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Abstract 

Galectins are β-galactoside binding proteins that are found in all type of living 

organisms, and involved in many physiological functions such as inflammation, immune 

responses, cell adhesion, growth and migration, apoptosis, etc. Due to their association with 

the progression of several metabolic and disease conditions, galectins are recognised as 

important targets for the drug development. Galectin-8 is involved in several biological 

functions such as cell adhesion and growth, immune responses, inflammation, new blood vessel 

formation, osteoblast and osteoclast differentiation, cancer growth and metastasis, platelet 

aggregation. Structurally, galectin-8 is a tandem-repeat type galectin, comprising an N-terminal 

and (galectin-8N) C-terminal (galectin-8C) CRD domain connected by a peptide linker. 

Superimposition of both the CRDs reveals structural differences between their carbohydrate 

binding sites. The individual N- and C-CRD domain shows similar functional roles which are 

observed with full length galectin-8, however, their potency is less compared to full length 

galectin-8. Several structural investigations showed that the N-terminal domain preferentially 

binds to the anionic sialylated, sulphated oligosaccharides due to the presence of the unique 

Arg59, which is only present in galectin-8N and hence is unique amongst all galectins.  

The main body of research presented in this thesis is about design, synthesis of selective 

and potent galectin-8N antagonists by utilising a structure-based drug design approach. Our 

previous structural investigation revealed unique amino acids of the galectin-8N binding site 

such as Arg59, Gln47, Tyr141. The structure-based ligand design campaign was further 

continued by targeting these unique amino acids of the N-terminal carbohydrate binding site. 

The novel compounds have been successfully designed and chemically synthesized. Galectin-

8 protein expression (in E. coli) and affinity-based purification (using Lactosyl-Sepharose 

column) were performed to obtain the purified protein. The binding affinity of the synthesized 

compounds against galectin-8N were evaluated by ITC. X-ray crystallography was carried out 

to determine the binding interactions of compounds with the galectin-8N carbohydrate binding 

site. These compounds were further evaluated in cell culture studies to determine their ability 

to inhibit cancer promoting gene expression during my visit to our collaborator Prof. Yehiel 

Zick’s research laboratory, at the Weizmann Institute of Science, Israel.  

It was reported that disaccharide lactose has stronger binding affinity than the 

monosaccharide galactose due to significantly more interactions with the galectin-8N binding 
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site. However, we chose to work with monosaccharide galactose as a pharmacophore at the 

beginning of the drug design campaign. For the design of galactose 3-OH substitution, the 

initial thought was to design an inhibitor which can cross-link two arginines (Arg45, Arg59) 

that are located across the binding site and thus holding the inhibitor from both sides. The 

primary aim was to design unique scaffolds which can cross link these arginines. After deciding 

the scaffold, we successfully designed, synthesized a library of galactomalonic acid derivatives 

and determined their in vitro binding affinity against galectin-8N. This structure-based ligand 

design approach led to the development of a monosaccharide based compound 42 which shows 

almost 7 times stronger binding affinity than the disaccharide lactose. The X-ray 

crystallographic structural investigation of the galectin-8N-compound 45 complex revealed the 

binding interactions which are responsible for the strong binding affinity of these compounds. 

Considering these novel research findings, the galactose-coumarin ester complexes 

were subsequently designed, synthesized and analysed to determine their in vitro binding 

affinity. The binding affinity results demonstrated that the galactose-coumarin ester complex 

70 shows 5 times stronger binding affinity than disaccharide lactose. Compound 70 was further 

analysed in SUM159 cell culture and a mice osteoblast study. The cell culture results 

demonstrated that compound 70 could be a potential candidate for anti-cancer drug discovery. 

Our structure-based drug design campaign was further continued to design even more stronger 

binding affinity compound. Bis(methyl-β-D-galactopyranoside)-3-O-malonate was designed, 

synthesized and analysed for determining its in vitro binding affinity. The binding affinity 

results demonstrated that it shows almost 6 times stronger binding affinity than disaccharide 

lactose.  

Our collaborator Prof. Yehiel Zick and colleagues recently reported that galectin-8 

upregulates proinflammatory cytokine and chemokine gene expression in several cell types 

including mice osteoblast. It was also observed that these cytokine and chemokine promotes 

the migration of cancer cells toward cells expressing this lectin. Based on these results, the 

synthesized novel compounds were analysed in cell culture and osteoblast studies during my 

research visit to Prof. Yehiel Zick’s research laboratory, at the Weizmann Institute of Science, 

Israel. The cell culture results demonstrated that the biological inhibition of these compounds 

follows the order of in vitro binding affinity of these compounds. Overall, the research 

presented in this thesis, demonstrates the successful rational medicinal chemistry application 

to design and development of potent galectin-8N antagonists to tackle galectin-8 associated 

diseases.  
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Chapter 1 
Introduction 
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1.1 Galectins 

Galectins are a family of soluble animal lectins that specifically recognise the β-

galactoside containing glycans found on the cell surface and play important biological roles.1 

The galectin family consists of 15 mammalian galectins, 12 of which have been found in 

humans.2 In 1976, the first mammalian lectin (now termed galectin-1) was identified as an S-

type lectin, due to its unique dependence on the reducing properties of thiol.3 Later, the term 

galectin was developed as more lectins having similar specific features were discovered. The 

galectins were found in a variety of species such as, nematodes, fish, fungi, some sponges and 

in a number of mammalian species.3, 4 Galectins are secreted via a non-classical pathway due 

to the lack of a secretion signalling peptide.5, 6 They are often synthesized in the response to a 

developmental or physiological stage. In the mammalian tissues, galectins are found in the 

cytoplasm, within the nucleus, on the cell surface cross-linked to the β-galactoside-containing 

glycoconjugates and in the extracellular matrix.7 Galectins play important roles in the 

biological processes such as apoptosis, metastasis, angiogenesis and inflammation.6-12 

Galectins are widely distributed in the biological system for example, galectin-1 is found in the 

skeletal, smooth, cardiac muscle, neurons as well as in the thymus, kidney and placenta. 

Galectin-3 is present in the macrophage, colon and epithelial cells. Galectin-8 is found in liver, 

heart, lung, muscle, and brain tissue.5  

1.1.1 Structural features of galectins 

Galectins are classified into three categories according to the structural features: proto, 

tandem-repeat and chimera. Prototype galectins, which mainly exist in a dimeric form, have 

two identical monomers. These prototype galectins arrange themselves with the N- and C- 

terminal of each monomer positioned at the dimer interface, and the carbohydrate binding site 

is located at the far ends to the dimer (as seen in Figure 1.1A).13,14 The dimer formation is 

maintained by key hydrogen bonds forming the hydrophobic core, with some contribution from 

the surrounding non-polar side chains extending towards the protein interior.15 Prototype 

galectins include galectin-1, 2, 5, 7, 10, 11, 13, 14, 15. 

Galectin-3 is the only chimera-type galectin and does not form homodimers in contrast 

to the prototype galectins (Figure 1.1B). It possesses only one carbohydrate recognition domain 

differentiating it from tandem repeat galectins.19,20 The CRD is connected to an N-terminal 

domain peptide that has approximately 110-130 amino acids. Recent biological study revealed 
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that the N-terminal domain coordinates with the CRD to mediate galectin-3 induced T-cell 

apoptosis.21 

Figure 1.1: Ribbon representation of the three structural types of galectin (A) The CRD of the Prototype (forming 

a homodimer) represented by galectin-1, PDB ID: 1GZW15, (B) The CRD of the chimera type represented by 

galectin-3, PDB ID: 3T1L16 and (C) The CRD of the tandem-repeat type represented by galectin-8, PDB ID: 

3VKL.17 Figure was generated using CCP4 molecular graphics.18 

Galectin-4, 6, 8, 9, and 12 are classified as tandem-repeat galectins, which consist of 

two distinct CRDs that can have differences in their glycan binding specificity. (Figure 1.1C) 

The N- and C-terminal of tandem-repeat type galectins are connected by a variable length of 

linker chain.22,23 In galectin-8, both the N- and C-terminal carbohydrate binding sites have 

particular specificity towards the carbohydrates with respect to the preferences and binding 

affinities, and thus two distinct ligands could bind these two binding sites at the same time.24 

 

1.2 Galectin-8 

Galectin-8 is a tandem-repeat type galectin having two carbohydrate recognition 

domains (galectin-8N, galectin-8C) joined by a variable length of polypeptide linker.25-27 The 

CRD’s of galectin-8 have different binding affinities for lactose-based compounds.28, 29 The 

galectin-8N has in general better binding constants than the galectin-8C and a preference for 

sialylated and sulphated oligosaccharides for example, galectin-8N has strong affinity for 3ʹ-

sialyllactose (Kd 2.7 μM) whereas galectin-8C has weak binding affinity for 3ʹ-sialyllactose 

(Kd >1000 μM).28,29 In contrast to that, galectin-8C has strong affinity for A-tetra (Kd 12 μM) 

whereas galectin-8N has weak binding affinity for A-tetra (Kd 280 μM).30 

1.2.1 Galectin-8N CRD 

The galectin-8N CRD is composed of two anti-parallel β-sheets forming a β-sandwich 

structure31 (Figure 1.2). The concave side of the CRD is formed by six β-strands (S1-S6) 

whereas the convex side of the CRD is composed of five β-strands (F1-F5). The carbohydrate 
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binding site is located on the concave side of the CRD. The S4-S6 β-strands consist of amino 

acids such as Trp86, His65, Asn67, Arg69, Asn79 and Glu89 that recognise the galactose 

portion of the lactose. Six out of seven conserved amino acid residues (Trp86, His65, Asn67, 

Arg69, Asn79, Glu89 and Arg45), which recognise lactose in the galectin-8N CRD are the 

same as observed in other galectin (1, 2, 3, 4, and 7) CRD.32-37 The exception is Arg45, which 

although conserved in the galectin-3 and 7, in that it forms water mediated interaction with 

galactose. 

 

 

 

 

 

 

 

 

 

Figure 1.2: Galectin-8N CRD (PDB ID 5T7S)31 showing S1-S6 β-strands with their amino acid residues (carbon 

in green, oxygen in red, nitrogen in blue, stick representation). 

Galectin-8N preferentially binds to 3ʹ-sialyllactose due to the presence of the unique 

amino acid Arg59, which is situated on the S3-S4 loop in galectin-8N CRD.29 This S3-S4 loop 

is the longest loop in all galectins.29 Apart from that, S2 strand Tyr141 and S3 strand Asp49, 

Gln51 amino acid forms one cleft at the extended binding site where longer oligosaccharides 

could occupy the cleft by forming hydrophobic interactions with Tyr141.29 

1.2.2 Galectin-8C CRD 

The galectin-8C carbohydrate binding site and its binding interactions with lactose are 

shown in Figure 1.3A.17 Similar to all galectins, the galactose of lactose undergoes π-stacking 
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interaction with Trp249.38-41 In addition to that, the C4-OH group of galactose forms hydrogen 

bonds with His229, Asn242 and Arg233 whereas the C6-OH group interacts with Asn242 and 

Glu252. Superimposition of the galectin-8N and galectin-8C reveals the structural difference 

in the carbohydrate binding site (Figure 1.3B). Arg59, which is a unique amino acid residue of 

galectin-8N, is absent in the galectin-8C carbohydrate binding site. Apart from that, Arg45 and 

Gln47 of the galectin-8N CRD are replaced with Ser213 and Asn215 respectively. Tyr141, 

which is present on the S2 strand of the galectin-8N CRD is replaced with Asn306. The Arg254, 

which is not present in the galectin-8N, forms a hydrogen bond interaction with the C2 and C3-

OH group of the glucose portion of lacotse.  

 

 

 

 

 

 

 

Figure 1.3: Galectin-8C CRD. (A) galectin-8C CRD in complex with lactose. (PDB ID 3VKL)17 (B) 

superimposition of C-terminal CRD (carbon in orange) (PDB ID 3VKL)17 with N-terminal CRD (carbon in green) 

(PDB ID 5T7S)31 showing amino acid differences between the carbohydrate binding sites. 

 

1.3 Biological roles of galectin-8 

1.3.1 Cell adhesion and growth 

Galectin-8 binds to the cell-surface integrin receptors and promotes cell adhesion in a 

similar way to the extracellular matrix protein fibronectin, collagen and laminin.42-44 The cell 

adhesion is mediated by the galectin-8’s interactions with a selective cell surface integrin 

subgroup. 42,43 Galectin-8 strongly binds with a subgroup of integrin subunits α3, α6, and β1 

and weakly binds with the α4 and β3 integrins.42 Galectin-8 binds with the sugar moieties of 

integrins rather than with the ligand-binding site on the extracellular domain of the integrin 
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molecules.43 The galectin-8-integrin complex activates the integrin-mediated signalling 

cascades such as Tyr phosphorylation of FAK and paxillin.43 These phosphorylated FAK and 

paxillin proteins promotes the cell adhesion. In contrast to that, the excess amount of soluble 

galectin-8 forms a complex with the integrins that negatively regulates cell adhesion.43,44 Thus, 

galectin-8 might be considered as a novel type of matricellular protein due to its dual role in 

the cell adhesion. Galectin-8 induces ligation of integrins, which involves both protein-sugar 

and protein-protein interactions.44,45 These interactions are mediated by the combined action of 

its two CRDs and linker peptide region. The isolated individual N- or C-CRD domain of 

galectin-8, several mutated galectin-8 [E251Q; W85Y, W248Y, W(85,248)Y] proteins 

demonstrated reduced  sugar binding and the integrins ligation capacity.46 Deletion of the linker 

peptide also impaired these two functions which suggested that the cooperative actions of both 

CRDs and the linker are required for the proper functioning of galectin-8.45,46 

1.3.2 Angiogenesis 

Galectin-8 was reported as a novel regulator of vascular and lymphatic angiogenesis.47 

In vitro and in vivo mice experiments demonstrated that the lymphatic-vascular connections 

could be blocked by modulating the galectin-8-glycan interactions. This finding suggests that 

galectin-8 could be a novel target for tumor metastasis.47-49 The Bovine Aorta Endothelial Cells 

(BAECs) cell culture study demonstrated that the mixture of recombinant galectin-8 and 

matrigel induces the formation of extensive capillary tubules, which are three times longer than 

observed in the negative control.50 It was suggested that this effect is due to the galectin-8-

glycan interactions as it is prevented by disaccharide inhibitors such as thiodigalactoside 

(TDG) and lactose. An in vivo mice study also demonstrated that the matrigel containing 

recombinant galectin-8 promotes the formation of new blood vessels as compared with the 

control matrigel plugs.50  

1.3.3 Immunity and inflammation 

Galectin-8 is found in both primary (bone marrow and thymus) and secondary (spleen 

and lymph nodes) lymphoid organs.51-53 Tsai and co-workers first demonstrated that the 

exogenous galectin-8 binds stronger to mature B-cells than to other plasma cells.54 Several 

studies showed that galectin-8 plays an important role in immunity and inflammation.55-58 

Galectin-8 acts as a potent platelet activator, plays an important role in thrombosis and 

inflammation.55 Zamorano and his colleagues demonstrated that galectin-8 penetrates 
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endothelial cells and triggers the release of diverse inflammatory molecules.56 It was also 

showed that galectin-8 binds to the integrin receptor αMβ2/Mac1 on neutrophils and stimulates 

the neutrophil adhesion, migration and superoxide production.46 Furthermore, it was 

demonstrated that galectin-8 binds to the integrins receptor (αIIbβ3 and GPIb) on the platelet 

surface and promotes the platelet adhesion, aggregation and the release of the inflammatory 

mediators.57,58  

1.3.4 Galectin-8 and Osteoporosis 

Bone is largely composed of the extracellular matrix (ECM) containing fibrillary ECM 

proteins, pre-dominantly type I collagen, type II collagen and matricellular proteins.59,60 The 

matricellular proteins play an important role in the skeletal development, homeostasis, and 

fracture healing.61 Galectin-8 acts as a cross-linker for the ECM proteins, matricellular proteins 

and cell-surface receptors and thus prevents skeletal development and the fracture healing 

process.62-65 Bone density is continuously maintained by the activity of bone-forming cells 

(osteoblast) and bone metabolising cells (osteoclast).66 There are several signalling 

mechanisms involved in osteoblast differentiation. The osteoblast differentiation is positively 

regulated by the bone morphogenetic proteins and WNT pathways and negatively regulated by 

the notch signalling pathway.67 The BMP signalling is triggered primarily by BMP-2, -4, and 

-7a which binds to their cognate receptors, resulting in the phosphorylation of the receptor 

against the R-SMAD family of proteins.68,69 The phosphorylated R-SMADS form complexes 

with SMAD-4 stimulate expression of the osteoclastogenic transcription factors such as distal-

less homeobox 5 (DLX5), runt-related transcription factor 2 (RUNX2), and osterix (OSX). 

These transcription factors promotes osteoblast engagement and growth.70,71 A number of 

hormones such as insulin-like growth factor-1, insulin and sex hormones affect osteoblast 

differentiation.67 Amongst the sex hormones, estrogen stimulates osteoblast differentiation by 

activating the BMP signalling pathway.72  

Osteoporosis is a condition in which the delicate balance between the activity of 

osteoblasts and osteoclasts is impaired due to an increased rate of osteoclast differentiation.73-

75 This leads to osteoclastogenesis of bone, which causes loss of bone strength thereby making 

the bone fragile and fracture prone.73-75 Zick and his colleagues reported that galectin-8 treated 

osteoblast secretes the osteoclastogenic factor RANKL which binds to osteoclast and promote 

osteoclastogenesis.76 This effect is due to binding of galectin-8 with the osteoblasts’ urokinase 

plasminogen-activated receptor (uPAR), mannose receptor C type 2 (MRC2) and the low-
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density lipoprotein receptor-related protein 1 (LRP1) receptor on osteoblast.76 They also 

showed that the overexpression of galectin-8 in mice models stimulate the osteoclast activity, 

which reduce the bone mass similar to the cases of postmenopausal osteoporosis and cancerous 

osteolysis.76 Galectin-8 knockout mice showed increased bone mass at a young age but bone 

loss in adulthood.77 In vitro and in vivo mice studies revealed that galectin-8 inhibit osteoblast 

differentiation. This result was supported by the evidence such as decreased bone 

morphogenetic protein (BMP) signalling, reduced phosphorylation of R-SMAD homolog and 

reduced expression of osteoblast differentiation markers osterix, osteocalcin, runt-related 

transcription factor 2 (RUNX2), dentin matrix acidic phosphoprotein-1 (DMP1), and alkaline 

phosphatase. Human femurs study revealed that the galectin-8 expression positively correlates 

with the osteoclastogenic marker RANKL expression, tartrate-resistant acid phosphatase and 

cathepsin K expression.77 

1.3.5 Galectin-8 and Cancer 

Galectin-8 was first discovered in the prostate cancer cells in 1996.78 From that time, 

galectin-8 was studied extensively as a cancer promoting protein. Later, it was named as 

'prostate cancer tumor antigen-1' (PCTA-1).78 Galectin-8 was first isolated by using a rat liver 

c-DNA library and the same human homologous counterpart was isolated from the prostate 

and lung cancer c-DNA expression library.78  A number of experimental approaches such as  

RT-PCR, immunohistochemistry or Cancer Genome Anatomy Project (CGAP) library analysis 

were used to determine the presence or absence of galectin-8 transcript or protein in normal, 

embryonic or tumor tissues.79-86 Several studies showed that galectin-8 is widely expressed in 

normal tissues (brain, breast, colon, retina, kidney, pancreas, placenta, spleen, testis, uterus, 

vascular, oesophagus and heart) as well as in tumor tissues (brain, breast, colon, germ cells, 

head and neck, kidney, muscles, ovary, pancreas, thyroid, placenta, prostate, uterus, lung, 

stomach and oesophagus).79-86 In contrast to that, the galectin-8 expression was not detected in 

the embryonic brain, kidney, uterus, liver and lung. In the human astrocytic tumors of grade, I 

to IV, the galectin-8 expression levels were quantified by immune-histochemistry by using the 

complex computer software and were confirmed by the qRT-PCR.82 The galectin-8 expression 

level was not changed during the malignancy of astrocytic tumors. These results showed that 

galectin-8 promotes migration of the glioblastoma cell in vitro which suggest that galectin-8 

could be involved in the tumor astrocytes’ invasion of the brain parenchyma in vivo.85, 86 The 

immunohistochemistry analysis of the primary and secondary malignant lung tumors showed 

that galectin-8 was strongly expressed in the squamous cell carcinoma, very weakly expressed 
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in the adenocarcinoma and remained undetected in the small cell carcinoma. It was observed 

that the galectin-8 expression level may correlate with the rate of differentiation of the lung 

squamous cell carcinomas, neuro-endocrine tumors.87, 88 Galectin-8 was reported as a most 

frequently expressed tumor antigen in a mouse model of HER2-neu-positive and estrogen 

receptor (ER)-negative breast cancer.88 In the mouse model of prostate cancer, it was observed 

that the silencing of galectin-8 reduces the frequency of lymph node metastasis.89 It was 

recently reported that galectin-8 triggers the proinflammatory cytokine and chemokine gene 

expression in several cell types which promote migration of cancer cells towards cells 

expressing galectin-8.90 Additionally, they have shown that there is a positive correlation 

between the galectin-8 mRNA expression level and SDF-1 expression in human bones which 

suggest that galectin-8 acts as a potential regulator of cancer progression and metastasis. It was 

reported that galectin-8 expression level could be used to analyse the malignancy of human 

lung and colon cancer. The monoclonal antibody Po66, which was used to isolate galectin-8 

from the lung cells, was used in the treatment of human lung and colon cancer.89 Galectin-8 

promotes the glioblastoma cell migration suggesting its role in brain tumor metastasis.91 

 

1.4 Galectin-8N CRD inhibitor 

Several monosaccharide talose based compounds and disaccharide TDG, lactose-based 

compounds were synthesized and determined their in vitro binding affinity.92-98 The binding 

affinity results of these compounds guide us to design better inhibitors against galectin-8. A 

library of lactose-based compounds (Figure 1.4) was analysed to determine their binding 

affinity against glutathione-S-transferase (GST)-fused recombinant galectin-8 protein and its 

both terminal CRDs by surface plasmon resonance.79 The binding affinity results of these 

compounds against each domain and full galectin-8 are listed in Table 1.1. From the binding 

affinity results of 3ʹ-sulfolactose and 3ʹ-sialyllactose, two observations are considered in 

designing of potent galectin-8 antagonists.78 Firstly, the C3-OH anionic substitution such as 

C3-sulfonyl group of 3ʹ-sulfolactose and C3-sialyl carboxyl group of 3ʹ-sialyllactose sharply 

increase the binding affinity of galectin-8 and its N-domain. Secondly, 3ʹ-sialyllactose binds 

more selectively to the N-CRD than 3ʹ-sulfolactose. Several talose based compounds 1-6 were 

analysed for determining their in vitro binding affinity to galectin-8N by using fluorescence 

polarization assay.92,93 (Figure 1.5) The binding affinity results of talose based compounds 1-6 

suggest that the C3-OH anionic aromatic substitution is important to design better galectin-8N 

inhibitor. (Blanchard group unpublished) (Further discussed in chapter 3). 
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Figure 1.4: A library of lactose-based compounds as galectin-8N inhibitors  

Table 1.1: Binding affinity of lactose-based compounds with galectin-8 and its both domain79  

Oligosaccharides 
Binding affinity evaluated by surface plasmon resonance (µM) 

GST-galectin-8 GST-N domain GST-C domain 

Lactose 130 79 440 

Lactose-O-p-NP 130 65 190 

Sulfolactose-O-p-NP 1.7 1.9 190 

3’-sialyllactose 2.4 2.7 >1000 

LNF-III 6.2 3.3 84 

 

 

Figure 1.5: Talose based compounds 1-6 as galectin-8N inhibitors. Note the influence of talose 3-OH substitution 

aromaticity on galectin-8N binding affinity. 
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Figure 1.6: Thiodigalactoside based compounds as galectin-8N inhibitors. Note the influence of thiodi-

galactoside (TDG) 3-OH substitution aromaticity on galectin-8N binding affinity. 

Several thiodigalactoside (TDG) based compounds 7-18 were synthesized and analysed 

for determining their binding affinity to galectin-8N by fluorescence polarization assay.94-98 

(Figure 1.6) It was observed that the bicyclic aromatic amide substitution to TDG offers better 

binding affinity inhibitor 9 than the monocyclic aromatic amide substitution (compound 8, 10) 

for example, the 2-naphthamido substitution to TDG gives 30 µM binding affinity inhibitor 9 

whereas the 2-benzamido, 3,5-dimethoxy benzamido substitution to TDG offers 350 µM, 72 

µM binding affinity inhibitor 8, 10 respectively.94 The binding affinity of monocyclic aromatic 

ring diester substituted TDG compounds 14-16 and bicyclic aromatic ring diester substituted 

TDG compounds 17, 18 were shown in Figure 3. It was observed that the bicyclic aromatic 

ring diester substituted TDG compounds show stronger binding affinity than the monocyclic 

aromatic ring diester substituted TDG compounds for example, the 1-naphthoyl and 2-

naphthoyl substitution to TDG offer 24 µM, 100 µM binding affinity inhibitors 17, 18 

respectively.95, 96 In contrast to that, C3,3ʹ-O-dibenzoyl TDG 14, C3,3ʹ-O-di-p-methoxy 

benzoyl TDG 15 and C3,3ʹ-O-ditoluoyl TDG 16 show 104 µM, 42 µM and 135 µM binding 

affinity respectively. The symmetric and asymmetric diamido substitution to TDG worsen the 

galectin-8N binding affinity. The bis-coumarin substituted TDG 11-13 shows improved 

galectin-8N binding affinity for example, dicoumaryl TDG 11 shows 11 µM binding affinity.98 
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Apart from that, bis-6-chloro dicoumaryl TDG 13, bis-7-methoxy dicoumaryl TDG 12 show 

71 µM, 84 µM binding affinity respectively.98 

 

1.5 Aims and scope of the research 

Osteoporosis is a bone disease which occurs due to the impaired balance between bone 

formation and bone metabolism. It is one of the most common diseases in people over the age 

group 50. There are many medications available which are prescribed to restore the balance 

between the bone cells. However, with increasing disease burden and widespread distribution 

of the disease there is need to develop novel approaches to treat the disease. It was recently 

reported that galectin-8 increases the expression of genes which are responsible for the bone 

metabolism. These genes eventually disturb the balance between bone formation and bone 

resorption which results into bone fracture and osteoporosis. 

In addition to that, the galectin-8 overexpression was reported in cancer patients, tumor 

tissue studies (brain, breast, colon, germ cells, head and neck, kidney, muscles, ovary, pancreas, 

thyroid, placenta, prostate, uterus, lung, stomach and oesophagus).62-69 Our collaborator Prof. 

Yehiel Zick (Weizmann Institute of Science) and his team recently demonstrated that galectin-

8 increases the expression of proinflammatory cytokines and chemokines in a number of cell 

type including osteoblast, human cancer cell lines and in vivo mice study. These discoveries 

suggest that galectin-8 is an important target for the development of novel galectin-8 

antagonist, which could use to treat bone osteoporosis, cancer and its metastasis. Initially, we 

started to develop the antagonist by targeting the N-terminal carbohydrate binding site due to 

its binding preference to the sialylated and sulphated oligosaccharides. The primary aim of this 

project is to study the key features of the galectin-8N binding site by analysing the reported 

crystal structure of galectin-8N complex with a number of natural and synthetic ligands. The 

initial thought was to develop the antagonist which can cross link the arginines Arg45, Arg59 

that are situated across the binding site engaging with the unique Arg59 and holding the 

inhibitor from both sides. The primary task was to design the possible scaffolds which can 

cross link these amino acids in the binding site. After deciding the scaffold, we have designed 

several compounds with taking into consideration of their synthetic feasibility and the future 

inhibitor design extension plan. The designed compounds were synthesized and their in vitro 

binding affinities to galectin-8N were determined by isothermal titration calorimetry. X-ray 

crystallographic studies were performed to understand the binding interactions of these 
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compounds with the galectin-8N binding site. These compounds were further analysed in cell 

culture study, which was conducted during my visit to our collaborator Prof. Yehiel Zick 

research laboratory at Weizmann Institute of Science, Israel. 
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Chapter 2 

Rational design and synthesis of methyl-β-D-galacto-

malonyl phenyl esters as potent galectin-8N antagonists  
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2.1 Foreword 
Our previous structural investigation of galectin-8N-methyl-3-O-[1-carboxyethyl]-β-D-

galactopyranoside complex revealed that the carboxylate anion of the compound forms a salt 

bridge interaction with the positively charged guanido group of the unique Arg59. Methyl-3-

O-[1-carboxyethyl]-β-D-galactopyranoside shows lactose equivalent binding affinity against 

galectin-8N and no binding with galectin-8C. These research findings motivate us to design 

selective and potent galectin-8N antagonists by targeting the unique amino acids of the 

galectin-8N extended binding site. 

 

 

 

 

 

Figure 2.1: Galectin-8N primary and extended binding site showing Arg45, Arg59 and Tyr141 (carbon in orange, 

nitrogen in blue and oxygen in red) as important amino acids for the ligand design. Note Arg45 and Arg59, which 

are located across the binding site.  

The initial thought was to design an inhibitor which could cross link two arginines 

Arg45 and Arg59 that are situated across the binding site and thus hold the inhibitor from both 

sides (Figure 2.1). Arginine has an electropositive guanido group which usually interacts with 

the electron-rich functional group of the ligand. The carboxylic acid is one of the electron-rich 

functional group which forms a salt bridge interaction with Arg59 in galectin-8N-methyl-3-O-

[1-carboxyethyl]-β-D-galactopyranoside complex. However, the carboxylic acid functional 

group enhance polarity of methyl-3-O-[1-carboxyethyl]-β-D-galactopyranoside to a greater 

extent which might make absorption of this compound difficult through the gastrointestinal 

system. . Considering the nature of the arginine and the gut absorption properties of compounds 

with carboxylic acid functional group, several functional groups such as sulphate, phosphate 

and ester were considered for the design of galactose C3-OH substitution. I designed several 

compounds 19-24 (Figure 2.2) in which galactose was expected to form van der Waals 
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interaction with Trp86 and C3-OH linked electron-rich functional group was expected to form 

cross-linking interactions with arginines. Tyr141 is also considered as an important amino acid 

for the further design of these compounds’ substitution. There was a less scope of structure 

activity extension in sulphonate and phosphate-based compounds 19, 20 and 21. Hence, I 

focussed on the design of malonyl diester functional group-based compounds. This malonyl 

diester undergoes keto-enol tautomerism which would offer stabilized enolate ions.  

 

 

 

 

 

 

 

Figure 2.2: Rational design of monosaccharide galactose-based compounds 19-24 as galectin-8N inhibitors. 

Considering the keto-enol tautomerism property of malonyl diester functional group, a 

library of galactomalonic acid derivatives was designed, synthesized and determined their in 

vitro binding affinity against galectin-8N by isothermal titration calorimetry. The X-ray 

crystallography of the galectin-8N-compounds complexes was performed to determine their 

binding interaction with the galectin-8N binding site. These compounds were further analysed 

for determining their ability to inhibit galectin-8 induced cytokine and chemokine gene 

expression in cell culture study. 
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2.2.1 Abstract 

Galectin-8 is a β-galactoside recognizing protein with an important role in the 

regulation of bone remodeling, cancer progression and metastasis. Methyl-β-D-

galactopyranoside malonyl aromatic esters have been designed to target and engage with 

particular amino acid residues of the galectin-8N extended carbohydrate-binding site. The 

chemically synthesized compounds had their in vitro binding affinity towards galectin-8N 

evaluated using isothermal titration calorimetry. Compounds were also analysed for their effect 

on chemokine and proinflammatory cytokine expression of SUM159, which shows that 

expression inhibition ability of compounds directly correlate with the order of compounds’ 

binding affinity. X-ray crystallographic structure determination revealed these 

monosaccharide-based compounds bind galectin-8N by engaging its unique arginine (Arg59) 

and simultaneously cross-linking to another (Arg45) located across the carbohydrate-binding 

site. This structure-based drug design approach has led to discovery of novel monosaccharide 

galactose-based antagonists, with the strongest binding compound (Kd 5.72 µM) being 7-fold 

tighter than the disaccharide lactose.  

2.2.2 Introduction 

Galectin-8 is highly expressed in liver, muscle, kidney, lungs, brain99, plays roles in 

rheumatic, autoimmune, cancer and inflammatory disorders.46,100  Structurally, galectin-8’s N-

terminal ("galectin-8N") and C-terminal ("galectin-8C") CRDs share an overall amino acid 

sequence identity of 37%, but with the amino acid residues Trp86, His65, Asn67, Arg69, 

Asn79, Glu89 that are on the S4-S6 β-strands and form the carbohydrate-binding site region 

that recognises the galactose portion of ligands, being identical in both CRDs. Important 

sequence differences do occur, most notably Arg45, Gln47, and Tyr141 in galectin-8N are 

replaced by Ser255, Asn257, Asn348 respectively in galectin-8C.38 Between them, there are 

some important distinct characteristics, notably the presence of a unique arginine, Arg59, in 

galectin-8N which is absent in the galectin-8C binding site.38 Galectin-8N and galectin-8C 

show different binding affinities for particular carbohydrate sequences.30 For instance, 

galectin-8N demonstrated a 2.7 µM affinity for 3′-sialyllactose (3′-SiaLac) whereas galectin-

8C has >1000 µM affinity.29 An X-ray crystallographic study led to the explanation that the 

strong affinity with galectin-8N is due to the presence of its unique carbohydrate-binding site 
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Arg59.39,28 This finding prompted us to aim for direct engagement with this amino acid as an 

approach to design potent galectin-8N antagonists (modulators or inhibitors of lectin function). 

Figure 2.3: (A) Galectin-8N CRD. The illustration emphasizes the S1-S6 β-strands forming the concave face and 

the amino acids of the primary and extended carbohydrate binding sites. The Arg45 and Arg59 (in sticks; carbon 

atoms orange) are situated directly opposite to each other, highlighting their important positioning with respect to 

antagonist design. (B) The binding conformation of 3′-SiaLac (carbon atoms yellow) within the galectin-8N 

carbohydrate binding site (carbon atoms green) PDB ID: 3AP7.28 

The galectin-8N CRD comprises two anti-parallel β-sheets forming a β-sandwich 

structure (Figure 2.3A).28 The concave side of the CRD is formed by six β-strands (S1-S6) and 

contains amino acids that form the carbohydrate binding site, with the S4-S6 β-strands 

possessing amino acids that recognize the galactose portion of ligands. Galectin-8N 

preferentially recognizes oligosaccharides substituted with an anionic functional group such as 

3ʹ-sulfolactose and 3′-SiaLac.28 This selective anionic recognition is due to the presence of the 

unique Arg59 on the S3-S4 loop (Figure 2.3A). The 3ʹ-SiaLac carboxylic side chain forms a 

salt bridge interaction with Arg59, and a hydrogen bond with Gln47 (Figure 2.3B). Of further 

note, the S2 β-strand Tyr141 was identified as an important amino acid of the galectin-8N 

extended binding site since the galactose of LNF-III (Lacto-N-fucopentaose-III) shows van der 

Waals interaction with Tyr141 in the LNF-III-galectin-8N crystal structure.29 

 

A B 
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Figure 2.4: Keto-enol tautomerism of galactomalonyl aromatic ester showing tautomers 25-27. 

The design of monosaccharide-based galectin-8N antagonists that we recently initiated, 

resulted in a galactose-based compound with a binding affinity of 32 µM, thus equivalent to 

the disaccharide lactose.101 The carboxylic acid substituent of that molecule interacts with the 

Arg59. Here we aim to design an antagonist which could cross-link both this arginine (Arg59) 

with that located across the binding site groove (Arg45), thus anchoring it from both sides. 

Further, we explore the enhancement of interactions with the extended binding site. To cross-

link both arginines, we propose that two electron-rich functional groups to engage with the 

positively charged guanido groups of arginine would be needed. In light of this hypothesis we 

focused on the diketo functional group of malonic acid, which possess two electron-rich 

carbonyl oxygens. Several synthetic and biological studies on diketo functional group-based 

compounds have been reported such as integrase102,103, ribonuclease H104, HCV RNA 

polymerase105, malate synthetase106, HDAC inhibitor.107,108 In these studies it was observed 

that diketo oxygens of these compounds form a strong complex with the metal ion of the above 

enzymes and proved to be better inhibitors. Based on the knowledge of the three-dimensional 

structure of the carbohydrate binding site of galectin-8N CRD, we have designed aromatic ring 

substituted galactomalonic acid in which it is supposed that the galactose portion would be 

recognized by the conserved amino acids of the binding site, the malonic oxygens are 

postulated to be able to cross-link the two arginines, and the aromatic ring is anticipated to 

make van der Waals interaction with tyrosine residue Tyr141. Malonic acid undergoes keto-

enol tautomerism by the movement of its alpha hydrogens and the shifting of π-bonding 

electrons (Figure 2.4). Because of tautomerism, there is the possibility to generate stabilized 

enolate ions which have the ability to bind positively charged guanido group of arginines. This 

group offers a diverse “shape-shifting” array of hydrogen bond acceptors near the arginine 

residue. 
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2.2.3 Results and discussion 
2.2.3.1 In Silico analysis of interactions of designed compound with galectin-8N 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Molecular docked conformation of galactomalonyl ester 42 within the galectin-8N binding site (PDB 

ID = 3AP7)28. 

Following the rationale of incorporating a malonic acid group to develop potent 

galectin-8 antagonists, eight compounds of galactomalonic acid and derivatives were designed. 

A molecular docking investigation was performed for these compounds with galectin-8N (PDB 

ID: 3AP7)28 by Autodock Vina. The key potential binding interactions that were consistent for 

these compounds with the galectin-8N carbohydrate binding site were revealed, as exemplified 

by the compound that was later evaluated to have the best binding affintity, thegalactomalonyl 

aromatic ester (42, see Scheme 1.1) (Figure 2.5). The planar ring of the galactose portion was 

predicted to make van der Waals interactions with the aromatic tryptophan (Trp86) ring, 

whereas the free hydroxyls of the galactose interact with other conserved amino acids of the 

binding site. In this docked model, the malonic acid chain interacts with amino acids of the 

extended binding site in which there is feasibility for one carbonyl oxygen to make a potential 

salt-bridge (if ionized) or else a hydrogen-bonding interaction with Arg59 (3.2 Å distance), and 

the second carbonyl oxygen potentially interacts with Arg45 and Gln47, with 3.3 Å and 2.9 Å 

distances respectively. In addition, the aromatic ring of the galactomalonyl ester 42 is predicted 

to make van der Waals interactions with Tyr141 as well as engage in a potential cation-π 

stacking with the Arg59 guanidinium group. The Gal8N-galactomalonyl ester 42, in its docked 
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conformation, shows potential for making the two important key interactions that we desired. 

One is the interaction of a negatively charged moiety with the unique Arg59, akin to that of 

carboxylic acid group of the 3ʹ-sialyllactose in Gal8N-sialyllactose (PDB ID=3AP7);28 and the 

second is the interaction with Tyr141 of the extended binding site, as exemplified by galactose 

of LNF-III in Gal8N-LNF-III (PDB ID = 3AP9).28 
 

2.2.3.2 Chemistry 

The docking results supported that the designed compounds had potential to bind and 

engage with the unique Arg59. Synthesis of these designed compounds began with the 

commercially available methyl β-D-galactopyranoside 29 (scheme 2.1). Free hydroxyl groups 

of methyl β-D-galactopyranoside were protected by 4, 6-benzylidene 30109, 3-O-acetyl 31110 

and 2-O-methoxymethyl ether 32111 protecting groups according to the reactivity of free 

hydroxyl groups. Deacetylation of the intermediate 32 by sodium metal112 in anhydrous 

methanol results in the final intermediate 33 with a free 3-hydroxy group on which Steglich 

esterification can be performed.113,114 Steglich esterification was undertaken using either of two 

common coupling reagents DCC and EDCI, individually to synthesise the aromatic substituted 

galactose malonic esters 34-39. 
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Scheme 2.1: Reagents and conditions: (a) benzaldehyde dimethyl acetal, camphor sulphonic acid, ACN, 60 °C, 

reflux for 3hr (b) freshly prepared Ag2O, acetyl chloride, KI, DCM, room temperature overnight (c) MOM-Br, 

DIPEA, 60 °C reflux overnight (d) Sodium, methanol, room temperature for 2hr (e) DCC, aryl malonic acid 78-

83 (Supporting data), DMAP, DCM, -20 °C to room temperature, overnight (f) 60% aqueous acetic acid solution, 

60 °C reflux for 4 hr.  

 

 
 
 

 

 
Scheme 2.2: Reagents and conditions: (a) 10% Pd/C, H2 gas, anhydrous methanol (b) 60% aqueous acetic acid 

solution, 60 °C reflux for 4 hr.  

 

 
 

 
 

 

 

 

Scheme 2.3: Reagents and conditions: (a) TEMED (Tetramethyl ethylene diamine), methyl malonyl chloride, 

DCM, -20 °C to room temperature (b) 60% aqueous acetic acid solution, 60 °C reflux for 4 hr. 

From reaction monitoring, it was observed that use of EDCI resulted in low conversion 

and low yield, whereas DCC acted as a better coupling reagent and completed the reaction in 

good yield. Different substituted phenyl malonic acids 78-83 (Appendix 6.1.4) were prepared 

by reacting various substituted phenols with Meldrum’s acid115 and then these acids were used 

in a Steglich coupling reaction with the free 3-OH group of protected galactopyranoside. 

Deprotection of ester intermediates was carried out by refluxing in 60% glacial acetic acid 

solution at 60 °C for 3 hours to give phenyl ring substituted galactomalonates 40-45.111 In the 

synthesis of galactomalonic acid 47, the intermediate 39 was debenzylated by palladium 

catalyst with hydrogen gas to yield the malonic acid substituted galactopyranoside 46.116 

Deprotection of intermediate 46 in the presence of 60% acetic acid gave the malonic acid 

monoester of methyl β-galactopyranoside 47 (scheme 2.2). While this has the potential to 
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decarboxylate at high temperature, malonate monoesters are stable to mildly acidic conditions 

at temperatures 60-70 °C.117 The protected galactomalonyl methyl ester 48 was synthesized by 

nucleophilic substitution of methyl malonyl chloride with galactopyranoside 33 in the presence 

of organic base. Reaction was performed with three different bases: TEA, DIPEA and 

TEMED.114 Results showed that TEA, DIPEA gave lower conversion and lower yield compare 

to TEMED. Deprotection of intermediate 48 was done by refluxing in 60% glacial acetic acid 

solution at 60 °C that gives methyl malonyl galactopyranoside ester 49 (scheme 2.3). 

2.2.3.3 Thermodynamic Analysis 

 

 

 

 

 

Figure 2.6: Synthesized methyl-β-D-galactomalonic acid 47 and its derivative 40-45 (aromatic ring substituted 

galactomalonic acid), 49 (aliphatic methyl substituted galactomalonic acid). 

Table 2.1: Galectin-8N binding affinity of synthesized galactomalonic acid derivatives 40-45, 47, 49 and 

estimated thermodynamic parameters from ITC experiments 

 

Compound Kd (µM) ΔH 

 

-TΔS 

 

ΔG 

 

N 

40 12.84 ±0.66 -14.63 ±0.4 -13.29 -27.92 0.81 ±0.02 

41 9.47 ±0.43 -11.75 ±0.3 -16.93 -28.68 0.87 ±0.02 

42 5.72 ±0.27 -13.63 ±0.2 -16.30 -29.93 0.89 ±0.02 

43 11.89 ±0.56 -9.56 ±0.4 -18.54 -28.11 0.89 ±0.01 

44 11.02 ±0.56 -11.98 ±0.2 -16.32 -28.30 0.81 ±0.05 

45 9.17 ±0.67 -12.40 ±0.4 -17.26 -28.75 0.96 ±0.05 

47 33.56 ±1.25 6.08 ±0.4 -31.6 -25.5 0.89 ±0.13 

49 24.85 ±0.92 -7.068 ±0.6 -19.22 -26.28 0.80 ±0.15 

Lac 37.92 ±1.27 -4.7 ±0.6 -20.5 -25.2 0.98 ±0.03 

3’-SL 2.3 ±0.20 -51.8 ±0.8 19.64 -32.1 0.83 ±0.01 

O
HO

O
OH

O

OH

O
R

O O

40-45

40 R=phenyl
41 R=4-methoxyphenyl
42 R=4-fluorophenyl
43 R=2,4-dichlorophenyl
44 R=3,5-dimethoxyphenyl
45 R=benzyl

O
HO

O
OH

O

OH

O
OO

49

O
HO

O
OH

O

OH

HO
OO

47



25 
   

Eight novel compounds were designed and synthesized, these are the galactomalonic 

acid 47 and its derivatives with aromatic substitution (compounds 40-45), as well as an 

aliphatic methyl ester 49 (Figure 2.6). These compounds were evaluated for in vitro galectin-

8N binding affinity by isothermal titration calorimetry (Table 2.1), Figure 2.7. Galectin-8N 

shows 33.56 µM binding affinity for the monosaccharide galactomalonic acid 47, which is 

slightly stronger than which we measured with the disaccharide lactose (37.92 µM). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Isothermal titration calorimetric analysis. Binding isotherm for titration of 0.5 mM galactomalonyl 

ester (A-G) and 1 mM galactomalonic acid (H) with 100 µM galectin-8N in 20 mM Tris buffer at pH 7.5 

containing 100 mM NaCl and 4 mM BME. 

It shows a typical endothermic binding isotherm with positive enthalpy difference in 

ITC analysis (Figure 2.7H). When the electron-donating methyl group is introduced to the 

malonyl side chain this increased the affinity of the galactomalonic acid derivative 49 to 24.85 

µM. From this, we can assume that the electron-donating group strengthens the electron cloud 

associated with the carbonyl oxygens. Aromatic phenyl substitution of the galactomalonic acid 

derivative 49 shows almost three times better affinity (12.84 µM) than the parent 

galactomalonic acid 47, and two times better than the methyl galactomalonyl ester 49, giving 

strong evidence that the aromatic phenyl ring significantly enhances protein-ligand binding. 
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This improvement may be due to interactions of the aromatic ring with the binding site for 

example by van der Waals interactions with Tyr141, cation-π stacking interaction with Arg59 

and/or by making the oxygens of the malonyl group stronger nucleophiles. Introduction of 

fluoro substitution at the 4-position of the phenyl ring shows approximately 6-fold stronger 

binding affinity than galactomalonyl ester 47. The 4-fluorophenyl substitution of 

galactomalonic acid (compound 42, Kd 5.72 µM) presents the strongest binding 

monosaccharide galactose-based toward galectin-8N to date, with almost 7 times stronger 

binding affinity than lactose (37.92 µM) (Appendix Figure 6.1A). Addition of a methylene 

spacer group between the oxygen of malonyl and the aromatic phenyl ring produces the 9.17 

µM affinity inhibitor 45, which is slightly better than compound 40. When electron-donating 

4-methoxy functional group is introduced to the para position on the phenyl ring, this increased 

binding affinity of galactomalonyl phenyl ester 41 to 9.47 µM. Disubstitution on the phenyl 

ring shows 3-fold improved binding affinity over the galactomalonic acid 47. For example, the 

2,4-dichlorophenyl galactomalonyl ester 43 exhibits a 11.89 µM affinity and the 3,5-

dimethoxyphenyl galactomalonyl ester 44 shows 11.02 µM affinity, which suggests that 

disubstitution on the phenyl ring does not diminish the affinity of the overall compound and 

instead gives a slight enhancement over the phenyl substituted galactomalonic acid 40. Thus, 

for disubstituted compounds, the different electronic effects of the substituents to the phenyl 

ring do not create a significant difference in binding affinity, we conclude that the slight 

improvement in binding compared to the unsubstititued phenyl ring 40 appears to be due to the 

act of fitting of those atoms in the binding site without steric hindrance.  

2.2.3.4 SUM159 inflammatory cytokine and chemokine expression analysis 

A cell culture study was performed to determine the effect of the compounds on 

chemokines and inflammatory cytokines (IL-8, IL1β, and IL-6) expression of SUM159 breast 

cancer cell line in the absence and presence of 50 nM galectin-8 (Figure 2.8). We analysed four 

compounds, our two weakest binding affinity compounds (47, 49) and two strongest affinity 

compounds (45, 42) to compare their ability to inhibit chemokine, proinflammatory cytokine 

expression of breast cancer cell line. Overall, we observed that compounds with the strongest 

binding affinity show more pronounced IL8, IL1β and IL6 expression inhibition compared to 

weaker affinity compounds. Compound 45 and 42 shows almost equal IL8 expression 

inhibition however compound 42 shows two times better IL1β, IL-6 expression inhibition than 
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45. In the case of the weaker affinity compounds, it is 49 that shows the greater IL-8, IL-6 

expression inhibition compared to 47. 

 

 

 

 

 

 

 

Figure 2.8: Effect of weak binding affinity compound 47, 49  and strong binding affinity compound 42, 45 on 

IL8, IL1β and IL6 expression of SUM159 breast cancer cell line in absence of galectin-8 (SFM - red block) and 

presence of 50 nM galectin-8 (green block). Results shown are means ± SEM of experiments done in duplicates. 

(*p<0.05; **p<0.01; ***p<0.001) 

2.2.3.5 Crystal Structure of Galectin-8N CRD in Complex with 45 

Figure 2.9: Stereo view of electron density map (green mesh) 2│Fo│- │Fc│ αc contoured at 1σ, for 45 (in sticks; 

carbon in yellow, oxygen in red) in complex with galectin-8N. 

Our X-ray crystallographic studies investigated binding interactions of 45 to galectin-

8N (Figure 2.9). The galectin-8N-45 complex structure was determined at 1.59 Å resolution 
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(Table 2.2). After initial refinement of galectin-8N CRD model, the difference electron density 

revealed unambiguous placement of the galactose ring portion of 45 facing the Trp86, and the 

galactose C3-hydroxy substituted benzyl malonic side chain within the galectin-8N extended 

binding site. The positive difference electron density that appears near the anomeric methoxy 

group and the C6 hydroxy group of galactose represent water molecules W1 and W2 

respectively. Overall, the binding mode observed for the galactose portion of 45 is identical to 

the reported galectin-8N-lactose complex crystal structure in which the O4-hydroxy of 

galactose makes hydrogen bonds with His65, Asn67, Arg45, and Arg69, whereas the O6-

hydroxy group engages in hydrogen bonding with Asn79 and Glu89. Two carbonyl groups of 

extended benzyl malonic acid cross link the two positively charged arginine Arg59 and Arg45, 

which is located across the binding site groove. This cross-linking interaction with arginine 

enables the inhibitor to be held from both sides. One carbonyl oxygen hydrogen bonds with 

Trp86 and Arg59, whereas the second carbonyl oxygen hydrogen bonds with Arg45. This 

binding interaction validates the measured binding affinity of the parent compound 47 and its 

improved derivative structure 49 in which the electron-donating methyl group increased its 

binding affinity by increasing the nucleophilicity of the two carbonyl groups. The X-ray crystal 

structure of galectin-8N-45 reveals two important interactions of the galectin-8N extended 

binding site amino acids which increase galactomalonyl phenyl esters binding affinity sharply 

from 33.56 μM to 12.84 µM. One is van der Waals interactions of Tyr141 with the phenyl ring, 

and the other is a cation-π stacking interaction of Arg59 with the phenyl ring. The galectin-8N-

45 X-ray crystal structure validates our design hypothesis and the predicted binding 

conformation from molecular docking for compound 45. X-ray crystal structure of galectin-

8N-compound 45 complex demonstrated that one carbonyl oxygen forms a hydrogen bond with 

Arg59 at a distance of 3 Å and the second carbonyl oxygen forms a hydrogen bond with Arg45 

at a distance 3.4 Å. In docking analysis of compound 42, it was observed that one carbonyl 

oxygen forms a hydrogen bond with Arg59 at a distance of 3.2 Å and second carbonyl oxygen 

forms a hydrogen bond with Arg45 at a distance of 3.3 Å. (Figure. 2.5) Looking at both 

structural models, it was observed that both compounds demonstrated similar binding pattern 

in the binding site having no significant difference in the hydrogen bond distance with Arg45 

and Arg59. In X-ray crystallography study of galectin-8N-compound 45 complex, it was 

observed that the benzyl ring of 45 forms van der Waals interaction with Tyr 141 and cation-π 

stacking interaction with Arg59. The benzyl substitution consists of the phenyl ring with 

methylene spacer whereas the p-fluorophenyl substitution of compound 42 consists of phenyl 

ring with electron-withdrawing fluoro substitution. In the docking study of compound 42, it 
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was observed that the phenyl ring forms van der Waals interaction with Tyr141 and cation-π 

interaction with Arg59 and the fluoro atom may form electrostatic interaction with Arg59 in 

the binding site (Figure 2.5). This structural insight might be responsible for the slight 

improvement in the binding affinity of compound 42 compared to compound 45. 

The X-ray crystallographic structure reveals the binding characteristics of 

galactomalonyl esters, which was able to explain molecular docking predicted binding energies 

of all other compounds. For example, galactomalonic acid 47 exhibits -5 kcal/mol and methyl 

ester 49 shows -5.4 kcal/mol, this small difference is probably due to the electron-donating 

effect of the methyl group which makes the two carbonyl oxygens of malonic acid stronger 

nucleophiles and observed to cross link with Arg45 and Arg59 in the crystal structure. 

(Appendix Figure 6.2) When the aromatic phenyl ring was introduced to the malonyl 

substitution, these molecules show -6 to -7 kcal/mol binding energies indicating stronger 

binding. From our X-ray crystallography study, it is very clear that the higher binding energies 

(tighter binding) of these compounds is due to the van der Waals interactions of the aromatic 

phenyl ring with Tyr141 as well as cation-π stacking with the Arg59.  

Table 2.2: Crystallographic data and refinement statistics for the galectin-8N-45 structure 

Data Galectin-8N-45 complex 

Indexing 

Crystal system, space group Monoclinic, C2 

Unit cell 
a= 110.39 Å, b= 40.00 Å, c= 70.32 Å; 

α=90º, β=98.22º, γ=90º 
 
 
 

Merging and scaling 

Resolution [Å] 46.31-1.59 (1.62-1.59) 

Total observations 280344 (13417) [a] 

Unique observations 41190 (1987) 

Multiplicity 6.8 (6.8) 

Completeness [%] 99.9 (99.7) 

I/σ 8.8 (2.5) 

Rmerge [%] 11.6 (153.8) 

CC (1/2) [%] 99.7 (80.5) 

Refinement 

Resolution [Å] 46.35-1.59 

Rfactor [%] 19.25 

Rfree [%] 22.55 

Number of atoms 
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Protein 2478 

Ligand 74 

Water 138 

Root mean square deviations 

Bond length [Å] 0.015 

Bond angle [°] 1.90 

Ramchandran plot statistics 

Favoured [%] 98.67 

Allowed [%] 1.33 

Average B-factor [Å2] 

Protein 20.7 

Ligand 43.6 

Water 27.0 

PDB ID 6W4Z 

[a] Values in parenthesis are for the highest-resolution shell. 
 

2.2.4 Conclusion 

We have designed a series of novel monosaccharide based galactomalonyl esters, 

subsequently chemically synthesized and assessed binding affinities analysed toward galectin-

8N. In addition, the binding mode and interactions of 45 with galectin-8N were revealed by 

elucidation of the atomic structure by X-ray crystallography. This structure-based drug design 

approach has led to discovery of novel monosaccharide galactose-based antagonists with single 

digit micromolar binding affinity (Kd 5.72-12.83 µM) with the strongest binding molecule 42 

being 7-fold tighter than the disaccharide lactose. The malonyl substitution to the 

monosaccharide galactose generates compounds with a binding affinity almost equivalent to 

the disaccharide β-lactose, thus giving a novel scaffold for developing galectin-8 antagonists. 

Further, we discover that the aromatic phenyl ring substitution to the galactose malonic acid is 

the key factor in enhancing affinity. From the cell culture study, we conclude that SUM159 

chemokine, proinflammatory cytokine expression inhibition directly correlates with the order 

of compound binding affinity. Atomic structure, experimental binding affinities, and the cell 

culture results show that it is the aromatic malonyl substitution on the methyl β-D-

galactopyranoside that leads to a sharp increase in binding affinity. The malonyl linker offers 

binding interactions that provide a novel approach to engineer selectivity in the design of 

galectin-8 antagonists.  
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2.2.5 Experimental section 

2.2.5.1 Chemistry  

All reagents and solvents were dried prior to use according to standard methods. 

Commercial reagents were used without further purification. Analytical TLC was performed 

using on silica gel 60 F254 (Merck) with detection by UV absorption and/or by charring 

following immersion in a 5% ethanolic solution of sulfuric acid. Reaction products were 

purified using flash chromatography with silica gel 60 (0.040-0.063 mm). 1H and 13C NMR 

spectra were recorded at 298K using an Avance (400 MHz and 100 MHz respectively), 

spectrometer (Bruker Biospin) in solutions of CDCl3 or MEOD-D4. (Appendix 6.1.5) Chemical 

shifts are reported to two decimal places in parts per millions (ppm) relative to 

tetramethylsilane (0 ppm). Electrospray ionization (EI) low resolution mass spectrometry 

(LRMS) was performed using a Bruker Daltronics esquire 3000 Ion-Trap instruments, using 

Bruker Daltronics esquire control 5.0 software. All spectra were recorded in positive-ion mode 

at a concentration of 0.1-0.3 mg/mL. High Resolution Mass Spectra (HRMS) were measured 

by maXis II ETD to evaluate precise mass for novel synthesized derivatives (Appendix 6.1.6).  

General Procedure for Preparation of Intermediates 34-39 

A mixture of Methyl 2-O-methoxymethyl-4, 6-O-benzilidene-β-D-galactopyranoside 

33 (1 equi.), aryl malonic acid 78-83 (1.5 equi.), 1, 3-dicyclohexylcarbodiimide (1.5 equi.), and 

4-dimethylaminopyridine (25 mg) in CH2Cl2 (20 mL) was stirred overnight at -20 °C to room 

temperature. The reaction mixture was filtered and chilled in an ice bath to precipitate side 

product. Precipitated side product was filtered, and filtrate was purified by column 

chromatography on silica gel (hexanes: EtOAc 3:1) to give intermediates 34-39.  

Methyl 2-O-methoxy methyl, 3-O-(3′-O-phenyl) malonyl 4,6-O-benzilidene-β-D-galacto-

pyranoside (34) R= phenyl malonic acid, yield: 87% 1H NMR (CDCl3, 400 MHz): δ 3.31 (s, 

3H, H3C-O-C1), 3.44 [s, 1H, H2C(CO)2], 3.50 (s, 3H, H3C-O-CH2), 3.60-3.62 [m, 2H, 

H2C(CO)2, H-6), 3.92-3.95 (m, 1H, H-5), 3.96-4.0 (m, 1H, H-2), 4.25-4.26 (d, J= 4Hz, 1H, H-

6), 4.29-4.31 (d, J= 8Hz, 1H, H2C-O-CH3),  4.34-4.35 (d, J= 4Hz, 1H, H-4), 4.61-4.63 (d, J= 

8Hz, 1H, H-1), 4.77-4.79 (d, J=8 Hz, 1H, H2C-O-CH3), 4.93-4.96 (dd, J= 4Hz, 8Hz, 1H, H-3), 

5.43 [s, 1H, HC-Ar(A)], 6.95-6.97 [m, 2H, 2H-Ar(B)], 7.13-7.15 [m, 1H, 1H-Ar(B)], 7.19 [m, 

2H, 2H-Ar(B)], 7.25 [m, 3H, 3H-Ar(A)], 7.39-7.42 [m, 2H, 2H-Ar(A)]. 13C NMR (CDCl3, 400 

MHz): δ 41.58 [CH2(C=O)2], 55.90 (CH3-O-C1), 56.99 (CH3-O-CH2), 66.08 (C-5), 68.92 (C-
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6), 72.76 (C-3), 73.47 (C-2), 74.67 (C-4), 97.28 (CH2-O-CH3), 101.11 (C-1), 103.98 (CH-Ar), 

121.33 (2Ar), 126.20 (2Ar), 126.43 (2Ar), 128.13 (2Ar), 129.02 (2Ar), 129.50 (2Ar), 137.50 

(Ar), 150.31 (Ar), 164.65 (C=O), 166.01 (C=O). ESIMS m/z [M + Na]+ calcd for 

[C25H28O10Na]+: 511.2, found : 511.2. 

Methyl 2-O-methoxymethyl, 3-O-[3′-O-(4-methoxyphenyl)] malonyl-4,6-O-benzilidene-β-

D-galactopyranoside (35) R= 4-methoxyphenyl malonic acid, yield: 90% 1H NMR (CDCl3, 

400 MHz): δ = 3.40 (s, 3H, H3C-O-C1), 3.5 [d, J=4Hz, 1H, H2C(CO)2], 3.60 (s, 3H, H3C-O-

CH2), 3.67-3.68 [d, J = 4Hz, 2H, H2C(CO)2, H-6], 3.79 (s, 3H, H3C-O-Ar),  4.01-4.05 (m, 1H, 

H-5), 4.06-4.1 (dd, J=4Hz, 20 Hz, 1H, H-2), 4.34-4.35 (d, J=4Hz, 1H, H-6), 4.37-4.40 (d, 

J=12Hz, 1H, H2C-O-CH3),  4.43-4.44 (d, J=4Hz, 1H, H-4), 4.71-4.72 (d, J=4Hz, 1H, H-1), 

4.77-4.88 (d, J=4Hz, 1H, H2C-O-CH3), 5.02-5.05 (dd, J=4Hz, 16Hz, 1H, H-3), 5.52 [s, 1H, 

HC-Ar(A)], 6.76-6.79 [m, 2H, 2H-Ar(B)], 6.94-6.96 [m, 2H, 2H-Ar(B)], 7.33-7.35 [m, 3H, 

3H-Ar(A)], 7.49-7.52 [m, 2H, 2H-Ar(A)]. 13C NMR (400 MHz, CDCl3): δ 41.54 [CH2(C=O)2], 

55.58 (CH3-O-C1), 55.90 (CH3-O-CH2), 56.99 (CH3-O-Ar), 66.07 (C-5), 68.92 (C-6), 72.73 

(C-3), 73.50 (C-2), 74.67 (C-4), 97.26 (CH2-O-CH3), 101.11 (C-1), 103.98 (CH-Ar), 114.47 

(2Ar), 122.09 (2Ar), 126.46 (2Ar), 128.14 (2Ar), 129.01 (Ar), 137.54 (Ar), 143.80 (Ar), 157.46 

(Ar), 165.04 (C=O), 166.05 (C=O). ESIMS m/z [M + Na]+ calcd for [C26H30O11Na]+: 541.2, 

found : 541.3. 

Methyl 2-O-methoxymethyl, 3-O-[3′-O-(4-fluorophenyl)]malonyl-4,6-O-benzilidene-β-D-

galactopyranoside (36) R= 4-fluorophenyl malonic acid, yield: 81% 1H NMR (CDCl3, 400 

MHz): δ  3.30 (s, 3H, H3C-O-C1), 3.44 [m, 1H, H2C(CO)2], 3.51 (s, 3H, H3C-O-CH2), 3.58-

3.59 [d, J= 4Hz, 2H, H2C(CO)2, H-6], 3.91-3.95 (m, 1H, H-5), 3.96-4.0 (dd, J= 4Hz, 8Hz, 1H, 

H-2), 4.26 (s, 1H, H-6), 4.29-4.30 (d, J=4Hz, 1H, H2C-O-CH3),  4.34-4.35 (d, J=4Hz, 1H, H-

4), 4.61-4.62 (d, J= 4Hz, 1H, H-1), 4.77-4.79 (d, J=8Hz, 1H, H2C-O-CH3), 4.92-4.96 (m, 

J=4Hz, 20Hz, 1H, H-3), 5.42 [s, 1H, HC-Ar(A)], 6.84-6.89 [m, 4H, 4H-Ar(B)], 7.24-7.26 [m, 

3H, 3H-Ar(A)], 7.39-7.41 [m, 2H, 2H-Ar(A)]. 13C NMR (400 MHz, CDCl3): δ 41.50 

[CH2(C=O)2], 55.90 (CH3-O-C1), 57.01 (CH3-O-CH2), 66.05 (C-5), 68.92 (C-6), 72.75 (C-3), 

73.48 (C-2), 74.70 (C-4), 97.27 (CH2-O-CH3), 101.17 (C-1), 103.97 (CH-Ar), 116.02 (2Ar), 

122.72 (2Ar), 126.16 (2Ar), 128.16 (2Ar), 130 (Ar), 137.48 (Ar), 146.08 (Ar), 161.59 (Ar), 

164.69 (C=O), 165.85 (C=O). ESIMS m/z [M + Na]+ calcd for [C25H27FO10Na]+: 529.2, found 

: 529.2. 
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Methyl 2-O-methoxymethyl, 3-O-[3′-O-(2,4-dichlorophenyl)] malonyl-4,6-O-benzilidene-

β-D-galactopyranoside (37) R= 2,4-dichlorophenyl malonic acid, yield: 90% 1H NMR 

(CDCl3, 400 MHz): δ 3.30 (s, 3H, H3C-O-C1), 3.44 [m, 1H, H2C(CO)2], 3.51 (s, 3H, H3C-O-

CH2), 3.64-3.65 (d, J=4Hz, 2H, H2C(CO)2, H-6), 3.90-3.95 (dd, J=8Hz, 20Hz, 1H, H-2 ), 3.97-

4.01 (dd, J=4Hz, 16Hz, 1H, H-5), 4.26-4.29 (d, J=12Hz, 1H, H-6), 4.29-4.30 (d, J=4 Hz, 1H, 

H2C-O-CH3), 4.35-4.36 (d, J=4Hz, 1H, H-4),  4.60-4.62 (dd, 1H, H-1), 4.77-4.79 (dd, 1H, H2C-

O-CH3), 4.92-4.96 (m, 1H, H-3), 5.42 [s, 1H, HC-Ar(A)], 6.87-6.95 [m, 2H, 2H-Ar(B)], 7.21-

7.27 [m, 3H, 3H-Ar(A)], 7.32 [s, 1H, H-Ar(B)], 7.33-7.37 [m, 2H, 2H-Ar(A)]. 13C NMR (400 

MHz, CDCl3): δ 41.09 [CH2(C=O)2], 55.92 (CH3-O-C1), 57.02 (CH3-O-CH2), 66.05 (C-5), 

68.92 (C-6), 72.73 (C-3), 73.41 (C-2), 74.74 (C-4), 97.27 (CH2-O-CH3), 101.02 (C-1), 103.97 

(CH-Ar), 124.38 (Ar), 126.43 (Ar), 127.50 (Ar), 128.05 (3Ar), 128.13 (Ar), 129.08 (Ar), 

130.03 (Ar), 132.28 (Ar), 137.46 (Ar), 145.17 (Ar), 163.47 (C=O), 165.42 (C=O). ESIMS m/z 

[M + Na]+ calcd for [C25H26Cl2O10Na]+: 579.2, found : 579.2. 

 

Methyl 2-O-methoxymethyl, 3-O-[3′-O-(3,5-dimethoxyphenyl)] malonyl-4,6-O-benzilide-

ne-β-D-galactopyranoside (38) R = 3, 5-dimethoxyphenyl malonic acid, yield: 90% 1H NMR 

(CDCl3, 400 MHz): δ 3.30 (s, 3H, H3C-O-C1), 3.44 [m, 1H, H2C(CO)2], 3.50 (s, 3H, H3C-O-

CH2), 3.59-3.60 [d, J=4Hz, 2H, H2C(CO)2, H-6], 3.65 (s, 6H, 2H3CO-Ar), 3.90-3.95 (dd, 

J=8Hz, 24Hz, 1H, H-5), 3.97-4.01 (dd, J=4Hz, 16Hz, 1H, H-2), 4.26-4.27 (d, J= 4Hz, 1H, H-

6), 4.28-4.30 (d, J=8Hz, 1H, H2C-O-CH3), 4.35-4.36 (d, J=4Hz, 1H, H-4),  4.61-4.63 (d, J=8Hz, 

1H, H-1), 4.77-4.79 (d, J=8Hz, 1H, H2C-O-CH3), 4.91-4.95 (dd, J=4Hz, 20Hz, 1H, H-3), 5.43 

[s, 1H, HC-Ar(A)], 6.18-6.19 [m, 2H, 2H-Ar(B)], 6.26 [m, 1H, H-Ar(B)], 7.22-7.24 [m, 3H, 

3H-Ar(A)], 7.38-7.41 [m, 2H, 2H-Ar(A)]. 13C NMR (400 MHz, CDCl3): δ 41.48 [CH2(C=O)2], 

55.47 (2CH3O-Ar), 55.90 (CH3-O-C1), 57.0 (CH3-O-CH2), 66.09 (C-5), 68.91 (C-6), 72.69 (C-

3), 73.41 (C-2), 74.74 (C-4), 97.26 (ArH), 98.75 (CH2-O-CH3), 99.92 (2ArH), 101.02 (C1), 

103.98 (CH-Ar), 126.32 (2Ar), 128.07 (2Ar), 128.96 (Ar), 151.83 (Ar), 161.15 (2Ar), 164.48 

(C=O), 166.04 (C=O). ESIMS m/z [M + Na]+ calcd for [C27H32O12Na]+: 571.2, found : 571.2. 

 

Methyl-2-O-methoxymethyl, 3-O-[3′-O-(benzyloxy)]malonyl-4,6-O-benzilidene-β-D-gala-

ctopyranoside (39) R = benzyl malonic acid, yield: 90% 1H NMR (MEOD-D4, 400 MHz): δ 

3.19 (s, 3H, H3C-O-C1), 3.45 (s, 3H, H3C-O-CH2), 3.51 [s, 1H, H2C(CO)2], 3.71-3.76 [m, 1H, 

H2C(CO)2], 3.99-4.02 (d, J=16Hz, 1H, H-2), 4.09-4.12 (d, J=16Hz, 1H, H-5), 4.29-4.30 (d, 

J=4Hz, 1H, H2C-O-CH3), 4.31-4.33 (d, J=16 Hz, 1H, H-4), 4.48-4.5 (d, J=8Hz, 1H, H-1), 4.65-

4.67 (d, J=8Hz, 1H, H2C-O-CH3), 4.91 (d, J=12.12 Hz, 1H, H2C-Ar), 4.93 (d, J=12.12 Hz, 1H, 
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H2C-Ar), 4.99 (d, J=6.4 Hz, 1H, H-3), 5.37 [s, 1H, HC-Ar(A)], 7.20 [m, 8H, 5H-Ar(B), 3H-

Ar(A)], 7.36 [m, 2H, 2H-Ar(A)]. 13C NMR (MEOD-D4, 400 MHz): δ 33.36 (CH2C=O), 54.90 

(CH3-OC1), 55.96 (CH3-O-CH2), 66.07 (C-5), 66.70 (CH2O), 68.53 (C-6), 72.70 (C-3), 73.49 

(C-2), 74.03 (C-4), 100.72 (CH2-O-CH3), 103.65 (C-1), 103.75 (CH-Ar), 126.09 (2Ar), 127.65 

(2Ar), 127.79 (2Ar), 127.91(2Ar), 128.16(2Ar), 128.55(Ar), 135.61(Ar), 138.05(Ar), 166.27 

(C=O), 166.39(C=O). ESIMS m/z [M + Na]+ calcd for [C26H30O10Na]+: 525.2, found : 525.2. 

Methyl 2-O-methoxymethyl, 3-O-malonyl-4,6-O-benzilidene-β-D-galactopyranoside (46) 

Sugar 39 (180 mg, 0.36 mmol), was dissolved in anhydrous methanol followed by addition of 

10%Pd on activated carbon (60 mg) and stirred at room temperature in argon environment. 

After 5 minutes, hydrogen gas was passed continuously through balloon for 2 hours. After 2 

hours, reaction mixture was filtered through celite as filtering agent and purified on silica 

column by using ethyl acetate: hexane (3:7) to yield product 46 (120 mg, 80%) as solids. 1H 

NMR ( CDCl3, 400 MHz): δ 3.29 (s, 3H, H3C-O-C1), 3.37 [m, 2H, H2C(CO)2, H-6], 3.41[s, 

1H, H2C(CO)2], 3.48(s, 3H, H3C-O-CH2), 3.86-3.90 (dd, J=8Hz, 16Hz, 1H, H-2), 3.95-3.98 

(dd, J=4Hz, 12Hz, 1H, H-5), 4.24-4.25 (d, J=4Hz, 1H, H-6), 4.26-4.27 (d, J=4Hz, 1H, H2C-O-

CH3),  4.28-4.31 (d, J=12Hz, 1H, H-4), 4.60-4.65 (dd, J=8Hz, 20Hz, 1H, H-1), 4.75-4.76 (d, 

J=4Hz, 1H, H2C-O-CH3), 4.85-4.89 (dd, J=4Hz, 16Hz, 1H, H-3), 5.4 (s, 1H, HC-Ar), 7.19-

7.28 (m, 2H, 2H-Ar), 7.40-7.43 (m, 2H, 2H-Ar). 13C NMR (400 MHz, CDCl3): δ 40.98 

[CH2(C=O)2], 55.81 (CH3-O-C1), 56.96 (CH3-O-CH2), 66.06 (C-5), 68.88 (C-6), 72.83 (C-3), 

73.71 (C-2), 74.55 (C-4), 100.97 (CH2-O-CH3), 103.81 (C-1), 103.87 (CH-Ar), 126.36 (2Ar), 

128.13 (2Ar), 129.01 (Ar), 137.55 (Ar), 166.61 (C=O), 169.87 (C=O). ESIMS m/z [M + Na]+ 

calcd for [C19H24O10Na]+: 435.2, found : 435.3. 

Methyl 2-O-methoxymethyl, 3-O-[3′-O-(methyl)] malonyl -4,6-O-benzilidene-β-D-galact-

opyranoside (48) Sugar 33 (100 mg, 0.306 mmol), was dissolved in anhydrous dichloro-

methane followed by addition tetra methyl ethylene diamine (TEMED) (5 equi.) and stirred at 

-20 °C in argon environment. After 5 minutes, methyl malonyl chloride (3 equi.) was added 

dropwise and stirred overnight room temperature. After 24 hours, reaction mixture was filtered 

purified on silica column by using ethyl acetate: hexane (3:7) to yield product 48 (120 mg, 

80%) as solids. 1H NMR (CDCl3, 400 MHz): δ 3.31 (s, 3H, H3C-O-C1), 3.37 [m, 2H,H2C(CO)2, 

H-6], 3.42 [m, 1H, H2C(CO)2], 3.49 (s, 3H, H3C-O-CH2), 3.58 (s, 3H, H3C-OCO),  3.87-3.91 

(dd, J=8Hz, 16Hz, 1H, H-2), 3.97-4.01 (dd, J=4Hz, 16Hz, 1H, H-5), 4.25-4.26 (d, J=4Hz, 1H, 

H-6), 4.28-4.29 (d, J=4Hz, 1H, H2C-O-CH3),  4.33-4.34 (d, J=4Hz, 1H, H-4), 4.60-4.62 (d, 
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J=8Hz, 1H, H-1), 4.76-4.78 (d, J=8Hz 1H, H2C-O-CH3), 4.84-4.87 (dd, J=4Hz, 12Hz, 1H, H-

3), 5.43 [s, 1H, HC-Ar(A)], 7.28-7.29 [m, 3H, 3H-Ar(A)], 7.42-7.45 [m, 2H, 2H-Ar(A)]. 13C 

NMR (400 MHz, CDCl3): δ 41.28 [CH2(C=O)2], 52.50 (CH3-COO), 55.82 (CH3-O-C1), 56.95 

(CH3-O-CH2), 66.07 (C-5), 68.95 (C-6), 72.64 (C-3), 73.31 (C-2), 74.59 (C-4), 97.21 (CH2-O-

CH3), 101.09 (C-1), 103.93 (CH-Ar), 126.41 (2Ar), 128.12 (2Ar), 129.05 (Ar), 166.31 (C=O), 

166.48 (C=O). ESIMS m/z [M + Na]+ calcd for [C20H26O10Na]+: 449.2, found : 449.3. 

General Procedure for Final Compounds 40-45, 47, and 49  

Sugar 34-39, 46, 48 was dissolved in 60% aqueous acetic acid (6 mL) and refluxed at 

60 °C. Reaction was quenched by addition of excess H2O, acetic acid was removed by toluene-

chloroform mixture, concentrated and purified by column chromatography (DCM: MEOH, 

97:3) to give 40-45, 47, 49. 

Methyl 3-O-[3′-O-phenyl] malonyl-β-D-galactopyranoside (40) R=phenyl malonic acid, 

yield: 83% 1H NMR (CDCl3, 400 MHz): δ 3.53 (s, 3H, H3C-O-C1), 3.55 [m, 1H, H2C(CO)2], 

3.66 (s, 1H, H-4), 3.74 [s, 1H, H2C(CO)2], 3.78-3.80 (dd, J=4Hz, 20Hz, 1H, H-5), 3.82 (m, 1H, 

H-2), 3.87-3.92 (m, 2H, H-2, H-6),  4.22-4.23 (d, J=4Hz, 1H, H-6), 4.24-4.25 (d, J=4Hz, H-1), 

4.82-4.86 (dd, J=4Hz, 16Hz, 1H, H-3), 7.04-7.07 (m, 2H, 2H-Ar), 7.22 (s, 1H, H-Ar), 7.31-

7.33 (m, 2H, 2H-Ar). 13C NMR (400 MHz, CDCl3): δ 41.55 [CH2(C=O) 2], 57.38 (CH3-O-C1), 

62.82 (C-6), 67.87 (C-5), 68.95 (C-2), 73.77 (C-3), 104.15 (C-1), 121.25 (2Ar), 126.53 (Ar), 

129.63 (2Ar), 150 (Ar), 165.54 (C=O), 166.40 (C=O). HRMS m/z [M + Na]+ calcd for 

[C16H20O9Na]+: 379.1005, found: 379.0994. 

Methyl 3-O-[3′-O-(4-methoxyphenyl)] malonyl-β-D-galactopyranoside (41) R=4-methoxy 

phenyl malonic acid, yield: 86% 1H NMR (CDCl3, 400 MHz): δ 3.53 (s, 3H, H3C-O-C1), 3.56 

[s, 1H, H2C(CO)2], 3.64 (s, 1H, H-4), 3.71 [s, 1H, H2C(CO)2], 3.73 (s, 3H, H3C-O-CH2), 3.79-

3.83 (dd, J=4Hz, 20Hz, 1H, H-5), 3.88 (m, 1H, H-6), 3.89-3.92 (m, 1H, H-2),  4.17-4.18 (d, 

J=4Hz, 1H, H-6), 4.20-4.24 (d, J=16Hz, H-1), 4.81-4.84 (dd, J=4Hz,12Hz, 1H, H-3), 6.81-6.83 

(m, 2H, 2H-Ar), 6.96-6.98 (m, 2H, 2H-Ar). 13C NMR (400 MHz, CDCl3): δ 41.49 

[CH2(C=O)2], 55.62 (CH3-O-Ar), 57.37 (CH3-OC1), 62.77 (C-6), 67.77 (C-5), 68.93 (C-2), 

73.77 (C-3), 104.15 (C-1), 114.60 (2Ar), 122.03 (2Ar), 143.66 (Ar), 157.72 (Ar), 165.62 

(C=O), 166.80 (C=O). HRMS m/z [M + Na]+ calcd for [C17H22O10Na]+: 409.1110, found: 

409.1101. 
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Methyl 3-O-[3′-O-(4-fluorophenyl)] malonyl-β-D-galactopyranoside (42) R=4-fluoro phen-

yl malonic acid, yield: 85% 1H NMR (CDCl3, 400 MHz): δ 3.54 (s, 3H, H3C-O-C1), 3.62 [s, 

1H, H2C(CO)2], 3.68 (s, 1H, H-4), 3.72 [s, 1H, H2C(CO)2], 3.84-3.85 (d, J=4Hz, 1H, H-5), 

3.88-3.89 (d, J=4Hz, 1H, H-6), 3.89-3.91 (m, J=12Hz, 1H, H-2),  4.18-4.19 (d, J=4Hz, 1H, H-

6), 4.22-4.24 (d, J=8Hz, H-1), 4.82-4.86 (dd, J=4Hz,16Hz, 1H, H-3), 6.81-6.83 (m, 2H, 2H-

Ar), 6.96-6.98 (m, 2H, 2H-Ar). 13C NMR (400 MHz, CDCl3): δ 41.45 [CH2(C=O) 2], 57.41 

(CH3-O-C1), 62.86 (C-6), 67.93 (C-5), 68.97 (C-2), 73.72 (C-3), 104.18 (C-1), 116.20 (2Ar), 

122.71-122.80 (3Ar), 160 (Ar), 165.44 (C=O), 166.29 (C=O). HRMS m/z [M + Na]+ calcd for 

[C16H19FO9Na]+: 397.0910, found: 397.0901. 

Methyl 3-O-[3′-O-(2,4-dichlorophenyl)] malonyl-β-D-galactopyranoside (43) R=2,4-dich-

lorophenyl malonic acid, yield: 89% 1H NMR (MEOD-D4, 400 MHz): δ 3.26 (s, 3H, H3C-O-

C1), 3.43-3.44 [d, 3H, H2C(CO)2, H-4], 3.48-3.49 (dd, J=4Hz, 1H, H-5), 3.62-3.65 (m, 1H, H-

6), 3.71-3.75(m, 1H, H-4), 3.96-4.01 (dd, J=4Hz, 12Hz, 1H, H-2),  4.22-4.26 (dd, J=8Hz, 16Hz, 

1H, H-6), 4.53-4.56 (dd, J=4Hz,12Hz, H-1), 4.70-4.72 (dd, J=4Hz,8Hz, 1H, H-3), 6.76-6.78, 

7.0-7.02 (m, 1H, H-Ar), 7.18-7.22 (m, 1H, H-Ar), 7.28-7.31 (m, 1H, H-Ar),  7.48-7.49 (m, 1H, 

H-Ar). 13C NMR (MEOD-D4, 400 MHz): δ 54.73 [CH2(C=O)2], 55.82 (CH3-O-C1), 60.6 (C-

6), 66.21 (C-4), 73.26 (C-2), 74.63 (C-3), 76.38 (C-5), 96.66 (C-1), 104.136 (Ar), 117.11 (Ar), 

121.10 (Ar), 127.44 (Ar), 128.99 (Ar), 152.17 (Ar), 166.41 (-C=O), 167.38 (-C=O). HRMS 

m/z [M + Na]+ calcd for [C16H18Cl2O9Na]+: 447.0225, found: 447.0247. 

Methyl 3-O-[3′-O-(3,5-dimethoxyphenyl)] malonyl-β-D-galactopyranoside (44) R=3,5-di-

methoxy phenyl malonic acid, yield: 90% 1H NMR (CDCl3, 400 MHz): δ 3.53 (s, 3H, H3C-O-

C1), 3.56 [m, 1H, H2C(CO)2], 3.64 (s, 1H, H-4), 3.71(s, 6H), 3.71 [s, 1H, H2C(CO)2], 3.73 (s, 

3H, H3C-O-CH2), 3.79-3.83 (dd, J=4Hz, 16Hz, 1H, H-5), 3.86 (m, 1H, H-6), 3.88-3.91 (m, 1H, 

H-2),  4.17-4.18 (d, J=4Hz, 1H, H-6), 4.22-4.24 (d, J=8Hz, 1H, H-1), 4.82-4.85 (dd, J=4Hz, 

12Hz, 1H, H-3), 6.22-6.23 (m, 2H, 2H-Ar), 6.29-6.30 (m, 1H, H-Ar). 13C NMR (400 MHz, 

CDCl3): δ 41.52 [CH2(C=O)2], 55.56 (2CH3-O-Ar), 57.38 (CH3-O-C1), 62.76 (C-6), 67.80 (C-

5), 68.93 (C-2), 73.77 (C-3), 98.78 (C-1), 99.91 (2Ar), 104.17 (Ar), 151.62 (Ar), 161.23 (2Ar), 

165.54 (C=O), 166.14 (C=O). HRMS m/z [M + Na]+ calcd for [C18H24O11Na]+: 439.1216, 

found: 439.1201. 

Methyl 3-O-(3′-O-benzyloxy) malonyl-β-D-galactopyranoside (45) R = benzylmalonic acid, 

yield: 95%  1H NMR (CDCl3, 400 MHz): δ 3.55 (s, 3H, H3C-O-C1), 3.59 [m, 1H, H2C(CO)2], 

3.72-3.74 (dd, J=4Hz, 12Hz, 1H, H-5), 3.75-3.76 (d, J=4Hz, 1H, H-6), 3.76-3.77 (d, J=4Hz, 
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1H, H-2),  4.06-4.07 (d, J=4Hz, 1H, H-6), 4.25-4.27 (d, J=12Hz, 1H, H-1), 4.77-4.81 (dd, 

J=4Hz, 16Hz, 1H, H-3), 5.2 (s, 2H, H2C), 7.33-7.42 (m, 5H, 5H-Ar). 13C NMR (400 MHz, 

CDCl3): δ 47.6 (CH2C=O), 54.94 (CH3-O-C1), 60.71 (C-5), 66.29 (CH2O), 66.79 (C-6), 68.41 

(C-3), 74.81 (C-2), 77.13 (C-4), 104.41 (C-1), 127.88 (2Ar), 127.92 (2Ar), 128.15 (Ar), 135.67 

(Ar), 166.66 (C=O), 166.92 (C=O). HRMS m/z [M + Na]+ calcd for [C16H20O9Na]+: 393.1161, 

found: 393.1150.  

Methyl 3-O-malonyl-β-D-galactopyranoside (47) R=H, yield: 90%  1H NMR (MEOD-D4, 

400 MHz): δ 3.38-3.40 [m, 1H, H2C(C=O)2], 3.41-3.44 (s, 3H, H3C-O-C1), 3.49-3.52 [m, 1H, 

H2C(C=O)2], 3.63-3.66 (m, 1H, H-4), 3.66-3.68 (m, 1H, H-5), 4.01-4.04 (d, J=12Hz, 1H, HO-

C6), 4.05-4.08 (dd, J=4Hz, 12Hz, 1H, H-6), 4.16-4.20 (dd, J=8Hz, 16Hz, 1H, H-6), 4.76-4.79 

(dd, 1H). HRMS m/z [M + Na]+ calcd for [C10H16O9Na]+: 303.0692, found: 303.0707. 

Methyl 3-O-[3′-O-(methyl)]malonyl-β-D-galactopyranoside (49) R=methyl, yield: 87% 1H 

NMR (CDCl3, 400 MHz): δ 3.42 [s, 2H, H2C(C=O)2], 3.53 (s, 3H, H3C-O-C1), 3.54-3.57 (m, 

2H, H-4 and H-5), 3.71 (s, 3H, H3C-OCO), 3.81-3.84 (m, 1H, H-6), 3.85-3.89 (dd, 1H, H-2), 

3.90-3.95 (dd, 1H, HO-C6), 4.17-4.18 (d, J=4Hz, 1H, H-6), 4.22-4.23 (d, J=4Hz, 1H, H-1), 

4.76-4.79 (dd, J=4Hz, 12Hz, 1H). 13C NMR (400 MHz, MEOD-D4): δ 47.0 [CH2(C=O)2], 

51.50 (H3CO-CO), 55.93(CH3-OC1), 60.67 (C-6), 66.24 (C-4), 68.39 (C-2), 74.82 (C-3), 77.09 

(C-5), 104.40 (C-1), 166.68 (C=O), 167.60 (C=O). HRMS m/z [M + Na]+ calcd for 

[C11H18O9Na]+: 317.0848, found: 317.0837. 

2.2.5.2 Molecular Docking 

The published crystal structure (PDB ID= 3AP7)30 of the galectin-8N CRD with bound 

3′-SiaLac was used for the modelling study of our designed aryl substituted galactomalonic 

acid compounds. Protein coordinate files were prepared by removing water molecules, the 

addition of polar hydrogen and Kollman charges via Auto Dock tools.118 Designed compounds 

were drawn in Marvin sketch, followed by energy minimization by PRODRG web server.119 

The grid map was created with 54, 60 and 48 points in each x, y and z direction respectively 

with 1 Å spacing. Molecular docking was performed by use of Autodock Vina software120 and 

the docked confirmations were individually analysed to determine the possible binding poses. 

Validation of molecular docking method was carried out by performing redocking of 

sialyllactose in the binding site. Figures were generated using CCP4mg.18 
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2.2.5.3 Isothermal Titration Calorimetry (ITC)  

Quantitation of the binding affinity was done by measuring the dissociation constant 

using Nano ITC Instrument (Micro Cal, TA). The galectin-8N (residues 8-154) protein was 

expressed in an untagged form as described previously.31 Briefly, the bacterial culture was 

induced with IPTG for 4 hours at room temperature and purified using affinity chromatography 

on a lactosyl-Sepharose column at 4°C. For the ITC study, 100 µM galectin-8N protein and 0.5 

mM ligand solutions were prepared by mixing stock solution with Tris buffer (20 mM Tris pH 

7.5, 100 mM NaCl, 4 mM BME, 5% DMSO). Samples were degassed prior to use. Titrations 

were performed in TA Nano Analyze calorimeter using 20-25 injections applied at an interval 

of 150 seconds at 298 K. Each injection dispensed 2.5 μL of ligand with 0.5 mM concentration 

into the sample cell containing 300 μL of 100 µM Galectin-8N at 200 rpm. The experiments 

were repeated twice, and the errors of all thermodynamic parameters were calculated by 

performing standard deviations. Ligand titration and blank data were collected at room 

temperature, and binding isotherms were fitted using an independent model in the 

NanoAnalyzeTM v3.7 software. 

2.2.5.4 Cell culture study 

SUM159 cells were seeded at 50000 cells/cm2 in 12 well tissue culture plates. Cells 

were incubated with compounds (500 µM) and with or without 50 nM of galectin-8 for 24 

hours. Next day, cells were harvested, and total RNA was extracted using the PerfectPure RNA 

kit (5 PRIME). RNA was quantified, and cDNA was generated by cDNA Reverse 

Transcription kit (Applied Biosystems) following manufacturer instructions. Quantitative 

detection of mRNA transcripts was carried out by real-time PCR using ABI-Prism 7300 

instrument (Applied Biosystems) using SYBR Green PCR mix (Invitrogen) and specific 

primers (400 nM final concentration). Results were normalized to mRNA levels of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH; human). 

2.2.5.5 Crystallization and Structure Determination 

The galectin-8N-45 complex structure was obtained by soaking the apo galectin-8N 

crystals for 3 hours in 10 mM of 45. The apo galectin-8N crystals were generated in 1X Tris 

buffer saline (50 mM Tris, 150 mM sodium chloride, Tris-HCl) and Hampton crystal screen 

condition 40 (0.1 M sodium citrate dihydrate pH 5.6, 20% PEG 4000, 10% IPA). Compound 

45 was dissolved in the condition 40 solution at a concentration of 10 mM and soaked into the 
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apo crystals for 3 hours. X-ray diffraction data were remotely collected at the Australian 

Synchrotron using Blu-Ice software121 at 100 K with a wavelength of 0.9537 Å, and Eiger 

detector. The data were integrated using the XDS software package,122 and the space group 

determination and scaling of the data was performed using AIMLESS.123 Molrep124 

implemented in CCP4125 was used for molecular replacement with the apo galectin-8N (PDB 

ID: 5T7S)31 structure used as the search model. The chemical information file for 45 was 

generated using the PRODRG server.119 Refinement was carried out using REFMAC5,126 

model building, and visualization done in COOT.127 

2.3 Further discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10: Isothermal titration calorimetric analysis. Binding isotherm for titration of 0.5 mM galactomalonyl 

ester (A-G) and 1 mM galactomalonic acid (H) with 100 µM galectin-8N in 20 mM Tris buffer at pH 7.5 

Time (s) 

-15 

0 
0 

2 

-15 

0 
0 

2 

0 
0 

2 

0 
0 

2 

0 2 0 2 0 2 0 2 1 1 1 1 

2000 4000 2000 6000 2000 6000 2000 4000 

En
th

al
py

 
an

d 
Fi

t 
(k

J/
m

ol
)  

Co
rr

ec
te

d 
He

at
 R

at
e 

(µ
J/

s)
 

-15 

Time (s) Time (s) Time (s) Time (s) 

Mole Ratio Mole Ratio Mole Ratio Mole Ratio 

A   Galectin-8N-Cpd 42 B   Galectin-8N-Cpd 45 C   Galectin-8N-Cpd 41 D   Galectin-8N-Cpd 44 

-15 

-15 

0 
0 

2 

-15 

0 
0 

2 

0 
0 

2 

0 

0 

3 

0 2 0 2 0 2 0 2 1 1 1 1 

2000 4000 2000 6000 2000 6000 2000 5000 

En
th

al
py

 
an

d 
Fi

t 
(k

J/
m

ol
) 

Co
rr

ec
te

d 
He

at
 R

at
e 

(µ
J/

s)
 

5 

Time (s) Time (s) Time (s) Time (s) 

Mole Ratio Mole Ratio Mole Ratio Mole Ratio 

E   Galectin-8N-Cpd 43 F   Galectin-8N-Cpd 40 G   Galectin-8N-Cpd 49 H   Galectin-8N-Cpd 47 

-10 

4000 4000 

4000 4000 

-60 

0 
0 

6 

En
th

al
py

 
an

d 
Fi

t 
(k

J/
m

ol
) 

Co
rr

ec
te

d 
He

at
 R

at
e 

(µ
J/

s)
 

2000 4000 

0 2 1 
Mole Ratio 

   I        Galectin-8N-3ʹ-SL 



40 
   

containing 100 mM NaCl and 4 mM BME. (I) 1 mM sialyllactose with 200 µM galectin-8N with enlarged view 

of binding isotherm of last 12 injections. The binding isotherm graphs demonstrate heat produced by ligand (red 

line) and heat produced by the ligand-protein complex (green line). 

Several aliphatic and aromatic ring substituted galactomalonic acid derivatives 40-45, 

47, 49 were synthesized, analysed thermodynamically to determine the binding affinity of 

compounds. Disaccharide lactose and 3-silaylllactose were chosen as reference compounds for 

the binding affinity analysis of galactomalonic acid and its derivatives. In Isothermal titration 

calorimetry study of galactomalonic acid derivatives, the concentration of compound was 

initially chosen 10-fold higher than the protein concentration (100 µM). In analysis of this 

experiment, it was observed that the heat of the dilution was too high. So, we changed the 

compound concentration to 0.5 mM. Finally, the concentration of the compounds 40-45, 49 

were chosen 20-fold higher (1:20) than the protein concentration (100 µM) except the parent 

galactomalonic acid 47 which was analysed by keeping its concentration 1mM (1:10). The 

concentration of lactose was kept 20-fold higher than the protein concentration (1:20). Usually 

for the good profile, the value of C (Protein/KD) needs to be between 5 to 500. In our study, 

for most of the compounds 40-45 the value of C is greater than 5 excluding compound 47, 

compound 49 (C<5). 

In the corrected heat rate (µJ/s) graph analysis of galactomalonic acid derivatives 40-45, 47, 

49, it was observed that complete binding isotherms were not clearly observed in several cases 

as observed in case of experiment with 3ʹ-sialyllactose. (Figure 2.10). In experiment with 3ʹ-

sialyllactose, the heat was getting saturated from the last 10 injections as shown in Figure 2.10 

(I). In experiment with the galactomalonic acid derivatives, the heat was getting saturated at 

the last 3-4 injections as observed in the Figure 2.10 (A-H). In contrast to that, it was also 

observed that there is significant difference between the heat produced by the ligand and the 

heat produced by the ligand-protein complex. This observation suggest that the binding 

between galactomalonic acid derivatives and protein has occurred.    
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Chapter 3 

Design and synthesis and biological evaluation of 

coumarin-galactose esters as potent galectin-8N antagonists 
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3.1 Foreword 

In chapter 2, we demonstrated that galactomalonic acid derivatives show 5-33 μM 

binding affinity against galectin-8N (manuscript drafted, chapter 2). The structural 

investigation revealed that the malonyl linker of compound 45 forms a cross linking interaction 

with Arg45 and Arg59. The aromatic ring forms van der Waals interaction with Tyr141 and 

cation-π stacking interaction with Arg59. The aromatic ring substituted galactomalonic acid 

derivatives show 5-13 μM binding affinity against galectin-8N. The binding affinity of talose 

based compounds also suggested that an aromatic ester or amide substitution enhances binding 

affinity of talose based compounds.92,93 In chapter 2, we reported that the electron-donating 

methyl group substituted galactomalonic acid derivative 49 shows stronger binding affinity 

24.56 μM than galactomalonic acid 47 33.56 μM. It was assumed that the electron-donating 

methyl functional group strengthens the electronic cloud of the carbonyl oxygens. The 

outstanding binding affinities of aromatic ring substituted galactomalonic acid suggested that 

the aromatic ring may increase the electronic cloud of the carbonyl oxygens which forms strong 

interactions with the arginines. 

 

 

 

 

 

 

 

 

Considering the binding affinity results of the aromatic ring substituted galactomalonic 

acid, I designed galactose-coumarin ester complex in which one carbonyl group is a part of the 

coumarin ring and the second carbonyl group connects coumarin ring to galactose. The 

coumarin ring may potentiate the electronic cloud of the carbonyl oxygens, which may enhance 

the binding interaction of the compounds with the arginines. Our collaborator recently 

demonstrated that galectin-8 modulates gene expressions of cytokine and chemokine, which 

are responsible for cancer growth and metastasis. They also showed that galectin-8 increases 

the cytokine and chemokine gene expression in a number of cell types including osteoblast, 

several organ tissues and several mice organs. To determine the compound’s effect on galectin-
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8 induced cytokine and chemokine gene expression, the galactose-coumarin ester complex was 

further analysed in SUM159 breast cancer cell culture and osteoblasts extracted from newborn 

mice. Interestingly, the compound shows galectin-8 inhibition in both SUM159 cell culture 

and mice osteoblast. 
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3.2.1 Abstract 

Galectin-8, a β-galactoside recognising protein, triggers expression of a unique set of 

genes, which are associated with tumor growth and metastasis. Taking into consideration key 

discoveries from our previous galectin-8N structural investigations, we have designed and 

synthesized a library of monosaccharide based galactose-coumarin ester complexes 70-74 of 

which 70 shows 5-fold higher binding affinity than the disaccharide lactose and further inhibits 

galectin-8 induced cytokine, chemokine gene expression inhibition in the breast cancer cell 

line SUM159 and in the mice osteoblast. These biological findings suggest that galactose-

coumarin ester complexes could be potential candidates for anticancer drug discovery. 

3.2.2 Introduction 

Galectin-8 is structurally classified as a tandem-repeat type galectin, comprising two 

carbohydrate-recognition domains (CRDs) linked by a variable length amino acid linker. 

Galectin-8 has much higher affinity for 3-O-sulfated and 3-O-sialylated lactose than 

oligosaccharides terminating in Galβ1-GlcNAc, this specificity was a consequence of the 

nature of its N-terminal CRD domain.28 The N-CRD binding site can be classified into the 

primary binding and the extended binding sites (Figure 3.1). The primary binding site consists 

of conserved amino acid residues of galectin including Arg69, Asn67, His65, Trp86, Glu89, 

Asn79 that recognise β-galactoside.29 The extended binding site consists of amino acid residues 

such as Arg45, Gln47, Arg59 and Tyr141. 
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Figure 3.1: Galectin-8N CRD in complex with Methyl 3-O-[1-carboxyethyl]-β-D-galactopyranoside (PDB ID: 

5VWG101). The illustration emphasizes the amino acids of the primary and extended carbohydrate binding sites, 

with key amino acid residues of extended binding site Arg45, Arg59, Gln47, Tyr141 highlighted (carbon atoms 

in orange). The unique structural features such as a long S3-S4 loop, bearing an arginine residue (Arg59) and its 

interaction with carboxylate anion of the bound compound are indicated. 

The structural investigation of the galectin-8N-lactose based compounds crystal 

structures showed that Arg45, Arg59, Gln47 and Tyr141 are key amino acid residues in the 

extended binding site.29 Previously, we structurally demonstrated that Arg59 is a key amino 

acid to develop high binding affinity galectin-8N antagonist such as Methyl 3-O-[1-

carboxyethyl]--D-galactopyranoside (that has an equivalent binding affinity to the 

disaccharide lactose).101    

 

 

Figure 3.2: Talose based compounds 1-6 as galectin-8N inhibitors. Note the influence of talose 3-OH substitution 

aromaticity on galectin-8N binding affinity. 

Several talose based compounds were evaluated for determining their in vitro binding 

affinity to galectin-8N by using fluorescence polarization assay (Figure 3.2).92,93 O-toluyl 

(talose 2) and N-toluyl (talose 3) substitution to talose, respectively, shows ~ 4-fold and 2-fold 

stronger binding affinity than talose 1. In talose-phenyl amide complexes 3-5, electron-

withdrawing trifluoro methyl and nitro substitution, respectively, offers lesser binding affinity 

inhibitors talose 4 (Kd 1.1 mM) and talose 5 (Kd 0.82 mM) than electron-donating methyl 

functional group (talose 3, Kd 0.77 mM). These results demonstrate that the electron-donating 

substitution may increase the electronic cloud of phenyl ring, which strengthen its binding 

interaction with the binding site. Bicyclic aromatic naphthamido substituted talose 6 shows two 

times stronger binding affinity (Kd 0.32 mM) than monocyclic aromatic N-toluyl substituted 

talose 3 (Kd 0.77 mM). These binding affinity results suggest that the talose C3-OH anionic 

aromatic substitution is important in the design of efficient galectin-8N antagonists. 
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Figure 3.3: Design of methyl 3-O-coumarinoyl-β-D-galactopyranoside as galectin-8N inhibitors 

Considering the above galectin-8N binding affinities, and taking into account the 

galectin-8N extended binding site characteristics and medicinal importance of coumarin,92, 131 

we have designed methyl-β-D-galactopyranoside coumarin esters in which the electronegative 

malonyl linker A (Figure 3.3) could interact with the electropositive charged guanido group of 

the unique Arg59 while the highly electron-rich aromatic coumarin ring B (Figure 3.3) could 

interact with the galectin-8N extended binding site. 

 

3.2.3 Result and discussions 

3.2.3.1 Chemistry 

 

 

 

 

 

 

 

 

 

Scheme 3.1: Reagents and condition: (a) toluene, 110 °C reflux, 4 hr (b) diethyl malonate, piperidine, ethanol, 70 

°C reflux, 2 hr (c) 2M NaOH aqueous solution, 2 hr, reflux 
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Scheme 3.2: Reagents and conditions: (a) benzaldehyde dimethyl acetal, camphor sulphonic acid, ACN, 60 °C, 

reflux for 3hr (b) Propargyl chloroformate, TEMED, DCM, -80 °C, 1 hr  (c) MOM-Br, DIPEA, 60 °C reflux 

overnight (d) benzyl triethyl ammonium tetra thiomolybdate, ACN, room temperature for 4hr (e) DCC, coumarin-

3-carboxylic acid 54-57, 61, DMAP, DCM, -20 °C to room temperature, overnight (f) 60% aqueous acetic acid 

solution, 60 °C reflux for 4 hr. 

The synthesis of designed compounds (Scheme 3.2) began with the commercially 

available compound methyl β-D-galactopyranoside 29. Considering the reactivity order of 

methyl β-D-galactopyranoside hydroxyls C6-OH > C4-OH > C3-OH > C2-OH, C6-OH and 

axial C4-OH were benzylidene protected by dimethyl benzaldehyde acetal reagent.128 C3-

hydroxyl protection was performed through two individual synthetic pathways. In one of them, 

benzylidene sugar was reacted with acetyl chloride in presence of silver oxide.129 However, it 

has the limitation of producing a low yield product with additionally a C2-hydroxyl substituted 

side product. In the second pathway, benzylidene sugar 30 was reacted with C3-OH selective 

propargyloxy carbonyl group in the presence of TEMED. This condition offered selective C3-

OH protected product 62 with approximately 90% yield.114,111 C2-OH is protected by methoxy 

methyl ether in presence of DIPEA that give sugar 63.113 C3-OH deprotection of 63 is done by 

freshly prepared benzyl triethyl ammonium tetra thiomolybdate132 in neutral condition, which 

does not affect other protected groups of galactose hydroxyls. C3-deprotection gave the final 

intermediate 64 with a free C3-hydroxyl group on which Steglich esterification is 

performed.114,111 Steglich esterification was undertaken using common coupling reagents DCC 
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to synthesise the galactose-coumarin esters 65-69.111 Different substituted coumarin acids 54-

57, 61 were prepared by either reacting various substituted salicylaldehyde with Meldrum’s 

acid130 or reacting substituted salicylaldehyde with diethylmalonate.133,134 (Scheme 3.1) 

Subsequently, these acids were used in a Steglich coupling reaction with the free 3-OH group 

of protected galactopyranoside. Deprotection of ester intermediates 65-69 was carried out by 

refluxing in 60% glacial acetic acid solution at 60 °C for 3 hours to give galactocoumarin ester 

conjugates 70-74.111  

3.2.3.2 Thermodynamic analysis  

Our five designed and synthesized novel compounds 70-74 were evaluated for in vitro 

galectin-8N binding affinity by isothermal titration calorimetry (Table 3.1), Figure 3.4. The 

galactose-coumarin complex 70 has a 5-fold higher galectin-8N binding affinity (Kd 7.36 μM) 

than disaccharide lactose (Kd 37.92 μM). This promising binding affinity of a monosaccharide-

based compound suggest that the anionic functional group and electron-rich aromatic 

substitution are important to develop high affinity galectin-8N antagonist. The binding affinity 

of galectin-8N is diminished more with the compound having electron-withdrawing nitro 

functional group substitution 74 (Kd 25.37 µM) rather than with compound having an electron-

donating methyl 71 (Kd 14.33 µM), methoxy substitution 73 (Kd 21.04 μM) and compound 

having weak electron-donating, electron-withdrawing chloro substitution 72 (16.73 μM). In 

analysis of galectin-8N binding affinity of these compounds with electron-donating functional 

groups, we observed that the methyl functional group is sterically better tolerated than the 

methoxy and choro functional groups. 
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Table 3.1: Galectin-8N binding affinity of synthesized galactose-coumarin ester complexes 70-74 and estimated 

thermodynamic parameters from ITC experiments 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 3.4: Isothermal titration calorimetric analysis. Binding isotherm for titration of 1 mM galactose coumarin 

esters (B-F) with 100 µM galectin-8N and 1 mM lactose (A) with 200 µM galectin-8N in 20 mM Tris buffer at 

pH 7.5 containing 100 mM NaCl and 4 mM BME.  

Compound Kd (µM) ΔH 

 

-TΔS 

 

ΔG 

 

N 
70 7.36 ± 0.56 -26.02 ± 0.4 -3.27 -29.30 0.89 ± 0.01 
71 14.33 ± 0.56 -19.89 ± 0.2 -7.76 -27.65 0.81 ± 0.05 
72 16.73 ± 0.67 -15.59 ± 0.4 -11.67 -27.26 0.96 ± 0.05 
73 21.04 ± 1.25 -12.74 ± 0.4 -13.95 -26.70 0.89 ± 0.13 
74 25.37 ± 0.92 -7.01 ± 0.6 -19.22 -26.23 0.80 ± 0.15 

Lac 37.92 ± 1.27 -4.7 ± 0.6 -20.5 -25.2 0.98 ± 0.03 
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3.2.3.3 Cell culture and osteoblast study 

 

Figure 3.5: Effects of galectin-8 on cytokine and chemokine gene expression (A) Effect of galectin-8 on N-CRD, 

C-CRD, IL6, IL1β, TNF-α, SDF-1, MCP-1, IP10, TGF-β1, IL7 gene expression of SUM159 and HEK293 cell 

culture (B) Effect of galectin-8 on IL8 gene expression of SUM159 cell culture (C) Effect of galactose coumarin 

ester 70 on IL8, IL1β, TNF-α, IL6 expression (a-d) of SUM159 cell culture and IL6 expression (e) of primary 

osteoblasts in absence of galectin-8 (SFM - red block) and presence of 50 nM galectin-8 (green block). Results 

shown are means ± SEM of experiments done in duplicates. (*p<0.05; **p<0.01; ***p<0.001). 

Initially, we analysed the effects of galectin-8 on SUM159 breast cancer cell line and 

HEK293 human embryonic kidney cell line. Both cell lines were incubated with or without 50 

nM galectin-8 for 24 h. After overnight incubation, the cells were harvested, the total mRNA 

was extracted, and qRT-PCR was conducted with specific primers (details mentioned in Figure 
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3.5A, 3.5B). There was no gene expression change observed in HEK293 cell culture. However, 

treatment of SUM159 with galectin-8 for 24 hours significantly increased 5-36 fold the mRNA 

levels of a number of chemokines and cytokines including IL8, IL1β, IL6 and TNF-α. 

Subsequently, we analysed the effect of best binding affinity compond 70 on these upregulated 

chemokines and pro-inflammatory cytokines (IL-8, IL-6, IL1β, TNF-α) expression of SUM159 

breast cancer cell line in absence and presence of 50 nM galectin-8 [Figure 3.5C(a-d)]. In 

SUM159 cell line study, we observed that compound 70 inhibits approximately 2-fold IL8, 6-

fold IL6, 3-fold TNF-α expression. Considering the knowledge that bone is a most favourable 

microenvironment for tumor growth and tumor metastasis, we further evaluated best binding 

affinity compound in primary osteoblasts extracted from new born mice. It also shows 3-fold 

IL6 gene expression inhibition in primary osteoblast and proves its efficacy. [Figure 3.5C(e)].  

3.2.3.4 Molecular docking: 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Molecular docked conformation of galactose coumarin ester complex 70 within the galectin-8N 

binding site. (PDB ID =5T7S)28 

In order to gain understanding of the possible binding mode of the galactose-coumarin 

ester complex 70 (Scheme 3.1) with galectin-8N (PDB ID =5T7S)28, molecular docking was 

performed by using genetic algorithm evaluating 100 GA runs in AutoDock 4.2.6. All the 

docked conformations were clustered at 2.0 rms tolerance (Figure 3.6). These clusters were 

analysed individually to find docking poses with appropriately docked galactose rings. The 

best binding energy cluster consists of 42 molecules having the binding energy -8.04 kcal/mol. 
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The molecular docking analysis of this cluster demonstrated that the coumarin ring of molecule 

forms π-stacking van der Waals interaction with Trp86. The second-best binding energy 

cluster, in which galactose occupy the primary binding site, consists of 25 molecules having 

binding energy -7.55 kcal/mol. As reported in several crystal structures, galactose ring occupies 

the primary binding site where it forms π-stacking van der Waals interaction with Trp86 and 

its hydroxy group interacts with the amino acids of primary binding site.31 In the result of this 

molecular docking, the following binding interactions were observed between galactose-

coumarin ester complex and galectin-8N binding site in which the galactose ring forms π 

stacking van der Waals interaction with Trp86 and the coumarin ring positions near Tyr141 

(Figure 3.6).The galactose ring shows the typical characteristic interactions with the CRD of 

galectin-8N as observed consistently in galectin CRD lactose bound structures. The C6-OH 

group of galactose participates in hydrogen bonding with Asn79, Glu89 at a distance of 2.8 Å 

and 2.7 Å respectively. The C4-OH group of galactose interacts with Arg45, Arg69, Asn67 

and His65. Apart from that, ester linker carbonyl oxygen of 70 forms a hydrogen bond 

interaction with Trp86(2.9 Å). Internal carboxyl functional group forms three hydrogen bond 

interaction with Arg59 at a distance of 3.4 Å, 2.8 Å and 3.5 Å. The coumarin ring oxygen 

interacting with Gln47 by forming hydrogen bond (2.6 Å). 

3.2.4 Conclusion    

We have designed, synthesized a library of galactose-coumarin ester complexes and 

biologically evaluated as galectin-8 antagonists. In chemical synthesis, the propargyl-

oxycarbonyl (POC) protecting group offers selective, productive and stable C3-OH protection. 

The molecular docking analysis demonstrates that the malonyl linker of this molecule forms 

hydrogen bond interactions with the unique Arg59 and the coumarin ring takes position near 

Tyr141 residue. This structure-based design approach leads to development of monosaccharide 

galactose-coumarin complex 70, which shows 5-fold higher galectin-8N binding affinity than 

the disaccharide lactose, 4-fold higher binding affinity than Methyl 3-O-[1-carboxyethyl]-β-D-

galactopyranoside. This promising binding affinity confirms the favorability of anionic 

aromatic saccharides to Galectin-8N binding site. This monosaccharide-based compound 

further inhibits galectin-8 induced IL8, IL1β, IL6, TNF-α cytokine and chemokine gene 

expression in breast cancer cell line SUM159 and galectin-8 induced IL6 gene transcription in 

primary osteoblasts extracted from newborn mice. These biological findings indicate that 

galactose-coumarin ester complexes could be potential candidates for anti-cancer drug 

discovery.  
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3.2.5 Experimental section 

3.2.5.1 Chemistry  

All reagents and solvents were dried prior to use according to standard methods. 

Commercial reagents were used without further purification. Analytical TLC was performed 

using on silica gel 60 F254 (Merck) with detection by UV absorption and/or by charring 

following immersion in a 5% ethanolic solution of sulfuric acid. Reaction products were 

purified using flash chromatography with silica gel 60 (0.040-0.063 mm). 1H and 13C NMR 

spectra were recorded at 298K using an Avance (400 MHz and 100 MHz respectively), 

spectrometer (Bruker Biospin) in solutions of CDCl3 or MEOD-D4 (Appendix 6.2.1 and 6.2.2). 

Chemical shifts are reported to two decimal places in parts per millions (ppm) relative to 

tetramethylsilane (0 ppm). Electrospray ionisation (EI) low resolution mass spectrometry 

(LRMS) was performed using a Bruker Daltronics esquire 3000 Ion-Trap instruments, using 

Bruker Daltronics esquire control 5.0 software. All spectra were recorded in positive-ion mode 

at a concentration of 0.1-0.3 mg/mL. High Resolution Mass Spectra (HRMS) were measured 

by maXis II ETD to evaluate precise mass for novel synthesized derivatives. (Appendix 6.2.3) 

 

General procedure for synthesis of coumarin-3-carboxylic acid 

A mixture of 2,2-dimethyl-1,3-dioxane-4,6-dione (1 equiv.) and salicylaldehyde 50-53 

(1 equiv.) was added in 15 mL toluene and refluxed at 110 °C for 4 hr, then cooled to room 

temperature. The solvent was removed by rotary evaporation. The crude product was purified 

by column chromatography using solvent hexane: ethyl acetate (2:1) to obtain 70-100% yield. 

Coumarin-3-carboxylic acid 54 1H NMR (400 MHz, CDCl3): δ 7.49-7.54 (m, 2H, 2H-Ar), 

7.78-7.84 (m, 2H, 2H-Ar), 8.98 (s, 1H, HOOC). ESIMS m/z [M + Na]+ calcd for 

[C10H6O4Na]+: 213.0, found : 213.0. 

6-methyl Coumarin-3-carboxylic acid 55 1H NMR (400 MHz, CDCl3): δ 2.50 (s, 3H, 

3H-Ar), 7.40-7.42 (m, 1H, 1H-Ar), 7.55 (m, 1H, 1H-Ar), 7.60-7.62 (m, 1H, 1H-Ar), 8.91 (s, 

1H, 1H-Ar), 12.34 (s, 1H, HOOC). ESIMS m/z found for [C9H7O4Na] +: 227.18. 13C NMR 

(400 MHz, CDCl3): 20.79 (CH3-Ar), 114.67 (Ar), 116.92 (Ar), 118.27 (Ar), 130.01 (Ar), 

136.39 (Ar), 137.01 (Ar), 151.46 (Ar), 152.83 (Ar), 162.60 (C=O), 164.31 (C=O). ESIMS m/z 

[M + Na]+ calcd for [C11H8O4Na]+: 227.0, found : 227.0. 
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6-methoxy Coumarin-3-carboxylic acid 56 1H NMR (400 MHz, CDCl3): δ 3.93 (s, 3H, 3H-

Ar), 7.14-7.15 (d, 1H, 1H-Ar), 7.37-7.40 (m, 1H, 1H-Ar), 7.44-7.46 (m, 1H, 1H-Ar), 8.93 (s, 

1H, 1H-Ar), 12.39 (s, 1H, HOOC). ESIMS m/z [M + Na]+ calcd for [C11H8O5Na]+: 243.0, 

found : 243.0. 

6-nitro Coumarin-3-carboxylic acid 57 1H NMR (400 MHz, DMSO-D6): δ 7.63-7.66 (d, 1H, 

1H-Ar), 8.48-8.51 (m, 1H, 1H-Ar), 8.89-8.91 (d, 2H, 2H-Ar). 13C NMR (400 MHz, DMSO-

D6): 118.16 (Ar), 118.83 (Ar), 120.80 (Ar), 126.40 (Ar), 128.79 (Ar), 144.09 (Ar), 147.58 (Ar), 

155.90 (Ar), 158.51 (C=O), 163.97 (C=O). ESIMS m/z found for [C9H7O4Na] +: 258.15. 

6-chloro Coumarin-ethyl-3-carboxylate 60 

To a solution of 5-chloro salicylaldehyde 58 (10 mmol) in absolute ethyl alcohol (15 

mL), diethylmalonate (0.7 equiv.) and piperidine (0.1 equiv.) were added, and the resulting 

mixture was allowed to warm up to reflux for 2 hr, then cooled to room temperature. The 

solvent was removed by rotary evaporation. The crude product was purified by column 

chromatography using solvent hexane: ethyl acetate (3:1) to obtain 70 % yield. 1H NMR (400 

MHz, DMSO-D6): δ 1.30-1.33 (s, 3H, 3H-Ar), 4.29-4.34 (s, 2H, 2H-Ar), 7.48-7.50 (m, 1H, 

1H-Ar), 7.76-7.79 (m, 1H, 1H-Ar), 8.06 (d, 1H, 1H-Ar), 8.72 (s, 1H, 1H-Ar). ESIMS m/z 

found for [C9H7O4Na] +: 275.65. 13C NMR (400 MHz, DMSO-D6): 14.52 (CH3-CH2-OOC-

Ar) 61.89 (CH2-OOC-Ar), 118.69 (Ar), 119.31 (Ar), 119.67 (Ar), 128.94 (Ar), 129.57 (Ar), 

134.33 (Ar), 147.88 (Ar), 153.64 (Ar), 156.06 (C=O), 162.85 (C=O).  

6-chloro Coumarin-3-carboxylic acid 61 

A mixture of coumarin 60 (2 mmol) in aqueous sodium hydroxide (2 M) was heated to 

reflux for 2 h,  then cooled to room temperature, filtered the product. The crude product was 

purified by column chromatography using solvent hexane: ethyl acetate (2:1) to obtain 90 % 

yield. 1H NMR (400 MHz, DMSO-D6): δ 7.46-7.48 (m, 1H, 1H-Ar), 7.74-7.77 (m, 1H, 1H-

Ar), 8.03 (d, 1H, 1H-Ar), 8.69 (s, 1H, 1H-Ar).3 ESIMS m/z found for [C9H7O4Na] +: 263.60. 
13C NMR (400 MHz, DMSO-D6): 118.63 (Ar), 119.82 (Ar), 120.07 (Ar), 128.89 (Ar), 129.44 

(Ar), 134.08 (Ar), 147.43 (Ar), 153.56 (Ar), 156.59 (C=O), 164.22 (C=O). 

Synthesis of methyl-2-O-methoxymethyl-4,6-O-benzylidene-β-D-galactopyranoside  

Methyl 4, 6-O-benzilidene-β-D-galactopyranoside (30)  
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Methyl-β-D-galactopyranoside 29 (3 g, 15.3 mmol) was dried under high vacuum 

overnight before being dissolved in anhydrous acetonitrile (25 mL) under argon. A catalytic 

amount of camphor sulfonic acid (153 mg, 0.66 mmol) was added followed by benzaldehyde 

dimethyl acetal (5.0 mL, 49 mmol) added dropwise. The reaction was heated to 60 °C for about 

3 hours. The reaction was quenched with Et3N, purified via flash chromatography using 40:1 

Dichloromethane DCM: MeOH to yield 30 (4.06 g, 88%). 1H NMR (MeOD-D4, 400 MHz): 

δ: 3.57 (s, 3H), 3.64 (q, 1H), 4.14 (q, 1H), 4.18 (m, 1H), 4.21 (m, 1H), 4.24 (m, 1H), 5.62 (s, 

1H), 7.36 (m, 3H), 7.56 (m, 2H).1 ESIMS m/z found for [C14H18O6Na] +: 305.1  

Methyl 3-O-propargyloxycarbonyl, 4,6-O-benzylidene-β-D-galactopyranoside (62)  

Sugar 30 (3 g, 10.18 mmol) was dissolved in 40 mL anhydrous DCM, cooled to -80 °C 

using dry ice-acetone mixture. TMEDA was added to the stirred solution, followed by dropwise 

addition of propargyloxy chloroformate. The solution was stirred at -80 °C for 0.5 hr. The 

product was purified by flash chromatography (hexane-EtOAc 1:2) to yield 62 (2.9 g, 70% 

yield). 1H NMR (MeOD-D4, 400 MHz): δ: 3.44 (d, 1H), 3.51 (s, 3H), 3.95-3.98 (m, 1H), 4.0-

4.03 (m, 1H), 4.04-4.08 (m, 1H), 4.22-4.24 (m, 1H), 4.26-4.29 (m, 1H), 4.38-4.39 (m, 1H), 

4.66-4.67 (m, 1H), 4.68-4.70 (m, 2H), 5.46 (s, 1H), 7.26-7.28 (m, 3H), 7.42-7.44 (m, 2H). 13C 

NMR (400 MHz, CDCl3): δ 55.67 (CH3-O-C1), 57.26 (CH2-C≡CH), 66.27 (C-5), 68.55 (C-6), 

68.98 (C-2), 73.15 (C-3), 75.99 (CH≡C), 76.88(C-4), 77.72 (C≡CH), 100.92 (C-1), 103.80 

(CH-Ar), 126.30 (2Ar), 128.10 (2Ar), 129.01 (Ar), 137.42 (Ar), 154.19 (C=O). ESIMS m/z 

found for [C20H26O10Na] +: 449.4. 

Methyl 2-O-methoxymethyl-3-O-propargyloxycarbonyl-4, 6-O-benzylidene-β-D-galacto-

pyranoside (63) 

Sugar 62 (2 g, 6.5 mmol) was dissolved in 30mL anhydrous DCM under argon at room 

temperature. Diisopropylethylamine (5.4 mL, 31.3 mmol) was added at 0 °C followed by drop-

wise addition of bromomethyl methyl ether (1.3 mL, 17.15 mmol) and refluxed overnight. The 

reaction was diluted with DCM and washed with water and brine solution, then purified using 

flash column chromatography (hexane-EtOAc 2:1) to give 63 (1.9 g, 80% yield). 1H NMR ( 

CDCl3, 400 MHz): δ = 3.32 (s, 3H), 3.42 (d, J=1.08 Hz, 1H), 3.49 (s, 3H), 3.90-3.94 (m, 1H), 

3.98-4.02 (m, 1H), 4.25-4.26 (m, 1H), 4.28-4.29 (m, 1H), 4.34-4.35 (m, 1H), 4.62-4.64 (d, 1H), 

4.64-4.66 (d, 1H), 4.68-4.69 (d, 1H), 4.71-4.73 (d, 1H), 4.79-4.81 (m, 2H), 5.45 (s, 1H), 7.26-

7.30 (m, 3H), 7.43-7.45 (m, 2H). 13C NMR (400 MHz, CDCl3): δ 55.51 (CH3-O-C1), 55.95 
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(CH3-O-CH2), 56.94 (CH2-C≡CH), 65.99 (C-5), 68.95 (C-6), 72.59 (C-3), 73.39 (CH≡C), 

75.81 (C≡CH), 97.25 (CH2-O-CH3), 101.04 (C-1), 103.98 (CH-Ar), 126.43 (2Ar), 128.11 

(2Ar), 129.02 (Ar), 137.45(Ar), 154.30 (C=O). ESIMS m/z found for [C20H26O10Na] +: 449.4. 

Methyl 2-O-methoxymethyl-4,6-O-benzylidene-β-D-galactopyranoside (64) 

To a well-stirred solution of 63 (1.9 g, 4.21 mmol) in CH3CN (25 mL) was added benzyl 

triethyl ammonium tetrathiomolybdate  (3.19 g, 5.21 mmol) all at once. The reaction mixture 

was stirred for 3 h at room temperature (28 °C). The solvent was removed under reduced 

pressure, and the black residue was extracted with dichloromethane/diethyl ether (1:1) and 

filtered through a Celite pad. The filtrate was concentrated, and the residue was purified by 

chromatography on silicagel using ethyl acetate:hexane (1:1) to get compound 64 (2.05 g, 95%) 

as a solid. 1H NMR ( CDCl3, 400 MHz): δ: 3.43 (s, 3H), 3.44 (s, 1H), 3.54 (s, 3H), 3.56 (s 

1H,), 3.66 (s, 1H), 4.13 (d, J=12.16 Hz, 1H), 4.22 (s, 1H), 4.25 (d, J=6.16 Hz, 1H), 4.31 (d, 

J=12.12 Hz, 1H),  4.77 (d, J=12.12 Hz, 1H), 4.85 (d, J=6.4 Hz, 1H), 4.88 (d, J=6.4 Hz, 1H), 

4.91 (d, J=6.41 Hz, 1H), 5.62 (s, 1H), 7.37 (m, 3H), 7.56 (m, 2H). 13C NMR (400 MHz, 

CDCl3): δ: 54.73 (CH3-OC1), 55.85 (CH3-O-CH2), 66.53 (C-5), 68.71 (C-6), 71.69 (C-3), 

75.64 (C-2), 76.22 (C-4), 96.74 (CH2-O-CH3), 101.11 (C-1)), 103.99 (CH-Ar), 126.29 (2Ar), 

127.62 (2Ar), 128.52 (Ar), 138.31 (Ar). ESIMS m/z found for [C16H22O7Na] +: 349.1 

General procedure for preparation of intermediates 65-69: 

A mixture of Methyl 2-O-methoxymethyl-4,6-O-benzylidene-β-D-galactopyranoside 

64 (1 equiv.), coumarin acid 54-57, 61 (1.5 equiv.), 1, 3-dicyclohexylcarbodiimide (1.5 equiv.), 

and 4-dimethylaminopyridine (25 mg) in CH2Cl2 (20 mL) was stirred overnight at -20 °C to 

room temperature. The reaction mixture was filtered and freeze to precipitate side product. 

Precipitated side product was filtered, and filtrate was purified by column chromatography on 

silica gel (hexanes: EtOAc 3:1) to give intermediates 65-69.  

Methyl 2-O-methoxymethyl, 3-O-coumarinoyl, 4,6-O-benzylidene-β-D-galactopyrano-

side (65) R = coumarin-3-corboxylic acid, yield: 89%. 1H NMR (CDCl3, 400 MHz): δ 3.24 (s, 

3H, H3C-O-C1), 3.51 (s, 1H, H-5), 3.53 (s, 3H, H3C-O-CH2), 3.99-4.01 (m, 1H, H-6), 4.03-

4.04 (m, 1H, H-6), 4.29-4.32 (m, 1H, H-2), 4.33-4.35 (d, J= 4Hz, 1H, H-4), 4.46-4.47 (d, J= 

8Hz, 1H, H-3),  4.65-4.66 (d, J= 4Hz, 1H, H2C-O-CH3), 4.82-4.84 (d, J= 8Hz, 1H, H2C-O-

CH3), 5.01-5.05 (d, J=8 Hz, 1H, H-1), 5.44 (s, 1H, HC-Ar), 7.25-7.29 (m, 5H, 5H-Ar), 7.41-

7.46 (m, 3H, 3H-Ar), 7.56-7.60 (m, 1H, 1H-Ar), 8.54 (m, 1H, 1H-Ar). 13C NMR (CDCl3, 400 
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MHz): δ 55.93 (CH3-O-C1), 57.13 (CH3-O-CH2), 66.15 (C-5), 69.02 (C-6), 73.34 (C-3), 73.61 

(C-2), 74.42 (C-4), 97.59 (CH2-O-CH3), 101.03 (C-1), 104.02 (CH-Ar), 116.88 (Ar), 117.20 

(Ar), 117.79 (Ar), 124.93 (Ar), 126.34 (2Ar), 128.14 (2Ar), 129.02 (Ar), 129.72 (Ar), 134.71 

(Ar), 137.67 (Ar), 149.37 (Ar), 155.25 (Ar), 156.53 (C=O), 161.65 (C=O). ESIMS m/z found 

for [C26H26O10Na] +: 521.15. 

Methyl 2-O-methoxymethyl, 3-O-(6-methyl coumarinoyl) 4,6-O-benzylidene-β-D-galacto-

pyranoside (66) R= 6-methyl coumarin-3-carboxylic acid, yield: 91% 1H NMR (CDCl3, 400 

MHz): δ 2.33 (s, 3H, H3C-Ar), 3.24 (s, 3H, H3C-O-C1), 3.50 (s, 1H, H-5), 3.52 (s, 3H, H3C-

O-CH2), 3.99-4.01-4.03 (m, 1H, H-6), 4.03-4.04 (m, 1H, H-6), 4.29-4.32 (m, 1H, H-2), 4.32-

4.34 (d, J= 4Hz, 1H, H-4), 4.46-4.47 (d, J= 8Hz, 1H, H-3),  4.64-4.66 (d, J= 4Hz, 1H, H2C-O-

CH3), 4.82-4.84 (d, J= 8Hz, 1H, H2C-O-CH3), 5.01-5.04 (d, J=8 Hz, 1H, H-1), 5.44 (s, 1H, 

HC-Ar), 7.16-7.21 (m, 3H, 3H-Ar), 7.26-7.29 (m, 3H, 3H-Ar), 7.36-7.44 (m, 3H, 3H-Ar), 8.49 

(s, 1H, 1H-Ar). 13C NMR (CDCl3, 400 MHz): δ 20.66 (CH3-Ar), 55.93 (CH3-O-C1), 57.14 

(CH3-O-CH2), 66.15 (C-5), 69.02 (C-6), 73.35 (C-3), 73.60 (C-2), 74.33 (C-4), 97.57 (CH2-O-

CH3), 101.04 (C-1), 104.02 (CH-Ar), 116.56 (Ar), 116.94 (Ar), 117.54 (Ar), 126.39 (2Ar), 

128.13 (2Ar), 128.99 (Ar), 129.35 (Ar), 134.77 (Ar), 135.88 (Ar), 137.70 (Ar), 149.47 (Ar), 

153.43 (Ar), 156.82 (C=O), 161.75 (C=O). ESIMS m/z found for [C27H28O10Na] +: 535.17. 

Methyl 2-O-methoxymethyl, 3-O-(6-chloro coumarinoyl) 4,6-O-benzylidene-β-D-galacto-

pyranoside (67) R= 6-chloro coumarin-3-carboxylic acid, yield: 86% 1H NMR (CDCl3, 400 

MHz): δ 3.24 (s, 3H, H3C-O-C1), 3.50 (s, 1H, H-5), 3.53 (s, 3H, H3C-O-CH2), 3.97-4.01 (m, 

1H, H-6), 4.02-4.06 (m, 1H, H-6), 4.29-4.32 (m, 1H, H-2), 4.32-4.34 (d, J= 4Hz, 1H, H-4), 

4.44-4.46 (d, J= 8Hz, 1H, H-3),  4.65-4.66 (d, J= 4Hz, 1H, H2C-O-CH3), 4.81-4.83 (d, J= 8Hz, 

1H, H2C-O-CH3), 5.01-5.04 (d, J=8 Hz, 1H, H-1), 5.43 (s, 1H, HC-Ar), 7.21-7.23 (m, 1H, 1H-

Ar), 7.28-7.30 (m, 3H, 3H-Ar), 7.38-7.41 (m, 1H, 1H-Ar), 7.41-7.43 (m, 2H, 2H-Ar), 7.50-

7.52 (m, 1H, 1H-Ar), 8.44 (s, 1H, 1H-Ar). 13C NMR (CDCl3, 400 MHz): δ 55.95 (CH3-O-C1), 

57.15 (CH3-O-CH2), 66.12 (C-5), 69.01 (C-6), 73.29 (C-3), 73.72 (C-2), 74.60 (C-4), 97.66 

(CH2-O-CH3), 101.14 (C-1), 103.95 (CH-Ar), 118.30 (Ar), 118.39 (Ar), 118.71 (Ar), 126.39 

(2Ar), 128.20 (2Ar), 128.68 (Ar), 129.16 (Ar), 130.28 (Ar), 134.49 (Ar), 137.61 (Ar), 148.03 

(Ar), 153.53 (Ar), 155.90 (C=O), 161.36 (C=O). ESIMS m/z found for [C26H25ClO10Na] +: 

532.82. 

Methyl 2-O-methoxymethyl, 3-O-(6-methoxy coumarinoyl) 4,6-O-benzylidene-β-D-galac-

topyranoside (68) R= 6-methoxy coumarin-3-carboxylic acid, yield: 89% 1H NMR (CDCl3, 
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400 MHz): δ 3.33 (s, 3H, H3C-O-C1), 3.60 (s, 1H, H-5), 3.62 (s, 3H, H3C-O-CH2), 3.86 (s, 3H, 

H3C-O-Ar), 4.08-4.11 (m, 1H, H-6), 4.13-4.14 (m, 1H, H-6), 4.39-4.42 (m, 1H, H-2), 4.42-4.44 

(d, J= 4Hz, 1H, H-4), 4.55-4.56 (d, J= 8Hz, 1H, H-3),  4.73-4.75 (d, J= 4Hz, 1H, H2C-O-CH3), 

4.92-4.93 (d, J= 8Hz, 1H, H2C-O-CH3), 5.10-5.14 (d, J=8 Hz, 1H, H-1), 5.53 (s, 1H, HC-Ar), 

6.91 (s, 1H, HC-Ar), 7.23-7.24 (m, 1H, 1H-Ar), 7.26-7.31 (m, 3H, 3H-Ar), 7.35-7.37 (m, 1H, 

1H-Ar), 7.51-7.53 (m, 2H, 2H-Ar), 8.59 (s, 1H, 1H-Ar). 13C NMR (CDCl3, 400 MHz): δ 55.92 

(CH3-O-C1), 55.94 (CH3-O-Ar), 57.16 (CH3-O-CH2), 66.15 (C-5), 69.02 (C-6), 73.33 (C-3), 

73.56 (C-2), 74.36 (C-4), 97.53 (CH2-O-CH3), 101.05 (C-1), 104.01 (CH-Ar), 110.54 (Ar), 

117.30 (Ar), 117.98 (Ar), 118.02 (2Ar), 123.32 (2Ar), 126.40 (Ar), 128.13 (Ar), 129.01 (Ar), 

137.70 (Ar), 149.22 (Ar), 156.35 (Ar), 161.69 (C=O). ESIMS m/z found for [C27H28O11Na] +: 

551.57. 

Methyl 2-O-methoxymethyl, 3-O-(6-nitro coumarinoyl) 4,6-O-benzylidene-β-D-galacto-

pyranoside (69) R= 6-nitro coumarin-3-carboxylic acid, yield: 83% 1H NMR (CDCl3, 400 

MHz): δ 3.24 (s, 3H, H3C-O-C1), 3.50 (s, 1H, H-5), 3.53 (s, 3H, H3C-O-CH2), 3.99-4.01 (m, 

1H, H-6), 4.02-4.04 (m, 1H, H-6), 4.30-4.31 (m, 1H, H-2), 4.32-4.34 (d, J= 4Hz, 1H, H-4), 

4.44-4.45 (d, J= 8Hz, 1H, H-3),  4.66-4.67 (d, J= 4Hz, 1H, H2C-O-CH3), 4.81-4.82 (d, J= 8Hz, 

1H, H2C-O-CH3), 5.02-5.06 (d, J=8 Hz, 1H, H-1), 5.43 (s, 1H, HC-Ar), 7.27-7.30 (m, 1H, 1H-

Ar), 7.39-7.43 [m, 3H, 3H-Ar], 8.33-8.34 (m, 1H, 1H-Ar), 8.39-8.42 (m, 2H, 2H-Ar), 8.58 (s, 

1H, 1H-Ar). 13C NMR (CDCl3, 400 MHz): δ 55.94 (CH3-O-C1), 57.16 (CH3-O-CH2), 66.08 

(C-5), 69.00 (C-6), 73.24 (C-3), 73.85 (C-2), 74.91 (C-4), 97.73 (CH2-O-CH3), 101.18 (C-1), 

103.88 (CH-Ar), 117.73 (Ar), 118.11 (Ar), 119.58 (2Ar), 125.41 (2Ar), 126.37 (2Ar), 128.23 

(2Ar), 128.84 (Ar), 129.28 (Ar), 137.54 (Ar), 144.27 (Ar), 147.78 (Ar), 154.80 (Ar), 158.32 

(C=O), 160.94 (C=O). ESIMS m/z found for [C26H25NO12Na] +: 566.56. 

General procedure for final compounds 70-74  

Sugar 65-69 was dissolved in 60% aqueous acetic acid (6 mL) and refluxed at 60 °C. 

Reaction was quenched by addition of excess H2O, acetic acid was removed by toluene-

chloroform mixture, concentrated and purified by column chromatography (DCM: MEOH, 

97:3) to give 70-74. 

Methyl 3-O-coumarinoyl-β-D-galactopyranoside (70) R=coumarin-3-carboxylic acid, yield: 

83% 1H NMR (CDCl3, 400 MHz): δ 3.48 (s, 3H, H3C-O-C1), 3.55-3.58 (m, 1H, H-6), 3.66-

3.67 (m, 1H, H-4), 3.67-3.69 (m, 1H, H-5), 3.76-3.81 (m, 1H, H-6), 4.07-4.08 (d, 1H, H-2), 

4.21-4.23 (d, J=4Hz, H-3), 4.84-4.88 (dd, J=4Hz, 16Hz, 1H, H-3), 7.29-7.34 (m, 2H, 2H-Ar), 
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7.63-7.71 (m, 2H, H-Ar), 8.76 (s, 1H, 1H-Ar). 13C NMR (400 MHz, CDCl3): δ 55.98 (CH3-O-

C1), 60.73 (C-6), 66.43 (C-4), 68.59 (C-2), 74.88 (C-3), 77.41 (C-5), 104.41 (C-1), 116.16 

(Ar), 117.01 (Ar), 118.05 (Ar), 124.90 (Ar), 129.89 (Ar), 134.57 (Ar), 149.55 (Ar), 155.05 

(Ar), 157.37 (C=O), 162.14 (C=O). HRMS m/z [M+Na] + calcd for C17H18O9Na: 389.1225, 

found: 389.0844. 

Methyl 3-O-(6-methyl coumarinoyl)-β-D-galactopyranoside (71) R=6-methyl coumarin-3-

carboxylic acid, yield: 83% 1H NMR (CDCl3, 400 MHz): δ 2.33 (s, 3H, H3C-Ar), 3.48 (s, 3H, 

H3C-O-C1), 3.54-3.58 (m, 1H, H-6), 3.66-3.67 (m, 1H, H-4), 3.67-3.69 (m, 1H, H-5), 3.76-

3.80 (m, 1H, H-6), 4.07-4.08 (d, 1H, H-2), 4.21-4.23 (d, J=4Hz, H-3), 4.83-4.87 (dd, J=4Hz, 

16Hz, 1H, H-3), 7.19-7.21 (m, 1H, 1H-Ar), 7.46-7.49 (m, 2H, 2H-Ar), 8.70 (s, 1H, 1H-Ar). 
13C NMR (400 MHz, CDCl3): δ 19.22 (CH3-Ar), 55.97 (CH3-O-C1), 60.73 (C-6), 66.43 (C-4), 

68.59 (C-2), 74.89 (C-3), 77.39 (C-5), 104.42 (C-1), 115.91 (Ar), 116.86 (Ar), 117.80 (Ar), 

129.38 (Ar), 135.09 (Ar), 135.64 (Ar), 149.55 (Ar), 153.21 (Ar), 157.64 (C=O), 162.25 (C=O). 

HRMS m/z [M+Na] + calcd for C18H20O9Na: 403.3492, found: 403.1104. 

Methyl 3-O-(6-chloro coumarinoyl)-β-D-galactopyranoside (72) R=6-chloro coumarin-3-

carboxylic acid, yield: 83% 1H NMR (CDCl3, 400 MHz): δ 3.48 (s, 3H, H3C-O-C1), 3.55-.3.58 

(m, 1H, H-6), 3.66-3.67 (m, 1H, H-4), 3.67-3.69 (m, 1H, H-5), 3.76-3.80 (m, 1H, H-6), 4.07-

4.08 (d, 1H, H-2), 4.21-4.23 (d, J=4Hz, H-3), 4.84-4.87 (dd, J=4Hz, 16Hz, 1H, H-3), 7.30-7.32 

(m, 1H, 1H-Ar), 7.61-7.64 (m, 1H, 1H-Ar), 7.75-7.76 (m, 1H, 1H-Ar), 8.69 (s, 1H, 1H-Ar). 
13C NMR (400 MHz, CDCl3): δ 55.98 (CH3-O-C1), 60.70 (C-6), 66.38 (C-4), 68.57 (C-2), 

74.86 (C-3), 77.56 (C-5), 104.40 (C-1), 117.90 (Ar), 118.28 (Ar), 119.21 (Ar), 128.76 (Ar), 

129.84 (Ar), 134.08 (Ar), 147.87 (Ar), 153.51 (Ar), 156.70 (C=O), 161.86 (C=O). HRMS m/z 

[M+Na] + calcd for C17H17ClO9Na: 423.0784, found: 423.0458. 

Methyl 3-O-(6-methoxy coumarinoyl)-β-D-galactopyranoside (73)R=6-methoxy coumarin-

3-carboxylic acid, yield: 83% 1H NMR (CDCl3, 400 MHz): δ 3.60 (s, 3H, H3C-O-C1), 3.67-

3.70 (m, 1H, H-6), 3.78-3.79 (m, 1H, H-4), 3.79-381 (m, 1H, H-5), 3.90 (s, 3H, H3C-O-Ar), 

3.90-3.91 (m, 1H, H-6), 4.19-4.20 (d, 1H, H-2), 4.33-4.35 (d, J=4Hz, H-3), 4.96-4.99 (dd, 

J=4Hz, 16Hz, 1H, H-3), 7.31-7.36 (m, 3H, 3H-Ar), 8.84 (s, 1H, 1H-Ar). 13C NMR (400 MHz, 

CDCl3): δ 55.07 (CH3-O-Ar), 55.98 (CH3-O-C1), 60.73 (C-6), 66.43 (C-4), 68.60 (C-2), 74.89 

(C-3), 77.40 (C-5), 104.42 (C-1), 110.89 (Ar), 117.11 (2Ar), 118.39 (Ar), 122.86 (Ar), 149.50 

(2Ar), 156.71 (Ar), 157.71 (C=O), 162.25 (C=O). HRMS m/z [M+Na] + calcd for C18H20O10Na: 

497.1805, found: 497.1325. 
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Methyl 3-O-(6-nitro coumarinoyl)-β-D-galactopyranoside (74) R=6-nitro coumarin-3-carb-

oxylic acid, yield: 83% 1H NMR (CDCl3, 400 MHz): δ 3.60 (s, 3H, H3C-O-C1), 3.68-3.70 (m, 

1H, H-6), 3.79-3.80 (m, 1H, H-4), 3.80-381 (m, 1H, H-5), 3.89-3.93 (m, 1H, H-6), 4.20-4.21 

(d, 1H, H-2), 4.33-4.35 (d, J=4Hz, H-3), 4.97-5.01 (dd, J=4Hz, 16Hz, 1H, H-3), 7.60-7.62 (m, 

1H, 1H-Ar), 8.56-8.59 (m, 1H, 1H-Ar), 8.77-8.78 (m, 1H, 1H-Ar),  8.95 (s, 1H, 1H-Ar). 13C 

NMR (400 MHz, CDCl3): δ 56.02 (CH3-O-C1), 60.70 (C-6), 66.38 (C-4), 68.59 (C-2), 74.84 

(C-3), 77.68 (C-5), 104.40 (C-1), 110.89 (Ar), 117.59 (Ar), 118.21 (Ar), 119.13 (Ar), 125.51 

(Ar), 128.44 (Ar), 144.38 (Ar), 148.04 (Ar), 155.79 (Ar), 158.31 (C=O), 161.53 (C=O). HRMS 

m/z [M+Na] + calcd for C17H17NO11Na: 434.0873, found: 434.0693.  

3.2.5.2 Molecular docking 

The published crystal structure (PDB ID= 5T7S)31 of the galectin-8N CRD with bound 

lactose was used for the docking study of the galactose coumarin ester 70. After removing the 

ligand and solvent molecules from protein molecule, hydrogen atoms and Kollman charges 

were added to each protein atom.118 The designed compound was drawn in Marvin sketch, 

followed by energy minimization by PRODRG web server.119 Molecular docking was carried 

out by AutoDock 4.2.6 in galectin-8N carbohydrate binding site.120 The grid map, which 

defines the interaction of protein and ligands in the binding pocket, was defined by using 58, 

62 and 50 points in each x, y, and z direction respectively, equally spaced at 0.375 Å. Docking 

was performed using the Lamarckian genetic algorithm. Each docking experiment was 

performed 100 times, yielding 100 docked conformations. Simulations were performed with a 

maximum of 25 million energy evaluations and a maximum of 27,000 generations. Final 

docked conformations were clustered using a tolerance of 2.0 Å root mean square deviation. 

Validation of our molecular docking approach was carried out by performing redocking of 

lactose into the binding site. Figure was generated using CCP4mg.18 

3.2.5.3 Isothermal titration calorimetry (ITC)  

Binding affinity was determined by measuring the dissociation constant using Nano 

ITC Instrument (Micro Cal, TA). The galectin-8N (residues 8-154) protein was expressed in 

an untagged form as described previously.93 Briefly, the bacterial culture was induced by IPTG 

at room temperature for 4 hours and purified using lactosyl-sepharose column affinity 

chromatography at 4 °C. For the ITC study, 100 µM galectin-8N protein and 1 mM ligand 

solutions were prepared by mixing those stock solutions with Tris buffer (20 mM Tris pH 7.5, 
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100 mM NaCl, 4 mM BME, 5% DMSO). Samples were degassed prior to use. Titrations were 

performed in a TA Nano Analyze calorimeter using 20-25 injections applied at an interval of 

150 seconds at 298K. Each injection dispensed 2.5 μL of 1 mM ligand into the sample cell 

containing 300 μL of 100 µM galectin-8N at 200 rpm. The experiments were repeated twice, 

and the errors of all thermodynamic parameters were calculated by performing standard 

deviations. At room temperature, ligand titration and blank data were collected, and binding 

isotherms were fitted in the NanoAnalyzeTM v3.7 software using an independent model. 

3.2.5.4 Cell culture study 

SUM159 cells, HEK293 cells were seeded at 50000 cells/cm2 in 12 well tissue culture 

plates and incubated with or without 50 nM galectin-8 for 24 h. Cells were harvested, total 

mRNA was extracted, and qRT-PCR was conducted with specific primer. Following the result 

of the above experiment, SUM159 cells with compound 70 (500 µM) and with or without 50 

nM of galectin-8 for 24 hours. Next day, cells were harvested, and total RNA was extracted 

using the PerfectPure RNA kit (5 PRIME). RNA was quantified, and cDNA was generated by 

cDNA Reverse Transcription kit (Applied Biosystems) following manufacturer instructions. 

Quantitative detection of mRNA transcripts was carried out by real-time PCR using ABI-Prism 

7300 instrument (Applied Biosystems) using SYBR Green PCR mix (Invitrogen) and specific 

primers (400 nM final concentration). Results were normalized to mRNA levels of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH; human). 

3.2.5.5 Osteoblast isolation from murine calvariae 

Extraction of osteoblasts from newborn mice calvariae were carried out as described.135, 

136 Briefly, calvariae were extracted from up to 1-day-old pups and were subjected to five 

incubations with 0.1% collagenase and 0.2% dispase in serum-free medium. The medium from 

the second to the fifth incubations were collected and centrifuged to pellet the osteoblasts. 

Osteoblasts were then grown until sub-confluence and were frozen till further use. For each 

experiment, cells were thawed and grown in α-modified DMEM medium (Sigma) 

supplemented with 10% fetal calf serum. Osteoblasts extracted from calvariae of newborn CD1 

mice were incubated with or without 50 nM galectin-8 for 24 h. Cells were harvested, total 

mRNA was extracted, and qRT-PCR was conducted as mentioned above. Results were 

normalized to mRNA levels of β-actin. 
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3.3 Further Discussion 

 

 

 

 

 

 

 

 

Figure 3.7: Binding interactions of 1st cluster molecule of docked galactose-coumarin ester complex 70 with the 

galectin-8N binding site (A) The binding interaction of the galactose-coumarin complex 1st cluster molecule with 

the galectin-8N binding site. (B) The enlarged illustration of A showing the galactose ring B interactions with the 

galectin-8N extended binding site. 

Molecular docking of galactose-coumarin ester complex 70 (Scheme 3.1) was 

performed in rigid protein structure of galectin-8N (PDB ID =5T7S)28 by using genetic 

algorithm evaluating 100 GA runs in AutoDock 4.2.6. One of the major limitation of rigid 

molecular docking is rigid protein which exists only in single conformation. So, the ligand has 

the limited possibility of binding with different conformation of protein during the process of 

molecular docking. Finally, in the result of this experiment, several conformation of protein-

ligand could be missed in the analysis of this rigid docking. Sometimes, the false negatives 

were generated, and the positive active conformation could be missed. This could be happened 

because of the two different conformational states of the protein have similar energies. 

However, we are interested to understand the possible binding mode of the rationally designed 

compounds during this phase of galectin-8 antagonist development campaign. The best binding 

energy cluster of docked galactose-coumarin ester complex 70 consists of 42 molecules having 

the binding energy -8.04 kcal/mol. In molecular docking analysis of the best binding energy 

cluster, it was observed that the coumarin ring forms van der Waals interaction with Trp86. As 

reported in galectin-lactose complex crystal structures31, the galactose ring usually occupies 

A B 
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the primary binding site where it forms a π-stacking van der Waals interaction with Trp86 and 

its hydroxy group interacts with the amino acids of the primary binding site.31 In order to 

understand the binding mode in detail, the binding interactions of the best binding energy 

cluster molecule with the galectin-8N binding site is illustrated in Figure 3.7A.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Isothermal titration calorimetric analysis. Binding isotherm for titration of 0.5 mM galactomalonyl 

ester (A-G) and 1 mM galactomalonic acid (H) with 100 µM galectin-8N in 20 mM Tris buffer at pH 7.5 

containing 100 mM NaCl and 4 mM BME. (I) 1 mM sialyllactose with 200 µM galectin-8N with enlarged view 
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of binding isotherm of last 12 injections. The binding isotherm graphs demonstrate heat produced by ligand (red 

line) and heat produced by the ligand-protein complex (green line). 
 

The coumarin oxygens show similar interactions to the binding site as demonstrated by 

galactose in galectin-8N-lactose crystal structure.It was observed that the internal carbonyl 

oxygen of the coumarin ring forms hydrogen bonds with Asn79 and Glu89 , which is similar 

to the galactose C6-OH group interaction with Asn79 and Glu89. The carbonyl oxygen of the 

ester linker interacts with Arg45, Arg69 similar to the C4-OH group of the galactose ring. The 

carbonyl oxygen of the coumarin ring engages in a hydrogen bonding with His65(3.0 Å). The 

binding interactions of the galactose hydroxy groups were zoomed in Figure 3.7B. The C4-OH 

and C6-OH group form hydrogen bonds with Arg59. Moreover, these groups also form 

hydrogen bond interactions with Gln47. The C5-OH group of the galactose forms hydrogen 

bond interaction with Arg59(3.5 Å). Overall, it was predicted that the binding interactions of 

the coumarin oxygens and the ester linker carbonyl oxygen supported the coumarin ring to 

form van der Waals interaction with Trp86. 

In Isothermal titration calorimetry study of galectin-8N-galactose-coumarin ester 

complexes, the concentration of the compounds 70-74 were chosen 10-fold higher (1:10) than 

the protein concentration (100 µM). The concentration of lactose was kept 20-fold (1:20) 

higher than the protein concentration. In our study, for most of the compound 70-72 the value 

of C is greater than 5 excluding compound 73, compound 74 (C<5). In the corrected heat rate 

(µJ/s) graph analysis of galactose-coumarin derivatives 70-74, it was observed that the heat 

was not clearly saturated in several cases as observed in case of 3ʹ-sialyllactose with the 

galectin-8N [Figure 3.8 (A-F)]. In galectin-8N-3ʹ-sialyllactose, the saturation was clearly 

observed in the last 10 injections [Figure 3.8 (G)]. However, it was also observed that there is 

significant difference between the heat produced by the ligand (red line) and the heat produced 

by the ligand-protein complex (green line), suggesting that the binding between compounds 

and protein has occurred.  
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Chapter 4 

Bis(methyl-β-D-galactopyranoside)-3-O-malonate as a potential 

galectin-8N antagonist 
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4.1 Introduction 

The ligand design campaign was further extended by aiming to utilize the structural 

information generated by determining the galectin-8N-methyl-3-O-(3ʹ-O-benzyloxy)-malonyl-

β-D-galactopyranoside crystal structure presented in chapter 2, which prompted us to design 

even more efficient galectin-8 antagonists. It was revealed that the malonyl linker is able to 

cross link two arginines, which are situated across the binding site and hold the inhibitor from 

both side (Chapter 2). Apart from that, the phenyl ring of methyl 3-O-(3ʹ-O-benzyloxy)-

malonyl-β-D-galactopyranoside forms van der Waals interaction with Tyr141 and cation-π 

stacking interaction with the unique Arg59. The similar malonyl arch, which is observed in the 

galactose-coumarin ester complex, interacts with the extended binding site amino acids such 

as Arg59, Trp86 and Gln47 (Chapter 3). The galactose-coumarin ester complex shows out-

standing in vitro binding affinity and proinflammatory cytokine, chemokine gene expression 

inhibition in SUM159 cell culture study. These results prompted us to design even more 

efficient galectin-8 antagonist based on the revealed pharmacophore. Considering the synthetic 

feasibility, the bis(methyl-β-D-galactopyranoside)-3-O-malonate was designed, synthesized. 

The binding affinity of bis(methyl-β-D-galactopyranoside)-3-O-malonate was evaluated by 

isothermal titration calorimetry. 

4.1.1 X-ray crystal structure of galectin-8N-methyl-3-O-(3ʹ-O-benzyloxy)-malonyl-β-D-

galactopyranoside 

In chapter 2, I report the galectin-8N-methyl-3-O-(3ʹ-O-benzyloxy)-malonyl-β-D-

galactopyranoside 45 complex crystal structure (Figure 4.1A) (manuscript drafted, chapter 2). 

This structural investigation revealed that both of the carbonyl groups of the extended benzyl 

malonic acid of 45 cross link both electropositive arginines, Arg59 and Arg45, which are 

situated across the binding site (Figure 4.1B). One carbonyl oxygen atom forms hydrogen 

bonds with Trp86, Arg59 and the other carbonyl oxygen atom hydrogen bonds with Arg45. 

The binding affinity results of the galactomalonic acid derivatives showed that the enrichment 

of the galactomalonic acid 47 carbonyl oxygens’ electronic cloud further improves the 

compound’s binding affinity for example, the electron-donating methyl group substitution to 

galactomalonic acid 47 offers a 24.85 µM binding affinity inhibitor 49 (Figure 4.2). The 

aromatic benzyl substituted galactomalonic acid derivative 45 showed ~ 4 times better binding 

affinity (9.17 µM) than the parent galactomalonic acid 47 (33.56 µM). The X-ray crystal 
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structure of the galectin-8N-45 complex revealed the binding interactions which are responsible 

for this binding affinity transition from 33.56 µM to 9.17 µM. 

Figure 4.1: Galectin-8N-methyl-3-O-(3ʹ-O-benzyloxy)-malonyl-β-D-galactopyranoside complex. (A) Electron 

density map (green mesh) 2│Fo│- │Fc│ αc contoured at 1σ, for 45 (in sticks; carbon in yellow, oxygen in red) 

in complex with the galectin-8N binding site (B) The binding interaction of compound 45 with the galectin-8N 

binding site. 

 

 

 

 

 

Figure 4.2: Rational design of bis(methyl-β-D-galactopyranoside)-3-O-malonate 77 from previous binding 

affinity results.  

It was observed that the phenyl ring of methyl 3-O-(3ʹ-O-benzyloxy)-malonyl-β-D-

galactopyranoside forms van der Waals interactions with Tyr141 and cation-π stacking 

B A 
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interactions with the unique Arg59. These structural findings influenced us to design 

bis(methyl-β-D-galactopyranoside)-3-O-malonate (Figure 4.2). 

4.1.2 Compound design 

Bis(methyl-β-D-galactopyranoside)-3-O-malonate was designed by targeting the 

unique Tyr141 which is present on the S2 strand of the galectin-8N extended binding site. 

Based on the amino acid sequence comparison, Tyr141 is replaced with Asn (galectin-8C, 

galectin-9N), Asp (galectin-1, galectin-4N), Gln (galectin-4C), Gly (galectin-9C) and Ser in 

galectin-3. The mutation of Tyr141 with Ser in wild type galectin-8 revealed that Tyr141 is an 

important amino acid in the development of potent galectin-8N antagonist.137 It was observed 

that LNnT shows 60 times stronger binding affinity with the wild type galectin-8 (Kd 0.33 µM) 

than Tyr141/Ser mutated wild type galectin-8 (Kd 20 µM).137 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Binding interactions of LNnT and LNF-III with the galectin-8N binding site (A) Galectin-8N CRD in 

complex with LNnT. (PDB ID 5T7I)31. Note the van der Waals interactions of the terminal galactose (GAL) with 

Tyr141 and change in the conformation of the unique Arg59. (B) Galectin-8N CRD in complex with LNF-III. 

(PDB ID 3AP9).29 Note the sandwich structure of Tyr141-GAL-FUC showing van der Waals interactions.  

Apart from that, the binding affinity results of LNT, LNnT and the galectin-8N-LNT, 

galectin-8N-LNnT complex structural investigations showed that Tyr141 and its only 

interaction with the terminal galactose of LNnT (not with the terminal galactose of LNT) make 

LNnT to bind 10 times stronger than LNT.30,28 Our structural investigations demonstrated that 

the non-reducing disaccharide of LNT tetrasaccharide was observed to occupy the primary 

binding site, which was not observed with any galectin-LNT crystal complex.31 In contrast to 

that, the reducing disaccharide lactose of LNnT occupies the primary binding site and the non-
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reducing disaccharide forms hydrophobic binding interaction with Tyr141.31 These structural 

studies demonstrated that Tyr141 is an important amino acid of the extended binding site for 

the development of potent galectin-8N antagonist.28,30,31 The binding interactions of LNnT and 

LNF-III with the galectin-8N binding site were shown in Figure 4.3A and 4.3B respectively 

(PDB ID 5T7I, 3AP9).31,29 The reducing disaccharide lactose of these compounds shows the 

similar binding interaction as observed with the galectin-8N-lactose complex crystal 

structure.29 The non-reducing saccharide of these compounds shows unique binding 

interactions with the amino acids of the extended binding site. The terminal galactose of LNnT 

forms van der Waals interaction with Tyr141, which is situated on the S2 strand of the CRD.31 

It was observed that Arg59, which is positioned on the longest loop (S3-S4), flexibly changed 

its configuration and forms a hydrogen bond with the C4-OH group of the terminal galactose 

of LNnT. Apart from that, the GlcNAc of LNnT occupies the position near to the S3 strand of 

the CRD, where the C6-OH group of GlcNAc interacts with Gln47, Asp49 and His65.31 The 

X-ray crystallographic study of galectin-8N-LNF-III also demonstrated that the terminal 

galactose of LNF-III forms van der Waals interaction with Tyr141.29 It forms part of a sandwich 

structure lying in between the fucose and Tyr141. The average distance between Tyr141 and 

galactose is 4.1 Å, and that between galactose and fucose is 4.4 Å respectively. The C1-OH 

and C2-OH group of the terminal galactose form hydrogen bonds with the unique amino acid 

Arg59. Overall, it was observed that these binding interactions of the extended binding site can 

hold LNnT, LNF-III tetrasaccharide in the extended binding site.31,29 Considering the potency 

of galactomalonic acid 45, the carbohydrate loving nature of the CRD28-31 and the binding 

interactions of the terminal galactose of LNF-III and LNnT with the binding site31, bis(methyl-

β-D-galactopyranoside)-3-O-malonate having two terminal galactose connected by the 

malonyl linker was designed by proposing the hypothesis that one galactose could form van 

der Waals interaction with Trp86, the other galactose forms van der Waals interaction with 

Tyr141, and the malonyl carbonyl groups could cross link Arg45 and Arg59 (Fig 4.4). 
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Figure 4.4: The bis(methyl-β-D-galactopyranoside)-3-O-malonate 77 and predicted binding interaction with 

galectin-8N binding site.  

4.2 Result and discussions 

4.2.1 Molecular docking 

All the docked conformations of bis(methyl-β-D-galactopyranoside)-3-O-malonate 

were clustered using a tolerance of 2.0 Å root mean square deviation. The 1st cluster of the 

docked bis(methyl-β-D-galactopyranoside)-3-O-malonate consists of 4 molecules with binding 

energy -7.19 kcal/mol (Figure 4.5A, 4.5B). 

Table 4.1: The predicted binding interaction energy (∆G, kcal/mol), the consequent calculated galectin-8N 

affinity (KI, μM) and the cluster analysis data calculated by AutoDock 4.2.6.  

 

 

Figure 4.5: Binding interactions of 1st cluster molecule of docked compound 77 with the galectin-8N binding site. 

(A) The binding interaction of the bis(methyl-β-D-galactopyranoside)-3-O-malonate 1st cluster molecule with the 

Compound ID 
Cluster 

rank 

Cluster 

size 

∆G 

(kcal/mol) 

Calculated 

affinity(μM) 

Bis(methyl-β-D-galactopyranoside)-3-O-

malonate (76) 

1st 4 -7.19 5.41 µM 

2nd 5 -7.10 6.28 µM 

3rd 7 -7.09 6.38 µM 

Bis[(2-O-methoxymethyl)-methyl-β-D-

galactopyranoside]-3-O-malonate (77) 

1st 8 -6.8 10.4 µM 

2nd 2 -6.78 10.76 µM 

Methyl 3-O-(3ʹ-O-benzyloxy)-malonyl-

β-D-galactopyranoside (45) 

1st 12 -7.82 1.85 µM 

2nd 24 -7.58 2.78 µM 
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galectin-8N binding site. (B) The enlarged illustration of A showing the galactose ring Y and the malonyl linker 

binding interactions with the galectin-8N binding site. 

In the result of this molecular docking, the following binding interactions were 

observed between compound 77 and galectin-8N binding site. It was observed that galactose 

(X) ring forms van der Waals interaction with Trp86 in the similar way as observed with the 

galectin-8N-lactose crystal structure. The binding interactions of carbonyl oxygens of the 

malonyl linker and galactose (Y) ring with the binding site were shown in the enlarged figure 

(Figure 4.5B). The galactose (X) C3-OH linked carbonyl oxygen forms a salt bridge interaction 

with Arg59 and a hydrogen bond with Gln47(3.3 Å). The other carbonyl oxygen engages in 

hydrogen bonding with Trp86(2.8 Å). Interestingly, the galactose (Y) ring is positioned on top 

of the unique Arg59 and interacts with its C1-OMe, C3-OH, C4-OH and C6-OH functional 

groups. The C1-OMe of galactose (X) ring positioned near to Glu84, amino acid, which can be 

considered for the future design of inhibitor. In the binding analysis of galactose (Y) ring, it 

was observed that the C6-OH and C1-OMe group oxygens engage in hydrogen bonding with 

Arg59. The axial C4-OH and  the C5-OH group oxygen hydrogen bonds with Arg59. 

The 2nd best binding energy cluster of the docked bis(methyl-β-D-galactopyranoside)-

3-O-malonate 77 consists of 5 molecules, having binding energy of -7.10 kcal/mol (Figure 

4.6A). In the binding analysis of this cluster, it was observed that the carbonyl oxygen, which 

is linked to galactose (X) ring, forms salt bridge interaction with Arg59 and a hydrogen bond 

with Gln47(3.0 Å). The other carbonyl oxygen engages in hydrogen bonding  

Figure 4.6: Binding interactions of 2nd and 3rd cluster molecule of docked compound 77 with the galectin-8N 

binding site (A) The binding interaction of the bis(methyl-β-D-galactopyranoside)-3-O-malonate 2nd cluster 
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molecule with the galectin-8N binding site. (B) The binding interaction of the bis(methyl-β-D-galactopyranoside)-

3-O-malonate 3rd cluster molecule with the galectin-8N binding site. 

with Arg59. The galactose (Y) ring takes the position parallel to Arg45. The C6-OH of 

galactose (Y) ring interacts with Arg45 (3.1 Å) and Gln47(3.0 Å). The 3rd best binding energy 

cluster consist of highest 7 number of molecules, having binding energy -7.09 kcal/mol (Figure 

4.6B). In binding analysis of this cluster, it was observed that the C4-OH and C6-OH groups 

of galactose (Y) ring engages in hydron bonding with Arg59(3.3 Å, 3.2 Å). The C2-OH group 

of galactose (Y) ring hydrogen bonds with Gln47(3.3 Å). The carbonyl oxygen, which is linked 

to the C3-OH of galactose (Y) ring, interacts with Arg59 and Gln47 by hydrogen bonding 

whereas the other malonyl carbonyl oxygen positioned outward the binding site. 

4.2.2 Bis[(2-O-methoxymethyl)-methyl-β-D-galactopyranoside]-3-O-malonate 76 and its 

future development 

In order to design even more efficient galectin-8N antagonist, molecular docking of 

bis[(2-O-methoxymethyl)-methyl-β-D-galactopyranoside]-3-O-malonate 76 (Figure 4.7) was 

performed to determine its possible binding interactions with the galectin-8N binding site 

(Figure 4.8A). 

 

 

 

 

Figure 4.7: Bis[(2-O-methoxymethyl)-methyl-β-D-galactopyranoside]-3-O-malonate 76 as galectin-8N 

inhibitors.  

All the docked conformers of bis[(2-O-methoxymethyl)-methyl-β-D-galacto-

pyranoside]-3-O-malonate 76 were clustered at 2.0 Å rms tolerance. These clusters were 

individually analysed to find docking poses with appropriately docked galactose rings. The 

best binding energy cluster consists of 8 molecules, having binding energy of -6.8 kcal/mol. 

The following binding interactions were observed between compound 76 and galectin-8N 

binding site. It was observed that the galactose (X) ring forms van der Waals interaction with 

Trp86 whereas the other galactose (Y) ring forms van der Waals interaction with Tyr141. The 

galactose (X) C3-OH linked carbonyl oxygen forms a hydrogen bond with Arg59, Gln47 

whereas the other carbonyl oxygen engages in hydrogen bonding with Arg45 and thus malonyl 
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carbonyl oxygens are able to cross link Arg45 and Arg59. As illustrated in Figure 4.8B, there 

are three potential sites where further substitution could improve the binding affinity of this 

compound. The site ⓐ, which is surrounded by Trp86, Arg59 and Glu84, could accommodate 

C2-OH substitution of galactose (Y). The site ⓑ, which is surrounded by Arg45, Gln47 and 

Tyr141 could accommodate C2-OH substitution of galactose (Y). The electronegative 

substitution of the C2-OH group could interact with Arg45 side arm and occupy the site ⓑ. 

The site ⓒ, which is surrounded by Arg59 and Tyr141 could accommodate the C6-OH 

substitution of galactose Y. 

 

 

Figure 4.8: Binding interactions of docked compound 76 with the galectin-8N binding site. (A) The binding 

interactions of the bis[(2-O-methoxymethyl)-methyl-β-D-galactopyranoside]-3-O-malonate 1st cluster molecule 

with the galectin-8N binding site. (B) The galectin-8N-bis[(2-O-methoxymethyl)-methyl-β-D-galactopyranoside]-

3-O-malonate complex electrostatic surface showing possible sites ⓐ, ⓑ, ⓒ for the development of more 

efficient galectin-8N antagonist. 

The C6-OH group of galactose (Y) ring hydrogen bonds with Arg59. The 

electronegative site ⓒ of  the extended binding site suggests that the electropositive 

substitution of the C6-OH group could interact with the site ⓒ. This binding interaction could 

improve the binding affinity of bis[(2-O-methoxymethyl)-methyl-β-D-galactopyranoside]-3-

O-malonate 76.  

(A) Binding interactions of Galectin-8N 
with Compound 76 

(B) Electrostatic surface of Galectin-8N and 
its interaction with Compound 76 

GAL Y 

GAL X A B 
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4.2.3 Chemistry 

The synthesis of bis(methyl-β-D-galactopyranoside)-3-O-malonate was started with the 

commercially available methyl-β-D-galactopyranoside (Scheme 4.1). The protected methyl-β-

D-galactopyranoside was synthesized by the procedure mentioned in chapter 3.111-113,128 The 

C3-O-propagyl selective deprotection of sugar 63 was reported by benzyl triethyl ammonium 

tetrathiomolybdate in neutral condition at room temperature.114,132 In this report, we performed 

C3-OH selective deprotection of sugar 63 by sodium metal in methanol that give final 

intermediate 64 with free C3-OH group.128 

 

 

   

 

   

 

 

 

 

 

 

 

Scheme 4.1: Reagents and conditions: (a) (i) benzaldehyde dimethyl acetal, camphor sulphonic acid, ACN, 60 

°C, reflux for 3hr, (ii) Propargyl chloroformate, TEMED, DCM, -80 °C, 1 hr  (iii) MOM-Br, DIPEA, 60 °C reflux 

overnight (b) sodium metal, methanol, rt, 2 hr (c) DCC, benzyl malonic acid, DMAP, DCM, -20 °C to room 

temperature, overnight (d) 10 % Pd/C, H2 gas, anhydrous methanol, rt, 2 hr (e) DCC, sugar 64, DMAP, DCM, -

20 °C to room temperature, overnight (f) 60 % aqueous glacial acetic acid solution, 60 °C reflux for 2 hr (g) EtSH, 

ZnBr2, DCM, rt, 10 minutes. 
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This free C3-OH group of 64 was then esterified with benzyloxy malonic acid115 in the 

presence of DCC and DMAP to yield sugar 39.114 This sugar 39 was debenzylated by H2 gas 

in the presence of 10% Pd/C catalyst116 that give free C3-OH malonic acid protected 

galactopyranoside 46 which was again esterified with final intermediate 64 to yield complex 

sugar 75.114 This protected bis(methyl-β-D-galactopyranoside)-3-O-malonate 75 was 

deprotected by 60% glacial acetic acid at 70 °C to give bis[(2-O-methoxymethyl)-methyl-β-D-

galactopyranoside]-3-O-malonate 76.111 The 2-O-methoxymethyl protected sugar 76 was 

further deprotected by ethanethiol in the presence of zinc bromide results into final compound 

bis(methyl-β-D-galactopyranoside)-3-O-malonate 77.138 

4.2.4 Isothermal titration calorimetry 

Isothermal titration calorimetry was performed to determine in vitro binding affinity of 

compound 76 and 77 against galectin-8N (Figure 4.9) (Table 4.2). 

Table 4.2: Galectin-8N binding affinity of bis(methyl-β-D-galactopyranoside)-3-O-malonate based compounds 

76, 77 and estimated thermodynamic parameters from ITC experiments 

 

 

 

 

 

 

 

 

 

Figure 4.9: Isothermal titration calorimetric analysis. The binding isotherm for titration of (A) 1 mM lactose with 

200 µM, (B) 1 mM bis[(2-O-methxymethyl)-methyl-β-D-galactopyranoside]-3-O-malonate 76 and (C) 1 mM 

Compound Kd (µM) ΔH 

(kJ/mol) 

-TΔS 

(kJ/mol) 

ΔG 

(kJ/mol) 

N 

Lac 37.92 ±1.27 -4.7 ±0.6 -20.5 -25.2 0.98 ±0.05 

76 20.93 ±0.78 -13.63 ±0.3 -13.08 -26.71 0.95 ±0.09 

77 6.55 ±0.43 -20.43 ±0.7 -9.15 -29.59 0.81 ±0.02 

45 (chap 2)  9.17 ±0.67

 -

12.40 ±0.4

 -

17.26 -
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-12.40 ±0.4 -17.26 -28.75 0.96 ±0.05 

2000 1000 

-20 

3000 4000 2000 1000 3000 4000 3000 2000 4000 5000 

0 1 2 0 1 2 0 1 2 

-10 

0 

-20 

-10 

0 

-20 

-10 

0 

0 

2 

4 

6 

0 

2 

4 

6 

0 

1 

2 

Enthalpy and 

Fit (kJ/mol) 

Corrected Heat 

Rate (µJ/s) 

Mole Ratio 

Time (s) 

Mole Ratio Mole Ratio 

Time (s) Time (s) 

A        Galectin-8N-lactose B        Galectin-8N-Cpd 76 C        Galectin-8N-Cpd 77 



77 
   

bis(methyl-β-D-gala-ctopyranoside)-3-O-malonate 77 with 150 µM galectin-8N in 20 mM Tris buffer at pH 7.5 

containing 100 mM NaCl and 4 mM BME.  

These binding affinity results revealed that compound 77 shows five times stronger 

binding affinity (6.55 μM) than lactose and ~1.5 times stronger binding affinity than compound 

45 (9.17 μM). The binding affinity of compound 77 suggests that its malonyl linker may cross 

link Arg45 and Arg59 and, as observed in galctin-8N-copmound 45 complex crystal structure. 

The binding affinity of the compound 77 also indicates that its terminal galactose may form 

van der Waals interaction with Tyr141 and cation-π stacking interaction with Arg59, as 

observed in the galectin-8N-compound 45 complex crystal structure (Blanchard group 

unpublished). Compound 76 shows 3 times weaker binding affinity than compound 77 which 

suggests that both C2-O-methoxymethyl side chain may reduce both galactose interactions in 

the binding site. In molecular docking analysis, the binding energy of compound 77’s clusters 

was observed -7.19, -7.10 and -7.09 kcal/mol respectively. In contrast to that, the binding 

energy of compound 76’s clusters was observed -6.80, -6.78 kcal/mol respectively. The 

molecular docking binding energy results of both compounds revealed that compound 77 

shows a little bit strong interaction with the binding site than compound 76. The cluster 

conformational analysis demonstrates that the methoxymethyl side chains in compound 76 do 

not have any interactions with the binding site. These free methoxymethyl side chains of 

compound 76 might interfere in the binding of the bis(methyl-β-D-galactopyranoside)-3-O-

malonate with the binding site. Apart from that, the conformational analysis demonstrated that 

the hydroxyl groups of compound 77 interact more with unique Arg59 than compound 76. 

These molecular docking structural insights might be responsible for the higher binding affinity 

of compound 77 compared to compound 76.  

4.2.5 Conclusion      

 We have designed, synthesized bis(methyl-β-D-galactopyranoside)-3-O-malonate, its 

2-O-methoxymethyl derivative and determined their in vitro binding affinity by ITC. The 

molecular docking analysis of both compounds demonstrates that one galactose forms van der 

Waals interaction with Trp86, and the other galactose interacts with Tyr141, Arg45 and Arg59. 

The malonyl linker of the molecule forms a hydrogen bond with Arg59, Gln47 and Trp86. 

Bis(methyl-β-D-galactopyranoside)-3-O-malonate 77 shows three times stronger binding 

affinity than its derivative 76, which suggest that both C2-O-methoxymethyl side chains create 

hindrance in the binding site. Bis(methyl-β-D-galactopyranoside)-3-O-malonate 77 shows five 

times stronger binding affinity than disaccharide lactose and ~1.5 times stronger binding 
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affinity than compound 45. These binding affinity results indicate that the terminal galactose 

of both compound 76 and 77 may form van der Waals interaction with Tyr141 and cation-π 

stacking interaction with Arg59, as observed with the galectin-8N-compound 45 complex 

crystal structure. 

4.3 Materials and methods 

4.3.1 Chemistry 

All reagents and solvents were dried prior to use according to standard methods. 

Commercial reagents were used without further purification. Analytical TLC was performed 

using on silica gel 60 F254 (Merck) with detection by UV absorption and/or by charring 

following immersion in a 5% ethanolic solution of sulfuric acid. Reaction products were 

purified using flash chromatography with silica gel 60 (0.040-0.063 mm). 1H and 13C NMR 

spectra were recorded at 298K using an Avance (400 MHz and 100 MHz respectively), 

spectrometer (Bruker Biospin) in solutions of CDCl3 or MEOD-D4 (Appendix 6.3.1). Chemical 

shifts are reported to two decimal places in parts per millions (ppm) relative to 

tetramethylsilane (0 ppm). Electrospray ionisation (EI) low resolution mass spectrometry 

(LRMS) was performed using a Bruker Daltronics esquire 3000 Ion-Trap instruments, using 

Bruker Daltronics esquire control 5.0 software. All spectra were recorded in positive-ion mode 

at a concentration of 0.1-0.3 mg/mL.  

Synthesis of bis(methyl-β-D-galactopyranoside)-3-O-malonate (77) 

Methyl 2-O-methoxymethyl-4,6-O-benzylidene-β-D-galactopyranoside (64) 

The sugar 63 (2.5 g, 6.79 mmol) was dissolved in methanol and cooled to 0°C before 

the addition of sodium metal previously suspended in hexane. The reaction was left at room 

temperature for 1.5 hours, then carefully acidified to pH 5 using 1 M hydrochloric acid. The 

salts were removed by water washing, and the product was extracted with ethyl acetate, then 

solvent was removed to give intermediate 64 (2 g, 90% yield). 1H NMR ( CDCl3, 400 MHz): 

δ: 3.43 (s, 3H), 3.44 (s, 1H), 3.54 (s, 3H), 3.56 (s 1H,), 3.66 (s, 1H), 4.13 (d, J=12.16 Hz, 1H), 

4.22 (s, 1H), 4.25 (d, J=6.16 Hz, 1H), 4.31 (d, J=12.12 Hz, 1H),  4.77 (d, J=12.12 Hz, 1H), 

4.85 (d, J=6.4 Hz, 1H), 4.88 (d, J=6.4 Hz, 1H), 4.91 (d, J=6.41 Hz, 1H), 5.62 (s, 1H), 7.37 (m, 

3H), 7.56 (m, 2H). 13C NMR (400 MHz, CDCl3): δ: 54.73 (CH3-OC1), 55.85 (CH3-O-CH2), 

66.53 (C-5), 68.71 (C-6), 71.69 (C-3), 75.64 (C-2), 76.22 (C-4), 96.74 (CH2-O-CH3), 101.11 
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(C-1)), 103.99 (CH-Ar), 126.29 (2Ar-H), 127.62 (2Ar-H), 128.52 (Ar-H), 138.31(Ar-H). 

ESIMS m/z found for [C16H22O7Na] +: 349.1  

Methyl 2-O-methoxymethyl, 3-O-(3′-benzyloxy)-malonyl-4, 6-O-benzilidene-β-D-galacto-

pyranoside (39)  

A mixture of methyl 2-O-methoxymethyl-4, 6-O-benzilidene-β-D-galactopyranoside 

64 (0.55 g, 1.7 mmol), benzyloxy malonic acid 83 (0.5 g, 2.6 mmol), 1, 3-dicyclohexylcarbodi-

imide (0.53 g, 2.6 mmol) and 4-dimethylaminopyridine (25 mg) in CH2Cl2 (20 mL) was stirred 

overnight at -20 °C to room temperature. The reaction mixture was filtered and freeze to 

precipitate side product. Precipitated side product was filtered, and filtrate was purified by 

column chromatography on silica gel (hexanes: EtOAc 3:1) to give intermediate 39. (0.80 g, 

90% yield) 1H NMR (MEOD-D4, 400 MHz): δ 3.19 (s, 3H, H3C-O-C1), 3.45 (s, 3H, H3C-O-

CH2), 3.51 [s, 1H, H2C(CO)2], 3.71-3.76 [m, 1H, H2C(CO)2], 3.99-4.02 (d, J=16Hz, 1H, H-2), 

4.09-4.12 (d, J=16Hz, 1H, H-5), 4.29-4.30 (d, J=4Hz, 1H, H2C-O-CH3), 4.31-4.33 (d, J=16 

Hz, 1H, H-4), 4.48-4.5 (d, J=8Hz, 1H, H-1), 4.65-4.67 (d, J=8Hz, 1H, H2C-O-CH3), 4.91 (d, 

J=12.12 Hz, 1H, H2C-Ar), 4.93 (d, J=12.12 Hz, 1H, H2C-Ar), 4.99 (d, J=6.4 Hz, 1H, H-3), 

5.37 [s, 1H, HC-Ar(A)], 7.20 [m, 8H, 5H-Ar(B), 3H-Ar(A)], 7.36 [m, 2H, 2H-Ar(A)]. 13C 

NMR (MEOD-D4, 400 MHz): δ 33.36 (CH2C=O), 54.90 (CH3-OC1), 55.96 (CH3-O-CH2), 

66.07 (C-5), 66.70 (CH2O), 68.53 (C-6), 72.70 (C-3), 73.49 (C-2), 74.03 (C-4), 100.72 (CH2-

O-CH3), 103.65 (C-1), 103.75 (CH-Ar), 126.09 (2Ar), 127.65 (2Ar), 127.79 (2Ar), 

127.91(2Ar), 128.16(2Ar), 128.55(Ar), 135.61(Ar), 138.05(Ar), 166.27 (C=O), 166.39(C=O). 

ESIMS m/z found for [C26H30O10Na] +: 525.5. 

Methyl 2-O-methoxymethyl, 3-O-malonyl-4,6-O-benzilidene-β-D-galactopyranoside (46) 

Sugar 39 (800 mg, 1.6 mmol), was dissolved in anhydrous methanol followed by 

addition of 10%Pd on activated carbon (60 mg) and stirred at room temperature in argon 

environment. After 5 minutes, hydrogen gas was passed continuously through balloon for 2 

hours. After 2 hours, reaction mixture was filtered through celite as filtering agent and purified 

on silica column by using ethyl acetate: hexane (3:7) to yield product 46 (640 mg, 90 %) as 

solids. 1H NMR ( CDCl3, 400 MHz): δ 3.29 (s, 3H, H3C-O-C1), 3.37 [m, 2H, H2C(CO)2, H-6], 

3.41[s, 1H, H2C(CO)2], 3.48(s, 3H, H3C-O-CH2), 3.86-3.90 (dd, J=8Hz, 16Hz, 1H, H-2), 3.95-

3.98 (dd, J=4Hz, 12Hz, 1H, H-5), 4.24-4.25 (d, J=4Hz, 1H, H-6), 4.26-4.27 (d, J=4Hz, 1H, 

H2C-O-CH3),  4.28-4.31 (d, J=12Hz, 1H, H-4), 4.60-4.65 (dd, J=8Hz, 20Hz, 1H, H-1), 4.75-
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4.76 (d, J=4Hz, 1H, H2C-O-CH3), 4.85-4.89 (dd, J=4Hz, 16Hz, 1H, H-3), 5.4 (s, 1H, HC-Ar), 

7.19-7.28 (m, 2H, 2H-Ar), 7.40-7.43 (m, 2H, 2H-Ar). 13C NMR (400 MHz, CDCl3): δ 40.98 

[CH2(C=O)2], 55.81 (CH3-O-C1), 56.96 (CH3-O-CH2), 66.06 (C-5), 68.88 (C-6), 72.83 (C-3), 

73.71 (C-2), 74.55 (C-4), 100.97 (CH2-O-CH3), 103.81 (C-1), 103.87 (CH-Ar), 126.36 (2Ar), 

128.13 (2Ar), 129.01 (Ar), 137.55 (Ar), 166.61 (C=O), 169.87 (C=O). ESIMS m/z found for 

[C19H24O10Na] +: 435.3. 

Bis (methyl 2-O-methoxymethyl, 4, 6-O-benzylidene-β-D-galactopyranoside)-3-O-malon-

ate (75) 

A mixture of methyl 2-O-methoxymethyl-4,6-O-benzylidene-β-D-galactopyranoside 

34 (0.64 g, 1.36 mmol), sugar acid 46 (0.66 g, 2.04 mmol), 1, 3-dicyclohexylcarbodiimide 

(0.42 g, 2.04 mmol), and 4-dimethylaminopyridine (25 mg) in CH2Cl2 (20 mL) was stirred 

overnight at -20 °C to room temperature. The reaction mixture was filtered and freeze to 

precipitate side product. Precipitated side product was filtered, and filtrate was purified by 

column chromatography on silica gel (hexanes: EtOAc 3:1) to give intermediates 75. (0.98 g, 

90 %) 1H NMR (CDCl3, 400 MHz): δ 3.31 (s, 6H, H3C-O-C1), 3.57 (s, 6H, H3C-O-CH2), 3.61-

3.62 [m, 2H, H2C(COO)2], 3.80-3.84 (m, 2H, H-5), 4.09-4.11 (m, 2H, H-6), 4.12-4.13 (m, 1H, 

H-2), 4.20-4.21 (m, 1H, H-2), 4.22-4.23 (m, 2H, H-6), 4.39-4.42 (m, 2H, H-4), 4.42-4.44 (d, 

2H, H-3), 4.58-4.60 (d, 2H, H2C-O-CH3), 4.79-4.81 (d, 2H, H2C-O-CH3), 5.01-5.05 (dd, 2H, 

H-1), 5.53 (s, 2H, HC-Ar), 7.36-7.38 (m, 6H, 6H-Ar), 7.48-7.51 (m, 4H, 4H-Ar). 13C NMR 

(CDCl3, 400 MHz): δ 54.58 (CH3-O-CH2), 55.93 (CH3-O-C1), 66.06 (C-5), 68.52 (C-6), 72.97 

(C-3), 73.55 (C-4), 73.99 (C-2), 96.71 (CH2-O-CH3), 100.72 (C-1), 103.73 (CH-Ar), 126.12 

(4Ar), 127.72 (4Ar), 128.55 (2Ar), 138.06 (2Ar), 166.05 (C=O). ESIMS m/z found for 

[C26H26O10Na] +: 743.15. 

Bis(methyl 2-O-methoxymethyl-β-D-galactopyranoside)-3-O-malonate (76) 

Sugar 75 (0.98 g, 1.2 mmol) was dissolved in 60% aqueous acetic acid (6 mL) and 

refluxed at 60 °C. Reaction was quenched by addition of excess H2O, acetic acid was removed 

by toluene-chloroform mixture, concentrated and purified by column chromatography (DCM: 

MEOH, 97:3) to give yield 76. (0.19 g, 30 %) 1H NMR (CDCl3, 400 MHz): δ 3.36-3.38 [m, 

2H, H2C(COO)2], 3.54-3.55 (m, 4H, H-6), 3.56 (s, 6H, H3C-O-C1), 3.58-3.60 (m, 2H, H-5), 

3.61-3.62 (m, 2H, H-2), 3.74 (m, 2H, H-4), 3.75 (s, 6H, H3C-O-CH2), 3.77 (d, 2H, H-3), 4.07 

(d, 2H, H2C-O-CH3), 4.24-4.26 (d, 2H, H2C-O-CH3), 4.75-4.79 (dd, 2H, H-1). 13C NMR 
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(CDCl3, 400 MHz): δ 51.49 (CH3-O-CH2), 55.93 (CH3-O-C1), 60.68 (C-5), 66.24 (C-6), 68.39 

(C-3), 74.81 (C-4), 77.09 (C-2), 104.41 (CH2-O-CH3), 166.67 (C=O), 167.59 (C=O). ESIMS 

m/z found for [C26H26O10Na] +: 567.41. 

Bis(methyl-β-D-galactopyranoside)-3-O-malonate (77) 

To a stirred solution of sugar 76 (0.19 g, 0.35 mmol) in CH2Cl2 were added ZnBr2 (79 

mg, 0.35 mmol) and n-EtSH (0.5 mL, 0.7 mmol). After stirring for 5-8 min at room 

temperature, the resulting mixture was diluted with CH2Cl2 (10 mL). Saturated NaHCO3 (3 

mL) was added slowly at 0 ̊C and the mixture was filtered through celite. The aqueous layer 

was separated and further extracted with CH2Cl2 (5 mL). The combined organic layer was 

washed with brine (3 mL), dried over Na2SO4, and concentrated in vacuo. The crude product 

was purified by flash column chromatography to afford final product 77. (0.05 g, 30 %) 1H 

NMR (CDCl3, 400 MHz): δ 3.37-3.39 (m, 4H, H-6), 3.41-3.42 [m, 2H, H2C(COO)2], 3.43 (s, 

6H, H3C-O-C1), 3.62-3.64 (m, 2H, H-4), 3.65-3.66 (m, 2H, H-5), 3.73-3.74 (d, 2H, H-2), 4.02-

4.04 (dd, J=4Hz, 16Hz, 2H, H-3). 13C NMR (400 MHz, CDCl3): δ 55.93 (CH3-O-C1), 60.68 

(C-6), 66.25 (C-4), 68.40 (C-2), 74.82 (C-3), 77.09 (C-5), 104.41 (C-1), 166.67 (C=O), 167.59 

(C=O). ESIMS m/z found for [C26H26O10Na] +: 479.77. 

4.3.2 Molecular docking 

The published crystal structure (PDB ID= 5T7S)31 of the galectin-8N CRD with bound 

lactose was used for the docking study of the bis(methyl-β-D-galactopyranoside)-3-O-

malonate. After removing the ligand and solvent molecules from the protein molecule, 

hydrogen atoms and Kollman charges were added to each protein atom.118 The designed 

compound was drawn in Marvin sketch, followed by energy minimization by PRODRG web 

server.119 Molecular docking was carried out by AutoDock 4.2.6 in the galectin-8N 

carbohydrate binding site.120 The grid map, which defines the interaction of protein and ligands 

in the binding pocket, was defined by using 58, 62 and 50 points in each x, y, and z direction 

respectively, equally spaced at 0.375 Å. Docking was performed using the Lamarckian genetic 

algorithm. Each docking experiment was performed 100 times that offers 100 docked 

conformations. Simulations were performed with a maximum of 25 million energy evaluations 

and a maximum of 27,000 generations. Validation of our molecular docking approach was 

carried out by performing redocking of lactose into the binding site. Figures were generated 

using CCP4mg.18 
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4.3.3 Isothermal titration calorimetry 

Binding affinity was determined by measuring the dissociation constant using Nano 

ITC Instrument (Micro Cal, TA). The galectin-8N (residues 8-154) protein was expressed in 

an untagged form as described previously.31 Briefly, the bacterial culture was induced by IPTG 

at room temperature for 4 hours and purified using lactosyl-sepharose column affinity 

chromatography at 4 °C. For the ITC study, 150 µM galectin-8N protein and 1 mM ligand 

solutions were prepared by mixing those stock solutions with Tris buffer (20 mM Tris pH 7.5, 

100 mM NaCl, 4 mM BME, 5% DMSO). Titrations were performed in a TA Nano Analyze 

calorimeter using 20-25 injections applied at an interval of 150 seconds at 298K. Each injection 

dispensed 2.5 μL of 1 mM ligand into the sample cell containing 300 μL of 150 µM galectin-

8N at 200 rpm. All experiments were repeated twice, and the errors of all thermodynamic 

parameters were calculated by performing standard deviations. At room temperature, ligand 

titration and blank data were collected, and binding isotherms were fitted in the 

NanoAnalyzeTM v3.7 software using an independent model. 
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Chapter 5 

Cell culture study 
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5.1 Introduction 

As discussed in chapter 2, the galactomalonic acid derivatives 40-45, 47, 49 show 5- 

33 μM binding affinity against galectin-8N. The galactose-coumarin ester complexes 

(discussed in chapter 3) 70-74  show 7.36-25.37 μM binding affinity against galectin-8N. These 

are monosaccharide-based compounds but still have higher binding affinity than disaccharide 

lactose (Kd 37.92 µM). Apart from that, the aromatic ring substitution to galactomalonic acid 

offers 3-7 times stronger binding affinity (5.72-12.84 μM) inhibitors 40-45 than galactomalonic 

acid 47 (Figure 5.1). It is very important to investigate the galectin-8 inhibitory effects of these 

compounds in cell culture, mice cell and in vivo mice experiments. Our collaborator Prof. 

Yehiel Zick and colleagues demonstrated that galectin-8 increases expression of a unique set 

of genes, which are associated with the bone metabolism, cancer and its metastasis. So, these 

compounds were further analysed for determining their ability to inhibit galectin-8 induced 

gene expression under the guidance of Prof. Yehiel Zick’s research laboratory at the Weizmann 

Institute of Science, Israel.  

Galectin-8 binds to the specific cell surface receptors and regulates cell adhesion, 

growth and differentiation, as well as receptor trafficking.139 Galectin-8 triggers transcription 

of a unique set of genes, some of which are associated with bone remodelling, cancer and its 

metastasis.76,140 It was reported that mice overexpressing galectin-8 exhibit accelerated 

osteoclast activity and promote osteoclastogenesis. This was revealed by a result showing that 

galectin-8 treated osteoblasts secrete the osteoclastogenic factor RANKL, which binds to the 

RANK receptor on osteoclasts and promote osteoclastogenesis.76  

Apart from that, galectin-8 expression increases in the cancerous tissues including lung, 

bladder, kidney, prostate, and breast.99 It was reported as a most frequently expressed tumor 

antigen in a mouse model of HER2-neu-positive and estrogen receptor (ER)-negative breast 

cancer.79,80 In a clinical study, galectin-8 was excessively found in synovial fluids of RA 

patients100 or serum of cancer patients.140 Galectin-8 was reported to be expressed excessively 

in the neoplastic prostate cells and found absent in normal prostate tissue. Hence, it was referred 

as Prostate Cancer Tumor Antigen-1(PCTA-1).141 Galectin-8 was reported to promote the 

adhesion of cancer cells to human microvascular lung endothelial cells.74 It was recently shown 

that the galectin-8 treated primary cultures of murine osteoblasts trigger ~ 5-60 fold gene 

expression of several cytokines and chemokines including RANKL, MCP-1, SDF-1, IP-10, IL-

6, IL-1β, and TNF-α.90 Galectin-8 also increases ~ 4-fold protein levels of cytokines and 
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chemokines, such as SDF-1 and MCP-1, in the culture medium of galectin-8 treated 

osteoblasts.90 Galectins-2, -4 and -8 were found to induce secretion of G-CSF, IL-6, MCP-1 

and GROα from the blood vascular endothelial cells in mice and in an in vitro study.147 Multiple 

regression analysis indicates that the increased circulation of these galectins was responsible 

for 41~83% of the variance of these cytokines in blood of colon and breast cancer patients. 

These upregulated cytokines/chemokines trigger endothelial cell surface adhesion molecules 

expression, which promotes endothelial adhesion and endothelial tubule formation.90, 42 In 

contrast to that, Zick and colleagues reported that the soluble galectin-8 inhibit cell adhesion 

to ECM molecules such as fibronectin, laminin and prevent cell-matrix interactions, possibly 

by masking the ligand binding sites of integrin receptors.44 These research findings suggested 

that tumor growth and metastasis could be modulated by soluble galectin-8.44 Both the positive 

and negative cell adhesion regulation ability makes galectin-8 a novel member of adhesion-

modulating proteins, collectively known as ECM proteins. 

5.1.1 In vitro isothermal titration calorimetry binding affinity of synthesized compounds 

 

 

 

 

 

 

 

Figure 5.1: Methyl-β-D-galactomalonic acid 47, its derivative 40-45, 49 and Methyl-β-D-galactopyranoside-

coumarin ester complex 70-74.   

Thirteen novel compounds (Figure 5.1) were designed, subsequently synthesized and 

evaluated for determining their in vitro galectin-8N binding affinity by isothermal titration 

calorimetry (Blanchard group unpublished) (Table 5.1). Compounds 40-45, 47, 49 are 

galactomalonic acid and its aliphatic, aromatic group substituted derivatives, whereas 

compounds 70-74 are galactose-coumarin ester complexes. These are monosaccharide-based 

compounds but still have higher binding affinity than disaccharide lactose, and in fact four of 

them have single digit μM binding affinity below 10 µM.  
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Table 5.1: Galectin-8N binding affinity of synthesized compounds and estimated thermodynamic parameters 

from ITC experiments 

 

Briefly, in a binding affinity study of galactomalonic acid-based compounds we have 

shown that the electron-donating methyl group substitution to galactomalonic acid 47 enhances 

the binding affinity of galactomalonic acid derivative 49 to 24.85 µM. In addition to that, the 

aromatic ring substitution to the malonates enhances the binding affinity of galactomalonic 

acid derivatives 40-45 to 5.72-12.84 μM. From an X-ray crystallography study of galectin-8N-

methyl 3-O-(3′-O-benzyloxy) malonyl-β-D-galactopyranoside complex, we demonstrated that 

the malonyl carbonyl oxygens form cross linking interactions with Arg45 and Arg59, while the 

aromatic ring forms van der Waals interactions with Tyr141 and cation-π stacking interaction 

with Arg59. This novel finding confirms that the aromatic malonyl substitution gives an 

affinity-enhancing effect to the monosaccharide galactose-based compounds. In a binding 

affinity study of galactose coumarin ester complexes, we have shown that the aromatic 

coumarin ester substitution enhances the binding affinity of galactose-coumarin ester 

complexes to 7.36-25.37 μM. The binding affinity results suggested that coumarin ester 

substitution is beneficial to the monosaccharide galactose-based compounds. 

These compounds were further analysed for determining their ability to inhibit galectin-

8 induced proinflammatory cytokine and chemokine gene expression in SUM159 cell culture 

Compound Kd (µM) ΔH 

 

-TΔS 

 

ΔG 

 

N 
42 5.72 ±0.27 -13.63 ±0.2 -16.30 -29.93 0.89 ±0.02 
70 7.36 ±0.56 -26.02 ±0.4 -3.27 -29.30 0.89 ±0.01 
45 

 

9.17 ±0.67 -12.40 ±0.4 -17.26 -28.75 0.96 ±0.05 
41 9.47 ±0.43 -11.75 ±0.3 -16.93 -28.68 0.87 ±0.02 
44 

 

11.02 ±0.56 -11.98 ±0.2 -16.32 -28.30 0.81 ±0.05 
43 11.89 ±0.56 -9.56 ±0.4 -18.54 -28.11 0.89 ±0.01 
40 12.84 ±0.66 -14.63 ±0.4 -13.29 -27.92 0.81 ±0.02 
71 14.33 ±0.56 -19.89 ±0.2 -7.76 -27.65 0.81 ±0.05 
72 16.73 ±0.67 -15.59 ±0.4 -11.67 -27.26 0.96 ±0.05 
73 21.04 ±1.25 -12.74 ±0.4 -13.95 -26.70 0.89 ±0.13 
49 24.85 ±0.92 -7.068 ±0.6 -19.22 -26.28 0.80 ±0.15 
74 25.37 ±0.92 -7.01 ±0.6 -19.22 -26.23 0.80 ±0.15 
47 

 

33.56 ±1.25 6.08 ±0.4 -31.6 -25.5 0.89 ±0.13 
Lac 37.92 ±1.27 -4.7 ±0.6 -20.5 -25.2 0.98 ±0.03 

3ʹ-SL 2.3 ±0.20 -51.8 ±0.8 19.64 -32.1 0.83 ±0.01 
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and mice osteoblasts. For this experiment, we chose three high galectin-8N binding affinity 

compound (Table 5.1, green highlighted) with structural diversity such as fluorophenyl 

galactomalonic acid 42, benzyl galactomalonic acid 45 and galactose-coumarin ester complex 

70. In contrast to that, we chose two low binding affinity compounds (Table 5.1, red 

highlighted) with structural diversity such as galactomalonic acid 47 and galactomalonic acid 

methyl ester 49.  

These compounds were analysed to investigate following three hypotheses. 

1. Whether these compounds are able to inhibit cancer promoting cytokines and chemokines 

gene expression in cell culture or not. 

2. The in vitro isothermal titration calorimetry binding affinity study is a measure of chemical 

interaction between compounds and amino acids of protein binding site. Hence, these 

compounds were analysed to determine whether these chemical interactions of compounds 

with galectin-8 are able to inhibit gene expression in cell culture study in the same order as 

observed in in vitro binding affinity study or not. 

3. Galectin mechanism of action starts with its binding to saccharide molecules on cell surface. 

Self- association and interactions with cell surface glycans, as well as interactions with other 

biomolecules can have significant impact on galectin function.142 If the biological inhibition 

exhibited by the compounds does not follow the order of their in vitro binding affinities of 

compounds then it may be possible that these compounds interact at other site of galectin-8. 

Thus, this study would demonstrate whether these compounds are able to bind the site where 

cell surface glycoconjugates bind and inhibit gene expression inhibition or not.  

5.2 Methods 

5.2.1 Extraction of Osteoblasts from Calvaria of newborn mice 

1. The collagenase-dispase solution was prepared by mixing 50 mL SFM (serum free 

media), 100 mg (0.2%) dispase, 50 mg (0.1%) collagenase and filtered it through 0.445 

and 0.22 filters. The 2x10 cm PBS plates and  1x10 cm SFM plate were kept ready for 

the experiment.  
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Figure 5.2: New born mice used for extraction of osteoblasts from calvaria. 

2. The scissors and tweezers were sterilized with 70% Ethanol. The NB mice were put on 

ice until they stopped moving. The mice belly was hold up and decapitated in a quick 

cut. The heads were collected in one of the PBS plates and the remaining portion of the 

body was discarded. 

3. The heads were transferred to the second PBS plate and the blood was bleached in the 

first plate. A head was picked with the curved tweezers, inserted the straight tweezers 

from the neck through the nose and peeled the skin. The calvaria bone was removed 

with the scissors. 

4. The calvaria bones pieces were collected in the 10 cm SFM plate and then put in a 50 

ml tube. 10 mL collagenase-dispase solution was added to the tube and the mixture was 

shaken for 10 min in 37 °C. The collagenase-dispase was collected in new tube, place 

on ice (marked it Fraction 1). 

5. Another 10 mL collagenase-dispase solution was added to the calvaria and the mixture 

was shaken again for 10 min in 37 °C. The process was repeated for fractions 2-5. These 

fractions were collected in one tube. The mixture was centrifuged for 5 min in 4 °C, 

1500 rpm. The pellets was resuspended with α-MEM full media and transferred to 10 

cm plates (1 plate per 5 NB mice). These plates were incubated for 2.5 (usually 3) days. 

These cells were further split from each plate to 5 new plates. These plates were 

incubated for 2.5 days. 
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5.2.2 Splitting of SUM159 cells and osteoblast cells 

1. The buffer was removed from 2x10 cm well plates. These plates were washed out with 

PBS buffer. An approximately 1-2 mL of trypsin was added and kept for 5 minutes. 

The media was added to both plates. The lysate was collected and centrifuged. 

2. The supernatant buffer was removed by vacuum slowly and the pallet was resuspended 

with fresh SFM media (in case of SUM159), α-MEM media (in case of mice 

osteoblasts). These cells were split into 8x10 cm plates.  

5.2.3 Freezing of osteoblasts 

1. The buffer was removed from 16 pool plates. These plates were washed out with PBS 

buffer. An approximately 1-2 mL trypsin was added to each plate and kept for 5 

minutes. The α-MEM media was added to each plate and the lysate was collected in 

two tubes and centrifuged them. 

2. The supernant buffer was removed and the pallet was resuspended with freezing 

osteoblast media. These cells were put in 16 cell tubes. The tubes were frozen at -80 

°C. The same process was followed for F1 cells.  

5.2.4. RNA extraction and purification by NucleoSpin® RNA kit 

1. A mixture of 350 μL RA1 Buffer and 3.5 μL dithiothreitol (DTT) was added to each 

SUM159 culture plate. These plates were scratched with the scratcher and the 

homogenized lysate was collected in a small tube.   

2. 350 μL ethanol (70 %) was added to the homogenized lysate. The mixture was mixed  

by pipetting up-down (5 times). The lysate was loaded to the column and centrifuged it 

for 30 s at 11,000 x g. 

3. The column was transferred to fresh tube. 350 μL MDB (Membrane Desalting Buffer) 

was added to it and centrifuged at 11,000 x g for 1 min to dry the membrane.  

4. The DNase reaction mixture was prepared in a sterile 1.5 mL microcentrifuge tube. For 

each isolation, 10 μL reconstituted rDNase was added to 90 μL reaction Buffer for 

rDNase and the mixture was mixed by flicking the tube. 

5. The 95 μL DNase reaction mixture was applied directly onto the centre of the silica 

membrane of the column. The column was incubated at room temperature for 15 min 

and then washed it by three buffer washes mentioned below. 

• 1st wash - 200 μL RAW2 buffer was added to the column. The column was  

centrifuged for 30 s at 11,000 x g and placed it into a new 2 mL collection tube. 
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• 2nd wash - 600 μL RA3 buffer was added to the column. The column was 

centrifuged for 30 s at 11,000 x g and placed it back into the collection tube. 

• 3rd wash - 250 μL RA3 buffer was added to the column. The column was 

centrifuged for 2 min at 11,000 x g to dry the membrane completely and placed 

it into a 1.5 mL nuclease-free collection tube. 

6. The RNA was eluted with 60 μL RNase-free water. If higher RNA concentration of the 

RNA is desired, the elution could be done with 40 μL.  

5.2.5. RT reaction using ABI’s High-Capacity cDNA RT Kits 

1. The RNA samples were placed on ice. The RT kit components were thawed on ice. The 

following RT master mix was prepared and put on ice. 

 

 

 

 

2. 10 µL of the RT master mix was pipetted to each tube. 10 µL of the RNA of the desired 

concentration was added to each tube. 

3. The tubes were inserted to the thermal cycler and operated the following program: 25 

°C for 10 minutes, 37 °C for 2 hours, 85 °C for 5 minutes, 4 °C indefinitely. 

5.2.6. Quantitative reverse transcription polymerase chain reaction (qRT PCR) 

The quantitative reverse transcription polymerase chain reaction (qRT-PCR) is a 

laboratory-based technique that permits reliable detection and quantification of a targeted DNA 

molecule. In this method, the complementary DNA (cDNA) is first synthesized from mRNA 

or total RNA by reverse transcriptase. The cDNA is then used as a template for qRT-PCR 

reaction. Two nonspecific fluorescent DNA binding dyes are usually used to detect and 

quantify PCR products. These dyes intercalate with the double-stranded DNA and sequence-

specific fluorescent-labelled oligonucleotide probes. The thermal cycler illuminate each 

sample by a beam of light of a specific wavelength. The excited fluorophore emits fluorescence  

which is measured by detector.  

 

qRT PCR experiment is a quantitative measure of a target sequence that is present in a 

sample by determining PCR cycle time Ct of target sequence. PCR cycle time Ct is the 

RT Buffer 2.0 μL 
dNTP Mix 0.8 μL 

Random primers 2.0 μL 
Reverse 

Transcriptase 1.0 μL 

DDW 4.2 µL 
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intersection between an amplification curve and a threshold line. Lower Ct PCR cycle time 

indicates that target gene is present in high amount whereas higher Ct PCR cycle time indicates 

that target gene is present in less amount in PCR reaction samples (Figure 5.3).  

 

 

 

 

 

 

 

 

Figure 5.3: ΔRn is Rn minus the baseline; ΔRn is plotted against PCR cycle number. 

Procedure: 

1. Each well of the real-time PCR plate contains 20 µL, composed of 10 µL SYBR Green 

mix, 5 µL of Primers and 5 µL of cDNA template.  

2. Preparation of NTC control: The SYBR mix and the primers were mixed and make up 

to 20 µL with DDW, without adding cDNA. This control must appear for each primer 

pair on each plate.  

3. The plate was covered with an adhesive plate cover and spin down at 500-600 rpm. 

5.3. Results and discussion 

5.3.1. Effect of galectin-8 on cytokines and chemokines gene expression 

To analyse the effect of galectin-8 on the cytokine and chemokine expression in 

SUM159/HEK293 culture cells, these cells were seeded in 6 well plates, allowed to grow for 

one day and then incubated with presence/absence of 50 nM galectin-8 for overnight. After 24 

hours of incubation, the RNA was extracted and purified by using the RNA purification kit. 

The concentration of the total RNA was measured by nanodrop-one UV spectrophotometer. 
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Table 5.2: Design of qRT PCR 96 well plate experiment with SUM159/HEK293 to analyze 12 target sequence 

 1 2 3 4 5 6 7 8 9 10 11 12 

A             

B HEK 
CTRL 

HEK 
CTRL 

HEK 
CTRL 

HEK 
CTRL 

HEK 
CTRL 

HEK 
CTRL 

HEK 
CTRL 

HEK 
CTRL 

HEK 
CTRL 

HEK 
CTRL 

HEK 
CTRL 

HEK 
CTRL 

C HEK 
Gal8 

HEK 
Gal8 

HEK 
Gal8 

HEK 
Gal8 

HEK 
Gal8 

HEK 
Gal8 

HEK 
Gal8 

HEK 
Gal8 

HEK 
Gal8 

HEK 
Gal8 

HEK 
Gal8 

HEK 
Gal8 

D SUM 
CTRL 

SUM 
CTRL 

SUM 
CTRL 

SUM 
CTRL 

SUM 
CTRL 

SUM 
CTRL 

SUM 
CTRL 

SUM 
CTRL 

SUM 
CTRL 

SUM 
CTRL 

SUM 
CTRL 

SUM 
CTRL 

E SUM 
Gal8 

SUM 
Gal8 

SUM 
Gal8 

SUM 
Gal8 

SUM 
Gal8 

SUM 
Gal8 

SUM 
Gal8 

SUM 
Gal8 

SUM 
Gal8 

SUM 
Gal8 

SUM 
Gal8 

SUM 
Gal8 

F NTC NTC NTC NTC NTC NTC NTC NTC NTC NTC NTC NTC 

G             

H             

 Gal8 SDF-1 MCP-1 IL6 IL1β TNF-α IP-10 IL4 TGFβ1 IL7 IL8 GAPDH 

 
Table 5.3: PCR cycler time (Ct) of 12 target sequence in SUM159/HEK293 qRT-PCR experiment  

 

In RNA quantification analysis of HEK293 samples, we observed 109.8 ng/µL RNA in 

absence of galectin-8 and 110.2 ng/µL RNA in presence of galectin-8, whereas in SUM159 

samples, we observed 17.2 ng/µL RNA in absence of galectin-8 and 1 ng/µL RNA in presence 

of galectin-8. The reverse transcription of these RNA strands was performed to synthesize c-

DNA from m-RNA by reverse transcriptase. These c-DNA strands were used as a template for 

qRT-PCR reaction. In qRT-PCR reaction, we analysed the effect of galectin-8 on NCRD, 

CCRD, IL8, IL6, IL4, IL7, IL1β, IP10, SDF-1, MCP-1, TNF-α, TGFβ1 target gene expression. 

Results were normalised against GAPDH (Table 5.2). 

In the analysis of qRT-PCR reaction of SUM159 cell culture samples, we observed low 

PCR cycle time Ct of IL8, IL6, IL1β, TNF-α in presence of galectin-8 compared to in absence 

of galectin-8. The lower cycle time Ct of IL8, IL6, IL1β, TNF-α in presence of galectin-8 

indicates that sample contains higher amount of the target. We observed 36-fold IL8, 6-fold 

IL6, 6-fold IL1β, 6-fold TNF-α change in gene expression in SUM159 cell culture samples. 

The IL8 PCR cycle time Ct difference in absence or presence of galectin-8 is much higher than 

that of IL6, IL1B and TNF-α. However, the galectin-8 effect was not observed in N-CRD, C-

CRD, SDF-1, MCP-1, IP10, TGFβ1, IL7 gene expression. In HEK293 qRT PCR samples, the 

galectin-8 effect was not observed in all target gene expression (Table 5.3) (Figure 5.4).  

 CTs GAPDH NCRD CCRD SDF1 MCP1 IL6 IL1β TNF-α IP10 TGFβ1 IL7 IL8 

1 HEK CTRL 18.348 32.428 31.176 34.341 35.648 34.454 31.233 35.127 34.030 24.967 34.467 31.352 

2 HEK Gal8 17.754 32.465 31.394 33.967 34.856 33.525 30.283 34.775 33.499 24.995 33.474 31.435 

3 SUM CTRL 16.498 22.751 22.437 30.219 31.231 23.639 24.807 31.754 24.961 21.558 25.910 23.842 

4 SUM Gal8 17.373 23.737 23.214 32.839 31.707 22.000 22.984 30.360 25.565 22.339 26.616 19.535 
 NTC 35.933 29.984 36.667 33.090 35.513 NA 35.611 35.458 36.936 27.876 32.599 32.837 
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Figure 5.4: Effect of galectin-8 on the cytokine and chemokine gene expression. (A) Effect of galectin-8 on N-

CRD, C-CRD, IL6, IL1β, TNF-α, SDF-1, MCP-1, IP10, TGF-β1, IL7 gene expression of SUM159 and HEK293 

cells (B) Effect of galectin-8 on the IL8 gene expression of SUM159 cells. 

5.3.2. Effect of compounds on galectin-8 upregulated gene expression level in SUM159 

 Both the strong and weak binding affinity compounds were analysed to determine their 

effect on the galectin-8 induced IL8, IL6, IL1B, TNF-a, RANKL gene expression. To analyse 

the effect of compounds on the galectin-8 induced cytokine and chemokine expression level, 

SUM159 cells were seeded in 4 plates and grown overnight. In two of them, 1 mL mixture of 

50 nM galectin-8 and 500 μM compounds (strong binding affinity compounds 42, 70, 45) was 

added individually. In other two plates, 1 mL mixture of 500 μM compounds (weak binding 

affinity compound 47, 49) and 50 nM galectin-8 was added individually. All four plates were 

incubated for 24 hours. After 24 hours of incubation, the RNA was extracted and purified by 

using RNA purification kit. (Appendix Table 6.1) The reverse transcription of these RNA 

strands was performed to synthesize c-DNA from m-RNA by reverse transcriptase. These c-

DNA strands were then used as a template for qRT-PCR reaction. 

In qRT-PCR results of the experiment, it was observed that galectin-8 shows 7-fold 

IL8, 5-fold IL1β, 5-fold IL6 and 1.5-fold TNF-α change in gene expression (Figure 5.5). Higher 

Ct PCR cycle time of IL8, IL1β, IL6 in presence of compounds indicates that IL8, IL1β, IL6 

gene expression was delayed due to antagonist effect of compound on galectin-8 (Appendix 

Table 6.2). It was observed that the strong binding affinity compounds show greater IL8, IL6, 
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IL1β gene expression inhibition than the weak binding affinity compounds, which confirms 

that the cellular gene expression inhibition follows the order of compounds’ galectin-8N 

binding affinity. In study with the strong binding affinity compounds, 42 shows greater IL8, 

IL6, IL1β, TNF-α gene expression inhibition than other two compounds 70 and 45. 

 

Figure 5.5: Effect of weak binding affinity compound 47, 49  and strong binding affinity compound 42, 70, 45 

on IL8, IL1β, IL6 and TNF-α expression of SUM159 breast cancer cell line in absence of galectin-8 (SFM - red 

block) and presence of 50 nM galectin-8 (green block). Results shown are means ± SEM of experiments done in 

duplicates (*p<0.05; **p<0.01; ***p<0.001).  

 Compound 45 shows greater IL8, IL1β, and IL6 gene expression inhibition than 

compound 70. The best binding affinity compound 42 shows 7-fold IL8, 2.5-fold IL1β, 16-fold 

IL6 gene expression inhibition. In case of the weak binding affinity compounds, the methyl 

esters of galactomalonic acid 49 shows greater IL8, IL1β, IL6 inhibition than parent 

galactomalonic acid 47 which also confirms that the electron-donating methyl group strengthen 
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the electronic character of malonyl carbonyl groups and thus improve the galectin-8N binding 

affinity and the ability to inhibit gene expression.  

 

 

 

 

 

 

 

Figure 5.6: Effect of the strong binding affinity compound 42, 70, 45 on RANKL expression of SUM159 breast 

cancer cell line in absence of galectin-8 (SFM - red block) and presence of 50 nM galectin-8 (green block). Results 

shown are means ± SEM of experiments done in duplicates (*p<0.05; **p<0.01; ***p<0.001). 

 It was reported that galectin-8 increases the expression of RANKL, a key 

osteoclastogenic factor, in the cultured osteoblasts, and promotes their osteoclastogenic 

potential when co-cultured with bone marrow cells. In the qRT-PCR analysis (Appendix Table 

6.3), it was observed that galectin-8 increases 1.5-fold m-RNA level of RANKL in SUM159 

cell culture (Figure 5.6). All strong binding affinity compounds 42, 70, 45 show 6-fold gene 

expression inhibition.  

5.3.3. Chemical diversity and its effect on cytokines, chemokines gene expression of 

SUM159 

Compounds containing different chemical functional groups such as galactomalonic 

acid (consist of carboxylic acid), galactomalonic acid methyl ester (electron-donating methyl 

substitution to malonic acid), p-fluorophenyl galactomalonic acid (p-fluorophenyl substitution 

to galactomalonic acid), benzyl galactomalonic acid (benzyl substitution to galactomalonic 

acid), coumarin galactose ester complex were analysed in SUM159 cell culture study. Galectin-

8 induced gene expression inhibition ability of these compounds was observed in following 

order: p-fluorophenyl > benzyl > coumarin ester > malonic acid methyl ester > malonic acid. 

The galectin-8 inhibitory effects of these compounds revealed that the electron-donating 

methyl group substituted galactomalonic acid derivatives show greater inhibition than parent 
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galactomalonic acid. Apart from that, the electron-rich aromatic ring substitution such as 

benzyl, p-fluorophenyl, coumarin rings further potentiate the gene expression inhibition.  

5.3.4. Dose response study of p-fluoro phenyl malonyl galactopyranoside (42)  

 

Figure 5.7: Effect of p-fluoro phenyl malonyl galactopyranoside concentration (C1 500 μM, C2 100 μM, C3 10 

μM, C4 1 μM) on IL8 and IL1β expression of SUM159 breast cancer cell line in absence of galectin-8 (SFM - 

red block) and presence of 50 nM galectin-8 (green block). Results shown are means ± SEM of experiments done 

in duplicates (*p<0.05; **p<0.01; ***p<0.001). 

In the dose response study of p-fluorophenyl malonyl galactopyranoside 42, we 

experimented the four different concentration C1 500 μM, C2 100 μM, C3 10 μM, C4 1 μM 

individually with 50 nM galectin-8 in SUM159 cell culture plates and incubated for overnight 

(Figure 5.7). After 24 hours of incubation, the RNA was extracted and purified by using the 

RNA purification kit. The reverse transcription of these RNA strands was performed to 

synthesize c-DNA from m-RNA by reverse transcriptase. These c-DNA strands were used as 

a template for qRT-PCR reaction. In qRT-PCR results, we observed that all four concentration 

of 42 were able to inhibit galectin-8 induced IL8, IL1β gene expression (Appendix Table 6.4). 

C1, C2 and C3 concentrations of 42 were able to inhibit 50 % of galectin-8 induced IL8 gene 

expression. C1 and C2 concentration of 42 show greater IL1β gene expression inhibition than 

C3, C4 concentration. The IL8 expression inhibition decreases beyond 10 μM concentration 

whereas the IL1β expression inhibition decreases beyond 100 μM concentration. 

5.3.5. Osteoblast cell study 

Our collaborator Prof. Yehiel Zick and colleagues recently reported that the 24h 

treatment of primary cultures of murine osteoblasts with galectin-8, markedly increases up to 
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60-fold, the expression of several cytokines and chemokines including RANKL, MCP-1, SDF-

1, IP-10, IL-6, IL-1β, and TNF-α. 

 

 

 

 

 

 

Figure 5.8: Effect of the strong binding affinity compounds 42, 70, 45 and weak binding affinity compounds 47, 

49 on IL6 expression of osteoblast cell in absence of galectin-8 (red block) and presence of 50 nM galectin-8 

(green block). Results shown are means ± SEM of experiments done in duplicates. (*p<0.05; **p<0.01; 

***p<0.001). 

Galectin-8 induces not only expression, but also secretion of cytokines and chemokines 

such as SDF-1 and MCP-1, whose protein levels are elevated ~4-fold in the culture medium of 

galectin-8-treated osteoblasts. To analyse the effect of compounds on osteoblasts, we extracted 

newborn mice osteoblasts and grew them overnight. 1 mL mixture of 50 nM galectin-8 and 

500 μM compounds concentration (compounds 42, 70, 45) were added individually and then 

incubated for overnight. In other two plates, a mixture of 500 μM weak binding affinity 

compounds 47, 49 and 50 nM galectin-8 were added and incubated overnight. After 24 hours 

of incubation, the RNA was extracted and purified by using RNA purification kit. The reverse 

transcription of these RNA strands was performed to synthesize c-DNA from m-RNA by 

reverse transcriptase. These c-DNA strands were used as a template for qRT-PCR reaction. We 

analysed compounds to determine their effect on galectin-8 induced IL6, RANKL, IL1β, TNF-

α gene expression. The effect of these compounds was not observed in IL1β, TNF-α and 

RANKL gene expression, however IL6 gene expression is inhibited by all compounds as 

similarly observed with SUM159 cell culture study (Figure 5.8). Higher PCR cycle time Ct of 

IL6 in the presence of these compounds indicates that IL6 gene expression was delayed due to 

the antagonist effect of compound on galectin-8 (Appendix Table 6.5). Galectin-8 shows 1.5-

fold IL6 change in gene expression in osteoblasts. It was observed that both the strong and the 

weak binding affinity compounds show almost equal IL6 gene expression inhibition. However, 

the best binding affinity compound 42 shows stronger gene expression inhibition than 
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compound 70 and 45. Compound 42 shows 3-fold gene expression inhibition. In the osteoblast 

study with the strong binding affinity compounds, it was observed that IL6 gene expression 

inhibition of these compounds follows the order of their in vitro binding affinity, which was 

not observed in case for the weak binding affinity compounds. 

5.4 Conclusion 

Galactomalonic acid derivatives, galactose-coumarin ester complexes were analysed 

for determining their ability to inhibit galectin-8 induced proinflammatory cytokine and 

chemokine expression in SUM159 cell culture and mice osteoblasts. The SUM159 cell culture 

study revealed that galectin-8 increases IL-8, IL-6, IL-1β and TNF-α gene expression. Both the 

strong and weak binding affinity compounds with diverse chemical functional groups showed 

galectin-8 upregulated gene expression inhibition in order of the compounds’ in vitro binding 

affinity. The strong binding affinity compounds show stronger inhibition than the weak binding 

affinity compounds. These research findings indicate that the chemical interactions of 

compounds with galectin-8 are able to inhibit galectin-8 induced proinflammatory cytokine 

and chemokine expression in cell culture study. These compounds were further analysed in the 

osteoblast study, which revealed that these compounds show similar IL6 gene expression 

inhibition as observed in SUM159 cell culture. Overall, these research findings suggested that 

these compounds occupy the galectin-8 binding site, where the cell surface glycans bind and 

activate the cellular signalling cascade.  
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Chapter 6 
Summary and conclusions 

 

Galectin-8, β-galactoside binding protein, plays an important role in several 

physiological functions such as cell adhesion, cell growth, inflammation, immunity, enhanced 

gene expression of cancer promoting proinflammatory cytokines and chemokines. Our 

collaborator Prof. Yehiel Zick and colleagues reported that galectin-8 treated osteoblasts 

enhance expression of osteoclastogenic factor RANKL, which binds to the RANK receptor on 

osteoclasts and promotes osteoclastogenesis. Apart from that, they recently found that galectin-

8 increases proinflammatory cytokine and chemokine gene expression including SDF-1, TNF-

α, RANKL, IL1β, MCP-1, IL6 in a number of cell types including osteoblasts. These results 

demonstrated that binding of galectin-8 to the cellular β-galactoside glycans and stimulate the 

cellular gene expression. The β-galactoside containing glycans, sialylated glycans are the 

common substrate for the galectin-8. As a result, the inhibitors which have greater binding 

affinity than these cellular glycans could be potential galectin-8 antagonist that can have 

significant biological effect. Several of these discoveries suggest that galectin-8 is a potential 

target for the development of novel drugs for osteoporosis and cancer.  

Research in thesis demonstrates successful design and synthesis of potent galectin-8N 

antagonist by using structure-based drug design approach. The compounds were designed by 

targeting the unique amino acid residues of galectin-8N binding site. These designed 

compounds were synthesized and analysed to determine their binding affinity against galectin-

8N. These compounds were further analysed in cancer cell culture and mice osteoblasts during 

my visit to Prof. Yehiel Zick research lab, Weizmann Institute of Science, Israel.  

In our previous structural investigation, we observed that the carboxylic acid of the 

galactose-based compound forms salt bridge interaction with the unique Arg59 and selectively 

inhibits the N-terminal domain of galectin-8. This research finding motivated us to develop 

selective and potent galectin-8N antagonists. The initial thought was to design the inhibitor 

which could cross link Arg45 and Arg59 that are located across the binding site and thus 

anchoring the inhibitor from both side. Considering the electropositive nature of this arginine 

guanido group, several electron-rich functional groups were hypothesised to cross link these 

arginines. In order to understand the binding interactions of these scaffolds, molecular docking 
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was performed and determined their ability to cross link these arginines. This hit-trial process 

discovered the synthetically feasible malonyl scaffold showing its ability to cross link these 

arginines. In vitro binding affinity results revealed that the galactomalonic acid 47 containing 

malonyl scaffold shows equivalent galectin-8N binding affinity 33.56 μM to disaccharide 

lactose. A library of compounds having electron-donating methyl group and electron-rich 

phenyl ring at the end of galactomalonic acid were synthesized. The binding affinity results 

revealed that the electron-donating methyl substitution enhance the galactomalonic acid 49 

binding affinity from 33.56 μM to 24.85 μM. The electron-rich p-fluorophenyl ring substitution 

to galactomalonic acid offers 7 times stronger binding affinity inhibitor 42 5.72 μM than 

galactomalonic acid. These binding affinity results revealed that the aromatic malonyl 

substitution sharply increase the galectin-8N binding affinity. The X-ray crystallography of 

galectin-8N-compound 45 revealed the binding interactions which make compound 45 (Kd 9.47 

μM) to bind 4 times stronger than disaccharide lactose. Considering this novel finding, 

galactose-coumarin ester complexes consists of internal malonyl group and the aromatic 

coumarin ring were designed, synthesized. The binding affinity results of these compounds 

revealed that the galactose-coumarin ester complex shows 5 times stronger binding affinity 

than disaccharide lactose. Considering the cross-linking interaction of the malonyl functional 

group and interactive nature of the terminal galactose of LNnT with Tyr141, we designed and 

synthesized bis(methyl-β-D-galactopyranoside)-3-O-malonate having two terminal galactose 

connected with the malonyl linker. The binding affinity results revealed that bis(methyl-β-D-

galactopyranoside)-3-O-malonate shows 5 times stronger binding affinity than the disaccharide 

lactose. These compounds were further analysed in the cell culture and mice osteoblast study 

during my visit to our collaborator Prof. Yehiel Zick Research laboratory in Weizmann 

Institute of Science, Israel. During this one-month research visit, these compounds were 

analysed for determining their ability to inhibit galectin-8 induced proinflammatory cytokine 

and chemokine gene expression.  

In cell culture study, it was observed that these compounds inhibit gene expression 

following the order of their in vitro binding affinity. Several β-galactoside containing glycans, 

sialylated glycans binding affinity with galectin-8N were reported such as lactose (79 μM), 3ʹ-

sialyllactose (2.7 μM), LNnT (13 μM), LNF-III (3.3 μM). As per these binding affinity results, 

the galactose malonic acid 47, 49 might unable to compete with these glycans at the cellular 

site which is also observed in the cell culture study. The aromatic ring substituted galactose 

malonic acid 40-45 demonstrated 5-15 μM binding affinity against galectin-8N. These 
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compounds demonstrated approximately equivalent binding affinity to these glycans and thus 

these compounds competitively inhibit galectin-8 and show biological effect. Our galectin-8 

rational design campaign revealed key pharmacophore which show promising galectin-8N 

binding affinity and galectin-8 induced gene expression inhibition in cell culture study. In the 

future, these pharmacophore could be explored by optimizing C3-OH and C1-O-Me 

substitution of galactopyranoside for better binding interaction with the galectin-8N binding 

site. Results of this thesis will fasten the drug discovery progress for the development of 

galectin-8 antagonists which could tackle deadly diseases such as osteoporosis and cancer.  

6.1 Superimposition of galectin-8N-key ligands and future scope of galectin-8 antagonist 

development 

 

 

 

 

 

 

 

Figure 6.1: Superimposition of docked galectin-8N-Compound 70 (carbon in cyan), galectin-8N-compound 77 

(carbon in black) complex on crystal structure of galectin-8N-compound 45 (carbon in yellow) (PDB ID 5T7S). 

The hydrogen bond distances of galectin-8N-compound 45 were illustrated (PDB ID 6W4Z). 

The galectin-8N-key ligands of chapter 2, 3, 4 (benzyloxy galactomalonic acid 45, galactose-

coumarin ester complex 70, Bis-galactomalonic acid 77 respectively) complexes were 

superimposed to compare key interactions of C3-OH-galactopyranoside substitution of these 

antagonists with galectin-8N extended binding site. These antagonists are monosachharide 

galactose based compounds, consist of two cyclic ring either sugar or aromatic ring connected 

with the malonyl linker or internal malonyl linker as in case of galactose-coumarin ester 

complex. All these antagonists are monosachharide based compounds, but they still show 

almost 5-7 fold greater binding affinity (9.17 µM, 7.32 µM and 6.55 µM respectively) than 
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disaccharide lactose and almost equivalent binding affinity to 3ʹ-sialyllactose. In 

superimposition analysis study of these three complexes, it was observed that the basic 

galactose ring occupies the primary binding site forming π-stacking van der Waals interaction 

with Trp86 and its hydroxyl groups form hydrogen bond interaction with amino acid of primary 

binding site. Chapter 2 demonstrated the importance of the malonyl linker interactions and their 

impact on galectin-8N binding affinity and cell culture study. The galectin-8N-compound 45 

crystal structure revealed that the malonyl linker of 45 forms cross-linking interaction with 

arginines (Arg45, Arg59) which are situated across the binding site and thus hold the inhibitor 

from both side. In galectin-8N-compound 70 docked complex, it was observed that the internal 

malonyl arch forms hydrogen bond interactions with Trp86, Arg59. In galectin-8N-compound 

77 docked complex, it was observed that the malonyl linker interacts with Trp86 and Arg59. 

Considering all these observations, it is clear that the malonyl linker carbonyl group recognizes 

unique Arg59 of the longest S3-S4 loop by salt-bridge or hydrogen bond interaction. Apart 

from that, It was observed that these antagonists’ tail substitutions offer further scope of 

interactions such as van der Waals interaction of Tyr141-aromatic ring (compound 45), van 

der Waals interaction of Tyr141-galactose ring (compound 76), cation-π stacking interaction 

of Arg59-aromatic ring (compound 45), several hydrogen bond interactions of Arg59-galactose 

hydroxyl groups (compound 77). One of the important thing is combination of the malonyl 

linker and electron-rich aromatic ring or galactose ring in all galactomalonic acid derivatives 

and bis(galactopyranoside)malonic acid which shows potential to form cross-liking interaction 

with either both arginines or arginine and Trp86. Moreover, the tail substitutions of these 

molecules offer further scope of interaction with Tyr141 and Arg59. In 

bis(galactopyranoside)malonic acid 76, it was observed that the tail galactose ring hydroxyl 

groups  offer further scope of hydrogen bond interactions with the extended binding site with 

extra van der Waals interaction with Tyr141. In cell culture study, it was observed that all the 

galactomalonic acid derivatives show ability to inhibit galectin-8 induced cytokine and 

chemokine gene expression in SUM159 breast cancer cell line. The dose response study of 

compound 42 demonstrated that 500 µM-10 µM concentration of this compound was able to 

inhibit the galectin-8 induced cytokine and chemokine gene expression. This superimposition 

study of these antagonist-galectin-8N complex provides the structural insights of their binding 

with galectin-8N binding site which would be useful in further ligand optimization and 

development of potent galectin-8 antagonist for therapeutic interventions. 
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Chapter 7 

Appendix 
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7.1 Appendix: chapter 2 

7.1.1 Isothermal titration calorimetry 

 

 

 

 

 

 

 

 

 

 

Figure 7.1: Isothermal titration calorimetry analysis of lactose, 3ʹ-Sialyllactose and galactomalonyl ester with 
galectin-8N. (A) 1 mM lactose with 200 µM galectin-8N (B)  1 mM 3ʹ-Sialyllactose with 100 µM galectin-8N. 

7.1.2 Omit map of crystal structure galectin-8N-compound 45 

 

 

 

 

 

 
 

 

 

 

 

Figure 7.2: Omit electron density maps calculated from refinement with 45 omitted from the model (2mFo − 
DFc: 1.0 σ [blue], mFo − DFc: ±3.0 σ [green/red]) in the galectin8N-45 complex. Pink asterisks indicate water 
molecules.  
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7.1.3 Molecular docking 

 

 
Figure 7.3: Binding interaction substituted phenyl galactomalonyl esters (A) Galactomalonyl ester 49 (B) 43, (C) 

45, (D) 44 with galectin-8N extended binding site. Interactions are shown by dashed bond with distance in Å.  
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7.1.4 Chemistry  

 

Synthesis of methyl-2-O-methoxymethyl-4,6-O-benzylidene-β-D-galactopyranoside 

 

Methyl 4, 6-O-benzilidene-β-D-galactopyranoside (30) 

 

 

 

Methyl-β-D-galactopyranoside (4g, 20.4 mmol) was dried under high vacuum 

overnight before being dissolved in anhydrous acetonitrile (30 mL) under argon. A catalytic 

amount of camphor sulfonic acid (208 mg, 0.88 mmol) was added followed by benzaldehyde 

dimethyl acetal (6.0 mL, 59.2 mmol) added dropwise. The reaction was heated to 60°C for 

about 3 hours. The reaction was quenched with Et3N, purified via flash chromatography using 

40:1 Dichloromethane DCM: MeOH to yield 30 (5.06 g, 88%).132 1H NMR (MeOD, 400 

MHz): δ: 3.57 (s, 3H), 3.64 (q, 1H), 4.14 (q, 1H), 4.18 (m, 1H), 4.21 (m, 1H), 4.24 (m, 1H), 

5.62 (s, 1H), 7.36 (m, 3H), 7.56 (m, 2H).1 ESIMS m/z found for [C14H18O6Na] +: 305.1  

 

Methyl 3-O-acetyl 4,6-O-benzilidene-β-D-galactopyranoside (31)  

 

 

 

Sugar 30 (4 g, 14.18 mmol) was dissolved in 60 ml anhydrous DCM, cooled to -20°C 

using ice-salt mixture. Freshly prepared silver oxide (4.9 g, 21.27 mmol) was added and left 

for 30 minutes, followed by slow addition of acetyl chloride (1.2 ml, 16.90 mmol) and KI (471 

mg, 2.83 mmol). The reaction was left stirring overnight at room temperature. Silver oxide was 

filtered off and the solvent was evaporated. The product was purified by flash chromatography 

(hexane-EtOAc 1:2) to yield 31 (3.2 g, 70% yield).133 1H NMR (MeOD, 400 MHz): δ: 2.07 (s, 

3H), 2.52 (s, 1H), 3.45 (m, 2H), 3.52 (s, 3H), 3.94 (m, 1H), 3.98 (m, 1H), 4.25 (m, 1H), 4.29 

(m, 1H), 4.33 (m, 1H), 4.82 (m, 1H), 5.44 (s, 1H), 7.27 (m, 3H), 7.42 (m, 2H).2 ESIMS m/z 

found for [C16H20O7Na] +: 347.1  
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Methyl 2-O-methoxymethyl-3-O-acetyl-4, 6-O-benzilidene-β-D-galactopyranoside (32) 

 

 

 

 

Sugar 31 (3 g, 9.26 mmol) was dissolved in 30ml anhydrous DCM under argon at room 

temperature. Diisopropylethylamine (8 ml, 46.3 mmol) was added at 0°C followed by drop-

wise addition of bromomethyl methyl ether (1.9 ml, 23.15 mmol) and refluxed overnight. The 

reaction was diluted with DCM and washed with water and brine solution, then purified using 

flash column chromatography (hexane-EtOAc 2:1) to give 32 (2.7 g, 80% yield). 1H NMR ( 

CDCl3, 400 MHz): δ = 2.04 (s, 3H), 3.32 (s, 3H), 3.41 (d, J=1.08 Hz, 1H), 3.49 (s, 3H), 3.89 

(m, 1H), 3.96 (m, 1H), 4.24 (m, 1H), 4.27 (m, 1H), 4.31 (m, 1H), 4.62 (d, J=6.44 Hz, 1H), 4.79 

(m, 2H), 5.42 (s, 1H), 7.35 (m, 3H), 7.45 (m, 2H). ESIMS m/z found for [C18H24O8Na] +: 391.1  

 

Methyl 2-O-methoxymethyl-4,6-O-benzylidene-β-D-galactopyranoside (33) 

 

 

 

 

Sugar 32 (2.5 g, 6.79 mmol) was dissolved in methanol and cooled to 0°C before 

addition of sodium metal previously suspended in hexane. The reaction was left at room 

temperature for 1.5 hours, then carefully acidified to pH 5 using 1 M hydrochloric acid. Salts 

were removed by water washing, and the product was extracted with ethyl acetate, then solvent 

removed to give 33 (2 g, 90% yield). 1H NMR ( CDCl3, 400 MHz): δ: 3.43 (s, 3H), 3.44 (s, 

1H), 3.54 (s, 3H), 3.56 (s 1H,), 3.66 (s, 1H), 4.13 (d, J=12.16 Hz, 1H), 4.22 (s, 1H), 4.25 (d, 

J=6.16 Hz, 1H), 4.31 (d, J=12.12 Hz, 1H),  4.77 (d, J=12.12 Hz, 1H), 4.85 (d, J=6.4 Hz, 1H), 

4.88 (d, J=6.4 Hz, 1H), 4.91 (d, J=6.41 Hz, 1H), 5.62 (s, 1H), 7.37 (m, 3H), 7.56 (m, 2H). 13C 

NMR (400 MHz, CDCl3): δ: 54.73 (CH3-OC1), 55.85 (CH3-O-CH2), 66.53 (C-5), 68.71 (C-

6), 71.69 (C-3), 75.64 (C-2), 76.22 (C-4), 96.74 (CH2-O-CH3), 101.11 (C-1)), 103.99 (CH-Ar), 
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126.29 (2Ar-H), 127.62 (2Ar-H), 128.52 (Ar-H), 138.31(Ar-H). ESIMS m/z found for 

[C16H22O7Na] +: 349.1  

 

7.1.5 General procedure for synthesis of substituted phenyl malonic acid 78-83 

A mixture of 2,2-dimethyl-1,3-dioxane-4,6-dione (1equiv.) and phenol (1equiv.) was 

added in 15 ml toluene and refluxed at 110°C for 4 hr, then cooled to room temperature. The 

solvent was removed by rotary evaporation. The crude product was purified by column 

chromatography using solvent hexane: ethyl acetate (2:1) to obtain 70-100% yield. TLC Rf = 

0.5 (EtOAc-hexanes 1:1, 1-2 drop of glacial acetic acid)  

 

 

 

 

 

 

3-oxo-3-phenoxypropanoic acid (78) 

1H NMR (400 MHz, CDCl3): δ 3.61 [s, 2H, H2C(C=O)2], 7.05-7.07 (m, 2H, 2H-Ar), 

7.16-7.20 (m, 1H, H-Ar), 7.30-7.34 (m, 2H, 2H-Ar), 9.68 (br s, 1H, HOOC).134 ESIMS m/z 

found for [C9H7O4Na] +: 203.1 

3-(4-methoxyphenoxy)-3-oxopropanoic acid (79)  

1H NMR (400 MHz, CDCl3): δ 3.69 [s, 2H, H2C(CO)2], 3.82 (s, 3H, H3C-O-Ar), 6.91-

6.93 (m, 2H, 2H-Ar), 7.06-7.08 (m, 2H, 2H-Ar), 8.92 (br s, 1H, HOOC).134 ESIMS m/z found 

for [C10H9O5Na] +: 233.0 

3-(4-fluorophenoxy)-3-oxopropanoic acid (80)  

1H NMR (400 MHz, CDCl3): δ 3.60 [s, 2H, H2C(C=O)], 3.82 (s, 3H, H3C-O-C1), 7.0-

7.02 (m, 4H, 4H-Ar), 8.15 (s, 1H, HOOC).134 ESIMS m/z found for [C9H6FO4Na] +: 221.1 

 

 

OH O

O

OH

O
a

O O

OO

78 R=H
79 R=4-methoxy
80 R=4-fluoro
81 R=2,4-dichloro
82 R=3,5-dimethoxy
83 R=benzyloxy

78-83
R R
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3-(2, 4-dichlorophenoxy)-3-oxopropanoic acid (81)  

1H NMR (400 MHz, CDCl3): δ: 3.67 [s, 2H, H2C(C=O)2], 7.04-7.07 (m, 2H, 2H-Ar), 

7.18-7.21 (m, 2H, 2H-Ar), 7.39-7.40 (m, 1H, H-Ar), 9.70-9.72 (br s, 1H, HOOC). ESIMS m/z 

found for [C9H5ClO4Na] +: 272.1 

3-(3, 5-dimethoxyphenoxy)-3-oxopropanoic acid (82)  

1H NMR (400 MHz, CDCl3): δ: 3.58 [s, 2H, H2C(C=O)2], 3.69 (s, 3H, 2H3C-O-Ar), 

6.29 (m, 2H, 2H-Ar), 6.30 (m, 1H, 1H-Ar), 9.63 (br s, 1H, HOOC).134 ESIMS m/z found for 

[C11H11O6Na] +: 263.2 

3-(benzyloxy)-3-oxopropanoic acid (83)  

1H NMR (400 MHz, CDCl3): δ 3.51 [s, 2H, H2C(C=O)2], 5.23 (s, 2H, H2C-Ar), 7.36-

7.41 (s, 5H, 5H-Ar), 9.36 (br s, 1H, HOOC).134 ESIMS m/z found for [C10H9O4Na] +: 217.1 
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7.1.6 1H, 13C-NMR of synthesized compounds 

Methyl 4, 6-O-benzilidene-β-D-galactopyranoside 30 

 

 

 

 

 

 

 

 

 

 

 

 

Methyl 3-O-acetyl 4,6-O-benzilidene-β-D-galactopyranoside 31 

 

 

 

 

 

 

 

 

 

 

 

 

O
O

HO
OH

O

O

O
O

O
OH

O

O

O



111 
   

Methyl 2-O-methoxymethyl-3-O-acetyl-4, 6-O-benzilidene-β-D-galactopyranoside 32 
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Methyl 2-O-methoxymethyl-4,6-O-benzylidene-β-D-galactopyranoside 33 
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Methyl 2-O-methoxy methyl, 3-O-(3′-O-phenyl) malonyl-4,6-O-benzilidene-β-D-galacto 
pyranoside 34 
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Methyl 2-O-methoxymethyl, 3-O-[3′-O -(4-methoxyphenyl)] malonyl-4,6-O-benzilidene-β-D-
galactopyranoside 35 
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Methyl 2-O-methoxymethyl, 3-O-[3′-O-(4-fluorophenyl)] malonyl-4,6-O-benzilidene-β-D-
galactopyranoside 36 

O
O

O
O

O

O

O

O

O
O

F

O
O

O
O

O

O

O

O

O
O

F



116 
   

Methyl 2-O-methoxymethyl, 3-O-[3′-O-(2,4-dichlorophenyl)] malonyl-4,6-O-benzilidene-β-
D-galactopyranoside 37 
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Methyl 2-O-methoxymethyl, 3-O-[3′-O-(3,5-dimethoxyphenyl)] malonyl-4,6-O-benzilidene-
β-D-galactopyranoside 38 
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Methyl-2-O-methoxymethyl,3-O-[3′-O-(benzyloxy)]malonyl-4,6-O-benzilidene-β-D-galacto  
pyranoside 39 
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Methyl 3-O-[3′-O-phenyl] malonyl -β-D-galactopyranoside 40 
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Methyl 3-O-[3′-O-(4-methoxyphenyl)] malonyl -β-D-galactopyranoside 41 
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Methyl 3-O-[3′-O-(4-fluorophenyl)] malonyl -β-D-galactopyranoside 42 
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Methyl 3-O-[3′-O-(2,4-dichlorophenyl)] malonyl -β-D-galactopyranoside 43 
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Methyl 3-O-[3′-O-(3,5-dimethoxyphenyl)] malonyl -β-D-galactopyranoside 44 
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Methyl 3-O-[3′-O-(benzyloxy)] malonyl -β-D-galactopyranoside 45 
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Methyl 2-O-methoxymethyl, 3-O-malonyl-4,6-O-benzilidene-β-D-galactopyranoside 46 
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Methyl 3-O- malonyl -β-D-galactopyranoside 47 
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Methyl 2-O-methoxymethyl, 3-O-[3′-O-(methyl)] malonyl-4,6-O-benzilidene-β-D-galacto 
pyranoside 48 
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Methyl 3-O-[3′-O-(methyl)] malonyl -β-D-galactopyranoside 49 
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3-oxo-3-phenoxypropanoic acid 78 

3-(4-methoxyphenoxy)-3-oxopropanoic acid 79 
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3-(4-fluorophenoxy)-3-oxopropanoic acid 80 

3-(2,4-dichlorophenoxy)-3-oxopropanoic acid 81  
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3-(3,5-dimethoxyphenoxy)-3-oxopropanoic acid 82 
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3-(benzyloxy)-3-oxopropanoic acid 83 

 

7.1.7 HRMS Spectra of final compounds 

Methyl 3-O-[3′-O-phenyl] malonyl -β-D-galactopyranoside 40 
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Methyl 3-O-[3′-O-(4-methoxyphenyl)] malonyl -β-D-galactopyranoside 41 

 

Methyl 3-O-[3′-O-(4-fluorophenyl)] malonyl -β-D-galactopyranoside 42 
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Methyl 3-O-[3′-O-(2,4-dichlorophenyl)] malonyl -β-D-galactopyranoside 43 

 

Methyl 3-O-[3′-O-(3,5-dimethoxyphenyl)] malonyl -β-D-galactopyranoside 44 
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Methyl 3-O-[3′-O-(benzyloxy)] malonyl -β-D-galactopyranoside 45 

 

Methyl 3-O- malonyl -β-D-galactopyranoside 47 
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Methyl 3-O-[3′-O-(methyl)] malonyl -β-D-galactopyranoside 49 
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7.2 Appendix: chapter 3 

7.2.1 1H, 13C-NMR of synthesized compounds  

Coumarin-3-carboxylic acid 54 

 

 

 

 

 

 

 

 

 

 

6-methyl Coumarin-3-carboxylic acid 55 
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6-chloro Coumarin-ethyl-3-carboxylate 60 

O O

O

O
Cl
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6-chloro Coumarin-ethyl-3-carboxylic acid 61 
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6-methoxy Coumarin-ethyl-3-carboxylic acid 56 
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6-nitro Coumarin-ethyl-3-carboxylic acid 57 
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Methyl 2-O-methoxymethyl, 3-O-coumarinoyl, 4,6-O-benzylidene-β-D-galactopyranoside (65) 
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Methyl 2-O-methoxymethyl, 3-O-(6-methyl coumarinoyl) 4,6-O-benzylidene-β-D-
galactopyranoside (66) 
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Methyl 2-O-methoxymethyl, 3-O-(6-chloro coumarinoyl) 4,6-O-benzylidene-β-D-
galactopyranoside (67) 
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Methyl 2-O-methoxymethyl, 3-O-(6-methoxy coumarinoyl) 4,6-O-benzylidene-β-D-
galactopyranoside (68) 
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Methyl 2-O-methoxymethyl, 3-O-(6-nitro coumarinoyl) 4,6-O-benzylidene-β-D-
galactopyranoside (69) 
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Methyl 3-O-coumarinoyl-β-D-galactopyranoside (70) 
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Methyl 3-O-(6-methyl coumarinoyl)-β-D-galactopyranoside (71) 
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Methyl 3-O-(6-chloro coumarinoyl)-β-D-galactopyranoside (72) 
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Methyl 3-O-(6-methoxy coumarinoyl)-β-D-galactopyranoside (73) 
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Methyl 3-O-(6-nitro coumarinoyl)-β-D-galactopyranoside (74) 
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7.2.2 1H, 13C-NMR of final intermediate synthesis 

Methyl 4, 6-O-benzilidene-β-D-galactopyranoside (30) 

Methyl 3-O-propargyloxycarbonyl, 4,6-O-benzylidene-β-D-galactopyranoside (62) 
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Methyl 2-O-methoxymethyl-3-O-propargyloxycarbonyl-4, 6-O-benzylidene-β-D-galacto-

pyranoside (63) 
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Methyl 2-O-methoxymethyl-4,6-O-benzylidene-β-D-galactopyranoside (64) 
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7.2.3 HRMS spectra of final compounds 70-74 

 

Methyl 3-O-coumarinoyl-β-D-galactopyranoside 70 
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Methyl 3-O-(6-methyl coumarinoyl)-β-D-galactopyranoside 71 

 

Methyl 3-O-(6-chloro coumarinoyl)-β-D-galactopyranoside 72 
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Methyl 3-O-(6-methoxy coumarinoyl)-β-D-galactopyranoside 73 

 

Methyl 3-O-(6-nitro coumarinoyl)-β-D-galactopyranoside 74 
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7.3 Appendix: chapter 4 

7.3.1 1H, 13C-NMR of synthesized compounds  

Methyl 2-O-methoxymethyl-4,6-O-benzylidene-β-D-galactopyranoside 64 
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Methyl-2-O-methoxymethyl,3-O-[3ʹ-(benzyloxy)]malonyl-4,6-O-benzilidene-β-D-galacto-

pyranoside 39 
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Methyl 2-O-methoxymethyl, 3-O-malonyl-4,6-O-benzilidene-β-D-galactopyranoside 46 
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Bis[(2-O-methoxymethyl), 4, 6-benzylidene, methyl-β-D-galactopyranoside]-3-O-malonate 
75 
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Bis[(2-O-methoxymethyl)-methyl-β-D-galactopyranoside]-3-O-malonate 76  
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Bis(methyl-β-D-galactopyranoside)-3-O-malonate 77 
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7.4 Appendix: chapter 5 
Table 7.1: Effect of strong 42, 45, 70 and weak binding affinity 47, 49, 72 compounds on total RNA concentration 

in SUM159 samples in presence/absence of galectin-8  

 

Sample Conc 
(ng/μL) Sample Conc 

(ng/µL) 
70(1) _Gal8 18.1 49(1) _Gal8 46.5 
70(2) _Gal8 17.1 49(2) _Gal8 55.7 

70(1) _CTRL 41 49(1) _CTRL 38.8 
70(2) _CTRL 34.2 49(2) _CTRL 38.8 
45(1) _Gal8 24.3 47(1) _Gal8 38.8 
45(2) _Gal8 22.6 47(2) _Gal8 41.8 

45(1) _CTRL 43.2 47(1) _CTRL 38 
45(2) _CTRL 44 47(2) _CTRL 10 
42(1) _Gal8 21.9 72(1) _Gal8 38.1 
42(2) _Gal8 17.5 72(2) _Gal8 37.8 

42(1) _CTRL 46.3 72(1) _CTRL 36.4 
42(2) _CTRL 43.3 72(2) _CTRL 38.2 

NO INH (1) _Gal8 23.6 NO INH (1) _Gal8 56.4 
NO INH (2) _Gal8 22.5 NO INH (2) _Gal8 54.9 

NO INH (1) _CTRL 52.3 NO INH (1) _CTRL 47.2 
NO INH (2) _CTRL 47 NO INH (2) _CTRL 44.5 
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Table 7.2: Effect of strong 42, 45, 70 and weak binding affinity 47, 49, 72 compounds on qRT PCR cycle time 

Ct of target sequence in SUM159 samples in presence/absence of galectin-8  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample name IL8 IL1β IL6 TNF-α GAPDH 
Gal8 + 70 18.758 21.557 22.297 32.440 17.974 
Gal8 + 70 19.429 22.221 23.272 32.029 18.775 

70 21.712 24.463 24.236 32.203 17.949 
70 21.961 24.891 24.146 31.981 17.617 

Gal8 + 45 20.885 22.427 18.772 27.929 17.935 
Gal8 + 45 20.007 21.931 18.364 27.451 17.286 

45 21.361 25.024 19.223 27.291 17.857 
45 21.018 24.927 18.756 27.289 17.466 

Gal8 + 42 19.677 22.165 18.506 27.241 17.015 
Gal8 + 42 19.922 22.333 19.144 27.159 16.877 

42 20.948 24.010 19.372 27.034 17.275 
42 22.164 24.038 19.805 27.803 18.003 

NO INH + Gal8 19.701 22.350 17.423 27.591 17.757 
NO INH + Gal8 18.060 21.218 16.811 29.318 17.890 

NO INH 21.107 24.578 18.215 28.361 18.073 
Gal8 + 49 20.550 22.127 20.422 28.034 17.538 
Gal8 + 49 20.340 21.904 19.912 28.419 17.401 

49 24.323 24.517 23.382 29.755 17.772 
49 23.946 24.308 22.971 29.193 17.785 

Gal8 + 47 21.119 21.852 20.680 28.320 17.600 
Gal8 + 47 21.314 22.253 20.976 28.429 17.608 

47 22.899 23.221 22.230 28.724 17.548 
47 28.379 29.545 27.923 33.774 23.250 

Gal8 + 72 16.716 19.558 23.725 32.313 17.646 
Gal8 + 72 16.812 19.574 23.946 32.642 17.830 

72 17.414 20.722 24.923 33.729 17.612 
72 17.481 20.991 25.296 33.330 17.416 

NO INH + Gal8 20.411 22.370 20.077 28.388 17.704 
NO INH + Gal8 20.527 22.301 20.257 28.112 17.843 

NO INH 23.361 24.248 22.664 28.856 17.938 
NTC 33.874 39.200 37.140 35.952 34.560 
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Table 7.3: Effect of strong binding affinity compounds 42, 45, 70 on qRT PCR cycle time Ct of RANKL in 

SUM159 samples in presence/absence of galectin-8  

Sample  RANKL GAPDH 
Gal8 + 70 32.813 17.974 
Gal8 + 70 33.186 18.775 

70 32.911 17.949 
70 32.654 17.617 

Gal8 + 45 32.452 17.935 
Gal8 + 45 32.736 17.286 

45 32.840 17.857 
45 32.423 17.466 

Gal8 + 42 32.531 17.015 
Gal8 + 42 32.364 16.877 

42 33.156 17.275 
42 32.502 18.003 

NO INH + Gal8  30.265 17.757 
NO INH + Gal8  30.043 17.890 

NO INH  31.063 18.073 
NTC 33.200 34.560 
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Table 7.4: Dose response study of p-fluoro phenyl malonyl galactopyranoside 42  

Sample  IL8 IL1β GAPDH 
Gal8 + 42 (C1) 21.687 22.943 17.947 
Gal8 + 42 (C1) 22.033 23.007 17.952 

42 (C1) 23.536 23.576 18.445 
42 (C1) 22.618 23.239 18.149 

Gal8 + 42 (C2) 21.836 23.339 17.777 
Gal8 + 42 (C2) 21.868 23.130 18.086 

42 (C2) 23.380 24.077 17.840 
42 (C2) 22.286 23.115 17.505 

Gal8 + 42 (C3) 21.747 22.712 17.596 
Gal8 + 42 (C3) 21.729 22.343 17.742 

42 (C3) 23.922 24.171 17.705 
42 (C3) 22.113 23.377 17.737 

Gal8 + 42 (C4) 21.006 22.472 17.677 
Gal8 + 42 (C4) 21.078 22.428 17.801 

42 (C4) 23.884 24.212 17.672 
42 (C4) 24.440 24.183 17.781 

NO INH + Gal8  20.411 22.370 17.704 
NO INH + Gal8  20.527 22.301 17.843 

NO INH  23.361 24.248 17.938 
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Table 7.5: Effect of strong 42, 45, 70 and weak binding affinity 47, 49, 72 compounds on qRT PCR cycle time 

Ct of target sequence in osteoblast cells in presence/absence of galectin-8  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Sample IL6 ACTIN Sample IL6 ACTIN 
Gal8+ 70 31.490 22.066 Gal8+ 49 32.453 23.434 
Gal8+ 70 32.020 22.880 Gal8+ 49 35.990 25.945 

70 35.082 26.515 49 34.580 24.744 
70 36.180 28.085 49 33.777 23.871 

Gal8+ 45 30.924 22.976 Gal8+ 47 32.818 23.624 
Gal8+ 45 30.240 21.425 Gal8+ 47 33.960 24.345 

45 33.859 25.071 47 33.924 24.436 
45 33.981 25.052 47 33.969 25.544 

Gal8+ 42 36.190 25.417 Gal8+ 72 36.695 24.687 
Gal8+ 42 32.254 23.019 Gal8+ 72 34.486 25.341 

42 33.499 23.577 72 34.306 25.221 
42 32.353 23.961 72 34.716 26.764 

Gal8 24.691 16.686 Gal8 24.691 16.686 
Gal8 24.620 17.798 Gal8 24.620 17.798 

NO INH 25.602 17.715 NO INH 25.602 17.715 
NTC 36.947 32.927 NTC 36.947 32.927 
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