side chain of Arg45, while the importance of the carboxylate moiety 
is due to its establishment of water-mediated hydrogen bonds with Arg45 and Gln47 
(Figure 9). It is worth mentioning that Gln47 is unique to galectin-8N, and that is 
probably one reason for the higher selectivity of the quinoline-galactoside 9 for 
galectin-8N compared to compounds 10 and 11.102 

 

Figure 9:  The electron density map (yellow mesh) 2|F0| − |Fc|αc contoured at 1σ for compound 9 (cyan sticks) in 
complex with galectin-8N (PDB ID: 7AEN; grey cartoon representation). 

3.3 Design, synthesis, and evaluation 
We then set to investigate the effect of changing the composition of the heterocyclic 
ring on the binding affinity for galectin-8N and the selectivity over the other human 
galectins. Thus, we synthesized a collection of triazole, benzimidazole, 
benzothiazole, and benzoxazole galactosides as quinoline surrogates.  Evaluation of 
the binding affinity of the compounds for galectin-8N and galectin-3 in a 
fluorescence polarization assay showed that none of the triazole, benzothiazole, and 
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benzoxazole galactosides had improved affinity or selectivity for galectin-8N over 
the previously reported compounds 9 or 10 and their SAR is discussed in detail in 
paper I.  However, the benzimidazole galactosides showed higher selectivity for 
galectin-8N over galectin-3 than the quinoline galactosides. Therefore, this chapter 
focuses on the synthesis and evaluation of the benzimidazole-galactosides as 
galectin-8N inhibitors. The key steps for the synthesis of the benzimidazole 
galactosides are shown in Scheme 1. In short, the 2-(chloromethyl)benzimidazoles 
13a-13c were synthesized by 2-chloro-1,1,1-trimethoxyethane condensation with 
the corresponding 1,2-diamines 12a-12c. Boc protection of compound 13c afforded 
compound 13d. Compounds 13a, 13b, and 13d were then coupled to methyl β-D-
galactopyranoside 14 via the stannylene-mediated regioselective O-3 alkylation to 
afford the methyl esters 15a–15c. Notably, the stannylene-mediated alkylation did 
not proceed with the unprotected 1H-benzimidazole, while the alkylation with the 
Boc-protected benzimidazole resulted in a spontaneous deprotection of the Boc 
group. The carboxylic acids 16a-16c were then obtained by the alkaline hydrolysis 
of the esters.102 

  

Scheme 1: Synthesis of compounds 15a-15c and 16a-16c: (a) 2-chloro-1,1,1-trimethoxyethane, BF3.Et2O, DCM, rt, 
(92-94%); (b) Boc2O, DMAP, DMF, rt, (82%); (c) i. 14, Bu2SnO, MeOH, 70 oC, 2h; ii. N-Bu4NBr, 1,4-dioxane, 85 oC, 
overnight, (65-77%); (d) KOH, EtOH, H2O, 80 oC, (37-56%). 

Evaluation of the binding affinities of the compounds for galectin-8N and galectin-
3 in a fluorescence polarization assay showed that the esters 15a–15c and the 
carboxylic acid 16b possess lower affinities for galectin-8N compared to quinoline-
galactoside 9, with negligible selectivity over galectin-3. In contrast, the carboxylic 
acids 16a and 16c displayed similar affinities for galectin-8N compared to the 
quinoline-galactoside 9, with Kd values of 190 µM and 312 µM, respectively. 
Compound 16a had 7-fold selectivity over galectin-3, making it the most selective 
monosaccharide-based galectin-8N inhibitor at that time (Table 1). 
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Table 1: Kd value of compounds 15a–15c and 16a–16c (µM)a. 

Compound Galectin-8N Galectin-3 

9 110 380 
10 700  620 
11 >4000 730 
14 6300 4400 
15a 1100 ± 120 NBb 
15b 1600 ± 310 2000 ± 56 
15c 1200 ± 210 1600 ± 110 
16a 190 ± 24 1400 ± 84 
16b 3600 ± 190 1100 ± 140 
16c 310 ± 26 590 ± 16 

aResults represent the mean ± SEM of n = 4 to 8. bNB, Non-binding up to the highest tested concentration of 1500 µM. 

In Chapter 1, we discussed that attaching the α-3,4-dichlorothiophenyl aglycon 
improved the binding for galectin-3. The binding affinity of the quinoline-
galactosides for galectin-8N also improved by attaching the same aglycon.101 Based 
on this, we speculated that the α-3,4-dichlorothiophenyl aglycon might improve the 
binding affinity of the benzimidazole-galactosides for galectin-8N. Therefore, we 
synthesized compounds 19a and 19b according to Scheme 2. 

  

Scheme 2: Synthesis of compounds 19a, and 19b: (a) 13a or 13d, Bu2SnO, n-Bu4NI, PhMe, ACN, MW, 120 °C, 1 h 
(31–34%); (b) 18a, KOH, EtOH, H2O, 80 °C, 6 h (31%). (c) 18b, LiOH, EtOH, H2O, 80 °C, overnight (41%). 

Evaluation of the binding affinities of compounds 19a and 19b on a panel of human 
galectins in a fluorescence polarization assay showed that both compounds gained 
about two orders of magnitude of affinity for galectin-8N. Although the selectivity 
of the benzimidazole-galactosides over galectin-3 was compromised, compound 
19a still had 9-fold selectivity over galectin-9N and higher selectivity over the other 
human galectins (Table 2). Compound 19a was the most potent selective galectin-
8N ligand at that time. 
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Table 2: Kd Values of compounds 19a and 19b (µM)a 

 Galectins (N = N-terminal domain, C = C-terminal domain) 

Compound 1 3 4N 4C 8N 8C 9N 9C 

19a 130 ± 11 5 ± 1.1  130 ± 12 120 ± 37 1.8 ± 0.1 760 ± 160 16 ± 1.5 45 ± 2 

19b 87 ± 6.1 4.1 ± 0.4 78 ± 14 160 ± 12 2.8 ± 0.1 450 ± 23 13 ± 1.2 18 ± 0.7 
aResults represent the mean ± SEM of n = 4 to 8. 

3.4 Molecular modeling 
We then performed molecular dynamics simulations (MD) of compounds 16a and 
19a with galectin-8N and galectin-3 to investigate the reason for the selectivity of 
the benzimidazole galactosides for galectin-8N. Simulations of compound 16a with 
galectin-8N and galectin-3 were performed for 500 nanoseconds (ns) and 300 ns, 
respectively, while the simulations of compound 19a with galectin-8N and galectin-
3 were performed for 300 ns. However, only 19a will be discussed in this chapter, 
as 16a is discussed in paper I, and the galactose moiety establishes the same 
hydrogen-bonding networks in both compounds. The simulations showed that the 
benzimidazole of compound 19a established a cation-π stacking with the 
guanidinium side chain of Arg45 in galectin-8N, or the corresponding Arg144 in 
galectin-3, but with different orientations. The N-methyl group of the benzimidazole 
pointed towards Arg45 in galectin-8N, while it pointed towards Asp148 in galectin-
3. Thus, the electron-rich nitrogen of the benzimidazole can establish a hydrogen 
bond with Gln47 in galectin-8N, which is not possible with the corresponding 
Ala146 or Asp148 in galectin-3. Moreover, the carboxylate moiety is placed in a 
favorable position to establish a water-mediated hydrogen bond with Gly142. 
However, compound 19a is less selective than compound 16a due to the placement 
of the m-chloro substituent in a favorable position to establish a halogen bond with 
the backbone carbonyl oxygen of Gly87 and Gly182 in galectin-8N and galectin-3, 
respectively (Figure 10). The binding of the nitrogen of the benzimidazole to the 
non-conserved Gln47 is the possible reason for the higher selectivity of the 
benzimidazole-galactosides for galectin-8N. 
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Figure 10: (A) and (B) Molecular dynamics simulation snapshots of representative low-energy conformations of 19a (in 

yellow sticks) in complex with galectin-8N and galectin-3, respectively. 
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3.5 In vivo evaluation 
To explore the therapeutic potential of galectin-8 inhibitors, compound 19a was 
evaluated by the Panjwani Lab  (Tufts University School of Medicine, Boston, MA) 
for its ability to reduce bacterial keratitis caused by Pseudomonas aeruginosa (PA) 
in a mouse model. Two groups of mice were infected by PA. One of the groups 
received a subconjunctival injection of compound 19a (5 mg/ml), while the other 
group received a subconjunctival injection of a vehicle (PBS + 23% DMSO). The 
group that received compound 19a had significantly less PA keratitis than the 
control group, as detected by the reduced corneal opacity, bacterial load, 
polymorphonuclear  (PMN) infiltration, and reduction of the expression level of 
IL1β (Figure 11). They also found that galectin-8 knock-out mice were resistant to 
PA keratitis, while galectin-1, -3, and -9 knock-out mice were susceptible to PA 
keratitis. It was also shown that exogenous galectin-8 exacerbates PA keratitis by 
downmodulating TLR-4 pathway, and reducing the PA killing capacity of the 
neutrophils. Taken together, compound 19a likely reduces PA keratitis in the mouse 
model via inhibiting galectin-8. This is the first-ever proof of concept that synthetic-
molecule galectin-8 inhibitors are pharmacologically active in a disease model 
(paper V). 

.  

Figure 11: The effect of compound 19a on the severity of PA keratitis in a mouse model. Data are plotted as Mean ± 
SEM of 3 independent experiments. Statistical levels of significance were analyzed by the student t test. * p < 0.05, ** 
p < 0.01, *** p < 0.001. 

3.6 Conclusion 
We have obtained the X-ray crystal structure of the quinoline-galactoside 9 with 
galectin-8N. Based on this structure, we have designed, synthesized, and evaluated 
a set of quinoline surrogates leading to the discovery of the benzimidazole-
galactoside 16a with a Kd 190 µM for galectin-8N and 7-fold selectivity over 
galectin-3. Proceeding with this result, we have designed and synthesized 
compound 19a bearing an α-3,4-dichlorothiophenyl aglycon. Evaluation of the 
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binding affinity of compound 19a in a fluorescence polarization assay showed that 
the compound gained about two orders of magnitude binding affinity for galectin-
8N with a Kd of 1.8 µM. Although the introduction of the α-3,4-dichlorothiophenyl 
aglycon compromised the selectivity of compound 19a over galectin-3, it still 
maintained selectivity over the other galectins. MD simulations suggested that the 
interaction between the electron-rich nitrogen of the benzimidazole with the non-
conserved Gln47 in galectin-8N accounts for the selectivity of the benzimidazole–
galactosides. We also showed that the subconjunctival injection of compound 19a 
reduces PA-induced keratitis in a mouse model. This finding might pave the way 
for discovering a novel drug to treat PA keratitis and possibly other diseases 
involving galectin-8.  
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4 D-Galactal derivatives with high 
affinity and selectivity for galectin-8 
N-terminal domain (paper II) 

4.1 Background 
This work was based on our observation that D-galactal 20 binds galectin-8N with 
about 5-fold higher affinity and higher selectivity over galectin-3 than methyl β-D-
galactopyranoside 14. Based on the results we obtained in Chapter 3, we 
hypothesized that synthesizing C-3 substituted quinoline and benzimidazole D-
galactal derivatives might lead to the discovery of ligands that bind galectin-8N with 
a higher affinity and/or selectivity (Figure 12).  

  

Figure 12: Structures and Kd values of methyl β-D-galactopyranoside 14, D-galactal 20, and the hypothesis for 
improving the affinity of ligands for galectin-8N and/or selectivity over the other human galectins. 

4.2 Synthesis and evaluation 
The compounds were synthesized according to Scheme 3. The alkyl halides 13a-
13d and 23 were synthesized as described in the literature101,102, then coupled to D-
galactal 20 via the stannylene-mediated regioselective O-3 alkylation to afford the 
esters 21a-21c and 24.101,102 The subsequent alkaline hydrolysis afforded the 
carboxylic acids 22a-22c and 25. 
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Scheme 3: Synthesis of compounds 21a-21c, 22a-22c, 24 and 25: (a) D-Galactal 20, Bu2SnO, n-Bu4NI, PhMe, ACN, 
MW, 120 oC, 30 minutes (44-67%). (b) KOH, EtOH, H2O, 80 oC, 6 h (41-76%). (c) D-galactal 20, Bu2SnO, n-Bu4Br, 
DIPEA, 80 oC, 90 minutes, (50%). (d) KOH, EtOH, H2O, 80 oC, 6 h, (83%).  

The binding affinities of the benzimidazoles 21a–21c and 22a–22c, and the 
quinolines 24 and 25 for galectins -1, -2, -3, -4, -7, -8C, -8N, -9C, and -9N were 
determined in the fluorescence polarization assay. All synthesized D-galactal 
derivatives had higher affinities for galectin-8N than D-galactal 20 and 2-7-fold 
higher affinities for galectin-8N than their galactose counterparts. Compound 22c 
exhibited the highest gain in binding affinity compared to its galactoside counterpart 
16c with a Kd of 46 µM. Except for compounds 21b and 22b, the carboxylic acid 
derivatives had 4-8-fold higher affinities for galectin-8N than their ester 
counterparts. In terms of selectivity, except for compounds 21b and 22b, the D-
galactal derivatives were more than 2-fold selective for galectin-8N over the other 
human galectins, with compound 22a being the most selective galectin-8N ligand 
in the set with 15-fold selectivity over galectin-3, 27-fold selectivity over galectin-
1, and even higher selectivity over the other human galectins (Table 3). 
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Table 3: Kd values of compounds 21a–21c, 22a–22c, 24 and 25 (µM)a 

 Galectins (N = N-terminal domain, C = C-terminal domain) 

Compound 1 2 3 4N 4C 7 8N 8C 9N 9C 

20103 1600 ± 
140 

NAb 3300 ± 
650 

2400 ± 
13 

5300 NAb 1300 ± 
72 

4100 ± 
470 

NBc 4800 

21a 2200 ± 
138 

NAb 1300 ± 
130 

1700 ± 
60 

2600 ± 
230 

NAb 400 ± 
34 

3000 ± 
380 

NBc NAb 

21b 840 ± 
20 

NAb 680 ± 
37 

NAb NAb NAb 690 ± 
53 

1500 ± 
180 

NAb NAb 

21c NBc NAb 1200 ± 
287 

3200 2500 NAb 180 ± 
19 

3000 ± 
300 

NBc NBc 

22a 1300 ± 
130 

1400 ± 
24 

690 ± 
30 

1400 ± 
30 

1700 ± 
150 

NBc 48 ± 4 4000 ± 
500 

1400 ± 
57 

NBc 

22b 1100 ± 
87 

NAb 770 ± 
129 

3600 2500 ± 
300 

NAb 810 ± 
54 

3000 ± 
30 

NBc NBc 

22c NBc 990 ± 
170 

550 ± 
32 

1400 ± 
230 

1900 ± 
400 

NBc 46 ± 4 NAb NBc 2500 

24 NBc NBc 1700 ± 
40 

1300 ± 
12 

3700 ± 
250 

NAb 230 ± 
16 

NBc 1000 ± 
51 

NBc 

25 3600 1100 ± 
200 

590 ± 
78 

NBc 2800 ± 
770 

NBc 48 ± 6 4700 ± 
22 

1800 ± 
160 

NBc 

aResults represent the mean ± SEM of n = 4 to 8. bNA, Not available. cNB, Non-binding up to the highest tested 
concentration of 1500 µM. 

4.3 Structural analysis 
We then obtained the X-ray structures of galectin-8N-22a and galectin-8N-25 
complexes at 1.52 Å and 2.1 Å resolutions, respectively, to investigate the reason 
for the high affinity of the D-galactal derivatives for galectin-8N. The crystal 
structure of galectin-8N-25 complex is discussed in detail in paper II, and we will 
focus on the crystal structure of galectin-8N-22a complex. The D-galactal ring is 
placed in the same subsite and establishes an identical hydrogen bonding network 
as the D-galactose ring discussed in Chapter 3. The benzimidazole moiety is placed 
in a favorable position to establish a cation-π stacking with Arg45, while the 
electron-rich nitrogen of the benzimidazole engages in a dipole-dipole interaction 
with Gln 47 and Arg59. The carboxylate moiety of the benzimidazole establishes a 
water-mediated hydrogen bond with Gly142. The crystal structure did not clarify 
the reason for the superiority of the D-galactal derivatives over the D-galactose 
derivatives. Notably, the endocyclic double bond of the D-galactal ring is placed 
within 3.5 Å to the electropositive side chain of Arg45. Which is why we speculated 
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that the double bond might account for the higher affinity of the compound for 
galectin-8N through a cation-π interaction with Arg45. To that end, we first 
performed a 300 ns MD simulation on the galectin-8N-22a complex, then selected 
a representative snapshot at 265 ns and calculated the single-point molecular orbitals 
between 22a and the neighboring amino acid side chains with Jaguar. This showed 
that the LUMO of Arg45 interacts with the HOMO of O4 and the HOMO of the 
endocyclic double bond in the D-galactal ring. This orbital overlap may contribute 
to the high affinity of the D-galactal derivatives for galectin-8N (Figure 13). These 
interactions may be less productive in the other galectins accounting for the high 
selectivity of the D-galactal derivatives for galectin-8N. 
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Figure 13: (A) Electron densities 2|F0| – |Fc|αc contoured at 1σ for compound 22a (cyan sticks) in complex with galectin-
8N (grey cartoon representation) at 1.52 Å (PDB ID: 7P1M). (B) Quantum mechanical calculations on a representative 
MD snapshot (265 ns) of the galectin-8N–22a complex (yellow sticks) using Jaguar (Schrodinger suite). The calculations 
revealed that the LUMO of Arg45 of galectin-8N (A, depicted in blue) interacts with the HOMO of O4 (B, depicted in red) 
and the HOMO of the endocyclic double bond (C, depicted in red) of the D-galactal ring. 
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 4.4 Biological evaluation 
We then evaluated the cytotoxicity of compounds 19a (from chapter 3), 22a, and 
22c via a (3-(4,5-dimethylthiazol-2-yl)-5-(3- carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) (MTS) assay in K562, and MDA-MB-231 cancer cell 
lines, as well as human peripheral blood mononuclear cells (PBMCs), and none of 
the compounds decreased the viability of any of the cells at concentrations ranging 
from 1 µM to 100 µM. As mentioned in Chapter 1, galectin-8 was reported to 
increase the secretion of proinflammatory cytokines in cancer cells. Therefore, we 
assessed compounds 19a and 22a for their effect on the secretion of the 
proinflammatory cytokines in triple-negative breast cancer cells MDA-MB-231. 
The result showed that both compounds reduced the secretion of interleukin-6 (IL-
6) and IL-8 in MDA-MB-231 cells in a dose-dependent manner at concentrations of 
10 and 100 µM (Figure 14). This effect is of utmost importance as IL-6 protects 
MDA-MB-231 cells from the cytotoxicity and apoptosis induced by 
chemotherapeutic agents, while IL-8 promotes the migration and metastasis of 
MDA-MB-231 cells. 

 

Figure 14: Effect of compounds 19a and 22a on the secretion of IL-6 and IL-8 expressed in pg/mL. The effects were 
measured after incubating the cells with the compounds at 10 µM and 100 µM concentrations. Compounds 19a and 
22a reduce the secretion of IL-6 and IL-8 in a dose-dependent manner at concentrations of 10 µM and 100 µM 
concentrations. The results shown are means ± SEM of three independent experiments. ns, not significant (p > 0.05); * 
p < 0.05 versus untreated controls.   
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4.5 Conclusion 
Based on our observation that D-galactal 20 binds galectin-8N with a higher affinity 
than methyl β-D-galactopyranoside 14, we designed and synthesized a set of C-3 
substituted quinoline and benzimidazole-D-galactal derivatives. This has led to the 
discovery of the D-galactal-benzimidazole hybrid 22a a Kd of 48 µM for galectin-
8N and 15-fold selectivity over galectin-3, and higher selectivity over the other 
human galectins. We then obtained the X-ray crystal structure of galectin-8N-22a 
complex at 1.52 Å resolution. Performing MD simulation on the obtained crystal 
structure followed by quantum mechanical calculations revealed an orbital overlap 
between the LUMO of Arg45 with the electron-rich HOMOs of the olefin and O4 
of the D-galactal. This overlap might contribute to the high affinity of compound 
22a for galectin-8N. Compounds 19a and 22a showed no cytotoxicity for healthy 
human cells and selected cancer cell lines. A functional assay revealed that 
compounds 19a and 22a reduced the secretion of the proinflammatory cytokines IL-
6 and IL-8 in MDA-MB-231 cells in a dose-dependent manner. It is worth 
mentioning that compound 22a was the most selective synthetic galectin-8N 
inhibitor at that time. 
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5 Targeting an unexploited binding 
pocket in the galectin-8 N-terminal 
domain (paper III) 

5.1 Background 
In this work, we aimed to improve the binding affinity of the D-galactal-
benzimidazole hybrids discussed in Chapter 4 for galectin-8N. We first investigated 
the effect of attaching an aromatic moiety at N1 of the benzimidazole of the D-
galactal-benzimidazole hybrid, but this did not improve the binding affinity for 
galectin-8N, and the result is discussed in paper III. Hence, we shifted our attention 
to targeting an unexploited binding pocket in galectin-8N to improve the binding 
affinity of the D-galactal-benzimidazole hybrids. From the X-ray crystal structure of 
galectin-8N-22a complex, we observed that C4 of the benzimidazole is facing a 
hydrophobic pocket surrounded by Tyr141 and Arg59.103 Thus, we hypothesized 
that attaching an aromatic ring at C4 of the benzimidazole might improve the 
binding affinity for galectin-8N (Figure 15). Accordingly, a set of D-galactal-
benzimidazole hybrids were synthesized, and their SAR is discussed in the paper. 
This chapter will be focused on the best-performing compound in the series, 
compound 30, carrying a p-chlorophenyl substituent at C4 of the benzimidazole. 
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Figure 15: The x-ray crystal structure of galectin-8N-22a complex showing that C4 of the benzimidazole faces an 
unexploited binding pocket surrounded by Arg59 and Tyr141 (PDB code: 7P1M).  

5.2 Synthesis and evaluation 
The synthesis of compound 30 started with Suzuki-Miyaura coupling of 4-
chlorophenylboronic acid with the bromophenylene diamine 26 to afford compound 
27, which was converted to the benzimidazole 28 by condensation with 2-chloro-
1,1,1-trimethoxyethane, followed by Boc protection to afford compound 29. 
Compound 29 was then coupled to D-galactal via the stannylene-mediated 
regioselective O-3 alkylation to afford the methyl ester, which was used without 
purification in the subsequent alkaline hydrolysis to afford compound 30 (Scheme 
4).  
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Scheme 4: Synthesis of compound 30. (a) 4-chlorophenylboronic acid, K2CO3, Pd(dppf)Cl2, 1,4-dioxane: H2O (2:1), 
MW, 120 oC, 30 mins (81%). (b) 2-chloro-1,1,1-trimethoxyethane, BF3.Et2O, DCM, rt, overnight (94%). (c) Boc2O, 
DMAP, DMF, rt, 2h (91%). (d) i. D-Galactal 20, Bu2SnO, MeOH, 70 oC, 2h; ii. N-Bu4NBr, 1,4-dioxane, 85 oC, overnight; 
iii. KOH, EtOH, H2O, 80 oC, overnight (24%). 

Evaluation of the binding affinity of compound 30 for galectin-8N in a fluorescence 
polarization assay showed that the p-chlorophenyl moiety resulted in about 16-fold 
increase in the binding affinity for galectin-8N compared to 22a with a Kd of 2.9 
µM. Moreover, compound 30 exhibited 50-fold selectivity over galectin-3 and even 
higher selectivity over the other human galectins, making it the most potent selective 
galectin-8N inhibitor to date (Table 4). 

Table 4: Kd values of compound 30 (µM)a 

 Galectin-X (N – N-terminal domain, C – C-terminal domain) 

Compound 1 3 4N 4C 8N 8C 9N 9C 

30 NBb 150 ± 17 560 ± 29 NBc 2.9 ± 0.4 2000 1850 NBa 

a Results represent the mean  ± SEM of n= 4 to 8. bNB, Non-binding up to the highest tested concentration of 1500 
µM. Compound 30 represents the most potent selective galectin-8N inhibitor to date. 
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5.3 Structural analysis 
We then obtained the X-ray crystal structure of galectin-8N-30 complex at 1.3 Å 
resolution. This showed that the D-galactal moiety of compound 30 identically binds 
galectin-8N as previously seen with compound 22a. However, the benzimidazole 
moiety has moved toward Arg59 and possibly no longer establishes a cation-π 
stacking with Arg45. Expectedly, the p-chlorophenyl at C4 of the benzimidazole is 
sandwiched between Arg59 and Tyr141. Thus, the increase in the binding affinity 
caused by the attachment of the p-chlorophenyl moiety is likely due to π-π stacking 
with Tyr141 and/or cation-π stacking with Arg59 (Figure 16). This crystal structure 
and the observed SAR discussed in the manuscript confirm that targeting this pocket 
is a valid strategy to improve the affinity for galectin-8N, thus confirming our 
hypothesis. 

  

Figure 16: Electron densities 2|F0| – |Fc|αc contoured at 1σ for compound 30 (yellow sticks) in complex with galectin-
8N (grey cartoon representation) (1.3 Å). 
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5.4 Conclusion 
We have designed and synthesized a set of D-galactal-benzimidazole hybrids 
functionalized at C4 of the benzimidazole with aromatic moieties to explore a yet 
unexploited binding pocket in galectin-8N. This has led to the discovery of 
compound 30, featuring a p-chlorophenyl substituent at C4 of the benzimidazole, 
which represents the most potent selective galectin-8N inhibitor to date. We then 
obtained the crystal structure of the galectin-8N-30 complex at a resolution of 1.3 
Å. The crystal structure revealed that the high affinity of compound 30 for galectin-
8N is probably due to the interaction of the p-chlorophenyl moiety with Arg59 
and/or Tyr141 via cation-π stacking and/or π-π stacking, respectively. Thus 
compound 30 represents a promising lead compound for the design and synthesis of 
galectin-8N inhibitors with higher affinity and selectivity.  
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6 Targeting human galectins with 
PROTACs (paper IV) 

6.1 Background 
In this project, we aimed to investigate whether galectins are amenable to targeted 
protein degradation by PROTACs. Therefore, we designed, synthesized, and 
evaluated disaccharide-based PROTACs targeting human galectins. However, a 
patent was published while working on the project showing that monosaccharide-
based PROTACs induced galectin-3 degradation in THP-1 cell line.104 Our 
disaccharide PROTACs were designed based on compound 5 (GB0139) mentioned 
in chapter 1, with the thiodiogalactoside carrying a single trifluorinated 3-(4-aryl-
1,2,3-triazol-1-yl) moiety on one galactose moiety, while the other galactose moiety 
was used to attach the E3 ligase ligands (Figure 17). We used a von Hippel–Lindau 
(VHL) E3 ligase ligand in our design because the selected cancer cell lines co-
expresses galectin-3 and VHL E3 ligase.70,105  

 

Figure 17: Design of the galectin-targeting disaccharide PROTACs. 

6.2 Synthesis and affinity evaluation 
The synthesis of the azide 31 is described in the literature, 83 and the synthesis of 
the alkynes 32a and 32b is described in the manuscript. Copper-catalyzed azide-
alkyne cycloaddition afforded the disaccharide PROTACs 33a and 33b (Scheme 5).  
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Scheme 5: Synthesis of compounds 33a and 33b. (a): CuI, DIPEA, DMF, 50 oC, overnight (16-36%) 

The binding affinities of compounds 33a and 33b for human galectin-3 were 
evaluated in a fluorescence polarization assay. Both compounds displayed lower 
affinities for galectin-3 than compound 5 (Kd = 2 nM), with Kd values of 9 nM and 
57 nM for 33a and 33b, respectively (Table 5).  
Table 5: Kd values of compounds 33a and 33b (nM)a. 

Compound Galectin-3 

33a 9 ± 2 
33b 57 ± 6 

a Results represent the mean  ± SEM of n= 4 to 8. 

6.3 Evaluation of galectin-3 degradation 
The ability of compounds 33a and 33b to induce galectin-3 degradation was evaluated 
in JIMT-1 and MDA-MB-231 breast cancer cell lines.  Galectin-3 degradation was 
assessed with Western blotting at 33a and 33b concentration of 25 µM for 24 and 48 
hours. Both compounds failed to induce galectin-3 degradation at the tested 
conditions. The failure of the compounds to induce galectin-3 degradation can be due 
to the low cellular permeability of the compounds due to their high topological polar 
surface area (TPSA). Another possible reason for the lack of effect is the hook effect 
due to the saturation of galectin-3 and the E3 ligase caused by the high concentration 
used in the assay. Therefore, further investigation is needed to determine the reason 
for the failure of the PROTACs to induce galectin-3 degradation. 

6.4 Conclusion 
We have designed and synthesized the galectin-targeting PROTACs 33a and 33b. 
Both compounds displayed nanomolar binding affinities for galectin-3 as 
determined by fluorescence polarization assay. However, both compounds failed to 
induce galectin-3 degradation in JIMT-1 and MDA-MB-231 breast cancer cell lines. 
Thus, the reason behind the lack of activity of the PROTACs should be investigated.  
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7 Concluding remarks and future 
perspectives 

The first objective of the thesis was to discover selective inhibitors for human 
galectin-8 as potential antitumor and anti-inflammatory agents. Therefore, we 
obtained the crystal structure of galectin-8N in complex with the previously 
published quinoline-galactoside 9. The structure-based design of galectin-8N 
inhibitors based on the crystal structure has led to the discovery of the 
benzimidazole-galactoside 16a with a Kd of 190 µM for galectin-8N and 7-fold 
selectivity over galectin-3. Introducing the α-3,4-dichlorothiophenyl moiety to the 
benzimidazole-galactosides increased the binding affinity for galectin-8N by about 
two orders of magnitude, resulting in compound 19a with a Kd of 1.8 µM for 
galectin-8N and 3-fold selectivity over galectin-3, and higher selectivity over the 
other human galectins. MD simulations showed that the selectivity of the 
benzimidazole-galactosides is likely due to binding the non-conserved Gln47 in 
galectin-8N. The subconjunctival injection of compound 19a reduced the severity 
of the PA keratitis in a mouse model. This in vivo study provided the first proof of 
concept that galectin-8 inhibitors can be effective in an actual disease model. 

The synthesis of O-3 substituted D-galactal derivatives resulted in the discovery of 
the D-galactal-benzimidazole hybrid 22a with a Kd of 48 µM for galectin-8N and 
15-fold selectivity over galectin-3 and higher selectivity over the other human 
galectins. We then obtained the X-ray crystal structure of galectin-8N-22a complex 
at 1.52 Å resolution. Performing MD simulation on the crystal structure followed 
by quantum mechanical calculations showed that the high affinity of the compound 
for galectin-8N can be attributed to the orbital overlap between the LUMO of Arg45 
with electron-rich HOMOs of the olefin and O4 of the D-galactal. The D-galactal-
benzimidazole hybrid 22a and the parent benzimidazole galactoside 19a reduced 
the secretion of the proinflammatory IL-6 and IL-8 in the triple-negative breast 
cancer cells MDA-MB-231. Attachment of a p-chlorophenyl moiety at C4 of the 
benzimidazole of the D-galactal-benzimidazole hybrid resulted in the discovery of 
compound 30 that represents the most potent selective galectin-8N inhibitor to date 
with a Kd of 2.9 µM for galectin-8N and 50-fold selectivity over galectin-3 and even 
higher selectivity over the other human galectins. X-ray structural analysis showed 
that the increase in the binding affinity caused by the p-chlorophenyl moiety is likely 
due to π-π stacking with Tyr141 and/or cation-π stacking with Arg59 in galectin-
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8N. Thus, compound 30 represents a promising starting point for developing ligands 
that bind galectin-8N with higher affinity and selectivity. 

In the future, analogues of compound 30 bearing different aromatic moieties can be 
synthesized to explore the SAR of the binding pocket. Benzimidazole-galactosides 
bearing aromatic groups at C4 of the benzimidazole can also be synthesized to 
investigate if the effect seen on D-galactal derivatives can be translated to 
galactosides as well. A modular synthesis of the benzimidazole-galactosides and/or 
D-galactal hybrids should be developed to accelerate the synthesis of the analogues. 
Furthermore, the mechanism of the reduction of the proinflammatory cytokines 
should be confirmed. The best-performing compounds should also be evaluated for 
their pharmacokinetic properties and their activity in an animal model. 

The last part of the thesis aimed to investigate whether galectins are amenable to 
targeted protein degradation by PROTACs. We synthesized the galectin-targeted 
PROTACs 33a and 33b bearing the VHL E3 ligase ligand. Evaluation of the binding 
affinity of the galectin-targeted PROTACs in a fluorescence polarization assay 
showed that both compounds possess nanomolar affinities galectin-3. However, 
none of the compounds did induce galectin-3 degradation in JIMT-1 and MDA-MB-
231 breast cancer cell lines.  

In the future, the reason for the failure of the PROTACs to induce galectin-3 
degradation should be investigated. The binding affinities of compounds 33a and 
33b for the other human galectins as well as their ability to induce their degradation 
should be evaluated. An important future investigation is to synthesize 
monosaccharide-based galectin-targeting PROTACs with presumably improved 
cell permeability and to evaluate them for their ability to induce targeted degradation 
of the galectins. 
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Targeting an unexploited binding pocket in the 
galectin-8 N-terminal domain leads to the discovery of 
the most potent selective ligand to date (cyan sticks).
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