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Abstract 
 

 Galectins are an ancient class of lectins found in all forms of living organisms, 

responsible for modulating fundamental biological processes. They specifically recognise β-

galactose containing glycans through their carbohydrate recognition domain (CRD) and 

mediate most galectin functions. Many galectins have emerged as novel therapeutic targets due 

to their association with the progression of various metabolic and disease conditions. Galectin-

8, a tandem-repeat type member of the galectin family that contains two CRDs joined by an 

amino acid linker, is the focus of this research project. Galectin-8 plays a critical role in various 

biological processes such as cell adhesion and growth, immunomodulation, autoimmunity, 

inflammation, cancer and bone remodelling. Of interest to this project is the ability of galectin-

8 to increase bone resorption factors like RANKL that leads to a decrease in bone mass density. 

Inhibition of this role of galectin-8 can potentially be of therapeutic importance and therefore 

could be a novel approach for tackling diseases associated with bone-loss. The individual 

CRDs of the tandem-repeat lectin exhibit similar functions to that of the full-length galectin-8, 

however, with lesser potency. The N-terminal domain of galectin-8 (galectin-8N) preferentially 

recognises 3´-anionic saccharides, a feature not observed in the C-terminal domain of galectin-

8 (galectin-8C) or any other galectin CRD. This research details the initiation of inhibitor 

design campaign by targeting the galectin-8N CRD of the tandem-repeat. 

The main body of research uses structure-based ligand design approaches through a 

combination of computational and experimental techniques. Molecular dynamics (MD) 

simulations were employed to analyse galectin-8N-glycan interactions and to construct the 

ligand design hypothesis. The designed ligands were synthesised and subjected to evaluation 

for binding to galectin-8N using various experimental techniques. Subcloning (ligation-

dependant cloning) followed by protein expression (in E. coli) and affinity-based purification 

(using Lactosyl-Sepharose column) steps were performed to obtain the purified protein. 

Crystallographic investigations were conducted on various galectin-8N-glycan or galectin-8N-

ligand complexes to study their binding modes and interactions. Different techniques either in 

solution or solid state were used to assess the binding strength of the designed ligands towards 

galectin-8N.  

 Our crystal structures of galectin-8N bound to human milk glycans (LNnT and LNT; 

Chapter 2) not only provided a rationale for the difference in their affinity but also formed the 

basis for ligand design carried out in the project. The crystal structure of galectin-8N-LNT 
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complex revealed a unique binding mode, wherein, for the first time a non-reducing end 

disaccharide of the tetrasaccharide was occupying the primary binding site. The presence of 

unique residue (Tyr141) in the extended galectin-8N binding site was mainly responsible for 

the observed binding mode. MD simulations including the in silico single residue mutations 

further supported the experimental findings and indicated the flipping of Tyr141 side chain 

governs the recognition of larger oligosaccharides. The galectin-8N-glycerol complex 

highlighted the minimum atomic features required for ligand recognition. Taken together, these 

crystal structures formed the basis to design interaction-based filters that guided the structure-

based virtual screening. 

 A ligand design campaign was initiated by virtual screening a library of non-

carbohydrate-small molecules using rigorous interaction-based criteria (Chapter 3). Available 

structural information including that generated in Chapter 2 and the preference of galectin-8N 

towards anionic saccharide was at the center of the screening. A library of compounds through 

iterative docking and molecular dynamics simulations was narrowed down to a small subset of 

molecules. The top fraction of the in silico analysis was purchased and evaluated for binding 

through saturation transfer difference (STD) nuclear magnetic resonance (NMR) and X-ray 

crystallography. These compounds did not bind to galectin-8N in our STD and X-ray 

experiments. However, the simulation outcome of one of the purchased compound provided 

the basis for exploiting unique amino acid residues in the galectin-8N binding site for ligand 

design.  

Continuing the quest for identifying the ligands against galectin-8N, galactose as the 

core scaffold was taken forward for ligand design, primarily due to its inherent ability to 

interact with the conserved amino acid residues in the binding site. Based on our simulation 

results in Chapter 3 and available literature data, MB46A (compound 6) was designed. It 

contains a propionic acid side chain that is ether-linked to the 3′-position of galactose, the idea 

being to mimic the interactions of the carboxylic acid portion of a high-affinity 3′-O-sialylated 

lactose (3′-SiaLac) (Chapter 4). The designed molecule was synthesised and shown to bind 

(139 μM) galectin-8N through isothermal titration calorimetry (ITC) and X-ray 

crystallography. Our crystal structure confirmed the hypothesis and prompted for furthering 

the ligand design using compound 6 as a template molecule.  

The encouraging outcome from the ligand design exercise so far in combination with 

molecular dynamics-based examination was employed to develop a library of compounds 

(Chapter 5). After considering the synthetic feasibility and ligand physicochemical properties, 

two closely related molecules (MB61B and MB63N) to the library of compounds were 
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synthesised and experimentally evaluated. MB61B and MB63N contain benzoyl and napthoyl 

group respectively that are ester-linked to the 3′-position of the galactose (Chapter 5). The 

ligands were confirmed to be binding to galectin-8N by SPR (MB61B - 123.6 μM and MB63N 

- 124.4 μM). The obtained structure-activity insights will guide towards progressing the ligand 

design through ligand optimisation.  

 Overall the research presented in this thesis, demonstrate the successful rational 

medicinal chemistry application towards exploring the structure-activity landscape of galectin-

8N. The information generated provides insight into the involvement of key binding site 

residues in recognising natural and synthetic ligands. Of encouragement is that the designed 

molecules (outlined in Chapter 4 and Chapter 5) inhibited galectin-8 mediated cell migration 

(preliminary results from our collaborator Prof. Y. Zick, Weizmann Institute, Israel) and are 

undergoing extensive dose-response analysis and possibly followed by in vivo investigations. 

These exciting preliminary in vitro results partially highlights the overall success of our ligand 

design campaign and further encourages the development of these leads into potent, efficient 

and selective ligands targeting galectin-8.  
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Chapter 1  

Introduction 
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1.1 Galectins 

1.1.1 Historical background 

Complex carbohydrates are an important constituent found in all forms of living 

organisms and are mainly involved in glycan-mediated information transmission. They are 

responsible for carrying out diverse biological activities, including cell-cell recognition, 

communication, and host-microbe interactions [1-4]. The decoding of the varied and complex 

nature of information present on the cell surface is carried out by a family of carbohydrate-

binding protein called lectins [5]. The decoding process mostly involves the engagement of 

either the terminal or the internal units of the complex glycans within the shallow binding 

pocket of the lectins. The first ever lectin reported in animal tissue, after agglutinins (plant) and 

discoidin I (amoeba), was asialoglycoprotein that showed calcium ion dependency (C-type 

lectin) [6]. In 1975, electrolectin was the first lectin isolated from the electric organ of electric 

eel (Electrophorus electricus) that required reducing conditions for retaining its biological 

activity (S-type lectins, later termed galectins) [7].  

Galectins are soluble S-type lectins that show sulfhydryl (-SH) dependency for 

functioning as evident from the presence of free cysteine residues. All galectins exhibit overall 

conserved amino acid motifs in their binding site. In 1976, the first mammalian lectin (now 

termed galectin-1) was isolated from calf heart/lung extracts using its lactose-binding property 

[8, 9]. In the early 1980s, a 35 kDa carbohydrate binding protein (CBP35, now known as 

galectin-3) was isolated from mouse fibroblast [10]. Based on the order of discovery, all lectins 

sharing specific features were grouped and named as galectins. [11]. To date, galectin-1 and 

galectin-3 are structurally and functionally well characterised amongst the 15 different isolated 

galectins [11]. The characterisation repertoire for other galectins is increasing with the 

unravelling of the fundamental roles played by the glycan-mediated signalling system. 

1.1.2 General properties 
Galectins are a family of soluble animal lectins that specifically recognises β-

galactoside-containing glycans found on cell surfaces and modulates critical biological 

processes. Galectins are the most ancient class of glycan binding proteins found in almost all 

forms of organisms from protists to invertebrates to vertebrates [12, 13]. Galectins can be found 

inside the cell, either in the nucleus or the cytoplasm, and they also are secreted into the 

extracellular space, where it is either associated with the membrane or the cell matrix [3, 13-

15]. Controlling cellular behavior in an extracellular manner is a well-characterized function 
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of galectins, while some studies suggest their presence intracellularly as potential pattern 

recognition receptors [16, 17].  

 
Figure 1.1: Depiction of the domain organisation within the galectins along with one representative structure from 
the protein data bank. Reference [18] for entry 3T2T and 3T1L; reference [19] for 3VKL. 
 

The galactose recognition by galectins occurs through their carbohydrate recognition 

domain (CRD). Biologically, the CRDs become associated with each other to form higher order 

structures. The three groups namely prototype, chimera type and tandem-repeat type are 

formed based on varying spatial arrangment of these CRDs [7] (Figure 1.1). 

Prototype galectins contain a single CRD that self-associates non-covalently to form 

homodimers. This dimerization occurs on the opposite sides of the carbohydrate binding site 

[20, 21]. Due to the sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

mobility behaviour, these galectins are also referred as 14 kDa galectins. Prototype galectins 

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

Chimera type galectins encompass the single lectin CRD fused with a non-lectin N-

terminal domain. This non-lectin domain is a sequence of 120 amino acids, rich in proline, 

glycine, and tyrosine [22, 23]. This N-terminal domain undergoes multimerisation via self-

aggregation and is found susceptible to proteolytic hydrolysis by some matrix metalloproteases 

[24]. Chimera-type galectin includes only galectin-3. 

Tandem-repeat galectins are comprised of two different CRDs connected via a linker 

of variable length (5-70 amino acids). The linker shows susceptibility towards proteases, and 

the cleavage of the tandem-repeat CRDs at the linker would generate a prototype product, that 
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may function independently [11]. Two different CRDs in tandem extends the possibility of 

binding to two distinct ligands simultaneously; thereby acting as hetero-bifunctional cross-

linking agents [13, 14]. Galectin-4, 6, 8, 9 and 12 are members of this group. 

The CRD of galectins share particular binding site residues which are conserved 

throughout the family, and these motifs are responsible for recognition of galactose. However, 

the affinity of galectins towards these cell surface glycans is weaker. Fundamentally, though, 

this increases by several orders of magnitude either upon self-association or with the presence 

of covalently linked multiple domains [25]. This multivalent nature of galectins makes them a 

versatile communicator between the glycan present on a cell or between different cells (Figure 

1.2). Some outliers that only partly contain the conserved sequence motifs include GRP 

(galectin related protein) that has no lectin attributes, galectin-11 (GRIFIN-galectin related 

interfiber protein) which is devoid of the carbohydrate binding affinity, and galectin-10 

(Charcot-Ledeyn crystal) that recognises a mannosyl residue over galactose residue [13].  

 
Figure 1.2: Schematic representation of cell surface glycan recognition and multivalent nature of the galectins. 
 

1.2 Galectin-8 - Genetics 

During evolution, the duplication and subsequent divergence of relevant exons of the 

prototype galectins led to the formation of the tandem-repeat type galectins. Galectin-8 was 

first identified serendipitously from the screening of a rat liver cDNA library with antibodies 

directed towards Insulin Receptor Substrate-1 [26]. Following which three unique galectin-8 
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cDNA sequences were identified from the human prostate cancer and lung cancer expression 

libraries at the messenger RNA level [27, 28]. Galectin-8 is localised on chromosome 1 

(1q42.11) and contains 11 exons. The open reading frame of galectin-8 codes for 318 amino 

acids. Among the eleven constitutive exons coding the galectins, exons 5, 6 and part of 7 and 

exon 13, 14 and part of 15 marks the coding of the CRDs [14, 19, 28-30].  

 
Figure 1.3: Amino acid sequence of the two isoforms of galectin-8 with the conserved sequence motifs 
highlighted in galectin-8N (green) and galectin-8C (blue) and the linker peptide adjoining the two CRDs 
highlighted in yellow. 

 

All the six isoforms of galectin-8 isolated possess the same open reading frame with or 

without the insertional sequence [27, 28]. These insertional sequences either increases the size 

of the amino acid linker (PCTA-1 [14, 27]; Po66-CBP and Po66-CBP-IS1 [28]) or in some 

isoforms reduces the amino acid sequence by the stop codon that results in prototype isoform 

with single CRD (Po66-CBP-IS2; Po66-CBP-IS1-IS2; Po66-CBP-IS1-IE-IS2 [28]). The 

presence of these prototype isoforms of galectin-8, although non-isolated, is a unique feature 

not observed with other tandem-repeat galectins. The genomic organisation of galectin-8 varies 

from that of other tandem repeat type (galectin-4, 6 and 9) by these alternatively spliced 

products [27, 29, 30]. Out of the three tandem-repeat isoforms, PCTA-1 and Po66-CBP (major 
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isoform) share 98.5 % amino acid sequence identity and Po66-CBP-IS1 (long isoform) has 

larger linker peptide (Figure 1.3). The long isoform has a 70 residue long linker while the major 

isoform has 27 residues (Figure 1.3). The presence of a variable length linker connecting the 

two galectin-8 CRDs allows for recognising different spatially oriented sugars and hence 

broadening its spectrum of interacting ligands. 

 

1.3 Biological roles of galectin-8 

Galectin-8 is involved in modulation of critical biological processes mainly by 

recognising the cell-surface glycans. The apparent functional spectrum is evident from the 

growing number of publications reporting galectin-8’s structure-function investigations (with 

last five years’ average of ~15 articles per year). Galectin-8 regulates cell growth and adhesion, 

plays a role in the immune response of the body, shows varied expression profiles in cancer, 

involved in blood vessel formation and bone remodeling. Most binding partners of galectin-8 

are heavily glycosylated, and galectin-8 mediates its functions by interacting with these glycans 

in a carbohydrate-dependent manner. The biological roles of galectin-8 have been described in 

the section below except for the bone related functions which are elaborated in section 1.6. 

1.3.1 Cell adhesion and growth 

Cell-matrix interactions are the key element in regulating cell-to-cell communication; 

that occurs through integrin-mediated signal transduction. Galectin-8 was shown to exert anti-

adhesive effects by selectively interacting with a sub-group of the integrin family, unlike other 

galectins that sterically blocks the cell-binding sites for adhesion receptor [31]. Galectin-8 

interacts with β1 subunit and α6 subunit containing integrins. In contrast, immobilised galectin-

8 adhere to various cell types and acts equipotent to fibronectin in promoting cell adhesion and 

cell spreading and migration [32]. Therefore, through its pro- and anti-adhesive functions, 

galectin-8 is regarded as a member of the adhesion-modulating matricellular protein [33]. 

Galectin-8 transfected in lung carcinoma cells showed inhibition of colony formation where 

apart from galectin-8’s anti-adhesive functions, it induced apoptosis [31, 33].  

The two CRDs of galectin-8 are functionally dependent on each other as the linker 

peptide determines the orientation of the CRDs for proper functionality [34]. Various mutants 

of galectin-8 (I90R, R253I, E88Q, E251Q) that were constructed for the structure-function 

analysis showed altered sugar-binding capacity [34]. Galectin-8 selectively induces reversible 

adhesion of peripheral blood neutrophils, unlike to galectin-1, -3 and -9 which showed minimal 
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effects on neutrophil adhesion [35]. Interestingly, galectin-8 isolated from the neutrophil 

membrane revealed different binding partners. The galectin-8C bound to integrin and pro-

matrix metalloproteinase-9 (proMMP-9) while the galectin-8N bound only to the proMMP9 

[35].  

1.3.2 Immunity  

Galectin-8 is expressed in thymocytes, thymic epithelial cells, and spleen with two 

alternative splicing variants isolated from mouse thymus [36, 37]. Exposure of cultured 

thymocyte with galectin-8 induces apoptosis only in the CD4high and CD8high cells through 

activation of caspase pathway [36]. In contrast, galectin-1 induces apoptosis in both CD4+/- and 

CD8+/- thymocytes, while galectin-3 preferentially depleted CD4- and CD8- population [36]. 

Unlike galectin-1 and galectin-3, galectin-8 induced adhesion in Jurkat T-cells through an 

integrin-mediated signalling pathway [38]. Galectin-8 is a potent T-cell suppressor that acts as 

a pro-apoptotic agent in Jurkat T-cells through a unique complex phospholipase 

D/phosphatidic acid signalling pathway, not involved for other galectins [39]. Galectin-8 

exposure to T-cells induced antigen-independent proliferation of CD4+ T-cells, through 

agonistic binding to CD45, and a co-stimulatory response on a given T-cell response [37]. 

Interestingly, for inducing T-cell proliferation, two CRDs of galectin-8 are required in tandem 

while co-stimulation can still occur through either CRDs [40]. 

1.3.3 Intracellular roles 

Galectin-8’s preferential recognition of sialylated galactosides is a unique feature not 

observed for other galectins [41, 42]. However, recognition of these galactosides is needed for 

mediating extracellular binding and cellular activation by galectin-8 [43, 44]. Galectin-8 

endocytosed in Chinese Hamster Ovary (CHO) cells (containing sialylated glycans) and Lec2 

mutant cells (lacking sialylated glycans) through a non-clathirin and non-cholesterol dependent 

pathway [45]. However, after endocytosis, galectin-8 localised in the plasma membrane, 

around the nucleus and small vesicles in CHO cells, while it was found evenly distributed in 

large vesicles in Lec2 cells [45].  

Intracellularly, galectin-8 acts like a danger receptor by initiating and perpetuating 

inflammatory response. The galectin-8C specifically recognises and kills human blood group 

antigen- and α1-3Gal-expressing E. coli while leaving the other E. coli (not expressing 

ABO(H) antigens) and other gram-negative, and positive bacteria unaltered both in vitro and 

in vivo [46]. Galectin-8 also restricts the proliferation of Salmonella by recognising glycans on 

the damaged bacteria-containing vacuoles and kills the bacteria by inducing an autophagic 
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response [47]. The autophagy is mediated by the interaction of galectin-8 with autophagy 

receptor NDP52. Interestingly, the crystal structure of galectin-8-NDP52 peptide revealed the 

involvement of the convex surface of the galectin-8C CRD in recognising the peptide [48, 49]. 

The selectivity in the interaction of galectin-8 with NDP52 is believed to be due to steric 

hindrance of the hook-like conformation of the NDP52 peptide which is positioned 

strategically on the convex surface of the galectin-8C CRD [49]. 

1.3.4 Autoimmunity and inflammation  

Galectin-8 is expressed during plasma cell differentiation where it promotes the 

formation of plasma cells from mature B-cells and acts as a selective modulator of B cell 

function [50]. Synovial fluid cells from rheumatoid arthritis patients expressed galectin-8 and 

had a high affinity for an arthritis-specific CD44 variant (CD44vRA) [51]. Auto-antibodies 

against galectin-8 were found in the sera of patients with systemic lupus erythematosus, 

rheumatoid arthritis and septicemia [52, 53]. Sera from primary glomerular nephritis (an altered 

IgA glycosylation disease) patients exhibited reduced binding to galectin-8N which was 

ultimately related to the disease severity [54]. Furthermore, a non-synonymous single 

nucleotide polymorphism in galectin-8, leading to F19Y mutation, is strongly associated with 

the occurrence of rheumatoid arthritis [55]. 

Exposure of endothelial cells to galectin-8 increased the adhesion of platelets and 

stimulated the cells to produce pro-inflammatory molecules such as chemokine ligand 1 

(CXCL1), granulocyte-macrophage colony-stimulating-factor (GM-CSF), interleukin-6 (IL-6) 

and chemokine ligand-5 (CCL5) [56]. CCL5 was the most dramatically upregulated upon 

galectin-8 treatment, this molecule is involved in recruitment of inflammatory cells during 

chronic inflammation [56]. The expression of galectin-8 was observed in rejected allografts 

than accepted allografts further suggesting its role in inflammation and promotes rejection [57]. 

Therefore, inhibition of galectin-8 could work as a potential therapeutic intervention in 

enhancing graft survival [57]. In contrast, retinal pathology can be reduced, and photoreceptor 

cell damage can be prevented by treatment with galectin-8 [58]. The treatment of galectin-8 

with mouse uveitis model caused downregulation of pro-inflammatory cytokines (IFNγ and 

IL-17A) and upregulation of anti-inflammatory cytokines (IL-10) [58]. Therefore, Galectin-8 

can be used a therapeutic molecule for uveitis. Galectin-8 increases production of regulatory 

T-cells and blunted the production of inflammatory cytokines by retinal Th1 and Th17 cells 

[58]. Galectin-8 promotes differentiation of highly suppressive regulatory T-cells and increases 

expression of cytotoxic T-lymphocyte-4 and interleukin-10 (IL-10), which has implications for 

the treatment of autoimmune and inflammatory disease [59]. 
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1.3.5 Cancer 

Galectin-8 plays an important role in the development and progression of various 

cancers and cancer-associated bone remodeling processes. Galectin-8 was first isolated by 

using a rat liver cDNA library screening [26], and the homologous human counterpart was 

isolated from a prostate cancer and lung cancer cDNA expression library [14, 27] [28]. It was 

only observed in neoplastic cells and not in normal cells where galectin-8 modulates cell 

growth and adhesion, to possibly assist in metastasis [60]. Galectin-8 identified as lung tumor-

associated antigen which at RNA level was shown to exist in six different isoforms. 

Nevertheless, wide distribution of galectin-8 has been reported in normal (brain, breast, colon, 

retina, kidney, pancreas, placenta, spleen, testis, uterus, vascular, oesophagus, and heart) and 

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

thyroid, placenta, prostate, uterus, lung, stomach and oesophagus) tissues (summarised  in ref 

[61]). Galectin-8 stimulates glioblastoma cell migration suggesting its role in tumor invasion 

in the brain parenchyma [62]. The expression of galectin-8 was inversely related to the tumor 

growth of human colon cancer [63]. A correlation between expression of galectin-8 and the 

degree of differentiation of squamous cell carcinomas and neuro-endocrine tumors was 

observed [64, 65]. Galectin-8 is strongly expressed in squamous cell carcinoma, very weakly 

in adenocarcinoma and showed no expression in small cell carcinoma [64]. In addition, 

expression levels of galectin-8 could be used as a marker for lung and colon cancers and 

antibodies specifically targeting galectin-8 could subsequently be used in cancer treatment 

[61]. Galectin-8 was found to express most abundantly in 59 out of 61 different cancer cell 

lines in comparison to other members of the family [66]. Galectin-8 interacts with CD166 and 

plays a critical role in vascular angiogenesis [67]. In vivo injection of matrix rich in 

extracellular proteins supplemented with galectin-8 induced angiogenesis [67]. Interestingly, 

galectin-8 (but not galectin-1, -2, -3, -7) was found to interact with podoplanin, a key molecule 

in lymphatic endothelial cells, potentially implying roles in lymphangiogenesis [68, 69]. 

1.4 Structural analysis 

There are about 250 galectin structures deposited in the PDB, of which 150 structures 

are for human galectins. To date, 28 galectin-8 structures deposited in this resource including 

the isolated domains of the tandem-repeat and truncated full-length protein. All of which were 

solved using X-ray crystallography except one of these (PDB code 2YRO) which was solved 

by NMR. That structure represents the first visualization of the isolated galectin-8 domain 

(Table 1.1). Amongst the X-ray structures, there are 22 structures for the isolated galectin-8N 
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either in complex with various naturally occurring carbohydrate ligands (17) or unliganded 

forms (5). Due to the presence of the long protease susceptible linker peptide, attempts to 

determine structure of the full-length galectin-8 were restricted [70]. Crystallisation of full-

length galectin-8 was carried out by replacing the protease susceptible long linker with two 

amino acid residues (His-Met) [19, 71]. There are four such truncated full-length galectin-8 

structures, two in complex with natural carbohydrate ligands, one bound to a peptide and one 

unliganded. The CRDs of galectins including the CRDs of tandem-repeat galectins share 

sequence similarity of about 35-40 % (Figure 1.4). However, with the low overall sequence 

similarity, the majority of galectins share the two sequence motifs H-X-NPR and WG-X-E-X-

R that are responsible for galactose recognition. Galectin-8N domain is about 20 amino acid 

longer than galectin-8C (Figure 1.4).  

Table 1.1: List of galectin-8 structures either full-length or isolated galectin-8N and galectin-8C deposited in the 
protein data bank. 
S. 
No. PDB Year Domain Resolution 

(Å) Ligand 

1 2YRO 2008 G8C  - -
2 2YV8 2008 G8N 1.92 -
3 2YXS 2008 G8N 2.13 Lactose
4 3AP4 2011 G8N 2.33 Lactose
5 3AP5 2011 G8N 1.92 -
6 3AP6 2011 G8N 1.58 Lactose-3´-sulfate
7 3AP7 2011 G8N 1.53 Lactose-3´-sialic acid
8 3AP9 2011 G8N 1.33 Lacto-N-fucopentaose III
9 3APB 2011 G8N 1.95 -
10 3OJB 2011 G8N 3.01 -
11 3VKL 2012 G8full 2.55 Lactose in each domain
12 3VKM 2012 G8full 2.98 Lactose-3´-sialic acid (G8N) and lactose(G8C)
13 4FQZ 2012 G8full 2.80 -
14 3VKN 2012 G8N 1.98 -
15 3VKO 2012 G8N 2.08 Lactose-3´-sialic acid
16 4GXL 2013 G8C 2.02 NDP52
17 4HAN 2013 G8full 2.55 NDP52 (G8C) and NAD (G8C) 
18 4BMB 2014 G8N 1.35 Lactose
19 4BME 2014 G8N 2.00 Lactose
20 5GZG 2016 G8N 2.00 Lactose
21 5GZF 2016 G8N 2.00 Lactose
22 5GZE 2016 G8N 1.32 Lactose
23 5GZD 2016 G8N 1.19 Lactose
24 5GZC 2016 G8N 1.08 Glycerol
25 5T7U 2016 G8N 1.58 Glycerol
26 5T7S 2016 G8N 1.90 Lactose
27 5T7I 2016 G8N 2.00 Lacto-N-neotetraose
28 5T7T 2016 G8N 1.96 Lacto-N-tetraose
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Figure 1.4: Multiple sequence alignment for CRDs of human galectins obtained using EMBL-EBI Clustal omega 
[72, 73]. The residues are colored based on their conservation using Jalview [74]. 
 

A typical CRD structurally exhibits a “jelly-roll” topology made up of the β-sandwich 

fold with the strands S1-S6 forming the concave face and the strand F0-F5 forming the convex 

face (Figure 1.5) [14]. Structurally, galectin-8N and galectin-8C exhibit identical topology as 

is the case with other galectins. The presence of the long S3-S4 loop bearing an arginine 

(Arg59) is a unique feature to galectin-8N, not observed in any other galectins, including the 

galectin-8C (Figure 1.5). Another unique difference lies in the presence of isoleucine (Ile91) 

on S6 in the conserved WG-X-E-X-R motif of galectin-8N in place of arginine. In addition, 

other differences in the galectin-8N CRD include Gln47 on stran S3, and Tyr141 on strand S2 

unlike to that in galectin-8C and other galectins. These differences in the galectin-8N and 

galectin-8C domains are responsible for differential glycan-binding profile and the altered 

binding specificity [75, 76].  

 
Figure 1.5: Carbohydrate recognition domain of galectin-8N [3AP5 [76]]. In the center is the side-view of the 
jelly-roll topology in green ribbons. On the left is the carbohydrate binding site of the CRD with the sticks (carbon 
gray; oxygen red; nitrogen blue) representation of amino acid residues involved in interaction with glycans. On 
the right is the convex surface of the CRD. 
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1.5 Glycan binding specificity 

The two CRDs of galectin-8 are functionally dependent on each other, and a full-length 

linker peptide is required to attain proper orientation of the CRDs for efficient lectin function 

[34]. There exists a dramatic difference in glycan-binding specificity between the two domains 

of galectin-8, although the correct orientation of the two domains is required for conducting 

certain galectin-8 functions [42, 44]. Overall, the full-length galectin-8 has low affinity for 

complex-type glycans while high affinity for repeated-type ligand (N-acetyllactosamine) [41]. 

Substitution of the 3´-position in galactose of N-acetyllactosamine with a sulfate or sialic acid 

moiety increased the binding affinity [42, 77]. Binding of cell surface ligands with Galβ1-

3GlcNAc or Galβ1-3GalNAc as basic motifs towards galectin-8 was better than that with 

canonical Galβ1-4GlcNAc [77, 78].  

Galectin-8N recognises a broad range of carbohydrates with distinct affinities and 

shows a unique predominance in binding 3´-SiaLac and 3´-sulfated lactose over galectin-8C 

(Kd values of 0.5–30 µM for galectin-8N and 97–230 µM for galectin-8C) [41, 44]. The 

presence of Ile90 as a part of a conserved motif in galectin-8N instead of arginine suggests its 

differential binding specificity [14, 26]. Galectin-8C shows much lower affinity in recognising 

ligands compared to galectin-8N but shows higher affinity for N-glycan-type branched 

oligosaccharides (Kd values of 26–52 µM for galectin-8C and 47–290 µM for galectin-8N) 

[41]. The most potent saccharides recognised by galectin-8C are the blood group A determinant 

and GalNAcβ1,3(Fucα-1,2) Gal [44]. The presence of Arg59 on the long S3–S4 loop in 

galectin-8N, together with Arg45 and Gln47, located on the S3 strand, through hydrogen 

bonding interactions help recognise and strongly bind α-2,3-sialylated oligosaccharides [76]. 

In addition, the structural difference on the S4–S5 loop is thought to be necessary for the 

recognition of branched oligosaccharides [19]. 

Apart from its major contribution to the preferential recognition of anionic saccharides 

by galectin-8, galectin-8N exhibits specificity in binding the milk group antigens. These 

glycans are essential components of human milk that regulate immune response against 

pathogens in infants [79]. Being rich in lactose-containing glycans, their interactions with the 

galactose recognising proteins become critical. The two tetrasaccharides lacto-N-tetraose 

(LNT) and lacto-N-neotetraose (LNnT), which closely resembles the LacNAc dimer and differ 

only by the glycosidic linkage at the non-reducing end, have been reported to bind several 

galectins [41]. However, there exist differences in binding affinities between the two 
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tetrasaccharides with galectin-8, as it is for galectin-3 [42, 44, 80]. For galectin-3, the affinities 

are relatively comparable with weaker binding for LNT; but the magnitude of difference in the 

case of galectin-8N is significant. Chapter 3 provides a structure-based rationale for variation 

in binding affinities between the two tetrasaccharides [81].  

1.6 Galectin-8 and bone function 

1.6.1 Osteoporosis 

Bone is continuously being formed and destroyed in the body at a constant rate to 

maintain the overall bone mass. There exists a delicate balance between the activity of bone-

forming cells (osteoblasts) and bone-metabolising cells (osteoclasts). This delicate balance in 

the activity of osteoblast and osteoclast is maintained through interactions with matricellular 

proteins. Osteoporosis is a condition where excess bone demineralisation causes loss of bone 

strength thereby making the bone fragile and fracture-prone. Disturbance in the activity of these 

bone remodeling cells leads to diseases of bone like osteoporosis and bone cancer. Worldwide, 

one in three women and one in five men over the age of 50 experience osteoporotic fractures 

(International Osteoporosis Foundation). The current range of treatment approved by the FDA 

includes either anti-resorptive agents or anabolic agents or dual acting that mainly restores the 

lost balance between bone formation and bone metabolism (Table 1.2).  

Table 1.2: List of FDA approved drugs and their mechanism of action for treatment of osteoporosis. 

Drugs Mechanism of action [82] 

Anti-resorptive agents – slow down the bone metabolism and prevents bone loss and decreases the 
risk of fracture. 

Bisphosphonates anti-resorptive agents 

Alendronate  These compounds apart from having affinity for bone matrix 
material hydroxyapatite, inhibits farnesyl pyrophosphate synthase 
and thereby prevents the biosynthesis of isoprenoid lipids (FPP 
and GGPP) that are essential for the post-translational 
farnesylation and geranylgeranylation of small GTPase signalling 
proteins. This overall inhibits osteoclast activity and reduces bone 
resorption and turnover. 

Risedronate  

Ibandronate 

Zoledronic acid 

Other anti-resorptive agents 

Denosumab It is a monoclonal antibody specific to receptor activator of nuclear 
factor kappa-B ligand (RANKL) and thereby prevents RANKL 
from activating its receptor, RANK, on the surface of osteoclasts. 
Prevention of this interaction inhibits osteoclast formation, 
function, and survival, thereby decreasing bone resorption and 
increasing bone mass and strength. 



 
14 

Raloxifene   It binds to estrogen receptors, resulting in differential expression 
of multiple estrogen-regulated genes in different tissues, thereby 
acting as an estrogen agonist in pre-osteoclastic cells, which 
results in the inhibition of their proliferative capacity and overall 
bone resorption. 

Hormone replacement therapy 
(HRT) 

By restoring the estrogen levels, HRT helps slow down the rate of 
bone-loss, that ultimately leads to increase in bone mass density 
and reduced risks of fracture [83]. 

Anabolic agents - helps to make new bone, increases bone density and can also reduce the risk for a 
broken bone 

Teriparatide It is recombinant human parathyroid hormone (PTH) which acts 
as a regulator of calcium and phosphate metabolism in bone and 
kidney. Daily injections stimulate new bone formation leading to 
increased bone mineral density. 

Dual action 

Strontium ranelate The drug is dual acting; increases deposition of new bone by 
osteoblasts and reduces the resorption of bone by osteoclasts. 
Bone-formation action involves increased osteoblast 
differentiation and activity by increasing expression of the 
master gene Runx2 and bone sialoprotein [84], osteoblast 
survival and regulation of osteoblast-induced osteoclastogenesis. 
Bone-resorption action involves decreased osteoclast 
differentiation, activity and increases apoptosis [85]. 

 

1.6.2 Galectins and Bone function  

Skeletal tissues are mainly composed of extracellular matrix containing collagen; that 

maintains the structural integrity of the bone. It also contains matricellular protein such as 

galectins that regulate cellular functions by interacting with integrins and other secreted 

proteins [86]. Varied expression profiles of galectin-1 and galectin-3 during the osteoblast 

development stage indicated their role in cell-to-cell and cell-matrix interactions [87, 88]. 

Galectin-3 is an endogenous substrate for matrix metalloprotease-9 and acts as a downstream 

regulator of osteoclast recruitment during endochondral bone formation [89]. Galectin-9 

induces proliferation of the human osteoblasts through clustering of lipid rafts on the membrane 

and regulates bone metabolism through differentiation of osteoblasts via the CD44/Smad 

signalling pathway [90, 91]. Chicken galectin-1 (CG-1A) and galectin-8 (CG-8) are involved 

in the formation of pre-cartilage mesenchymal cells in developing limbs, although their effects 

are opposite to each other [92]. CG-1 knockdown inhibits the formation of skeletal elements 

while knockdown of CG-8 enhances it [92]. Matricellular proteins thus play a critical role in 

overall development and homeostasis of bone [93]. 
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1.6.3 Galectin-8 and Osteoporosis 

Galectin-8 is widely distributed throughout the body, it aids in settlement of metastatic 

prostate cancer cells in the bone, thereby causing bone lesions. Galectin-8 induces expression 

of relevant metastatic factors like matrix metalloprotease-9 (MMP-9), bone morphogenetic 

protein 2A and urokinase-type plasminogen activator [94]. Adhesion of metastatic myeloma 

cells to endothelial cells of the vasculature is the first event in plasma cell metastasis in bone 

marrow. Galectin-8 is overexpressed in plasma of multiple myeloma patients compared to 

healthy individuals and promotes the myeloma cell adhesion [95].  

Of particular interest is the recent report of galectin-8’s role in the regulation of bone 

remodeling process (Figure 1.6) [96]. Exposure of osteoblasts to galectin-8 increased the 

production of RANKL, a protein responsible for bone metabolism, and those cells 

differentiated into osteoclasts when grown with bone marrow stem cells. The RANKL 

transcription was mediated by the ERK signalling pathway, with low-density lipoprotein-

related protein 1, mannose receptor C and urokinase plasminogen activator receptor as the 

galectin-8’s receptors. Furthermore, transgenic mice overexpressing galectin-8 resulted in a 

RANKL-mediated decrease in bone mass density causing apparent bone loss and increased 

bone turnover [96]. These results not only highlighted a novel mechanism of the bone 

remodeling process but also showed galectin-8 to be an osteoclastogenic agent. Therefore, 

galectin-8 inhibition holds potential for the newer approach in tackling bone-loss diseases like 

osteoporosis. 

 
Figure 1.6: Galectin-8 as a regulator of differentiation and maturation of osteoblast and osteoclast. 
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1.7 Structure-based drug design and inhibitors of galectin 

The advancement in macromolecular structure determination methods such as X-ray 

crystallography, NMR spectroscopy and electron microscopy have largely contributed towards 

the field of structure-based drug design. The determined protein structures provide valuable 

insight into the active site of the target protein at the atomic level. This gained information is 

then utilised to tailor the design of ligands specific to the protein of interest. The initial hits 

identified are then optimised taking into consideration of the binding site residues and 

topology, to further modulate the potency, efficacy, safety and progressing them from lead to 

a drug stage 

Carbohydrates provide a diverse arena of ligand space by their varied shape, orientation 

and composition. This diversity can potentially be employed towards the development of new 

therapeutics with either pure carbohydrates or in conjugation with peptides (glycopeptide) and 

proteins (glycoproteins). Examples of carbohydrate-based drugs approved by FDA includes 

anti-diabetic drugs such as Acarbose (Bayer AG), Voglibose (Takedo/Abbott) and Miglitol 

(Bayer); antiviral (influenza) drugs such as Zanamavir (GlasoSmithKline), Oseltamivir 

(Roche); anti-epileptic: Topiramate (Johnson and Johnsons), etc. [82]. Examples of FDA 

approved glycopeptides include antibacterial antibiotic: Vancomycin (Mylan), Telavanacin 

(Theravance) anticancer: Bleomycin (Bristol), etc. Examples of FDA approved glycoproteins 

include erythropoietin (Amgen), interleukin-2 (Chiron), tissue plasminogen activator 

(Genetech) and various monoclonal antibodies [82].  

Galectins have emerged as a therapeutic and prognostic target of interest due to their 

context-dependent involvement into various metabolic and disease conditions. The therapeutic 

potential for certain disease lies in inhibiting the functions of galectin, while under certain 

circumstances the lectin by itself can be employed for the therapeutic application. The CRD of 

galectins shares evolutionarily conserved amino acid sequence motifs that mainly recognise 

the galactose/lactose core unit of the glycans. Crystal structures of lactose bound to galectin-1 

(2ZKN [97]), galectin-2 (5DG1 [98]), galectin-3 (2NN8 [99]), galectin-4N (5DUV [100]), 

galectin-4C (4YM3 [101]), galectin-7 (4GAL [102]), galectin-8N (5T7S [81]), galectin-8C (as 

part of truncated full-length protein; 3VKL [19] ), galectin-9N (2EAK [103]) and galectin-9C 

(as a part of truncated full-length protein; 3WV6), reveal identical placement and interactions 

of the lactose molecule with the galectin binding site of the galectin, highlighting the fact that 

ligands designed for one galectin may potentially be recognised by other galectins. A better 
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understanding of the common and unique interaction features of available inhibitors with 

galectins may, therefore, contribute to the fine-tuning of inhibitor design. 

To this end, a systematic analysis of all the galectin-1 inhibitors reported in the literature 

and those patented was carried out (Appendix 1.9). Galectin-1 is one of the most exhaustively 

characterised members of the galectin family. In our review, two aspects were covered one 

being the inhibitors of galectin-1 and the second being galectin-1 acting as a therapeutic 

molecule in various diseases. The inhibitors span from synthetic monosaccharide-based 

carbohydrates (galactose- and talose-based) to complex natural carbohydrates (modified citrus 

pectin and Davanat) to peptide-based (Anginex and G3-C12) ligands with varying levels of 

target specificity [104-106]. The taloside-based scaffold identified through structure-based 

design is a good example where identical scaffolds bind to various galectins nevertheless 

specificity towards a galectin can, however, be achieved by adding suitable groups at the C2 

position. [18, 107, 108]. Some of the lead molecules that are actively pursued galectin 

inhibitors by the pharmaceutical companies, include GSC100 (La Jolla Pharmaceuticals), GM-

CT-01 (Galectin Therapeutics) and GM-MD-02 (Galectin Therapeutics). However, the 

structural complexity of these molecules and unknown mechanisms of action prompt for 

designing small molecule inhibitors that can be structurally investigated to obtain the 

information about the exact site of interaction within the protein. Taken together, information 

from this galectin-1 review helped us better understand the existing inhibitor pool in the 

galectin field and will ultimately guide us toward designing galectin-8 specific inhibitors. 

1.8 Aims and scope of the research 

Osteoporosis, a disturbed bone homeostasis disease is one of the leading causes of bone 

fractures in people over the age group 50. The treatment regimen approved by FDA either 

directly or indirectly restores the lost balance between bone formation and bone metabolism. 

However, with increasing disease burden and widespread distribution of osteoporosis 

throughout the world, there is a need to employ novel approaches to directly tackle the 

imbalanced homeostasis. Galectin-8 to this end regulates the bone remodelling process by 

inducing expression of bone metabolising factors, and its inhibition holds the potential of being 

a novel approach for tackling diseases associated with bone-loss including osteoporosis. The 

primary aims of the project are characterising atomic level interactions of galectin-8N with its 

natural oligosaccharides to gain insight into functional involvement of galectin-8 and 

identifying hotspots in the galectin-8N binding site that subsequently will guide the ligand 

design process towards developing potential inhibitors of galectin-8.   
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A structure-based ligand design campaign was initiated to identify potential lead 

molecules targeting galectin-8 that were subjected to biological evaluations. Galectin-8 being 

a tandem-repeat, ligand design towards the galectin-8N was focussed mainly due to the broad 

glycan recognition profile and interesting hotspots in the carbohydrate binding site. It is 

anticipated that interfering with the functionality of one domain would affect the overall 

functioning of the tandem-repeat. Furthermore, ligand design towards the galectin-8C is a 

potential future work. In the present thesis, a combination of theoretical and experimental 

methods was employed towards practising rational medicinal chemistry. Key interaction 

hotspots in the galectin-8N binding site were identified, based on which the interaction filters 

were designed to virtually screen a library of non-carbohydrate-based compounds. Taking 

together the information generated, three ligands in total were designed based on the native 

galactose core. These ligands mainly exploit the evolutionarily conserved and unique amino 

acid residue in the binding site for interactions. The designed ligands were synthesised, 

evaluated for binding with a combination of various techniques including STD NMR, ITC, 

SPR and X-ray crystallography. Biological evaluations (by our collaborators) are underway to 

investigate the effects of the designed ligands on galectin-8 functions both in vitro and in vivo. 
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1.9 Appendix 

Statement of contribution to a co-authored publication 

This chapter includes a co-authored paper. The bibliographic details of the co-authored paper, 

including all authors, are: 

Helen Blanchard, Khuchtumur Bum-Erdene, Mohammad Hussaini Bohari and Xing Yu 

(2016). Expert Opinion on Therapeutic Patents. 26(5):537-54. doi: 

10.1517/13543776.2016.1163338. 

 

My contribution to the review involved: 

My contribution to review included curating the patent information from Lens database, 

contributing to the writing of the abstract, article highlights, introduction, “structure of galectin-

1” section, “Galectin-1 as a therapeutic molecule” section and contributed towards writing the 

conclusion and expert opinion.  

        
 
                  
(Signed) _________________________________ (Date)_03-04-2017_____ 

Mohammad Bohari 

 

(Countersigned) __ ____ (Date)_ 24/11/2017____ 

Corresponding author of paper: Professor Helen Blanchard 

 

(Countersigned) _ ___ (Date)__ 24/11/2017____ 

Supervisor: Professor Helen Blanchard 
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Chapter 2  

Interaction of Galectin-8 N-terminal Domain with 
Glycosphingolipids  
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2.1 Foreword 

There are various galectins present in humans each has its distinct role to play apart 

from certain common biological involvement. Structurally all galectin CRDs share the “jelly 

roll” topology, and the primary binding site is mostly conserved for all the members, that 

recognises the galactose/lactose core of the oligosaccharides. However, the extended binding 

site has key variations that are responsible for governing the specificity in recognising larger 

oligosaccharides. Therefore, understanding the nuances in recognising cell surface glycans 

interactions with galectins is critical. To this end, the interactions of galectin-8N with lacto- 

and neolacto-series glycosphingolipids, which are also major components of human milk 

glycans, were studied. Crystallographic analysis was performed to gain atomic level 

information about their interactions and provided a structure-based rationale for the differences 

in the binding affinity. Our molecular dynamics simulations revealed the importance of 

extended binding site residues in differentially recognising these glycosphingolipids. This 

study thus provides the atomic details of their interactions and furthers our understanding of 

galectin-8’s biological functions. In addition, the minimum atomic framework revealed from 

the glycerol and lactose complex structures hinted towards developing potential ligands.    
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2.2 Statement of contribution to a co-authored publication 

This chapter includes a co-authored paper. The bibliographic details of the co-authored paper, 

including all authors, are: 

Mohammad H. Bohari, Xing Yu, Yehiel Zick and Helen Blanchard (2016). Scientific 

Reports. 6:39556. doi: 10.1038/srep39556. 

 

My contribution to the paper involved: 

Subcloning, expression, purification, crystallisation and structure determination of the galectin-

8N protein bound to LNT, LNnT, lactose and glycerol ligands with advice from Dr. Xing Yu 

and Prof. Helen Blanchard. Molecular dynamics simulations and analysis of galectin-8N-LNT 

including the in silico Tyr141Ala-galectin-8N-LNT mutant and galectin-3-LNT complex. Input 

into interpretation and analysis of the generated data and contribution to writing the manuscript.  

                  

 

(Signed) _________________________________ (Date)_03/04/2017____ 

Mohammad Bohari 

 

(Countersigned) ___ _____ (Date)__24/11/2017___ 

Corresponding author of paper: Professor Helen Blanchard 

 

(Countersigned) ____ ___ (Date)__24/11/2017___ 

Supervisor: Professor Helen Blanchard 
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2.3 Structure-based rationale for differential recognition of lacto- 
and neolacto- series glycosphingolipids by the N-terminal domain 
of human galectin-8. 
 

Reprinted from Scientific Report, Volume 6, Mohammad H. Bohari, Xing Yu, Yehiel Zick and 

Helen Blanchard, “Structure-based rationale for differential recognition of lacto- and neolacto- 

series glycosphingolipids by the N-terminal domain of human galectin-8”, Article number 

39556, Copyright (2016), with permission from Nature Publishing Group. [doi: 

10.1038/srep39556] 

 

Published article: http://www.nature.com/articles/srep39556  
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2.4 Appendix 

SUPPLEMENTARY INFORMATION 

Structure-based Rationale for Differential Recognition of Lacto- and Neolacto- series 

Glycosphingolipids by the N-terminal Domain of Human Galectin-8 
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Figure 2.1: Omit electron density maps calculated from refinement with the lactose omitted from the model 
(2mFo − DFc: 1.0 σ [blue], mFo − DFc: ±3.2 σ [green/red]) in the galectin-8N-Lactose complex. Red crosses 
indicate water molecules. 
 
 

 

Figure 2.2: Omit electron density maps calculated from refinement with the LNT omitted from the model (2mFo 
− DFc: 1.0 σ [blue], mFo − DFc: ±3.2 σ [green/red]) in the galectin-8N-LNT complex. Red crosses indicate water 
molecules. 
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Figure 2.3: Omit electron density maps calculated from refinement with the LNnT omitted from the model (2mFo 
− DFc: 1.0 σ [blue], mFo − DFc: ±3.2 σ [green/red]) in the galectin-8N-LNnT complex. Red crosses indicate water 
molecules. 
 
 

 

Figure 2.4: Omit electron density maps calculated from refinement with the glycerol omitted from the model 
(2mFo − DFc: 1.0 σ [blue], mFo − DFc: ±3.2 σ [green/red]) in the galectin-8N-glycerol complex. Chloride ion 
indicated by white cross, water molecules by red crosses. 
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2.4.1 MD simulation submission script: 

#!/bin/bash -l 
#PBS -N lnt001 
#PBS -l walltime=200:00:00 
### Number of nodes:Number of CPUs:Number of threads per node 
#PBS -l select=4:ncpus=6:mem=200mb:mpiprocs=6 
## The number of nodes is given by the select =<NUM > above 
NODES=4 
##$PBS_NODEFILE is a node-list file created with select and mpiprocs 
options by PBS 
### The number of MPI processes available is mpiprocs * nodes 
NPROCS=24 
 
export I_MPI_PLATFORM=auto 
export I_MPI_DEBUG=100 
export I_MPI_MPD_RSH=ssh 
 
# This job's working directory 
echo "Working directory is $PBS_O_WORKDIR" 
cd /export/home/s2874507/scratch/Gal8/manu-simul/lnt/non-hypo 
 
source $HOME/.bashrc 
module load gromacs/4.5.5-intel-mpi 
 
echo "Starting job" 
echo Running on host `hostname` 
echo Time is `date` 
echo Directory is `pwd` 
#echo This jobs runs on the following processors: 
echo `cat $PBS_NODEFILE` 
 
########## PREPare######################### 
cat << EOF >| his 
6 
1 
0 
1 
1 
1 
1 
EOF 
pdb2gmx -f LNT-hypo-prot.pdb -o prot.pdb -p prot.top -i prot.itp -
his -water tip3p < his 
 
sed -i /ENDMDL/d prot.pdb 
sed -i /TER/d prot.pdb 
sed -i /REMARK/d *_NEW.pdb 
cat prot.pdb *_NEW.pdb > prot-lig.pdb 
sed -i".bak" '21i ; Include LNT-hypo topology\n#include "LNT-
hypo_GMX.itp"\n' prot.top 
sed -e "\$a LNT-hypo              1" prot.top>>prot-lig.top 
 
editconf -f prot-lig.pdb -o conf.pdb -bt triclinic -d 0.9 -c 
genbox -cp conf.pdb -cs spc216.gro -p prot-lig.top -o genbox.pdb 
 
grompp -f em.mdp -c genbox.pdb -p prot-lig.top -o ion.tpr 
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echo "15"|genion -s ion.tpr -o ion.pdb -nn 3 -p prot-lig.top 
 
grompp -f em.mdp -c ion.pdb -p prot-lig.top -o em.tpr 
mdrun -v -deffnm em 
 
grompp -f pr.mdp -c em.gro -p prot-lig.top -o pr.tpr 
mdrun -v -deffnm pr 
 
grompp -f md.mdp -c pr.gro -p prot-lig.top -o md.tpr 
 
############ RUN PRODUCTION ######################## 
 
mpirun -f $PBS_NODEFILE -n "$NODES" -r ssh -n "$NPROCS" env 
PATH=$PATH  env LD_LIBRARY_PATH=$LD_LIBRARY_PATH mdrun -np $NPROCS -
deffnm md 
 
echo "Done with job" 
 

2.4.2 MD results processing and analysis script 

#!/bin/bash 
cat << EOF >| ndx.txt 
1|13 
q 
EOF 
make_ndx -f conf.pdb -o new.ndx < ndx.txt 
 
echo "0"| trjconv -s md.tpr -n new.ndx -f md.xtc -o md_whole.xtc -
pbc whole -ur compact 
echo "0"| trjconv -s md.tpr -n new.ndx -f md_whole.xtc -o 
md_nojump.xtc -pbc nojump -ur compact 
echo "14 14"| trjconv -s md.tpr -n new.ndx -f md_nojump.xtc -o 
md_center.xtc -pbc mol -ur compact -center 
echo "14 14"| trjconv -s md.tpr -n new.ndx -f md_center.xtc -o 
md_fitted.xtc -ur compact -fit rot+trans 
rm  md_whole.xtc md_nojump.xtc md_center.xtc 
 
echo "1"| g_rmsf -s md.tpr -f md_fitted.xtc -n new.ndx -res 
echo "1 1"| g_rms -s md.tpr -f md_fitted.xtc -n new.ndx -o prot-
rms.xvg 
echo "4 4"| g_rms -s md.tpr -f md_fitted.xtc -n new.ndx -o bb-
rms.xvg 
echo "13 13"| g_rms -s md.tpr -f md_fitted.xtc -n new.ndx -o lig-
rms.xvg 
 
echo "14"| trjconv -s md.tpr -n new.ndx -f md_fitted.xtc -o 
traj_all.pdb 
echo "14"| trjconv -s md.tpr -n new.ndx -f md_fitted.xtc -o 
traj_50.pdb -skip 10 
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2.4 Further discussion 

Atomic level understanding of interactions of galectins with their natural binding 

partners is indispensable towards elucidating the physiological functions of galectins and 

ligand design. The distinct functionality observed for each galectin despite sharing conserved 

sequence motifs hints for the specificity in glycan recognition. This specificity in the case of 

galectin-8N and other galectins is mediated by some unique residues mostly located in the 

extended carbohydrate binding site. To this end, crystallographic structures of the isolated 

CRDs of the tandem-repeat galectin-8 in complex with natural ligands have been reported. The 

galectin-8N was mainly responsible for recognising SM3 (sulfatides) and GM3 (sialic acid-

containing) glycosphingolipids, as revealed from its preferential interaction of unique residues 

with sulfated and sialylated glycans [42, 76]. Galectin-8N-LNFIII complex revealed van der 

Waal’s interactions between the galactose and Tyr141 and the fucose ring attached on the C3 

of GlcNAc does not form hydrogen bonds with the protein. However, the galactose ring is 

stabilized between the Tyr141 and fucose ring via hydrophobic interactions, each ring 

separated by ~4 Å distance [76]. These hydrophobic interactions contribute towards increased 

binding affinity of LNFIII (3.3 μM) compared to LNnT (13 μM) [42], whilst, identical 

interactions were observed for the tetrasaccharide LNnT in galectin-8N-LNnT complex [81].  

Binding of larger oligosaccharides have been structurally investigated to other tandem-

repeat members of galectins such as galectin-4 and galectin-9. Galectin-4 exhibits specificity 

for sulfated glycans like that being observed with other galectins including galectin-8 [42] but 

does not recognise sialylated glycosphingolipids unlike to galectin-8 [109]. The galectin-4N-

LNT crystal structure (4YM0; [101]) showed outwards pointing of the non-reducing end 

galactose of LNT as being noted for the galectin-3-LNT complex (4LBM; [110]) which is 

unlike to the terminal disaccharide binding noted in our galectin-8N-LNT structure (5T7T; 

[81]). Out of the four monomers in the asymmetric unit of galectin-4C-LNT complex, lactose 

was found in the monomer C while in the monomer D the non-reducing end disaccharide of 

LNT was observed. However, the crystal packing resulted in varied occupancy of the binding 

site in monomer C and D and favoured soaking of LNT only to monomer A and B [101]. The 

crystal packing, on the other hand, did not affect the soaking of LNT in galectin-8N, where the 

presence of unique residues such as Tyr141 (in galectin-8N) on strand S2 unlike to Gln313 in 

galectin-4C was responsible for binding of LNT [81]. In contrast, all the four units of the 

tetrasaccharide LNnT interacted with galectin-4N (4YLZ; [101]) as it was noted for galectin-3 

(4LBN; [110]) and galectin-8N (5T7I; [81]) resulting from the relative higher affinity of LNnT 

to galectins as compared to LNT. There are no reports of the interaction of these 
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tetrasaccharides with galectin-9. The LacNAc dimers that structurally resembles LNnT have 

been complexed with galectin-9N, where the residue Asn137 equivalent to Tyr141 of galectin-

8N was noted to increase the binding affinity poly-LacNAc units towards galectin-9N CRD 

[111].  

The galectin-8N-glycerol complex revealed minimum atomic features required by a 

ligand to be recognised by a galectin. Importantly, this provides potential clues for a non-

galactose (non-carbohydrate) molecule binding to galectin-8N. Taking the minimum atomic 

feature into account, in chapter 3, structure-based virtual screening to identify non-

carbohydrate based molecules as binders of galectin-8 will be carried out. Also, these minimum 

features will be employed to derive a monosaccharide galactose-based scaffold as potential 

inhibitor of galectin-8. Our MD simulations performed on various complexes in the study also 

supports the suitability of parameters and topology generated for simulations, as they 

corroborate well the experimentally observed conformations and interactions in the crystal 

structures. Overall, these simulations formed the basic methodology that was employed 

throughout the thesis for either rank ordering compounds or investigating binding mode and 

interactions of various protein-ligand complexes. 
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Chapter 3  

Structure-Based Virtual Screening for 
Identification of Non-Carbohydrate-Based 
Ligands Targeting Galectin-8  
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3.1 Introduction 

As discussed in Chapter 1 (section 1.6), galectin-8 is involved in the regulation of bone 

remodelling process where its inhibition could lead to a potential new approach in tackling 

diseases associated with bone-loss [94, 96]. Bearing this in mind and the preferential 

recognition of anionic saccharides [42, 76], the search for novel binders of galectin-8 was 

initiated. In this Chapter, structure-based virtual screening was performed for investigating 

novel non-carbohydrate-based ligands targeting the galectin-8N. The non-carbohydrate-based 

hydrophobic molecules offer some advantages such as metabolic stability and crossing of 

cellular barriers over the carbohydrate-based molecules. The virtual screening strategy 

involved performing iterative molecular docking and molecular dynamics simulations to 

narrow down a customised library of commercially available compounds. The rank-ordering 

and filtering of compounds were done mainly based on retention of key binding site 

interactions. The top fraction from the screened library was purchased and evaluated for 

binding to galectin-8N by STD NMR and X-ray crystallography. 

3.1.1 Strategy for virtual screening 

 
Figure 3.1: A general theme of the virtual screening protocol. 

 

The success of any structure- or ligand-based virtual screening campaign relies 

primarily on the strategy employed for filtering the compounds in hand. The ligand design area 

in the field of galectin-8 is at a nascent stage, and there are no specific reports in the literature 

focussing on designing ligands against galectin-8, particularly any non-carbohydrate-based 

molecules. With no currently available galectin-8 specific ligands, the use of ligand-based 

approaches for identifying novel molecules against galectin-8 would be less feasible. There 

exists structural information of the galectin-8N, the galectin-8C isolated domains and the 

truncated full-length galectin-8 either in apo form or bound to their natural glycans in the 
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protein data bank (Table 1.1, Chapter 1). Furthermore, with the structural biology resources at 

our disposal, a structure-based approach was followed to identify novel ligands against 

galectin-8 (Figure 3.1).  

From the glycan array and other binding studies, it has become apparent that galectin-

8N is a major contributor towards the recognition of glycans by galectin-8 [42, 44]. The 

preferential recognition of anionic oligosaccharides by galectin-8 is attributed to unique 

binding site residues of galectin-8N CRD. Structural insights from the reported ligand bound 

galectin-8N complexes draws us to significant interaction profile that potentially contributes to 

the ligand affinity and specificity. With the availability structural information, a wide-ranging 

glycan binding profile and interesting hot-spots in the binding site, galectin-8N was used as the 

target protein in our screening campaign [42, 44, 76]. A similar approach, though not in the 

scope of the present work, can be followed for identifying ligands against galectin-8C.  

 
Figure 3.2: Overview of the galectin-8N carbohydrate recognition domain. a: The CRD (yellow ribbons) showing 
the carbohydrate binding face of the jelly-roll and the primary and extended binding regions on the concave 
binding surface of the CRD. b: Depicts the amino acid residue (yellow carbon, oxygen red, nitrogen blue; stick 
representation) involved in glycan binding interactions.  

 

Overall, the topology and features of a galectin CRD are previously discussed in 

Chapter 2 (Figure 3.2). Briefly, the conserved interactions formed between the galectin-8N-

lactose and galectin-8N-glycerol complex reveals basic atomic framework required by any 

binder of galectin [81]. Interactions include hydrogen bonds with His65, Asn67, Arg45, Arg69, 

Asn79, Glu89 and the galactose ring partly stacking against the evolutionarily conserved amino 

acid Trp86 (Figure 3.3). These interactions have been observed for glycans not only with 

galectin-8 but also with all other galectins. Therefore, it becomes apparent that most of these 

conserved interactions are required for ligand recognition by a galectin. The first filtering 
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criteria was designed wherein the occupancy of primary binding site (galactose binding site) 

would ensure interaction with some of the conserved amino acids including the hydrophobic 

interactions with Trp86. Those compounds in the library that are occupying the primary 

binding site will be retained in the screening tier.  

 
Figure 3.3: Interactions made by glycans with the carbohydrate binding site of galectin-8N. (a) Highlights the 
hydrogen bonds (red dashed lines) formed upon interaction with lactose. (b) Hydrogen bonding interactions made 
by 3´-sulfated lactose, of note, are the ionic interactions between the sulfate group and the unique Arg59. 

 

The most important aspect of a ligand design campaign is addressing the target 

specificity, particularly when various isoforms exist. Given 15 members known so far within 

the galectin family, some of which have distinctive opposite biological effects, specificity is 

the main concern. Furthermore, with the conserved galactose recognition site, cross-galectin 

binding would be very likely. For this purpose, exploring the unique features found only in the 

galectin-8N CRD was required. The long S3-S4 loop bearing an arginine (Arg59) is one of the 

unique features not observed in any other galectin (Figure 3.2). This residue along with Gln47 

was structurally demonstrated to interact with the anionic group (sulfate/carboxylate group) at 

the 3´-position of galactose, particularly via strong ionic interactions (Figure 3.3) [76]. The 

outcome of these ionic interactions was increased binding affinity of galectin-8N towards 

anionic sugars, a key preferential aspect specific to galectin-8. Bearing the unique residues and 

the involved ionic interactions in mind, the second filtering criteria was designed (specificity 

filter), wherein the possibility of exploiting these residues for interactions was assessed.  

As for other galectins like galectin-3, the inhibitor design campaigns were more based 

on the native ligand such as galactose/lactose as the template molecule [112-114]. Notably, a 

structure-based approach led to the design and development of a novel talose-based scaffold, 

that explored a region in the galectin-3 binding site not observed in many galectins [18, 108]. 

During assessing selectivity of inhibitors towards galectin-3, binding of ligands was evaluated 
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against a panel of galectins including galectin-8N. Since these ligands were designed to better 

explore the subsites of galectin-3 with some core elements, it showed poor affinities towards 

galectin-8 and therefore were not suitable templates for initiating ligand design targeting 

galectin-8.  

However, due to high polarity of the carbohydrate-based inhibitors crossing the 

lipophilic cell-barriers becomes challenging and likely gets metabolised in the body. There are 

various thiol-based carbohydrates with aromatic rings developed to deal with polarity and 

stability of the carbohydrate-based inhibitor [115-118]. Nevertheless, the aim for this project 

was to investigate non-carbohydrate small molecules as binders of galectin-8N. These 

compounds offer some advantages such as metabolic stability and crossing of cellular barriers 

over the carbohydrate-based molecules. 

3.1.2 Library design 
The concept of virtual screening revolves around rationally identifying potential 

inhibitors against a target protein. The library of compounds used for screening using any 

design approach plays a critical role in the overall success of a screening campaign. A wealth 

of information reporting novel compounds and their biological activity, including both in vitro 

and in vivo data, is available in the literature. Accordingly, there are various web-based 

interfaces curating and making it available to download the chemical compound information 

obtained from the literature. PubChem, for example, is an open database that includes chemical 

substance information, chemical structures, and their bioactivity in three primary databases viz. 

Pcsubstance, Pccompound and PCBioactivity respectively, including the BioAssay description 

with literature reference and assay data points [119]. ChEMBL is a freely available, manually 

abstracted database containing binding, functional and ADMET information for bioactive 

compounds [120]. BindingDB contains literature extracted binding affinity information for 

potential drug targets. [121]. Further, a database like Binding MOAD [122], PDBBind [123] 

provide binding affinity information for macromolecule-ligand complexes reported in the 

protein data bank. DrugBank [82] provides complete annotation of chemical structure, 

mechanism of action and other pharmacological targets for all the FDA approved drugs. ZINC 

[124, 125] is a free database of commercially available and easily accessible compounds in a 

ready-to-dock 3D format for virtual screening experiments. These databases prove to be a 

critical guide in decision making while carrying out drug discovery analysis. 

The broad glycan binding profile of galectin-8N with a notable preference for anionic 

saccharides through interaction with the unique Arg59 (on S3-S4 loop, Figure 3.2) was at the 

center of library design [42]. Therefore, the lead-like (molecular weight range of 200-350 Da) 
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[126] purchasable sulfur compounds containing a R-SO2-R group such as sulfates, sulfones 

and sulfonamides from the ZINC database was chosen as our first library, and the second 

library being the FDA-approved small molecule drugs. The positive hits from the lead-like 

library could potentially be considered for optimisation without exceeding the drug likeliness 

rule of the Lipinski [127, 128]. Another advantage with the lead-like and FDA drug library is 

its commercial availability that indicates the synthetic feasibility of the core scaffold.  

The FDA approved compound library was chosen for the screening process to 

investigate the idea of drug repositioning. Finding a new application for an approved drug has 

been successfully applied in some cases and hold great potential as far as the reach to market 

is concerned [129, 130]. Because the drugs have already gone through pre-clinical and clinical 

stage toxicity testing in humans, the clinical investigation for the new application would be 

quicker and cheaper as compared to performing those tests for a new compound. With the 

biotech evolution, there are macromolecular drugs including monoclonal antibodies and 

complex natural products that are being approved by FDA, but considering the scope of current 

work, any drug molecule with a molecular weight of more than 500 was excluded.  

The aim was to perform structure-based virtual screening for identification of non-

carbohydrate based binders of galectin-8N. Iterative molecular docking and MD simulations 

were performed on a specific library of compounds. The rank ordering and filtering of the 

compounds were performed based on interaction-based criteria designed to explore affinity and 

specificity. The final best-fitting compounds were purchased and were evaluated for binding 

to galectin-8N through experimental techniques. These include STD NMR and X-ray 

crystallographic techniques. A positive outcome from this work would be the first-ever 

evidence of a non-carbohydrate binder of galectin and will be evaluated biologically. 
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3.2 Methods 
Virtual screening was performed by undertaking iterative molecular docking and 

molecular dynamics simulations, with visual analysis of protein-ligand interactions. The UCSF 

Chimera package [131] was used for visualisation of docked poses and interaction analysis 

throughout the work. A combination of interaction with the unique galectin-8N residue (Arg59) 

and the evolutionarily conserved residue (Trp86) was used for filtering the library of 

compounds. The assessment of interactions constituted i) the occupancy of the primary binding 

site by the ligand potentially indicate hydrophobic (CH-π type or π-π type) and/or polar 

interactions with the evolutionarily conserved Trp86 and other conserved residues in the 

binding site and ii) hydrogen bonding interaction with the unique Arg59 located on S3-S4 loop. 

Off note, the interaction between sulfated compounds in the library of Arg59 were more of 

ionic nature like salt bridge interactions in place of hydrogen bonding interaction in case of 

other lead-like compounds in the library and were therefore assessed respectively. The 

interaction made with Trp86 could be of a polar nature such as hydrogen bonds involving the 

backbone amide group or with the nitrogen of the side chain in pyrrole ring. In addition, non-

polar type interactions are also possible such as hydrophobic interaction involving the π-

electron cloud of the Trp86 side chain and either aliphatic or aromatic rings of the ligands. 

Some leverage was given to compounds that occupied the primary binding site, but the sulfate 

group (or any other ionic group) was not placed in a geometrically favoured position to interact 

with Arg59. All the computational calculations were performed on High-Performance 

Computing Cluster facility “Gowonda” at Griffith University with Intel Xeon CPU X5650 

@2.67GHz processor, while analysis was undertaken on a local computer. 

3.2.1 Molecular docking 
AutoDockVina (Vina) [132], a freely available application, was used for performing 

docking calculations. This program automatically calculates the grid maps and uses a machine 

learning-based scoring function to rank order the docked poses. It is much faster in performing 

a calculation than the parent software AutoDock and is, therefore, more suitable for virtual 

screening applications. Galectin-8N-3′-O-sulfated lactose crystal structure (3AP6 [76]) was 

chosen for our screening protocol mainly because the aim was to identify ligands that had a 

similar topology to one of the best affinity natural ligands of galectin-8N (2.7 μM [42]). 

Furthermore, the 3′-O-sulfated lactose exhibits strong binding affinity towards galectin-8N and 

therefore forms a good starting point to investigate potential inhibitors.  

Protein: This protein preparation step was done using AutoDockTools (ADT) 

implemented in MGLTools package [133]. The protein was stripped of non-protein atoms and 
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saved into the pdbqt format. The efficiency of Vina in predicting the experimentally observed 

binding conformation was evaluated through cognate ligand docking. The grid for cognate 

docking was defined using the grid options menu of ADT, centred on the co-crystal (x = 

24.069, y = 29.662, z = 23.165) with 25 points in each dimension and 1 Å spacing. 

The ligand file was converted into pdbqt format after defining torsion centers, rotatable bonds 

and applying gasteiger charges [134]. The docked pose was compared with the X-ray 

conformation for evaluation purpose. 

Ligand library: From the various readily available categories of compounds, lead-like 

library containing R-SO2-R group was obtained through substructure search and were 

downloaded using the batch script files (in mol2 format). While the already available ready-

to-download special subset (Zdd) of Zinc drug database of commercially available approved 

drugs was directly downloaded (in mol2 format). The mol2 ligand files were converted into 

pdbqt using Raccoon [135], while the protein pdbqt and the grid dimension used for cognate 

docking were used for screening. The Raccoon was also used to generate virtual screening 

master-script that was subsequently modified (vs_submit.sh) for performing automated 

virtual screening in Vina (Appendix 3.6.1). 

Analysis: Vina docking scores from the output files were extracted using 

analyse.sh script (Appendix 3.6.2) and added into a master file. Each docking calculation 

was performed five times and the compounds consistently getting a score over the set cut-off 

(-6.5 kcal/mol) were then retained for the next tier of analysis. The compounds retained in the 

score-threshold stage were subjected to interaction-based filtering performed through visual 

inspection. Compounds satisfying the interaction-criteria have been submitted to the next tier 

of molecular dynamics simulations.  

3.2.2 Molecular dynamics 
All simulations were performed using GROMACS package version 4.5.6 [136] with 

in-built AMBER99SB-ILDN force field [137], similar to that used in Chapter 2 and other 

galectin-ligand simulations carried out in the Blanchard group [101, 107, 110]. Briefly, after 

creating a cubic solvent box, water molecules modelled through TIP3P solvent model [138] 

was arranged 10 Å around the protein surface. Initial 5000 steps of the steepest descent energy 

minimisation were followed by 15000 steps of position-restrained minimisation before going 

for the production run. The parameter and topology for ligands were generated using acpype 

[139] employing Generalised Amber Force Field [140] and AM1-BCC charges [141]. A bash 
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script was used to prepare the input files and generate topology and parameters for the protein, 

and ligand and for running simulations (Appendix 2.4.1 and 2.4.2). 

For filtering compounds, initially, a short 5 ns simulation was performed on the 

galectin-8N-ligand complex where the starting conformations were the corresponding docking 

output conformation. The production run trajectory was visually analysed using VMD. Here 

retention of ligand in the binding site throughout the length of simulation was assessed. Mean 

square displacement analysis (MSD) through gromacs’ utility g_msd was used for analysing 

retention of ligand in the binding site. To further overcome the chance outcome, a triplicate of 

short simulations was performed, and compounds that stayed in the binding site maintaining 

the interaction criteria were selected for long simulations. Long simulations were run for 100 

ns, using the protocol used for short simulations. The ligands that consistently stayed in the 

binding site maintaining the overall key interactions then formed the final leads, and the best 

compounds among them were purchased and experimentally evaluated for binding to galectin-

8N. 

3.2.3 Saturation Transfer Nuclear Magnetic Resonance spectroscopy  
All STD NMR spectra were acquired on Bruker 600 MHz Avance spectrometer with a 

conventional 1H/13C/15N gradient cryoprobe system at 298 K. The on-resonance and off-

resonance spectra were recorded, and the data analysis was performed using TopSpin 3.5pI5 

software package. The purchased ligands were used in varying concentrations, 500 μM - 5 mM 

with galectin-8N (5 μM), in 250 μL of deuterated buffer containing 20 mM phosphate buffer 

and 20 mM sodium chloride. The protein was saturated (on-resonance) with a cascade of 40 

Gaussian-shaped pulses with a duration of 50 ms each at -0.1 ppm (on-resonance frequency) 

and 33 ppm (off-resonance frequency), totalling to saturation time of ~ 2 s. 

3.2.4 Ligand soaking 
Galectin-8N-apo crystals, obtained as previously described in [81], were used for 

soaking the purchased ligands. Ligand soaking time was varied from 10 minutes to overnight 

with a range of ligand concentrations containing about 5% DMSO as ligand solubility 

enhancer. Crystals were cryo-cooled with glycerol as a cryoprotectant, and the X-ray data was 

remotely collected at Australian Synchrotron (MX2 beamline) using Blu-Ice software [142] at 

100 K with a wavelength of 0.9537 Å, and ADSC Quantum detector. The structures were 

solved using the method specified in [81]. The data was integrated using iMOSFLM [143], and 

the point group determination and scaling of the data was performed using AIMLESS [144]. 

The phases were solved using Phaser [145] with the galectin-8N -apo structure (3AP5 [76]) as 
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the search model. The model obtained was refined using REFMAC5 [146, 147] in CCP4 

program suite [148]. Visualisation and model building was done in Coot [149]. 
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3.3 Results and Discussion 

3.3.1 Efficiency evaluation 

The performance of a docking software varies considerably with changing 

macromolecule, ligand or algorithm parameters [150, 151]. As a measure of the ability of 

Vina’s docking algorithm to reproduce the experimental binding conformation, cognate 

docking was performed. Cognate docking involves extracting the ligand from the crystal 

structure coordinate file, docking it back again in the same protein structure and comparing the 

deviation of the docked conformation from the experimentally observed conformation. 

Correctly predicting experimental binding conformation is critical as the efficiency of docking 

algorithm decreases with increasing rotatable bonds of ligand and therefore, challenges the 

conformation sampling efficiency of the docking program [150, 151].  

 
Figure 3.4: Efficiency evaluation through cognate ligand docking. Superimposition of lactose-3′-SO3 docked 
pose (carbon colored black) with X-ray conformation (3AP6, carbon colored blue). 
 

Carbohydrates are cyclic aliphatic molecules that exhibit high flexibility stemming 

from the glycosidic linkage joining the monosaccharide units. The linkage creates an array of 

orientations possible for example for the two units in disaccharide, however carbohydrates 

populate into only a specific set of orientation [152]. Therefore, the docking algorithms may 

not be able to efficiently sample those specific orientation, this in addition to limitation of 

capturing the hydrophobic interactions are potential bottlenecks in protein-carbohydrate 

docking [153, 154]. Cognate docking was performed on the galectin-8N-3′-O-sulfated lactose 

(3AP6 [76]) crystal structure to assess sampling efficiency of Vina towards a carbohydrate 

molecule. The ligand 3′-O-sulfated lactose was extracted from the coordinate file and docked 
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back into the galectin-8N binding site (section 3.2.1). The calculation produced the docking 

output conformation that was assigned a score of -6.5 kcal/mol by the Vina scoring function. 

Superimposition of the docked conformation on to the experimentally observed conformation 

revealed identical placement of the galactose ring and the sulfate group of the 3′-O-sulfated 

lactose (Figure 3.4). The placement of the glucose ring of 3′-O-sulfated lactose was different 

in the docked conformation to that experimentally observed, the flexibility of glucose ring is 

also noted experimentally [81]. Importantly for galectin-8N, recognition of the galactose and 

preference for the sulfate group is critical, which the docking algorithm correctly positioned 

and identically placed in the binding site. Based on this cognate docking calculation, the 

docking score for 3′-O-sulfated lactose (-6.5 kcal/mol) was used as an arbitrary cut-off to filter 

compounds during the initial stage of screening. 

3.3.2 Docking and filtering 

The screening campaign started with a total of ~9000 compounds that were obtained 

from the freely available ready-to-dock ZINC database [124]. ZINC database provides ligands 

that are prepared by the curators and made easily accessible in reasonable geometry, 

protonation state at the desired pH and tautomeric forms. These molecules are pre-filtered and 

made available in subsets with various physical properties (such as drug-like, lead-like and 

fragment-like), removing compounds containing reactive functional groups such as aldehydes 

and thiols [125].  
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Figure 3.5: The strategy used to perform the structure-based virtual screening.  

 

Herein, a combination of clean lead-like (containing R-SO2-R group) molecules and 

FDA-approved drugs library was used for screening. With the lead-like molecules, the 

advantage being their relatively small-to-medium molecular weight (≤ 350 Da), that would 

allow some flexibility in accommodating different functional groups at the lead optimisation 

stage. While any positive hits from the FDA-approved drug library would lead to exploring 

new uses for old drugs. The general scheme detailing the strategy employed for filtering 

compounds at different stages of the screening protocol has been illustrated (Figure 3.5). 

Docking of the library of compounds was carried out using a similar protocol to that 

used during cognate ligand docking. Submission, curation and analysing of the docking results 

were automated using the bash shell scripts (Appendix 3.6.1 and 3.6.2). Compounds with 

docking-scores less than or equal to that of 3′-O-sulfated lactose (-6.5 kcal/mol) were curated, 

where the larger negative value (a better score) indicates better binder. This score roughly 

corresponds to interactions made by one of the strong binders of galectin-8N [42, 44] and hence 

was arbitrarily used as a threshold for filtering. Of the total starting compounds, score-filtering 

left with ~1900 compounds. Importantly, to avoid chance correlation, all the docking 

calculations were carried out five times. In total, 630 compounds that consistently cleared the 



 
76 

score threshold upon iterative docking, and were subjected to the interaction-based filtering 

tier.  

Given that ligands are scored based on van der Waal’s and coulombic interactions, 

employing an arbitrary cut-off would imply retention of some of the key binding site 

interactions. However, it is not certain that the interactions made by 3′-O-sulfated lactose and 

docked ligands with a score above -6.5 kcal/mol were identical. Therefore, interaction-based 

(conformation-based) filters were designed which the experimentally observed interactions (in 

the crystal structure, Figure 3.3) were compared with those made by the docked ligand. As 

discussed in the previous section, interaction with the conserved Trp86 would roughly assure 

that the ligand is occupying the primary binding site while interactions with unique Arg59 

would allow gaining affinity along with specificity. Visual inspection for the docked pose of 

630 complexes was carried out for analysing interactions.  

The interaction-based filtering will ensure that compounds will occupy the primary 

binding site, and suitable functionality will be placed near unique Arg59 for interaction. The 

compounds from previous tier that cleared the score-threshold screen were subjected to 

interaction-based filtering. The docked conformation output (pdbqt) from Vina was 

converted into Chimera readable format (pdb) for analysis. Compounds satisfying both the 

interaction criteria were retained for the next step of screening, while those not near the 

conserved Trp86 were excluded as for their unlikeliness to occupy the primary binding site. 

An example (two compounds from each category) of three possible cases for interaction-based 

criteria has been demonstrated (Figure 3.6). For certain compounds where they occupied the 

primary binding site but were not in a geometrically favored position to interact either through 

salt bridge interaction or hydrogen bonding with Arg59 were also retained for next steps of 

filtering (in blue rectangle; Figure 3.6). This leverage was given based on the consideration 

that the protein was held rigid during a docking run, which is not correct in regards to the true 

biological environment. The interaction-based filtering resulted in a total of 256 compounds 

that satisfied the interaction criteria and were therefore taken forward to the next tier of 

screening. Overall, this analysis would ensure the engagement of both conserved and unique 

binding site residues in interactions with the filtered compounds. 
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Figure 3.6: An example of conformation-based (interaction-based) criteria. Galectin-8N is represented in white 
surface and docked ligand in green sticks. For reference, evolutionarily conserved Trp86 is coloured in brown 
while the unique Arg59 is coloured in blue. Green box (on left) show two compounds that satisfied both interaction 
criteria set viz. being placed in a primary binding site and were interacting with the unique Arg59. Blue box (in 
middle) show two compounds that partially followed the criteria where the sulfate group (top) and sulphonamide 
group (bottom) was not placed towards the unique residue. Red box (on the right) show two compounds that did 
not follow any of the criteria and therefore were rejected during the filtering process.  

 

3.3.3 Short MD simulations 

During Vina docking calculations, flexibility is imparted only to the ligand while the 

protein is held rigid. Although there is an option for allowing flexibility to certain residue side 

chains during docking, however, explicit solvent MD simulations on the whole protein-ligand 

complex was employed. MD simulations were carried out on a total of 256 compounds where 

the starting conformation was the docking output conformation. Parameter and topology for 

each ligand were generated using acpype, that uses antechamber module of Amber package 

[155, 156]. Input files for MD simulations were prepared using a bash script file (see 

Appendix).  

For analysis of simulation results, MSD which is the mean displacement of atoms from 

a set of initial positions was employed. The ligand MSD from simulations provides the 

magnitude of ligand movement during the simulation. Higher displacement would indicate 

larger movement of ligand implying possible instability of the interactions between the protein 

and ligand. In contrast, lower value of MSD would imply lesser fluctuations in the ligand 

conformation and more stable protein-ligand interactions. For setting up an arbitrary MSD 

threshold, trajectories of simulations for ten randomly selected complexes were visually 

inspected using VMD. Based on the MSD analysis of these complexes an arbitrary value of ≤ 

0.1 was used as cut-off, as being retained in the binding site and hence acceptable. Although 
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this threshold is highly dependent on the number of rotatable bonds and some compounds may 

miss out due to the cut-off. However, a major part of the ligand space from the filtered 

compounds would still be captured, since numerous molecules were simulated. The simulation 

run starts from a random velocity and therefore causes the outcome of two simulations to be 

non-identical. A triplicate of short simulations was therefore performed for each complex, to 

rule out the chance observation. Short 5 ns short simulations might not be enough to observe 

any major displacement in the placement or conformation of ligand from its starting position. 

However, these simulations will help narrow down the compound pool by filtering rather 

unlikely binders before performing computationally intensive long simulations.  
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Table 3.1: Mean square displacement analysis performed for the lead-like library (far left and centre) and FDA 
approved drugs (on far right). 

 

MSD-1 MSD-2 MSD-3
ZINC01562064 0.0856 0.1908 0.1191
ZINC01599368 0.1268 1.3857 0.6716
ZINC01621433 0.0978 0.4406 0.2447
ZINC01628079 0.3796 0.3881 0.0677
ZINC01653709 0.198 1.0908 0.5595
ZINC01670444 0.3825 0.203 0.1978
ZINC01672834 0.2161 0.5509 0.4372
ZINC01672854 0.4145 0.5529 0.2246
ZINC01743739 14.255 0.158 0.179
ZINC01786818 0.8237 0.362 0.2453
ZINC01795820 1.5623 0.2814 0.4838
ZINC01802626 0.6422 0.1227 0.1348
ZINC01802628 0.064 1.154 0.18
ZINC01802630 0.2245 0.2279 0.525
ZINC01802637 0.0255 0.6281 0.1643
ZINC01805625 0.1485 0.9805 0.1167
ZINC01867107 0.453 0.7232 0.2257
ZINC01909001 0.391 0.2228 0.392
ZINC01926014 0.2535 0.2047 0.1639
ZINC02023751 0.4822 0.4488 0.8134
ZINC02024269 0.0259 0.0239 0.3829
ZINC02024275 0.0343 0.3827 0.0643
ZINC02024285 0.1415 0.0492 0.0271
ZINC02057647 0.5108 5.2197 59.851
ZINC02057774 0.7751 0.0447 0.0951
ZINC02059027 0.4351 0.4851 0.3966
ZINC02060609 0.3968 0.5157
ZINC02061680 0.3581 0.0413 0.0425
ZINC02061701 0.3711 0.5118 0.399
ZINC02064730 0.2061 0.5428 0.2412
ZINC02064732 0.3016 0.8677 0.4149
ZINC02069538 0.0395 0.0755 0.0393
ZINC02069618 0.0704 0.6726 0.7592
ZINC02069619 0.5983 0.4945 0.4577
ZINC02069629 0.0965 0.2934 0.0641
ZINC02069636 0.3986 0.1736 0.0793
ZINC02069659 0.7644 0.0247 0.361
ZINC02069676 3.0564 0.8239 0.2468
ZINC02069682 0.2268 0.3973 0.466
ZINC02069711 0.4404 0.3348 0.2272
ZINC02077101 0.0287 0.0371 0.0271
ZINC02106609 1.5344 0.1042 0.0405
ZINC02142389 0.5471 0.0472 0.053
ZINC02144897 0.6732 0.1824 0.9862
ZINC02157953 0.0612 0.1938 0.0333
ZINC02182571 0.2588 0.3272 0.1312
ZINC02182628 1.0063 0.8668 0.4155
ZINC02374395 0.0161 0.0144 1.3621
ZINC02420638 0.0384 0.0164 0.0715
ZINC02510948 0.1336 0.0391 0.1455
ZINC02560378 0.0119 0.0913 0.0461

MSD-1 MSD-2 MSD-3
ZINC00537791 1.734 0.0529 0.0778
ZINC00537795 2.124 1.778 0.977
ZINC00537804 0.1205 0.1074 0.0668
ZINC00538312 0.1176 0.2024 0.1703
ZINC00601316 0.4982 0.8745 1.243
ZINC00608204 0.0692 1.978 0.1499
ZINC00608382 0.0837 0.0682 0.0289
ZINC00643143 0.0866 0.0826 0.1906
ZINC01482077 0.0866 0.1005 0.1929
ZINC01530886 0.2449 0.0362 0.1083
ZINC01530922 0.0372 0.6185 0.0777
ZINC01542199 0.0181 0.0166 0.0509
ZINC01550477 0.1274 0.4127 0.0374
ZINC01554274 0.1042 0.0475 0.0341
ZINC01851132 0.11 0.066 0.0596
ZINC01851149 0.1574 0.0418 0.0983
ZINC02568036 0.0594 0.0376 0.0291
ZINC03812892 6.3643 0.5012 69.825
ZINC03824921 0.0162 0.5309 0.0702
ZINC03831157 0.0288 0.192 0.3128
ZINC03831511 0.0687 0.1335 0.2261
ZINC03860156 0.13506 0.1142 0.0508
ZINC03872566 0.3263 0.2395 0.1156
ZINC03875334 0.2018 0.9895 0.2371
ZINC03913937 0.3416 0.347 0.5085
ZINC03915154 3.5371 0.5494 0.5565
ZINC03918453 0.1027 0.1473 0.0406
ZINC03920266 0.073 0.0853 0.2913
ZINC03977942 0.5025 0.4762 0.3227
ZINC03977978 0.4011 0.1115 0.1545
ZINC03978005 0.165 0.765 0.1484
ZINC04097344 0.0405 0.0388 0.0333
ZINC06716957 0.0278 0.0211 0.1465
ZINC06745272 0.11602 0.3532 0.0791
ZINC11617039 0.3323 0.0222 0.0719
ZINC11677837 0.014 0.0408 0.0161
ZINC13513942 0.0229 0.0294 0.0294
ZINC13540266 0.2855 0.2716 0.512
ZINC14879969 0.1302 0.1927 0.0296
ZINC14879999 0.0345 0.1159 0.02
ZINC14880002 0.1968 0.4152 1.089
ZINC15668997 0.0551 0.0695 0.0662
ZINC19340795 0.0212 0.0709 0.0974
ZINC19360739 0.1187 0.4241 0.1833
ZINC19361042 1.827 0.1293 0.1352
ZINC19364226 0.3812 2.593 0.1163
ZINC19364228 0.0193 0.1959 1.8054
ZINC19594557 2.094 0.2041 0.4663
ZINC19632614 0.2113 0.3341 0.1723
ZINC19632618 0.0615 0.3451 0.062
ZINC19632891 0.2665 0.1244 0.1568
ZINC19796080 0.2432 0.0899 0.2713
ZINC19796087 0.0694 0.1087 0.2209
ZINC21297660 0.247 0.3097 0.0777
ZINC21982951 0.0508 0.0446 0.0308
ZINC22448696 0.8445 0.1416 0.8802
ZINC29416466 0.0928 0.1049 2.0448
ZINC33359785 0.1011 0.39 0.1985
ZINC36701290 0.1319 0.1127 0.1034
ZINC43207238 0.0895 0.0551 0.1152
ZINC49841054 0.1277 0.068 0.301
ZINC49918330 0.1774 0.0715 0.1227
ZINC52509366 0.0268 1.3032 0.3868
ZINC52955754 0.4282 0.1921 0.221
ZINC53682927 0.119 0.1549 0.154
ZINC53683151 0.1226 0.5693 0.1451
ZINC64622550 0.1005 0.0593 0.332
ZINC64622551 0.3136 0.1236 0.7173
ZINC64624931 0.0991 0.05578 0.034

MSD1 MSD2 MSD3
ZINC00002106 0.3089 0.306 0.355
ZINC00005803 0.8549 13.813 0.3351
ZINC00028349 0.3938 0.362 0.2871
ZINC00029424 0.024 0.2812 0.4135
ZINC00029866 0.172 0.1558 0.2386
ZINC00033018 0.0312 0.1247 0.7051
ZINC00034199 0.0457 0.1307 0.1932
ZINC00036356 0.3094 0.2181 0.3817
ZINC00037582 1.2508 0.1457 0.296
ZINC00038954 0.2515 0.8024 0.1681
ZINC00041740 0.6157 0.6295 0.2338
ZINC00041825 0.1942 0.6665 0.2782
ZINC00041957 0.3374 0.4318 0.2992
ZINC00048539 0.3549 0.2305 0.3689
ZINC00049542 0.2274 0.1653 0.2577
ZINC00050152 6.5426 0.105 0.07781
ZINC00051778 0.4544 0.0677 2.734
ZINC00054526 0.073 0.1616 0.1358
ZINC00054821 1.0142 0.3828 0.8446
ZINC00058794 0.7438 0.0732 2.4732
ZINC00059228 0.2186 0.3577 1.109
ZINC00063634 0.181 0.0943 0.1339
ZINC00064150 0.5499 0.0353 0.1735
ZINC00065395 0.3883 1.0413 0.0744
ZINC00065402 0.4687 0.1253 1.1835
ZINC00066256 0.1013 0.0678 0.2329
ZINC00068043 0.1313 0.4188 0.1976
ZINC00068063 0.3887 0.0661 0.1189
ZINC00071989 0.18 0.3186 0.2697
ZINC00073687 0.081 0.1934 0.3011
ZINC00075950 0.652 1.519 0.0412
ZINC00078911 0.4766 0.1736 0.1668
ZINC00081537 0.0102 0.1896 14.7701
ZINC00081701 0.4646 0.5869 0.3729
ZINC00081906 0.8015 0.1426 0.1675
ZINC00082622 0.0204 0.3384 0.0733
ZINC00084759 0.4426 0.4425 0.0367
ZINC00085793 0.1079 0.2762 1.58
ZINC00086070 0.0229 0.04 0.03
ZINC00086341 0.0942 0.2947 1.3458
ZINC00087423 0.0469 0.474 0.4212
ZINC00089688 0.1672 0.266 0.1978
ZINC00091838 0.2956 0.221 0.1645
ZINC00094269 0.6628 0.4571 0.2353
ZINC00094388 0.1154 0.3552 0.5851
ZINC00097010 2.7617 10.8843 0.1998
ZINC00102308 0.0447 0.0826 0.2128
ZINC00102322 0.2767 0.1708 0.1034
ZINC00102769 0.1455 2.2157 0.3458
ZINC00103247 0.2138 0.338 0.2943
ZINC00105645 0.0498 0.1061 0.3901
ZINC00106815 0.0179 0.0197 0.0297
ZINC00106879 0.0587 0.1953 0.0748
ZINC00106900 0.0631 0.0243 0.1078
ZINC00109321 0.1131 0.3331 0.2501
ZINC00110907 0.2545 0.3474 0.1406
ZINC00111501 0.1075 0.1734 0.2433
ZINC00112294 0.074 0.2451 0.0405
ZINC00114132 0.01975 0.2289 0.02601
ZINC00114137 0.0675 0.0423 0.0576
ZINC00114142 0.073 0.2225 0.0643
ZINC00114145 0.2272 0.4813 0.5357
ZINC00114215 0.1605 0.3271 0.3858
ZINC00114829 6.01 6.0102 0.6783
ZINC00114832 0.1332 0.1328 0.4709
ZINC00116833 0.0361 0.2511 0.3617
ZINC00117486 0.1988 0.3722 0.0668
ZINC00118207 0.4162 0.7497 0.8226
ZINC00118374 0.0781 0.0579 0.0611
ZINC00118389 0.0906 0.7188 0.2375
ZINC00120092 89.354 0.1689 0.8899
ZINC00121224 0.1775 0.3148 0.5956
ZINC00122426 0.112 1.203 0.2427
ZINC00123200 0.8544 0.0383 1.737
ZINC00125385 0.2394 0.437 0.1247
ZINC00134332 0.0941 0.0709 0.2615
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A total of 256 galectin-8N-ligand complexes in triplicate were simulated (totalling to 

768 simulations), and the MSD was analysis was carried out. The ligand MSD values for all 

the simulations performed has been presented (Table 3.1) and the cell highlighted in yellow 

are ones that were less displaced during the simulation (within the MSD threshold). Any 

compound having MSD less than 0.1 in two out of three runs of simulation were retained for 

the next tier of screening. This analysis culminated into 51 compounds whose chemical 

structures are presented in Figure 3.7 and Figure 3.8. The structural architecture for most of 

lead-like compounds had two aromatic rings roughly one on each side joined by a linker (Figure 

3.7). The FDA drugs on the other hand were structurally diverse, interestingly, some of the 

drugs had the sulfated linker (like the lead-like library) and one antidiabetic drug Canagliflozin 

contains sugar moiety in the structure (Figure 3.8). 

 

 
Figure 3.7: Chemical structures of the lead-like library of compounds retained during the short 5 ns simulation 
stage of the virtual screening.  
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Figure 3.8: Chemical structures of the FDA drugs retained during the short 5 ns simulation stage of in the virtual 
screening. 
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3.3.4 Long simulations 

A final round of 100 ns simulations were performed on compounds from the previous 

tier. The starting conformation being used was the docking output conformation. VMD was 

used for visually analysing the MD trajectories. The primary criteria for analysis were the same 

as previous, which was looking for compounds that were placed such that they were occupying 

the primary binding site. Nevertheless, compounds that were forming reasonably stable 

interactions were also considered for purchase apart from the ones that were showed the lowest 

fluctuation in conformation and interactions (highlighted yellow in Table 3.2).  

Table 3.2: Mean square displacement values from long simulations for the lead-like compounds (on the left) and 
FDA drugs (on the right). The yellow highlight is the ones that followed the MSD rule set previously and 
compound ID coloured green are the ones purchased.  

 

From the short (5 ns) simulations of 256 compounds, 51 compounds were retained in 

the binding site at the minimum of two out of three times (Figure 3.7and Figure 3.8). The MSD 

analysis in Table 3.2 shows that 11 compounds (zinc ID coloured in green and MSD value 

yellow highlighted) were least fluctuating during the length of simulation i.e. making stable 

Sulfated MSD FDA drugs MSD
ZINC00086070 0.07 ZINC00608382 2.9606
ZINC00106815 0.0427 ZINC01542199 0.2077
ZINC00114137 0.1224 ZINC01554274 0.5794
ZINC00118374 0.0752 ZINC02568036 0.099
ZINC02069538 0.6512 ZINC04097344 0.2077
ZINC02077101 0.8572 ZINC11677837 46.037
ZINC02420638 1.498 ZINC13513942 0.2867
ZINC02560378 0.0174 ZINC15668997 0.1473
ZINC00082622 0.0605 ZINC19340795 0.4317
ZINC00102308 0.552 ZINC21982951 0.0388
ZINC00106900 3.442 ZINC64624931 0.282
ZINC00112294 0.963 ZINC00537791 0.0746
ZINC00114132 1.5413 ZINC00537804 0.157
ZINC00114142 0.375 ZINC00643143 1.374
ZINC00134332 249.32 ZINC01482077 0.0805
ZINC02024269 0.0817 ZINC01530886 1.462
ZINC02061680 0.597 ZINC01530922 0.8437
ZINC02069629 0.404 ZINC01851132 1.0311
ZINC02142389 0.1287 ZINC01851149 0.0453
ZINC02157953 0.1341 ZINC03824921 1.028
ZINC02374395 1.712 ZINC03918453 0.1206

ZINC03920266 0.2405
ZINC06716957 0.1621
ZINC11617039 0.2953
ZINC14879999 0.8082
ZINC19632618 1.185
ZINC19796087 0.1536
ZINC29416466 2.8045
ZINC43207238 0.3856
ZINC64622550 0.1468
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interactions with the binding site residues. While, other 40 compounds showed a varied degree 

of flexibility as indicated by higher MSD value. Nevertheless, eight additional compounds 

(Table 3.2; zinc ID coloured in green) were also included considering the chemical structure 

(Figure 3.7 and 3.8), interactions that were made with the key binding site residues (Figure 3.9 

and 3.10) and their availability with vendors.  

The binding modes of the final sulfated compounds and FDA drugs with the galectin-

8N binding site has been represented (Figure 3.9 and Figure 3.10). Of note, these interaction 

figures were snapshot from simulations to roughly depict the placement of a compound in the 

binding site. The conformation presented in the interaction figures particularly is the starting 

coordinates of long simulations. For all the final compounds, key binding site interactions, that 

were employed as interaction filters, showed over 60% occupancy of hydrogen bonds as 

qualitatively assessed in VMD (not shown), whilst the interactions with other residues were 

transient. All the compounds in the purchase list not only occupied but also were retained in 

the primary binding site during the simulation. Being passed through the unique residue 

interaction criteria, all the compounds in sulfated molecules hydrogen bonded with Arg59 

including partial occupancy for Gln47 and Arg45. In the case of FDA drugs, due to varied 

chemical structure, diverse range of residues including Arg59, Arg45, Gln47, Asn79, Asn67, 

His65 and Trp86 were involved in hydrogen bonding interactions (Figure 3.10).   

All the compounds in the final list composed of the ones that were filtered through our 

screening tier and certain compounds that did not follow the MSD cut-off were also included 

due to availability from the same vendor (corresponding MSD value highlighted in yellow 

Table 3.2). A total of 19 compounds were purchased including nine compounds from the lead-

like library and ten FDA drugs. The lead-like compounds were obtained through MolPort, and 

most of the FDA drugs were purchased from Selleckchem. Smallest available package size 

from vendors was acquired mostly either in 5 mg (lead-like compounds) and 25 mg (FDA 

drugs) sizes. These compounds were tested for validation by performing one-to-one binding to 

galectin-8N through STD NMR and X-ray crystallography. 
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Figure 3.9: Snapshot from MD simulations depicting binding conformation and hydrogen bonding interactions 
between the final lead-like library of compounds (carbon in green sticks) and galectin-8N (light blue ribbon) 
binding site (carbon in yellow sticks). The corresponding ligand chemical structure colour coded based on 
respective part of ligands interacting with the galectin-8N binding site; blue for atom occupying the galactose 
binding pocket, red for atoms interacting or placed near Arg59 and black for atoms placed on either side of the 
binding site.  
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Figure 3.10: Snapshot from MD simulations depicting binding conformation and hydrogen bonding interactions 
between the final FDA drugs (carbon in green sticks) and galectin-8N (light blue ribbon) binding site (carbon in 
yellow sticks). The corresponding ligand chemical structure colour coded based on respective part of ligands 
interacting with the galectin-8N binding site; blue for atom occupying the galactose binding pocket, red for atoms 
interacting or placed near Arg59 and black for atoms placed on either side of the binding site. 
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3.3.5 Binding evaluation through STD NMR  

The purchased compounds from the virtual screening campaign were subjected to 

experimental evaluation for binding using STD NMR. Almost all the compounds were 

solublilized in phosphate buffer to a final concentration of 500 μM – 5 mM containing about 

5-8 % DMSO. However, compound #19 (ZINC13513942) which is an FDA drug (Pemetrexed) 

was soluble in water/phosphate buffer due to the presence of two carboxylic acid groups. 

Sample solution prepared for STD NMR run contained a maximum of 5% DMSO with 5 μM 

galectin-8N (previously expressed and purified, see Chapter 3). Ligand concentration in the 

sample solution was varied from 5 mM to 500 μM while keeping the protein concentration 

constant. Some compounds in sample solutions turned cloudy due to their insolubility in the 

buffer at 5% DMSO. For aiding the solubility of compounds during the experiment, 

temperature of STD NMR experiments was increased to room temperature as compared to 10 

degrees Celsius used otherwise.  

During the initial screening, 64 scans were performed which were further increased to 

512 scans for investigating any possible weaker interactions for some ligands between protein 

and ligand. Unfortunately, STD NMR-based screening did not show any of the purchased 

compound binding to the galectin-8N. For a true positive binder, the STD NMR spectra would 

reflect signals corresponding to the substructure of ligand that is in close contact with the 

protein. However, the difference spectra for all the compounds tested through STD NMR did 

not show any binding. 

3.3.6 Binding evaluation through ligand soaking 

Ligand soaking experiments were also performed to cross-verify the outcome of STD 

experiments. For this purpose, a range of ligand concentrations with 5-8 % DMSO was soaked 

in the apo galectin-8N crystals. These apo crystals should have enough solvent channel 

allowing for soaking of the ligands as these crystals (previously) have been soaked with 

tetrasaccharides of human milk glycans. The ligand soaking time was varied from overnight to 

about 30 min. The soaked crystals were cryo-cooled with 20% glycerol as the cryoprotectant, 

X-ray diffraction datasets were collected at Australian Synchrotron and structures were 

determined at varied resolution range. All the ligand soaking datasets were processed, and 

initial model building and refinement revealed no ligand in the binding site i.e. they were 

galectin-8N bound to glycerol (from the cryo-protectant). The crystallographic information 

about the processing of the soaked ligand datasets and their subsequent structure solution for 

each of those ligands has therefore been not presented here. The ligand soaking results further 
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corroborate the STD NMR results and supports no binding of the purchased compounds to the 

galectin-8N. 

3.4 Conclusions 

Structure-based virtual screening has its success stories that led design and 

development of new drug molecules [157, 158]. The performance of docking applications is 

highly dependent on the macromolecular target under investigation [150, 151]. Docking 

applications can predict and rank-order the experimentally observed conformation well for 

some class of protein than for others [150]. This irregularity particularly highlights the 

dependence of docking outcome on to the nature of the binding site. In addition, given the fact 

that the outcome of MD simulations is dependent on the initial coordinates, there is a chance 

that some compounds would have been missed. Furthermore, the arbitrary cut-off employed 

during filtering of compounds at the simulation stage could also lead to missing true positives.  

Compounds with more number of rotatable bonds are more flexible during the simulations if 

no amino acid residues are available in the vicinity for interaction. Even though some of part 

of that compound would be occupying the binding site maintaining the filtering criteria the 

remaining flexible part of compound could result in higher MSD value and thereby not being 

retained during screening. 

Given the higher attrition from the virtual screening exercises, the number of 

compounds purchased for evaluation becomes critical, at the least 100s of compounds are 

purchased to obtain two or three true positives [159].  Another factor that affects the success 

of a virtual screening campaign is the strategy employed for filtering and rank ordering the 

library of the compound. There could be numerous ways to approach a problem at hand. 

Currently, there is no reported success in literature with galectins and virtual screening for 

identification of novel ligands. The lack of virtual screening reports in literature may be 

associated with the solvent exposed galectin binding site that would mainly require 

displacement of water molecules occupying the binding site. Therefore, the incoming ligand 

needs more polar functionalities to establish a network of hydrogen bonds to be retained in the 

binding site, as observed with galectin-8N-glycan interactions [99, 160]. Having multiple polar 

functionalities is a signature of carbohydrate-based molecules (that contains multiple hydroxyl 

groups) and less commonly observed in synthetic lead-like non-carbohydrates.  

As for carbohydrate-based molecules, the more the number of sugar units in the ligand 

the more complex it is to synthesise. The presence of polar group architecture mimicking only 

the galactose ring is not enough as particularly evident from low mM affinity for the 
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monosaccharide (towards galectins) as compared to the μM affinity of lactose (a disaccharide) 

[41, 42, 44]. The possibility of finding a non-carbohydrate type binder for galectin remains a 

challenge. Therefore, from another perspective, one can initiate the ligand design through 

carbohydrate-based molecules and modify the key positions to eventually head to a non-

carbohydrate binder, as approached for the development of a non-peptide-based inhibitor of 

galectin-1 [161-163]. Following chapters (Chapter 4 and 5) will, therefore, explore possible 

modification on the monosaccharide galactose considering both the conserved and the unique 

features of the galectin-8N binding site. 
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3.6 Appendix 

3.6.1 AutoDock Vina virtual screening master script 

#!/bin/bash 
# 
# Generated with Raccoon | AutoDockVS 
# 
 
#### PBS jobs parameters CPUT="24:00:00" 
WALLT="24:00:00" 
# 
# There should be no reason 
# for changing the following values 
NODES=1 
PPN=1 
MEM=512mb 
 
 
### CUSTOM VARIABLES 
# 
# use the following line to set special options (e.g. specific queues) 
#OPT="-q MyPriorQueue" 
OPT="-q workq" 
 
module load autodock/autodock423 
 
# Paths for executables on the cluster  
# Modify them to specify custom executables to be used 
QSUB="qsub" 
AUTODOCK="/sw/autodock/autodock423/bin/autodock4" 
 
AUTOGRID="/sw/autodock/autodock423/bin/autogrid4" 
 
VINA="/sw/autodock/autodockvina/autodock_vina_1_1_2/bin/vina" 
 
# Special path to move into before running 
# the screening. This is very system-specific, 
# so unless you're know what are you doing, 
# leave it as it is 
WORKING_PATH=`pwd` 
 
 
######################################################################There 
should be no need to modify anything below this line 
###################################################################### 
 
type $AUTODOCK &> /dev/null || { 
        echo -e "\nError: the file [$AUTODOCK] doesn't exist or is not 
executable\n"; 
        echo -e "Try to specify the full path to the executable of the 
AutoDock binary in the script"; 
        echo -e "( i.e. AUTODOCK=/usr/bin/autodock4 )\n\n"; 
        echo -e " [ virtuals screening submission aborted]\n" 
        exit 1; } 
 
type $AUTOGRID &> /dev/null || { 
        echo -e "\nError: the file [$AUTOGRID] doesn't exist or is not 
executable\n"; 
        echo -e "Try to specify the full path to the executable of the 
AutoGrid binary in the script"; 
        echo -e "( i.e. AUTOGRID=/usr/bin/autogrid4 )\n\n"; 
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        echo -e " [ virtuals screening submission aborted]\n" 
        exit 1; } 
 
type $QSUB &> /dev/null || { 
        echo -e "\nError: the file [$QSUB] doesn't exist or is not 
executable\n"; 
        echo -e "Try to specify the full path to the executable of the Qsub 
command binary in the script"; 
        echo -e "( i.e. QSUB=/usr/bin/qsub )\n\n"; 
        echo -e " [ virtuals screening submission aborted]\n" 
        exit 1; } 
###################################################################### 
 
echo Starting submission... 
for NAME in `cat jobs_list` 
    do 
 mkdir $NAME 
 cp 3AP6-p.pdbqt config.txt $NAME 
 cp $NAME.pdbqt $NAME 
        cd $NAME 
        echo "#!/bin/bash" > $NAME.job 
        echo "cd $WORKING_PATH/$NAME" >> $NAME.job  
 echo "$VINA --config config.txt --ligand $NAME.pdbqt --log 
$NAME.txt" >> $NAME.job 
        chmod +x $NAME.job 
        echo -n "Submitting $NAME : " 
        $QSUB $OPT -l cput=$CPUT -l nodes=1:ppn=1 -l walltime=$WALLT -l 
mem=$MEM $NAME.job 
        cd .. 
done 

 
 

3.6.2 Docking score analysis  

#!/bin/bash 
 
for NAME in `cat jobs_list` 
 
do 
 cd $NAME 
 grep "   1 " $NAME.txt | cut -c12-20,1-12 >>../scores.txt 
 cd .. 
done 
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Chapter 4  

Structure-based Design of a Monosaccharide 
Ligand Targeting Galectin-8 
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4.1 Foreword 

Galectin-8 is a modulator of bone remodelling process where its inhibition could serve as an 

emerging new approach to tackling diseases with associated bone-loss. Towards this end, our 

attempt to identify non-carbohydrate-based ligands through structure-based virtual screening 

(in Chapter 3) did not result in any positive hits. However, the idea of exploiting the unique 

Arg59 through negatively charged carboxylic acid group was originated. The existing 

structural information of galectin-8N-glycan complexes provided an ideal template to initiate 

the ligand design process. In this study, our quest to employ rational approaches towards design 

and development of a monosaccharide-based ligand of galectin-8N was carried forward. A 

combination of modelling and experimental techniques was used to generate the ligand design 

hypothesis and validate it for binding to galectin-8N through ITC and X-ray crystallography. 

This study will therefore act as a proof-of-concept for the idea of exploring the combination of 

unique and conserved binding site residues towards the design of efficient ligands.  
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4.3.1 Table of content  

 

4.3.2 Abstract  

Galectin-8 is a β-galactoside-recognising protein that has a role in the regulation of bone 

remodelling and is an emerging new target for tackling diseases with associated bone-loss. We 

have designed and synthesised methyl 3-O-[1-carboxyethyl]-β-D-galactopyranoside 

(compound 6) as a ligand to target the N-terminal domain of galectin-8 (galectin-8N). Our 

design involved molecular dynamics (MD) simulations that predicted 6 to mimic the 

interactions made by the galactose ring as well as the carboxylic acid group of 3′-O-sialylated 

lactose (3′-SiaLac), with galectin-8N. The binding affinity of compound 6 to galectin-8N was 

139 μM as measured by isothermal titration calorimetry (ITC). The crystal structure of the 

galectin-8N-6 complex validated the predicted binding conformation and revealed the exact 

protein-ligand interactions that involve galectin evolutionarily conserved amino acids and also 

those unique to galectin-8N for recognition. Overall, we have initiated and demonstrated a 

rational ligand design campaign to develop a monosaccharide-based scaffold as a binder of 

galectin-8. 

  

4.3.3 Introduction 

Galectin-8 is a β-galactoside recognising protein that contains two carbohydrate recognition 

domains (CRD) in tandem, linked by a variable length amino acid linker [27, 28]. It has 

widespread tissue distribution in both normal and tumour cells. Within the cell, galectin-8 

occurs in the nucleus, the cytoplasm, and also it is secreted into the extracellular space [14, 26, 

63]. Apart from being involved in cell-to-cell and cell-to-surrounding communication, an 

increasingly broader functional spectrum of galectin-8 is apparent [33, 61]. Galectin-8 plays 

Exploiting both evolutionarily 
conserved and unique binding-site 
amino acids in ligand design: 
Designing an efficient ligand is at the 
crux of drug development. Targeting 
human galectin-8, we have 
undertaken in silico structure-based 
ligand design, chemical synthesis 
and validation of binding using ITC 
and X-ray crystallography. 
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an important role in inflammatory disorders through the regulation of T-cell homoeostasis [37, 

39, 51, 164] and is critically involved in capillary tube formation and angiogenesis [67]. 

Antibacterial activity, mediated through induction of selective autophagy, highlights an 

additional cellular mechanism to combat infection recruiting galectin-8 [46, 47]. It is of interest 

that galectin-8 has shown in vivo regulation of bone remodelling via enhancing expression of 

bone resorbing factors that attribute to increased bone turnover culminating in reduced bone 

mass [96]. Inhibition of galectin-8 may thus offer a potential new therapeutic approach in 

managing diseases with bone-loss. 

 

Available structural information of galectin-8N bound to different biologically relevant 

oligosaccharides provide insight into various biological processes and highlights key 

interactions imparting affinity and specificity to a ligand [76, 81]. Typically, the CRD has a β-

sandwich “jelly-roll” topology formed from two β-sheets. The concave surface of the roll 

constitutes the carbohydrate-binding site and comprises six β-strands, S1-S6 (Figure 1a). The 

galactose recognition site consists of evolutionarily conserved amino acids on strands S4-S6. 

Galectin-8N preferentially recognises anionic oligosaccharides such as 3′-sulfated lactose and 

3′-O-sialylated lactose (3′-SiaLac)[42]. This preferential binding arises from the presence of 

unique structural features in the galectin-8N CRD such as a long S3-S4 loop bearing an arginine 

residue (Arg59) and Gln47 on strand S3 [76]. The crystal structure of 3′-SiaLac bound to 

galectin-8N shows engagement of the carboxylic acid group of sialic acid in salt bridge 

interactions with Arg59 and hydrogen bonding to Gln47, and the pyranose ring of the galactose 

formed conserved interactions observed for the counterpart of lactose (Figure 1b) [76]. These 

interactions between the anionic group of the glycans with Arg59 and Gln47 were attributed to 

the high affinity towards galectin-8N [76]. 
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Figure 4.1: Overview of the galectin-8N carbohydrate recognition domain. a) The CRD showing the 
carbohydrate binding face of the “jelly-roll”. The primary and the extended binding site are indicated. b) Binding 
conformation and hydrogen bond and salt bridge interactions (in grey dashed lines) made by 3′-SiaLac  (in sticks; 
carbon in black, oxygen in red) upon binding to galectin-8N residues (in sticks; carbon in green, oxygen in red 
and nitrogen in blue) PDB ID: 3AP7  [76]. 
 

Given the inherent nature of galectins to recognise β-galactoside-containing glycans and 

galectin-8’s preferential recognition of anionic sugars, then a monosaccharide-based ligand 

such as galactose bearing a negatively charged carboxylic acid group at the 3′-position akin to 

3′-SiaLac seems promising as a ligand scaffold. The advantageous incorporation of a 

carboxylic acid group in ligands to engage unique binding site residues is also supported from 

the outcome of our in silico virtual screening study (unpublished). We report the first synthetic 

ligand (methyl 3-O-[1-carboxyethyl]-β-D-galactopyranoside (6); Figure 2) developed through 

a structure-based rational design approach targeting galectin-8. 

 

Figure 4.2. The ligand design concept. Depicted are the chemical structures of 3′-SiaLac, the designed 
compound 6, and the surrounding amino acid residues in the galectin-8N binding site. The interaction with Arg59 
and Gln47 (labelled in red) are the unique residues that 6 is designed to exploit. 
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4.3.4 Results and Discussion 

We performed MD simulations on the galectin-8N-3′-SiaLac crystal complex along with the 

galectin-8N-lactose complex to compare their interaction profiles. Hydrogen bond occupancy 

analysis was used to assess the most frequent interactions occurring between the protein and 

ligand. The hydrogen bonds observed in galectin-8N-lactose and galectin-8N-3′-SiaLac crystal 

structures were found with occupancy of 60-100 % (total occupancy for the residue) during 

simulations (Figure 3). An identical interaction profile for the common lactose moiety within 

both ligands was observed for the conserved residues His65, Glu89, Arg69, and Asn79. The 

occupancy for Arg45 hydrogen bonds was higher in 3′-SiaLac compared to that in the lactose 

complex. The carboxylate group of 3′-SiaLac showed 100 % occupancy of salt bridge 

interactions with Arg59 and over 60 % occupancy of hydrogen bond with Gln47 and Trp86. 

Our simulation of galectin-8N-3′-SiaLac crystals complex revealed that 60% of the time the 

Gln47 side chain was re-orientated by 180° interchanging the Nδ1 and Oδ1 compared to the 

deposited PDB coordinates (PDB ID: 3AP7[76]) and thus enabled hydrogen bonding to occur 

with the carboxylic acid group. Critically, amino acids Arg59 and Gln47 are unique to galectin-

8N and are identified as supposed ligand specificity hotspots [76, 81]. Taking advantage of this 

existing structural information and findings from our in silico virtual screening a 

monosaccharide-based ligand of galectin-8N was conceived to exploit interactions with both 

unique and conserved residues of the galectin-8N binding site.  
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Figure 4.3. Interaction analysis from MD simulations. Hydrogen bond occupancy (in percentage) is analysed 
from 100 ns MD simulations of 3′-SiaLac, lactose (Lac) and 6 bound to galectin-8N. Note that the occupancy 
represented is for full side chain of the amino acid residue and not for individual donor/acceptor atoms. 
 

We have designed compound 6 to incorporate stable interactions made by the galactose ring 

and by the carboxylic acid group, such as that shown by 3′-SiaLac, as an initial basis for the 

ligand design campaign (Figure 4.2). The main advantage here would be recognition of the 

galactose portion by galectin-8N with an anticipated increase in binding strength and specificity 

by the carboxylic acid group at the 3′-position of the galactose. Lactose from the galectin-8N-

lactose complex (5T7S [81]) was modified to obtain initial placement of the designed ligand 6 

in the galectin-8N binding site (Supplementary Figure S1). We then employed MD simulations 

(100 ns) to investigate the feasibility of the interactions observed in the initial model as well as 

the suitability of the designed ligand in the galectin-8N binding site. The ligand stayed in the 

primary binding site for the duration of the simulation, retaining the typical CH-π interactions 

with the evolutionarily conserved Trp86, as observed for natural galectin ligands. Hydrogen 

bond occupancy analysis revealed an almost identical interaction profile of 6 to that observed 

for the corresponding part of the galectin-8N-3′-SiaLac simulation (Figure 4.3). The hydrogen 

bond occupancy, particularly for the unique residues Arg59 and Gln47 and the conserved 

residue Trp86, noted for 6 is identical to that observed for 3′-SiaLac. The interaction analysis 

from MD simulations suggests that the galactose ring of 6 would occupy the primary binding 

site of galectin-8N and that the carboxylic acid group at the 3′-position would engage in 

interactions with the unique Arg59 and Gln47. Based on these predictions, we synthesised 6, 
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and its binding affinity, binding mode and interactions to galectin-8N were validated using ITC 

and X-ray crystallography.  

 

Synthesis of 6 was initiated with β-methyl galactoside as the starting material (Scheme 4.1). 

The β-methyl galactoside was 4,6-benzylidene protected (1) utilising benzaldehyde dimethyl 

acetal with a catalytic amount of camphor sulfonic acid [165]. Following which, selective 3O-

acetylation (2) was performed using silver oxide and a catalytic amount of KI [166]. The 

acetylated compound was 2O-methoxymethyl ether (MOM) protected (3) using an adapted 

procedure [167] employing diisopropyl ethyl amine (DIPEA) in dichloromethane. After 

quantitative deacetylation (4) using sodium metal in methanol, the 2-chloropropionic acid side 

chain was coupled using NaH in 1,4-dioxane to yield compound (5) [168]. The final removal 

of all the protecting groups on the 2- and 4,6-positions was performed using concentrated HCl 

in methanol to yield a racemic mixture of compound 6 [169].  

 
Scheme 4.1. Synthesis scheme for 6. Reagents and condition: a) Camphorsulfonic acid, benzaldehyde dimethyl 
acetal, ACN, 60 ᵒC, 2.5 h (yield 88 %); b) Ag2O (freshly prepared), AcCl, KI, DCM, RT, 16 h (yield 70 %); c) 
DIPEA, MOMBr, DCM, reflux, 16 h (yield 80 %); d) Na metal, MeOH, RT, 1.5 h (yield 90 %); e) NaH, 2-
chloropropionic acid, anhydrous 1,4-dioxane, 50 ᵒC, 36 h (yield 60 %); f) concentrated HCl, MeOH (yield 75 %). 
 

The dissociation constant (Kd) of 6 to galectin-8N was measured through ITC. In the 

experiment, heat changes occurring from the ligand’s titration into a protein solution and the 

ligand’s titration into a buffer (without the protein) were recorded. The ligand exhibited 1:1 

stoichiometric binding to galectin-8N with a binding affinity of 139.5 ± 88 μM (Figure 4.4: 
Isothermal calorimetric analysis. Binding isotherm for titration of 1 mM lactose (on the left) 

and 1 mM compound 6 (on the right) into 200 μM galectin-8N in phosphate buffered saline.). 

Interestingly, the binding affinity obtained for the monosaccharide-based 6 was thus close to 

that measured for the disaccharide lactose (136 ± 31 μM). Discrepancy in the absolute Kd value 

for lactose compared to those previously reported that used surface plasmon resonance (74-79 
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μM [42, 76]) and fluorescence polarisation (1.7-3.1 μM [44]) relate to the different techniques. 

Importantly, our results reveal that the binding mechanism noted from the thermograms of 

lactose and compound 6 was different, enthalpic component dominated the binding affinity of 

lactose while the entropic component contributed the most in the case of 6 (Figure 4.4).  

 
Figure 4.4: Isothermal calorimetric analysis. Binding isotherm for titration of 1 mM lactose (on the left) and 1 
mM compound 6 (on the right) into 200 μM galectin-8N in phosphate buffered saline. 
 

We subsequently performed crystallographic analysis to investigate binding mode and 

interactions of 6 to galectin-8N. The galectin-8N-6 complex was obtained by soaking 

compound 6 into the apo galectin-8N crystals, and the structure was determined at 2.1 Å 

resolution. The electron density maps reveal unambiguous placement of 6 in the galectin-8N 

binding site (Figure 5, Supplementary Figure S2). A clear bump in the difference electron 

density map pointing towards the conserved Arg69 confirmed the positioning of the O4′ 

hydroxyl of the galactose. Further, the planar topology of the electron density adjacent to the 

unique Arg59 is consistent with the placement of the carboxylic acid group and thereby 

confirming the overall placement of compound 6 (Figure 4.5). The electron density for the 

methyl group of the propionic acid side chain that points toward solvent is weak. However, it 

is sufficient to give the direction of methyl group that correlates with an R-configuration. The 

positive difference electron density that appears as an extension from the anomeric methoxy 

group, is concluded as a water molecule. The structure of the ligand was confirmed with the 
13C NMR showing peaks for two methyl groups, one being the anomeric (55.84 ppm) and the 

other on the propionic acid side chain (17.63 ppm). Additionally, corresponding proton peaks 

observed in the 1H NMR and molecular weight from mass spectrometry confirmed the integrity 

of the ligand.  
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Figure 4.5: Galectin-8N-6 complex.  a) Electron density (blue mesh) 2|Fo|-|Fc| αc contoured at 1σ, for 6 (in 
sticks; carbon in black, oxygen in red) in complex with galectin-8N. b) Hydrogen bonding and salt bridge 
interactions (in grey dashed line) made between 6 and galectin-8N (in sticks; carbon in green; oxygen in red; 
nitrogen in blue).  
 

Overall, the binding mode observed for the galactose portion of 6 is identical to that noted for 

the corresponding part of the galectin-8N-lactose complex [81]. The O4′ of the galactose 

engages in hydrogen bonding with His65, Asn67, Arg45, Arg69 whereas the O6′ hydrogen 

bonds with Asn79, and Glu89, as also noted from our simulations (Figure 4.5). Importantly, 

from the original design concept, the carboxylic acid was found in a geometrically favoured 

position to make ionic interactions with the unique Arg59 and hydrogen bonding interactions 

with Gln47. Furthermore, the placement of the anionic group and the galactose ring is identical 

to the equivalent part of 3′-SiaLac complexed with galectin-8N (Supplementary Figure S3). 

The carboxylic acid group displaced a water molecule that was observed in the vicinity of the 

conserved Trp86 and Arg59 in the galectin-8N-lactose complex (5T7S [81]), further supporting 

the comparatively strong binding seen in our ITC experiments. With the galectin-8N-6 crystal 

structure, we validated our design concept and the predicted binding conformation for 6.  

Table 4.1: Crystallographic data merging and refinement statistics for galectin-8N-6 complex structure.  
Data Galectin-8N-6 
Indexing 
Crystal system Orthorhombic
Space group P212121 
Unit cell a=45.72, b=50.32, 

c=80.87 
Merging and scaling
Resolution (Å) 42.73 – 2.10 
Total observations 54110 (4147)†

Unique 
observations 

11126 (873) 

Multiplicity 4.9 (4.8) 
Completeness (%) 98.0 (95.0) 
I/σ 5.9 (1.8) 



 
104 

Rmerge (%) 14.9 (78.2) 
Refinement 
Resolution  42.59-2.10 
R factor (%) 22.2 
Rfree (%) 25.1 
Number of atoms 
Protein 1196 
Ligand 18 
Water 103 
Root mean square deviation  
Bond length (Å) 0.0072 
Bond angle (ᵒ) 1.2858 
Ramachandran plot statistics 
Favoured (%) 97.18 
Allowed (%) 2.82 
Average B-factor (Å2) 
Protein 26.3 
Ligand 36.3 
Water 33.0 
PDB ID  5VWG 

†The value in parenthesis is for the highest-resolution shell.  

 

Since our ultimate aim is to design ligands that can specifically target galectin-8, then our focus 

has been to exploit the uniqueness of the galectin-8N binding site. As a first step in assessing 

the level of specificity toward galectin-8N compared to the C-terminal domain of galectin-8 

(galectin-8C), we have employed MD simulations to predict the binding mode and interactions 

of the designed ligand 6 towards galectin-8C. The primary binding site of the two CRDs of the 

galectin-8 is mostly conserved. However, amino acid differences in the extended binding site 

have potential to play a critical role in recognising the compound 6. We used the 

crystallographic conformation of 6 from galectin-8N-6 complex and generated the in silico 

galectin-8C-6 complex through superimposition of the two CRDs. The in silico galectin-8C-6 

complex reveals possible hydrogen bonding interactions of 6 with His271 (His65 in galectin-

8N), Arg275 (Arg69), Glu294 (Glu89), and Asn284 (Asn79) as observed in the galectin-8N-6 

crystal structure (Figure 4.6). However, the carboxylic acid side chain of 6 lacked interactions 

with the galectin-8C binding site due to the absence of Arg59 on S3-S4 loop, the presence of 

Ser255 in place of Arg45 and Asn257 in place of Gln47 (Figure 4.6). To further investigate the 

favourability of these interactions in the in silico complex (galectin-8C-6), 100 ns MD 

simulations were conducted and analysed for the stability of ligand in the binding site and 

binding free energies were estimated. As evident from simulation trajectory analysis compound 
6 occupied the primary galectin-8N binding site with no significant fluctuations in the ligand 

placement (Figure 4.6). However, the compound 6 showed significant fluctuations in case of 
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the galectin-8C binding site, possibly due to lack of the long S3-S4 loop bearing unique residue 

like Arg59 (Figure 4.6). The average estimated ligand binding free energy for the galectin-8C-

6 complex was therefore observed to be only half (-25.5 kcal/mol) as compared to that 

estimated for the galectin-8N-6 complex (-60.6 kcal/mol). Overall, our simulation results and 

binding free energy analysis suggest favourability of compound 6 towards galectin-8N 

compared to galectin-8C. 

 
Figure 4.6: Binding mode comparison of compound 6 towards the galectin-8N (crystal structure [5VWG]; on the 
left) and the galectin-8C (in silico complex; on the right). On top, key binding site residues are represented in 
sticks (carbon in green for protein atoms and carbon in black for ligand atoms) and hydrogen bonds and salt bridge 
in grey dashed lines. At bottom, overlayed ligand (in the wire; carbon in black and oxygen in red) coordinates 
extracted from 100 ns simulation bound to galectin-8N (bottom right) and galectin-8C (bottom left). The 
MMPBSA estimated binding free energy (in kcal/mol) is highlighted in yellow. 
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4.3.5 Conclusions 

In summary, we have employed knowledge from our virtual screening and from existing 

structural information to rationally design a monosaccharide-based ligand to target galectin-

8N. The viability of the anionic moiety in the galectin-8N binding site was one of the main 

outcomes from our in silico virtual screening, along with its preferential recognition of anionic 

saccharides. Considering those results, the most frequent hydrogen bonding interactions from 

MD simulations, and the synthetic feasibility, compound 6 was designed. Subsequently, it was 

synthesised and tested for binding to galectin-8N through ITC and X-ray crystallography. The 

X-ray structure of galectin-8N-6 complex validated our predicted conformation, where the 

ligand explored both the evolutionarily conserved and the unique amino acids of galectin-8N 

for interaction. The exploitation of unique residues for interaction by compound 6 suggested 

its favourability in the galectin-8N over the galectin-8C as noted from our MD simulations. 

The promising binding affinity observed for our monosaccharide-based ligand 6 (Kd 139.5 μM) 

prompts further modifications to explore various functionalities on the galactose core and 

investigation of resulting effects on the binding affinity to galectin-8N. Overall, we have 

initiated a rational ligand design campaign by employing a combination of in silico and 

experimental approaches to successfully identify a monosaccharide-based scaffold that binds 

to galectin-8, and that will undergo ligand optimisation aimed at enhancing binding affinity 

and specificity towards galectin-8.  
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4.4.1 Experimental section  

4.4.1.1 Molecular dynamics (MD) simulations  

The initial coordinates of the designed compound 6 bound to galectin-8N were obtained by 

modifying the lactose from the galectin-8N-lactose complex (5T7S [81]) using the BIOVIA 

Discovery Studio Visualiser [170]. In silico galectin-8C-6 complex was generated by removing 

the bound peptide and superimposing the galectin-8C crystal structure (4GXL [49]) on to the 

galectin-8N-6 crystal structure using the MatchMaker utility of UCSF Chimera [131]. All MD 

simulations were performed using the GROMACS 4.5.6 version [171] with AMBER99SB-

ILDN force field [137], as employed previously [81, 110]. Long-range electrostatics were 

handled using Particle Mesh Ewald method [172]. Ligand topology and parameters were 

generated by applying AM1-BCC charges and Generalised Amber Force Field [140] using a 

python script Acpype [139] that uses Antechamber module of AMBER [155]. The protein-

ligand complexes were initially energy minimised using the steepest descent method, followed 

by position restrained minimisation and finally the 100 ns production run. Hydrogen bond 

analysis was performed using the g_hbond utility available with the GROMACS package, and 

the occupancy analysis was performed using the python script readHBmap, written by R. O. S. 

Soares. Visualisation of MD trajectories was carried out in VMD [173]. The ligand binding 

free energy was estimated using molecular mechanics energies with the Poisson-Boltzmann 

and surface area continuum solvation method (MMPBSA.py) [174, 175] implemented in 

Amber package [156]. A set of 100 frames periodically extracted from the trajectory file at an 

interval of 1 ns were subjected to MMPBSA analysis to obtain the ligand binding free energies. 

 

4.4.1.2 Synthesis 

General procedure: Thin Layer Chromatography (TLC) on pre-coated aluminium-backed 

silica plates (60 F254; Merck) were used to assess reactions and visualised by charring in 4% 

sulphuric acid in ethanol. Reaction products were purified using flash chromatography silica 

gel 60. 1H and 13C NMR spectra were recorded at 298 K using an Avance (400 MHz and 100 

MHz, respectively; Bruker Biospin) spectrometer. Two-dimensional COSY (1H to 1H 

correlation), HSQC (1H to 13C correlation) and HMBC (1H to 13C long range correlation) NMR 

experiments were used to assist in assigning relevant peaks for 1H and 13C NMR spectra. 

Electrospray ionisation low-resolution mass spectrometry was performed using a Bruker 

Daltronics esquire 3000 Ion-Trap instrument. 
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Methyl 4,6-O-benzilidene-β-D-galactopyranoside [165] (1): Methyl-β-D-galactopyranoside (1 

g, 5.1 mmol) was dried under high vacuum overnight before being dissolved in anhydrous 

acetonitrile (10 mL) under argon. A catalytic amount of camphor sulfonic acid (52 mg, 0.22 

mmol) was added followed by benzaldehyde dimethyl acetal (1.5 mL, 14.8 mmol) added 

dropwise. The reaction was heated to 60 ᵒC for about 3 hours. The reaction was quenched with 

Et3N, purified via flash chromatography using 40:1 Dichloromethane (DCM):MeOH to yield 

1 (88%). 1H NMR (CDCl3, 400 MHz): δ = 3.52 (1H, br. q), 3.59 (3H, s), 4.01 (1H, q, J=2.52, 

10.28 Hz), 4.07 (1H, dd, J=1.84, 12.48 Hz), 4.29 (1H, d, J=7.76 Hz), 4.34 (1H, dd, J=1.52, 

12.44 Hz), 4.40 (1H, dd, J=0.76, 3.64 Hz), 4.85 (1H, dd, J=3.68, 10.24 Hz), 5.50 (1H, s), 7.35 

(3H, m), 7.49 (2H, m). 

Methyl 3-O-acetyl 4,6-O-benzilidene-β-D-galactopyranoside [166] (2): Compound 1 was 

dissolved in anhydrous DCM, cooled to -20 ᵒC using ice-salt mixture. Freshly prepared silver 

oxide [176] was added and left for 30 minutes, followed by slow addition of acetyl chloride 

and KI [166]. 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 

(1:1 hexane:EtOAc) to yield 2 (70% yield). 1H NMR (CDCl3, 400 MHz): δ = 2.11 (3H, s), 2.52 

(1H, br.), 3.48 (1H, d, J=1.1 Hz), 3.56 (3H, s), 3.98 (1H, app. t, J= 8.96), 4.06 (1H, dd, J=1.84, 

6.24 Hz), 4.26 (1H, d, J=7.72 Hz), 4.31 (1H, dd, J=1.48, 11.98 Hz), 4.36 (1H, dd, J=0.64, 3.6 

Hz), 4.82 (1H, dd, J=3.64, 10.24 Hz), 5.48 (1H, s), 7.34 (3H, m), 7.47 (2H, m).  

Methyl 2-O-methoxymethyl-3-O-acetyl-4,6-O-benzilidene-β-D-galactopyranoside (3): The 

methoxy methyl ether protection procedure was adapted from reference [167]. Compound 2 

was dissolved in DCM under argon at room temperature, diisopropylethylamine (DIPEA) was 

added at 0 ᵒC followed by drop-wise addition of bromomethyl methyl ether and refluxed 

overnight. The reaction was diluted with DCM and washed with water and brine solution, then 

purified using flash column chromatography (2:1 hexane:EtOAc) to give 3 (80% yield). 1H 

NMR (CDCl3, 400 MHz): δ = 2.10 (3H, s), 3.38 (3H, s), 3.47 (1H, d, J=1.08 Hz), 3.55 (3H, s), 

3.95 (1H, q, J=2.4, 10.16 Hz), 4.04 (1H, dd, J=1.76, 12.40 Hz), 4.31 (1H, dd, J=1.52 Hz), 4.33 

(1H, d, J=2.2 Hz), 4.35 (1H, dd, J=0.68, 3.68 Hz), 4.68 (1H, d, J=6.44 Hz), 4.85 (2H, m), 5.48 

(1H, s), 7.35 (3H, m), 7.50 (2H, m). 13C NMR (CDCl3, 100 MHz): δ = 21.10, 55.74, 56.93, 

66.14, 68.98, 72.74, 73.50, 97.15, 101.08, 104.10, 126.43, 128.13, 129.03, 137.67, 170.79. MS 

(ESI): m/z calculated for C18H24NaO8 [M+Na]+ 391.2, found 398.2. 

Methyl 2-O-methoxymethyl-4,6-O-benzilidene-β-D-galactopyranoside (4): Compound 3 was 

dissolved in methanol and cooled to 0 o 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 
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pH 5 using 1 M HCl. Salts were removed by water washing, and the product was extracted 

with ethyl acetate, then solvent removed to give 4 (90% yield). 1H NMR (CD3OD, 400 MHz): 

δ = 3.41 (3H, s), 3.44 (1H, s), 3.54 (3H, s), 3.56 (1H, s), 3.66 (2H, app., s), 4.06 (1H, d, J=12.16 

Hz), 4.20 (1H, s), 4.25 (1H, d, J=6.16 Hz), 4.31 (1H, d, J=12.12 Hz), 4.75 (1H, d, J=6.4 Hz), 

4.83 (1H, d, J=6.41 Hz), 5.53 (1H, s), 7.33 (3H, m), 7.49 (2H, m). 13C NMR (CD3OD, 100 

MHz): δ = 54.72, 55.83, 66.54, 68.71, 71.80, 75.63, 76.33, 96.73, 101.13, 104.59, 126, 127, 

128.51, 138.28. MS (ESI): m/z calculated for C16H22NaO7 [M+Na]+ 349.1, found 349.1. 

Methyl 3-O-[1-carboxyehtyl]-β-D-galactopyranoside (6): The propionic acid side chain was 

installed onto 4 using previously reported conditions [168]. Compound 4 was dissolved in 

anhydrous 1,4-dioxane under argon and cooled to 0 ᵒC before addition of NaH. 2-

Chloropropionic acid was slowly added at 0 ᵒC, then the reaction was stirred at 50 ᵒC for 36 

hours to yield the enantiomeric mixture of novel ligand 5 (60% yield). 1H NMR (CD3OD, 400 

MHz): δ = 1.66 (3H, d, J=6.92 Hz), 3.44 (3H, s), 3.54 (1H, d, J=0.84 Hz), 3.56 (3H, s), 3.61 

(1H, dd, J=3.4, 9.8 Hz), 3.71 (1H, q, J=7.72, 9.8 Hz), 4.14 (1H, dd, J=1.8, 12.4 Hz), 4.21 (1H, 

dd, J=1.56, 12.4 Hz), 4.36 (1H, d, J=7.76 Hz), 4.40 (1H, q, J=6.92, 13.84 Hz), 4.50 (1H, d, 

J=3.0 Hz), 4.78 (1H, d, J=6.32 Hz), 5.62 (1H, s), 7.36 (3H, br), 7.56 (2H, m). 13C NMR 

(CD3OD, 100 MHz): δ = 21.32, 54.98, 56.33, 66.42, 68.80, 74.81, 76.02, 79.34, 97.02, 101.07, 

103.95, 126, 127, 128.49, 138.23. MS (ESI): m/z calculated for C19H26NaO9 [M+Na]+ 421.2, 

found 421.3.  

The deprotection of 5 was carried out in methanol and concentrated HCl at room temperature. 

The enantiomeric mixture of novel ligand 6 was purified using reversed-phase chromatography 

(C18, 4:1 water:methanol). 1H NMR (CD3OD, 400 MHz): δ = 1.35 (3H, d, J=6.92 Hz), 3.27 

(2H, app. d, J=1.6 Hz), 3.40 (1H, app. q, J=5.4, 6.44 Hz), 3.44 (4H, s), 3.53 (1H, q, J=7.8, 9.56 

Hz), 3.66 (3H, m), 3.92 (1H, dd, J=0.8, 3.24 Hz), 4.05 (1H, m), 4.35 (1H, q, J=6.92, 13.84 Hz). 
13C NMR (CD3OD, 100 MHz): δ = 17.63, 55.84, 60.98, 67.18, 70.72, 74.89, 75.15, 82.21, 

104.46. MS (ESI): m/z calculated for C10H18KO8 [M+K]+ 305.2, found 306.1. 

 

4.4.1.3 Protein expression and purification 

The galectin-8N protein was expressed in a untagged form as described previously [81]. 

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 ᵒC. The purity of 

the expressed protein was assessed using SDS-PAGE and was used directly for binding assays 

and crystallisation. 
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4.4.1.4 Isothermal Calorimetry (ITC) 

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

NanoITC (TA Instruments). A solution of 50 μL of 1 mM ligands (Lactose and 6) was titrated 

in aliquots of 2.5 μL into the calorimetric cell, with stirring speed of 150 rpm, containing 300 

μL of 200 μM galectin-8N. Injections were performed at an interval of 300 s at 298 K. All the 

protein and ligand samples were prepared in PBS.  A new experiment consisting of ligand 

being titrated into the buffer (blank experiment) was also performed and subtracted from actual 

binding experiment before analysing the thermograms. The thermodynamic analysis was 

conducted using an independent model with NanoAnalyze software. 

 

4.4.1.5 X-ray data collection and structure determination 

The galectin-8N-6 complex structure was obtained by soaking compound 6 into the apo 

galectin-8N crystals, as performed previously [81]. The apo galectin-8N crystals were 

generated in phosphate buffer saline (10 mM sodium phosphate, 137 mM sodium chloride, 2.7 

mM potassium chloride, 1.8 mM potassium phosphate; PBS). Compound 6 was dissolved in 

PBS at a concentration of 10 mM and soaked into the apo crystals for 5 mins. X-ray diffraction 

data were collected at room temperature. The crystals were mounted on the goniometer using 

the MicroRT capillary system from MiTigen. A Rigaku MicroMaxTM-007 HF rotating anode 

generator coupled with VariMax optics and shutter-less PILATUS 200 K detector was used to 

perform the experiments. HKL-3000R[177] was used to control the instrument, and HKL-

3000R  and iMosflm [143] were used for data processing including indexing, integration and 

scaling. PHASER [145] implemented in CCP4 [148] was used for molecular replacement with 

the apo galectin-8N (3AP5 [76]) structure used as the search model. The chemical information 

file for 6 was generated using the PRODRG server [178].  Refinement was carried out using 

REFMAC5 [146], model building and visualisation done in COOT [149]. Final model 

validation performed using MolProbity [179]. Molecular graphics and electron density 

illustrations for figures were performed using the UCSF Chimera package [131, 180]. 
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Figure S1: Predicted binding conformation. The coordinates of compound 6 placed in the 
galectin-8N binding site before performing simulations. Hydrogen bonding interactions are 
represented in grey dashed lines. 
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Figure S2: Omit electron density maps calculated from refinement with the compound 6 
omitted from the model (2mFo − DFc: 1.0 σ [blue], mFo − DFc: ±3.2 σ [green/red]) in the 
galectin-8N-6 complex. Red crosses indicate water molecules. 
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Figure S3: Comparison of the binding conformation of 6 and 3′-SiaLac bound to galectin-
8N. Superimposition of the galectin-8N-6 crystal structure (5VWG; carbon in green, oxygen 
red and nitrogen blue) reported in the current study on the galectin-8N-3′-SiaLac crystal 
structure (3AP7; carbon in black, oxygen in red and nitrogen in blue). The compound 6 
equivalent part of the 3′-SiaLac is represented in black sticks, all other atoms of 3′-SiaLac 
including the evolutionarily conserved Trp86 and unique Arg59 of the two crystal structures 
are represented in the wire.  
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4.4.2 Spectral data  
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Methyl 4,6-O-benzilidene-β-D-galactopyranoside (1) 

1H NMR (CDCl3, 400 MHz) 

 

 

  



 
117 

Methyl 3-O-acetyl 4,6-O-benzilidene-β-D-galactopyranoside (2) 

1H NMR (CDCl3, 400 MHz) 
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Methyl 2-O-methoxymethyl-3-O-acetyl-4,6-O-benzilidene-β-D-galactopyranoside (3) 

1H NMR (CDCl3, 400 MHz) 

 

13C NMR 
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1H-1H COSY 
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Methyl 2-O-methoxymethyl-4,6-O-benzilidene-β-D-galactopyranoside (4) 

1H NMR (CDCl3, 400 MHz) 

 

13C NMR 
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1H-1H COSY 

 



 
122 

Methyl 2-O-methoxymethyl-3-O-[1-carboxyehtyl]- 4,6-O-benzilidene-β-D-galactopyranoside (5) 

1H NMR (CD3OD, 400 MHz) 

 

 

13C NMR (CD3OD, 400 MHz) 
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1H-1H COSY 
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Methyl 3-O-[1-carboxyehtyl]-β-D-galactopyranoside (6) 

 

1H NMR (CD3OD, 400 MHz) 

 

 

13C NMR (CD3OD, 400 MHz) 

ktyggggn
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1H-1H COSY 

 
 

1H-13C HSQC [short range] 
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4.4.3 Saturation Transfer Difference (STD NMR) experiments 

Method:  

The STD NMR spectra were acquired on Bruker 600 MHz Avance spectrometer with 

a conventional 1H/13C/15N gradient cryoprobe system at 298 K. Compound 6 in 5 mM and 1 

mM concentrations mixed with 5 μM galectin-8N in 250 μL deuterated buffer containing 20 

mM phosphate buffer and 20 mM sodium chloride (ligand:protein ratio of 1000:1). The data 

analysis was performed with the help of TopSpin 3.5pI5 software package. The spectra were 

acquired at -1 ppm and 7.13 ppm on resonance frequency and 33 ppm off-resonance frequency 

with a total of 512 scans. 

Results: 

The binding of compound 6 to galectin-8N was examiner in solution-state using STD 

NMR. In the 1H spectrum of 6, proton signals for CH and CH3 groups of the propionic acid 

side chain appeared at 3.98 ppm and 1.29 ppm, respectively. The signal for the acidic proton 

was not observed as the carboxylic acid group would likely be deprotonated due to the pH of 

the buffer being slightly above neutral. The control spectrum of 6 (without the protein) showed 

background signals of CH and  CH3 groups (spectra in red; Figure  S4)  when the on-resonance 

frequency was set to -1.00 ppm. STD signals of CH and  CH3 groups observed in the protein-

ligand STD spectra (spectra in green; Figure S4) indicate the closeness of the propionic acid 

side chain of 6 to galectin-8N. The carboxylic acid group was predicted to engage in interaction 

with the unique Arg59 (equivalent to 3′-SiaLac). This interaction may cause the chiral CH 

group to be closer to the protein, as evident from the 3.98 ppm (CH) and 1.29 ppm (CH3) STD 

signals (Figure S4). To cross-check the binding of 6 to galectin-8N, the spectra with the on-

resonance frequency of 7.13 ppm were also acquired. The control spectra with 1 mM 6 in the 

second experiment resulted in no background signals of CH and CH3 groups of ligand; 

however, the protein-ligand STD showed no significant signals (Figure S5). Due to this 

discrepancy, the original experiment at -1 ppm on-resonance frequency with a lesser amount 

of ligand (1 mM) was repeated. Comparable result to that previously achieved (Figure S4 and 

Figure S6) results were obtained. The same batch of compound 6 was used to perform the 

experiments which over the storage might have caused a slight alteration in either its chemical 

purity or integrity. Nevertheless, the detected binding mode from our crystal structure and 

binding affinity determined through ITC indicate binding of 6 to galectin-8N. Further 

investigations are needed to better understand the factors responsible for the observed mixed 

STD NMR results. 
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Figure S4. Investigation of ligand binding. An overlayed STD NMR spectrum of ligand with 
(in green) and without (in red) galectin-8N (5 μM) over the 1H spectrum of ligand in buffer (in 
blue). 

 

 
Figure S5. Investigation of ligand binding. An overlayed STD NMR spectrum of ligand 
with (in green) and without (in red) galectin-8N (5 μM) over the 1H spectrum of ligand in 
buffer (in blue) acquired at 7.13 on-resonance frequency. 
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Figure S6. A repeat experiment of ligand binding investigation. An overlayed STD NMR 
spectrum of ligand with (in green) and without (in red) galectin-8N (5 μM) over the 1H 
spectrum of ligand in buffer (in blue) acquired at -1.0 ppm on-resonance frequency. 

 

4.4.4 Galectin-8C expression clone preparation 

The design approach practised in the thesis focuses on the N-terminal domain of the galectin-

8; however, the C-terminal could also potentially interact with the designed ligands. Because 

the ligands designed to explore both the conserved and unique amino acid residues in the 

binding site, there is a possibility of interaction with the conserved residues of the C-terminal 

domain. However, the affinity of interaction would vary in galectin-8C, due to lack of galectin-

8N specific residues. The future experiments would, therefore, explore the interactions of 

designed ligands and galectin-8C. Towards that direction, subcloning of galectin-8C has been 

performed from myc tagged pQE vector (provided by our collaborator) to the expression vector 

pET-3a and confirmed through sequencing (Figure 4.7). The initial trial expression did not 

show any significant signs of overexpression of galectin-8C, particularly in the soluble fraction 

on the SDS-PAGE but was rather observed in the insoluble fraction. Expression optimisation 

by varying parameters like ITPG concentration, expression temperature, bacterial growth 

temperature needs to be performed to increase the amount of soluble protein. In addition to the 

galectin-8C clone made, few other expression clones can be prepared including certain parts of 

the linker peptide as well. The expressed protein would then be utilised for crystallographic 

analysis and binding affinity determination either by STD NMR, SPR or ITC. 
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Figure 4.7: Agarose gel electrophoresis analysis of G8C: I) PCR products, II) gel-extracted vector and insert, and 
III) NdeI-BamHI double digested ligated products from colony screening. L is DNA ladder. 
 

4.4.5 Preliminary biological evaluation 

Galectin-8, at the molecular level, was reported to bind low-density lipoprotein 

receptor-related protein 1 (LRP-1) and the mannose receptor C, type 2 (MRC2) which are part 

of a multi-protein complex including urokinase plasminogen activator receptor (uPAR). The 

suggested mechanism was that galectin-8 interacts with a complex of uPAR/LRP-1/MRC2 that 

binds to cell surface integrins to mediate the downstream ERK signalling pathway to induce 

the transcription of RANKL. However, the atomic level details about the site of interaction of 

galectin-8 to this multi-protein complex are not known. Also, it is not clear whether it is the 

galectin-8C or galectin-8N or both the domains that are involved in mediating RANKL release. 

Therefore, crystallographic analysis can be performed on this multi-protein complex to derive 

galectin-8 involvement in the process. The preliminary in vitro data (from our collaborators) 

showed no inhibition of RANKL release by MB46A, the ligand which was designed to bind 

galectin-8N (Figure 4.8). This may be due to galectin-8C mediating the bone remodelling 

related functions of galectin-8 while MB46A might preferentially bound to the galectin-8N. 

Another possibility could be that the full-length protein or isolated domains including the 

galectin-8N are involved in this function but not through carbohydrate binding, and these 

functions might be mediated through protein-protein interactions. This, however, needs further 

investigations into the mechanism of galectin-8-mediated RANKL release and overall bone 

remodelling process.  
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Figure 4.8: Effect of MB46A on RANKL expression. Osteoblasts from newborn CD1 calvarias were transferred 
to serum free medium for 1 hour before addition of 46A in the indicated concentrations. One hour later galectin-
8 (50 nM) was added for 24 hours. RNA was extracted and qRT-PCR was performed in order to measure RANKL 
expression. Results shown are mean ± SEM of 2 experiments done in duplicates. **p-value<0.05 of galectin-8 
treated cells vs. cells with the same concentration of inhibitor and without galectin-8 [Prof. Y. Zick and Dr. Y 
Vinik; Weizmann Institute of Sciences, Israel]. 
 

4.4.6 Hydrogen bond analysis  

g_hbond -f md_fitted.xtc -s md.tpr -n new.ndx -hbn -hbm 

## copy readHBmap.py script in the working directory 

python readHBmap.py -hbm hbmap.xpm -hbn hbond.ndx -f md.gro  
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4.5 Further discussion 

In the present study, a combination of computational and experimental approaches was applied 

towards ligand design. Molecular dynamics simulation using previously generated information 

(Chapter 3) and existing structural information (Chapter 2 and literature) were employed to 

design a hypothesis. The designed ligand was subsequently validated through synthesis, X-ray 

crystallography and ITC. The designed novel ligand methyl 3-O-[1-carboxyethyl]-β-D-

galactopyranoside (6; also referred as MB46A) mimics the key interactions made by the 

equivalent part of a preferentially binding natural glycan 3′-SiaLac, also reflected from the 

binding affinity of 6 is very close to that of lactose. The use of a galactose scaffold plays a 

crucial role as it imparts the inherent ability to the designed ligand to interact with galectin-8N. 

Furthermore, the galactose core with a carboxylic acid group, compound 6’s polarity might 

hinder its cellular penetration ability. However, esterification of the acid group can be carried 

out to enhance the cellular uptake.  

Ligand specificity is a crucial aspect when various members sharing a similar binding site 

exists. Using the unique binding site residues for interactions is a pragmatic approach towards 

designing specific ligands. Here the interaction with Arg59, a unique residue not present in any 

other galectins apart from galectin-8N, was exploited which in turn hints towards possible 

favourability in galectin-8N over another galectin CRDs. Further supportive evidence from our 

comparison based on MD simulation results of galectin-8N-6 and galectin-8C-6 suggest the 

favourability of compound 6 towards galectin-8N. Towards this end, galectin-8C gene was 

subcloned into pET-3a expression vector through ligation-dependant cloning and confirmed by 

sequencing (section 4.4.4). Initial protein expression trials did not result in protein 

overexpression particularly in the soluble fraction and therefore more extensive optimisation 

needs to be carried out to obtain the protein. Subsequently, the galectin-8C then can be 

employed for binding affinity and crystallographic investigations for determining binding 

mode and interaction of compound 6. 

The designed ligand is under in vitro evaluation for its ability to interfere with galectin-8-

mediated bone remodeling (performed by our collaborators). The preliminary results show no 

inhibition of galectin-8 as assessed by monitoring RANKL expression levels in galectin-8-

mediated osteoblasts (section 4.4.5). In addition, hemagglutination assay evaluating ability of 

compound 6 to interfere in agglutination ability of galectin-8 was inconclusive. However, 

further experimental repeats and overall experiment redesign is underway to further investigate 

the galectin-8 inhibitory potential of compound 6 both in general and in bone cells.  
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Therefore, a successful exploitation of both the evolutionarily conserved amino acids and those 

unique to galectin-8N for interactions by the ligand was achieved. The likely outcome of this 

study will be carried forward into the next chapter where other possible functional groups on 

the 3′-position of galactose will be explored. Functionalities that can be added on the 3′-position 

includes unsubstituted and substituted aromatic rings, sulfate groups or the combination of both 

groups to explore other important interaction hot spots such as Tyr141 and Arg45 individually 

or in parallel. Another potential side chain that can be added on to the 3-position is the glutamic 

acid like side chain containing two carboxylic acid group that can crosslink two arginines in 

the binding site. Overall, with the positive results, compound 6 will form a potential template 

for future designed molecules.  
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Chapter 5  

Structure-based Design and Evaluation of a 
Monosaccharide-based Inhibitor of Galectin-8: A 
Structure-Activity Relationship Study  
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5.1 Introduction 

Extending further the ligand design campaign targeting galectin-8, the aim being using 

the information from previously generated results in the thesis to design potential inhibitors of 

galectin-8. The minimum atomic features, identified in Chapter 2 [81], required for a ligand to 

bind to galectin-8N, prompted the design of efficient small molecule ligands as inhibitors of 

galectin-8. In addition, the experience from the structure-based virtual screening campaign 

(Chapter 3) for identifying non-carbohydrate based binders of galectin-8N was also the premise 

for this work. MB46A was designed based on glycan 3′-O-sialylated lactose (3′-SiaLac) and 

FDA drug pemetrexed (PMT) to explore the unique Arg59 and Gln47 residues for interactions. 

Following on from MB46A, an in silico library of compounds were generated to explore other 

potential hotspots in the galectin-8N binding site. In the present work, residues such as Arg45 

which is located across from the unique Arg59, and Tyr141 which is another unique residue in 

the extended galectin-8N binding site, were explored for interactions. Various modifications 

based on the PMT side chain and the 3′-position of galactose were initially investigated to 

explore the best possible binding mode and interactions. Considering the synthetic feasibility 

and with the aim of expanding the structure-activity landscape, small-molecule galactose-based 

derivatives were synthesised. The validation of binding was performed using SPR. These 

compounds are undergoing biological evaluations (by our collaborator, Prof. Yehiel Zick, 

Weizmann Institute of Science, Rehovot, Israel) for examining inhibitory effects galectin-8 

functions in vitro models and any promising ligand may then be subjected to in vivo 

evaluations. 

5.1.1 The FDA approved drug  

Our virtual screening experiment (Chapter 3) culminated in the identification of several 

molecules as potential binders of galectin-8N as amongst them was Pemetrexed (PMT). PMT 

is an FDA-approved [181] anticancer drug that works as an antifolate agent by disrupting the 

folate-dependant metabolic processes essential for cell replication [182]. PMT is used as a 

monotherapy for the treatment of non-small cell lung cancer, and in combination with cisplatin, 

it is utilised for the treatment of malignant pleural mesothelioma [183].  

 
Figure 5.1: Chemical structure of Pemetrexed (PMT). 
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PMT was purchased for experimental evaluation (see section 3.3) after being identified 

in the top fraction from the final tier of the virtual screening. Structurally, PMT is an interesting 

molecule that contains a pyrrolopyrimidine-based ring system with an aliphatic glutamic acid-

type side chain (Figure 5.1). During the analysis of the virtual screening results (Chapter 3; 

section 3.3.3 and section 3.3.4), an interesting placement of PMT in the galectin-8N binding 

site was noticed. The two carboxylic acid groups of the aliphatic side chain became involved 

in salt-bridge interactions with the multiple arginine residues in the binding site. Among these 

arginines, there is the evolutionarily conserved Arg69, Arg59 which is unique to galectin-8N, 

and Arg45 present on at the beginning of strand S3, straight across the unique residue. The 

anionic saccharides such as 3′-O-sialylated lactose (2.7 μM [42]) or 3′-O-sulfated lactose (1.9 

μM [42]) have been reported to interact with these two residues to produce a unique network 

of hydrogen bonds that is responsible for imparting high binding affinity to the lactose core 

[76]. However, in our STD NMR experiments, there was no interaction recorded for PMT with 

galectin-8N, possibly due to the bulky aromatic rings which may be affecting the placement of 

the ligand in the primary binding site (Figure 5.1). The non-binding of PMT also suggested 

that importance of primary binding site residues in recognising any ligand. 

5.1.2 Galactose and carboxylic acid 

MB46A is methyl 3-O-[1-carboxyehtyl]-β-D-galactopyranoside and was designed and 

validated previously (Chapter 4), based on the idea of exploring the galactose and carboxylic 

acid portion of 3´-SiaLac, that is reported to be preferentially recognised by galectin-8N [42, 

44]. In our crystal structure of the galectin-8N-MB46A complex, unambiguous occupancy of 

the primary binding site by the galactose ring of MB46A was observed and interactions 

between the carboxylic acid group and unique Arg59 and Gln47 residues were revealed (Figure 

5.2) [Bohari et al. manuscript submitted]. The presence of other interaction hot spots in the 

binding site warrants investigation of other functionalities in addition to the carboxylic acid 

group that can help gain further affinity and specificity. The binding affinity determined for 

the monosaccharide-based MB46A was 139 μM close to 136 μM affinity determined for the 

disaccharide lactose [Bohari et al. manuscript in preparation]. The enhanced affinity of 

MB46A, as compared to the parent galactose and involvement of unique residues in 

interactions, makes the designed ligand an ideal template for modifications. The modification 

based on the galactose core also assures the prerequisite binding to galectin-8N and the 

modified groups are favoured in the binding site. Therefore, the scaffold employed for 

generating the library of compounds were based on galactose.  
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Figure 5.2: Galectin-8N-MB46A complex.  (a) Electron density (blue mesh) 2|Fo|-|Fc| αc contoured at 1σ, for the 
ligand (in the sticks; carbon black; oxygen red) in complex with galectin-8N. (b) Hydrogen bonding interactions 
(in red dashed line) made between 6 (in black sticks) and galectin-8N (in green sticks; carbon green; oxygen red; 
nitrogen blue). 

 

5.1.3 Library design 

The simultaneous engagement of Arg59 and Arg45 residues by the carboxylic acid 

groups of the glutamic acid side chain portion of PMT was an interesting observation that was 

employed for designing the library. This observation formed the central part of the hypothesis 

to explore the unique Arg59 and Arg45 individually and then simultaneously using small 

monosaccharide-based molecules. Challenges were experienced in our virtual screening 

experiments to identify non-carbohydrate based binders, particularly due to the nature of the 

galectin-8N binding site. Furthermore, from Chapter 4 it was clear that using galactose as a 

core scaffold to design novel binders is a more pragmatic and reliable approach. The biggest 

advantage with galactose-based binders is that these molecules would have inherent binding to 

galectin-8N, unlike the non-galactose-based molecules. Although the overall binding affinity 

of galactose-based binders might not be high, they will form a good template for modifications 

during the ligand optimisation process. 
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Figure 5.3: Designed library of compounds subjected to MD simulations. 

 

Considering the two carboxylic acid groups on the glutamic acid side chain of PMT 

and the molecule MB46A, a library of compounds was generated (Figure 5.3). Here, the 

galactose ring from MB46A was retained and a dicarboxylic acid aliphatic side chain of PMT 

was attached on to the 3´-position of galactose. Subsequently, the number of atoms separating 

the two acidic groups were explored including three (as in PMT), two, and one atom spacer to 

better engage Arg45 and Arg59 in interactions. This aliphatic side chain was linked to the 3´-

position of galactose either directly or through an oxygen (O), nitrogen (N), amide (CONH) or 

ester (COO) linkages. Compounds 1-5 had two COOH groups separated by three carbon atoms 

and joined to galactose either directly or through O, N, amide (CONH) or ester (COO) linkages. 

Similar linkages were used for compounds 6-10 that contains two COOH groups separated by 

two atoms while compounds 11-15 contains one separating atom between the COOH groups. 

To note, that compound 6 in the existing virtual library is different from the synthesised 

compound 6 (MB46A) in Chapter 4. From the physicochemical perspective of the ligands, 

compounds 16-20 were also considered, where one carboxylic acid group was replaced by an 

aromatic ring. 
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5.2 Methods 

5.2.1 MD simulations 

MD simulations were performed using the protocol used in [81], for a duration of 100 

ns. The ligands considered here were modified in the Discovery Studio Visualizer [170] based 

on the MB46A template and were prepared for simulation as described previously in Chapter 

4 (section 4.4.1). The ligand binding free energy was estimated using molecular mechanics 

energies with the Poisson-Boltzmann and surface area continuum solvation method 

(MMPBSA) [174, 184, 185] implemented in the Amber package [156]. VMD was used to 

convert the Gromacs format trajectories (xtc) into Amber readable format (mdcrd). The 

Amber module, tLeap was employed to generate corresponding parameter and topology for 

protein, ligand and protein-ligand complex applied with Amber99SB-ILDN force field [137] 

[tleap.in; Appendix 5.5.1]. A set of 100 frames were periodically extracted from the 

trajectory file at an interval of 1 ns. The protein pdb file was manually edited by replacing the 

‘His’ residue ID to ‘Hid’ to assign correct delta position protonation. 

The binding free energy is estimated from the following equation [174, 184, 186]: 

 
 

 

 

Where the molecular mechanics energy terms from bonded (bond, angle and dihedral), 

electrostatic and van der Waals interactions. Gpol is a polar contribution to free energies 

calculated based on finited difference solution to the PB equation (equation [187]  in middle), 

and Gnp is the non-polar contribution term estimated from a linear relation to the solvent-

accessible surface area (SASA).  

is the electrostatic potential,  is the position dependent dielectric function 

and is the charge density from solute. ΔGbind is the difference in binding free energy 

for ligand binding to the protein, GPL is free energy for protein-ligand complex, GL and GP is 

free energy for ligand and protein alone respectively. 

5.2.2 Synthesis of MB61B and MB63N 

Based on the template molecule MB46A, the propionic acid side chain was replaced 

with either benzoyl (MB61B) and napthoyl (MB63N) group. The synthetic scheme until 

= +  + ℎ + + + + −  

∇ ∇∅ + 4 = 0 

∆ = < > − < > − < >

∇∅ ∇
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deprotection of 3´-position (deacetylation product) is identical to that used for the synthesis of 

MB46A (Chapter 4; section 4.4.1). The 3´-hydroxy per protected sugar was either benzoylated 

(MB61B) or napthoylated (MB63N) using benzoyl chloride and napthoyl chloride (Figure 5.4). 

General procedure: Thin Layer Chromatography (TLC) on pre-coated aluminium-backed 

silica plates (60 F254; Merck) were used to assess reactions and visualised by charring in 4% 

sulphuric acid in ethanol. Reaction products were purified using flash chromatography silica 

gel 60. 1H and 13C NMR spectra were recorded at 298 K using an Avance (400 MHz and 100 

MHz, respectively; Bruker Biospin) spectrometer. Two-dimensional COSY (1H to 1H 

correlation), HSQC (1H to 13C correlation) and HMBC (1H to 13C long range correlation) NMR 

experiments were used to assist in assigning relevant peaks for 1H and 13C NMR spectra. 

Electrospray ionisation low-resolution mass spectrometry was performed using a Bruker 

Daltronics esquire 3000 Ion-Trap instrument.  

 
Figure 5.4: Synthetic scheme for MB61B and MB63N. Reagents and conditions: a) Camphorsulfonic acid, 
benzaldehyde dimethyl acetal, ACN, 60 ᵒC, 2.5 h; b) Ag2O (freshly prepared), AcCl, KI, DCM, RT, 16 h; c) 
DIPEA, MOMBr, DCM, reflux, 16 h; d) Na metal, MeOH, RT, 1.5 h; e) Benzoyl chloride, pyridine, RT, 1.5 h; f) 
60% aqueous acetic acid, 60 ᵒC 20 h; g) Napthoyl chloride, pyridine, RT 1.5 h; h) 60% aqueous acetic acid, 60 
ᵒC, 48 h.  
 

Methyl 2-O-Methoxymethyl-3-O-benzoyl-4,6-O-benzilidene-β-D-galactopyranoside (5): 

Compound 4 was dissolved in pyridine under argon at room temperature. Benzoyl chloride was 

added slowly, and the reaction was left stirring at room temperature for about 1.5 h. Upon 

completion of the reaction, pyridine was evaporated under vacuum and left on high vacuum 
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for at least 30 minutes to remove traces of pyridine. Following which the material obtained was 

washed with brine solution, the product was extracted in the DCM fraction and purified via 

flash chromatography (2:1 Hexane: EtOAc) to obtain 5 (~85 % yield). 1H NMR (CDCl3, 400 

MHz): δ = 3.23 (3H, s), 3.58 (1H, d, J=1.08 Hz), 3.59 (3H, s), 4.10 (1H, dd, J=1.80, 12.40 Hz), 

4.16 (1H, q, J=2.30, 10.12 Hz), 4.38 (1H, dd, J=1.56, 12.40 Hz), 4.43 (1H, d, J=7.8 Hz), 4.48 

(1H, dd, J=0.72, 3.68 Hz), 4.70 (1H, d, J=6.60 Hz), 4.90 (1H, d, J=6.64 Hz), 5.20 (1H, dd, 

J=3.72, 10.12 Hz), 5.51 (1H, s), 7.34 (3H, m), 7.46 (9H, m), 7.60 (3H, m), 8.12 (6H, m). 13C 

NMR (CDCl3, 100 MHz): δ = 55.89, 57.02, 66.26, 69.01, 73.06, 73.75, 97.23, 100.81, 104.17, 

126.26, 128, 129.93, 130.22, 133.79.  

Methyl 3-O-benzoyl-β-D-galactopyranoside (MB61B) [188]: The 4,6-benzylidene and 2-

methoxymethyl groups of 5 were deprotected in 60 % aqueous acetic acid. Compound 5 was 

dissolved in aq. acetic acid and the reaction was left stirring for about 20 h to obtain deprotected 

MB61B as major product whilst with a minor proportion of partial mono-deprotected products 

were also observed. Water and acetic acid were removed under vacuum, followed by addition 

of small amount of toluene to remove traces of acetic acid. The final compound was purified 

by flash chromatography (1:2 Hexane: EtOAc) to a yield of 72 %. 1H NMR (MeOD, 400 MHz): 

δ = 3.47 (3H, s), 3.55 (1H, m), 3.66 (2H, m), 3.80 (1H, q, J=2.36, 10.12 Hz), 4.06 (1H, d, 

J=3.08 Hz), 4.20 (1H, d, J=7.76 Hz), 4.48 (1H, s), 4.86 (1H, dd, J=3.32, 10.16 Hz), 7.37 (2H, 

t), 7.50 (1H, t), 8.01 (2H, d). 13C NMR (CD3OD, 100 MHz): δ = 55.97, 60.81, 66.53, 68.67, 

75.04, 76.63, 94.27, 104.61, 128.04, 129.44, 132.86. 321.1  

Methyl 2-O-Methoxymethyl-3-O-napthoyl-4,6-O-benzilidene-β-D-galactopyranoside (7): 

Compound 7 was prepared with similar method as compound 5. Compound 4 was dissolved in 

pyridine followed by addition of 2-Napthyol chloride and left stirring at room temperature for 

about 2 h. The purified product was obtained through flash column chromatography with 2:1 

Hexane:EtOAc solvent system to a yeild of ~80 %. 1H NMR (CDCl3, 400 MHz): δ = 3.18 (3H, 

s), 3.53 (1H, s), 3.53 (3H, s), 4.03 (1H, m), 4.13 (1H, q, J=2.30, 10.08 Hz), 4.32 (1H, dd, 

J=1.48, 12.40 Hz), 4.37 (1H, d, J=7.76 Hz), 4.45 (1H, d, J=0.6, 3.72 Hz), 4.62 (1H, d, J=6.64 

Hz), 4.84 (1H, d, J=6.64 Hz), 5.17 (1H, dd, J=3.76, 10.12 Hz), 5.45 (1H, s), 7.26 (3H, m), 7.47 

(4H, m), 7.84 (3H, dd), 8.04 (1H, dd). 13C NMR (CDCl3, 100 MHz): δ = 55.63, 57.04, 66.30, 

69.03, 73.05, 73.82, 97.24, 100.82, 104.27, 125, 126, 127.78, 128, 129.45, 131, 123.47, 135.07, 

137.69. 

Methyl 3-O-napthoyl-β-D-galactopyranoside (MB63N): 60% aq. acetic acid was used to 4,6 

benzylidene and 2 MOM deprotection to obtain MB63N. The reaction was left stirring for 48 

h at room temperature to obtain the completely deprotected product. The final purified product 
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was obtained via flash chromatography in 1:2 Hexane:EtOAc solvent system (70 % yield). 1H 

NMR (MeOD, 400 MHz): δ = 3.48 (3H, s), 3.58 (1H, m), 3.66 (2H, m), 3.85 (1H, dd, J=2.4, 

10.12 Hz), 4.11 (1H, d, J=2.88 Hz), 4.23 (1H, d, J=7.72 Hz), 4.93 (1H, dd, J=3.32, 10.12 Hz), 

7.47 (2H, m), 7.84 (2H, dd), 7.91 (1H, d), 8.01 (1H, dd), 8.63 (1H, s). 13C NMR (CD3OD, 100 

MHz): δ = 55.99, 60.83, 66.60, 68.74, 75.07, 76.79, 104.63, 124.95, 126.46, 127, 128, 130.97. 

C18H20O7 371.2 

5.2.3 Isothermal titration calorimetry (ITC) 

Quantitation of the binding affinity of MB61B and MB63N towards galectin-8N was 

performed using NanoITC (TA Instruments). A solution of 50 μL of 1 mM MB61B was titrated 

in aliquots of either 2.5 μL or 2.0 μL into the calorimetric cell, containing 300 μL of 200 μM 

galectin-8N with stirring speed of 150 rpm. Injections were performed at an interval of 300 s 

at 298 K. Galectin-8N was expressed and purified using the previously employed protocol [81]. 

The protein and ligand samples were prepared in either PBS or TBS (50 mM Tris base, and 

150 mM sodium chloride). A blank experiment of ligand being titrated into the buffer was also 

performed and subtracted from actual binding experiment before analysing the thermograms. 

The thermodynamic analysis was conducted using an independent model with NanoAnalyze 

software. 

5.2.4 Surface Plasmon Resonance (SPR) 

The dissociation constants between the galectin-8N and the designed compounds 

(MB61B and MB63N) were measured using galectin-8N-immobilised sensor chip on a 

BIAcore T200 instrument (GE Healthcare). The purified and dialysed galectin-8N was 

covalently immobilised on the CM5 sensor surface according to manufacturer’s instructions. 

To determine the suitable immobilisation conditions, galectin-8N (50-200 μg/mL) was diluted 

in the coupling buffer (10 mM sodium acetate with pH 4.5 or 5.0) and injected onto the non-

activated chip surface for 2 minutes. The immobilisation procedure involved activation of the 

chip surface with a mixture of freshly prepared 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuccinimide (NHS) followed by 

injection of galectin-8N. Ethanolamine was used to block the excess of activated functional 

groups on the chip surface, that were not involved in coupling with the galectin-8N. The 

remaining activated functional groups on the chip surface that were not involved in amide bond 

formation with galectin-8N were blocked by ethanolamine. Lactose was employed as a positive 

control along with a binding investigation of the designed ligands MB61B and MB63N. 

Lactose in TBS buffer was introduced onto the chip surface at a flow rate of 30 μL/min, and 
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the interactions were monitored at 25ᵒC as the change in the surface plasmon resonance 

response. The non-covalently bound ligand, before injection of another ligand, was cleared by 

a two-step regeneration involving flushing 30 μL of 10 mM glycine pH 2 and TE (Tris and 

EDTA) buffer. The analysis of results was performed using BIA evaluation 3.0 software. 
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5.3 Results and Discussion 

5.3.1 MD Simulation of FDA drug 

 
Figure 5.5: Progression of PMT during MD simulation from its predicted binding conformation to galectin-8N. 
Hydrogen bonding interactions (grey dashed lines) at the start (A), at halfway (B) and the end (B) of simulation. 

 

For MD simulation of the galectin-8N-PMT complex (see section 3.2.2 for methods), 

the starting conformation used was the docking output conformation. In this conformation, the 

pyrollopyrimidine ring is placed over the residues on strand S6, the phenyl ring occupies the 

galactose binding pocket, and one of the carboxylic acid group of the glutamic acid-type side 

chain interacts with Arg59, and the second carboxylic acid group was facing towards the 

solvent (Figure 5.5a). However, as the simulation progressed, the pyrolopyrimidine ring of 

PMT that was involved in fewer less probable interactions in the earlier conformation, started 

fluctuating which affected the placement of remaining substructure of the ligand (Figure 5.5b). 

The aliphatic side chain is bearing the two carboxylic acids at the beginning of simulation 

interacted in a stable manner with Arg59 and Trp86. As the simulation progressed, the weak 
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interaction of the bulky aromatic rings caused a large flip in the ligand conformation, which 

shifted the aromatic rings from the primary binding site to the extended binding site (Figure 

5.5b). Importantly, now the residues Arg45 and Arg59 were effectively cross-linked with the 

two carboxylic acid groups of the aliphatic side chain (Figure 5.5c).  

Interestingly, during this aromatic ring flip-over, the carboxylic acid group interacting 

with Arg59 remained mostly unperturbed throughout the simulation. Moreover, after the 

aromatic ring flip, the second carboxylic acid of the aliphatic side chain was positioned such 

that it interacted with the Arg45. This is a significant observation that highlights potential hot 

spots in the galectin-8N binding site that can be engaged in interactions simultaneously by a 

ligand. Therefore, the concept of utilising these differences in the binding site can be beneficial 

in modulating the specificity of a ligand while the use of galactose core would ensure 

recognition of the ligand by the galectin-8N. 

5.3.2 Simulations of the designed library  

Investigation of alternative novel binders of galectin-8N apart from the MB46A 

(Chapter 4) was undertaken. Our virtual screening results performed in Chapter 3 and the 

available structural information (from Chapter 4 and the literature) formed the basis for design 

of a library of galactose-based compounds in the present chapter. Interestingly, the FDA 

approved PMT, identified from virtual screening cross-linked the unique Arg59 and Arg45 

(that lies across the binding site). Hence, the glutamic acid or similar carboxylic acid aliphatic 

or aromatic side chains were modelled onto the 3´-position of galactose and engage those 

residues in interaction. Apart from the similarity in this side chain, the chemical structure of 

PMT differs significantly from the designed library of compounds (Figure 5.1). To predict the 

possible binding mode, interactions and ligands’ occupancy of the galectin-8N primary binding 

site, 100 ns MD simulations were performed on the protein-ligand complex. The library of 

compounds was divided into four categories depending on the side chain attached on the 3´-

position. The side chains were varied in each category based on the number of atoms separating 

either the two carboxylic acid groups or the carboxylic acid group and an aromatic ring. These 

side chains were then further divided based on the atom linking the side chain to galactose.  
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Figure 5.6: Simulation of compound 1-6 (3-Atom spacer category) in complex with galectin-8N. The snapshot 
depicted here is the final coordinates saved at the last step of 100 ns run. The compound carbon atoms are coloured 
in green while amino acid residues carbons in grey and the secondary structure in blue ribbons. Hydrogen bonding 
interaction between the protein and ligand is represented by grey dashed lines.  

 

The 3-Atom spacer category was considered to exactly match the aliphatic side chain 

of PMT (Figure 5.3). Because no binding for the ligand PMT was detected towards galectin-

8N (Chapter 3), the aliphatic side chain was coupled to galactose for investigating the 

possibility of engaging the two arginines for interactions simultaneously in the galectin-8N 

binding site. In this category of five compounds, the simulations confirmed that the galactose 

ring always occupied the primary binding site stacking against the Trp86 throughout the 

duration of simulation (Figure 5.6 and Figure 5.6). The carboxylic acid group that is close to 

the galactose ring almost always engages in salt bridge interactions with the Arg59. While, the 

second carboxylic acid group, only partly formed salt bridge interactions with Arg45, more so 

for this interaction to occur Arg45 moved farther close to Tyr141 (Figure 5.6). The 

simultaneous engagement of the two arginines and carboxylic acid group from the glutamic-

acid type side chain was only transient in this category of compound (1-5), unlike the more 

probable engagement noted in the case of PMT. This may be due to the difference in initial 

placement of the two ligands in the primary binding site (Figure 5.7). Galactose being the native 

ligand to galectin-8N occupies the primary binding site completely, while the bulky aromatic 

rings in PMT disallows this complete occupancy (Figure 5.5). As a consequence, the side chain 

of the designed galactose-based molecules is placed slightly ahead, farther into the binding site, 

to that observed in the galectin-8N-PMT complex (Figure 5.7).   
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Figure 5.7: Comparison of the initial placement of PMT (carbon in cyan) and compound 5 (carbon in brown) of 
the designed library.  

 

 
Figure 5.8: Simulation of compound 6-10 (2-Atom spacer category) in complex with galectin-8N. The 
snapshot depicted here is the final coordinates saved at the last step of 100 ns run. The compound carbon atoms 
are coloured in green while amino acid residues carbons in grey and the secondary structure in blue ribbons. 
Hydrogen bonding interaction between the protein and ligand is represented by grey dashed lines.  
 

Based on the structural differences between our library of compounds and PMT, one 

methylene group from the spacer between the two carboxylic acid groups was removed to form 

a 2-Atom spacer category (Figure 5.3). Interestingly, for compound 6 wherein the carboxylic 



 
147 

acid side chain is directly linked to the carbon atom at 3´-position of the galactose ring (devoid 

of any linking atom) was the most unstable in occupying the primary binding site (Figure 5.8). 

This unsuitability of direct linking possibly reflects the effect of increased rigidity of the side 

chain causing the placement of the galactose ring in an unfavourable vicinity of the Arg45 and 

the conserved Arg69 residues. Therefore, compound 6 is flipped over and rotated such that the 

carboxylic acid side chain is now interacting with Lys72 on S4-S5 loop and is in close vicinity 

of conserved Arg69 (Figure 5.8). While in the case of compound 7 and 8 where the side chain 

is linked through O and N, the occupancy of Arg45 hydrogen bond was less and the carboxylic 

acid groups of the side chain were facing towards Trp86 and Arg59 (Figure 5.8). Compound 9 

and 10 with amide and ester linkers respectively had one carboxylic acid group engaged with 

Arg59 while the other one near Arg45 (Figure 5.8). However, the conformation of Arg45 

appears more restrained due to its stacking over the Arg69 (Figure 5.8). 

Figure 5.9: Simulation of compound 11-15 (1-Atom spacer category) in complex with galectin-8N. The snapshot 
depicted here is the final coordinates saved at the last step of 100 ns run. The compound carbon atoms are coloured 
in green while amino acid residues carbons in grey and the secondary structure in blue ribbons. Hydrogen bonding 
interaction between the protein and ligand is represented by grey dashed lines.   
 

For 1-Atom spacer category, the two carboxylic acid groups were attached onto a single 

carbon atom, although synthetically these compounds might be challenging to make (Figure 

5.3). Nevertheless, they were considered in the library to have a better comparison of a suitable 

number of spacer atoms needed between the two carboxylic acid groups. When the side chain 

was directly linked or linked through one atom (as in compound 11 and 12), then the carboxylic 
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acid groups cross-linked the arginines. However, with amide/ester linker (as in compound 14 

and 15) the side chain was placed such that O4 hydroxyl of galactose interacted with Arg45 

while the carboxylic acid group was facing towards solvent (Figure 5.9).  

 
Figure 5.10: Simulation of compound 16-20 (2-Atom aromatic category) in complex with galectin-8N. The 
snapshot depicted here is the final coordinates saved at the last step of 100 ns run. The compound carbon atoms 
are coloured in green while amino acid residues carbons in grey and the secondary structure in blue ribbons. 
Hydrogen bonding interaction between the protein and ligand is represented by grey dashed lines.  
 

As the compounds in the library were based on a galactose core, they possess inherent 

polarity which is further escalated by each added carboxylic acid groups. The increasing 

polarity not only interferes with the pharmacokinetic properties of the ligands but also poses 

synthetic challenges. Therefore, to balance overall polarity of the ligands, one of the carboxylic 

acid group was replaced with an aromatic ring. Based on the simulation results (discussed 

above), the carboxylic acid from the 2-Atom spacer category with ester/amide linkers where 

the arginines were engaged in interaction simultaneously, were chosen for adding an aromatic 

ring (Figure 5.3). As noted previously during the simulation of compounds where the side chain 

was directly attached to the C-3 of the galactose, in this group as well compound 16 did not 

attain the predicted conformation, and Arg45 was noted facing away from the binding site. 

While in compounds 17-20 the aromatic ring gets partly stacked over the Arg45, exhibiting the 

cation-π type of interactions and hydrogen bonding interactions between the Arg45 and 

hydroxyls of the galactose (O4 hydroxyl) (Figure 5.10). Of note, that the snapshots used for 

generating figures in case of compound 18 and 19 does not exactly reflect the partial stacking 
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over Arg45, however, during most part of simulation the aromatic ring was in the vicinity of 

Arg45. The carboxylic acid group almost always was involved in hydrogen bonding with 

unique Arg59 and partly with Gln47. Having retained the critical interactions that were 

reported to contribute towards specificity of glycans [76], the compounds with aromatic rings 

can potentially be taken up for synthesis. 

5.3.3 Binding free energy estimation 

Quantitative assessment of the simulations was performed through the estimation of 

binding free energy using the MMPBSA method. This method takes both the bonded and non-

bonded interactions into account for a protein-ligand complex and estimates the binding free 

energy. The comparison of the enthalpy fraction of the binding free energy was performed 

because of its good correlation with the experimental binding affinity, lesser margin of error 

and less computation time as compared to the entropy fraction obtained from the normal mode 

analysis. Furthermore, compounds in the designed library were based on galactose core with 

small modifications between each other; the overall entropic contribution would be similar and 

therefore is not considered in the analysis.  

Several galectin-8N-glycan complexes for which the experimental binding affinity data 

was available (3AP4 [Lac], 3AP6 [SulLac], 3AP7 [SiaLac] and 3AP9 [LNFIII]) [76] were 

subjected to binding free energy estimations. These complexes were subjected to 100 ns MD 

simulation, and 100 frames were extracted at a statistically independent interval of 1 ns from 

the trajectory file for binding free energy estimations. The estimated enthalpies and various 

contributing components were averages performed on 100 protein-ligand complexes for one 

system (Table 5.1). Here more negative enthalpy value indicates favourable polar interaction 

with the galectin-8N binding site which in turn implies overall stronger binding. Trend-wise, 

the enthalpies from MMPBSA correlated well with the experimental observed binding 

affinities. However, the bias from the size of the ligand was inevitable, as noticed from the 

estimated enthalpy value for LNFIII that was about ~15 kcal/mol lower than the estimated 

enthalpy of SulLac. However, the experimental binding affinity for all the three glycans 

SulLac, SiaLac and LNFIII determined by SPR were comparable (1.7 – 3.3 μM [42]). A 

reasonable correlation was observed here, however, is promising for prioritising different 

ligands.  
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Table 5.1: Estimated ligand binding free energies (in kcal/mol) of ligand towards galectin-8N from MMPBSA. 

 Ligand VDWAALS EEL EPB ENPOLAR ΔH 
Cr

ys
ta

l l
ig

an
ds

*  Gal -14.8 -42.9 40.5 -12.1 -29.3 

Lac -16.5 -79.7 77.9 -15.9 -34.3 

SulLac -20.0 -204.7 193.4 -18.7 -50.9 

SiaLac -24.1 -243.5 220.1 -22.3 -69.8 

LNFIII -41.8 -138.4 149.0 -35.2 -66.5 
 

   

3-
A

to
m

 sp
ac

er
 

1 -17.4 -355.3 335.4 -17.5 -54.7 

2 -18.1 -347.6 320.0 -18.0 -63.8 

3 -13.9 -344.1 316.4 -15.9 -57.4 

4 -15.8 -362.2 328.1 -19.6 -69.5 

5 -21.8 -337.6 308.6 -20.3 -71.1 

2-
A

to
m

 sp
ac

er
 

6 -14.3 -308.7 290.2 -14.5 -47.4 

7 -18.9 -334.3 305.7 -18.3 -65.8 

8 -16.5 -305.8 284.3 -17.2 -55.3 

9 -16.3 -348.7 320.8 -18.6 -62.9 

10 -16.9 -345.0 317.1 -18.7 -63.5 

1-
A

to
m

 sp
ac

er
 

11 -14.2 -378.9 344.3 -15.3 -64.1 

12 -16.3 -357.5 329.9 -15.8 -59.7 

13 -12.2 -304.6 289.4 -12.7 -40.1 

14 -15.4 -319.1 297.7 -15.5 -52.4 

15 -19.2 -342.0 313.7 -18.0 -65.5 

2-
A

to
m

 a
ro

m
at

ic
 16 -30.6 -157.7 163.5 -21.7 -46.4 

17 -22.2 -213.0 186.7 -19.4 -67.4 

18 -16.3 -171.7 161.2 -15.4 -42.9 

19 -19.6 -189.4 171.6 -19.2 -56.7 

20 -23.9 -205.0 179.0 -20.8 -70.6 
 

Te
ste

d 

MB61B -20.9 -32.5 32.9 -16.0 -36.55

MB63N -23.9 -25.2 29.1 -16.5 -36.59

MB46A -18.0 -205.5 179.5 -16.6 -60.62
* VDWAALS – van der Waals interactions; EEL – electrostatic interactions; EPB – Polar contribution to the free energy calculated from the 

Poisson-Boltzmann equation; ENPOLAR – Non-polar contribution to the free energy obtained from solvent accessible surface area 

Following the crystal complex, the designed ligand in complex with galectin-8N were 

subjected to binding free energy estimations. This analysis will help gain quantitative insight 

into the impact of varying the side chains and linker towards the binding affinity. There was an 

obvious increase in the overall enthalpy for the designed monosaccharide-based molecules as 

compared to the parent galactose due to at least one added a carboxylic acid group. The 
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resulting strong contribution from the electrostatic component (Table 5.1) is evident from the 

hydrogen bonding interaction between the carboxylic acid group and Arg59 and Gln47 

(discussed above). Further favourable electrostatic contribution (Table 5.1) to the binding was 

provided by the second carboxylic acid group that formed additional hydrogen bonds in some 

cases with Arg45 and Tyr141 (compound 1-15). In the case of compounds 15-20, a decrease 

in electrostatic contribution was noted which was compensated by the gained van der Waal’s 

interactions (Table 5.1), resulting from the replacement of the second carboxylic acid group 

with an aromatic ring. 

Further, it was apparent that those having ester/amide as a linker between the side chain 

and the galactose ring resulted in relatively better enthalpies as compared to other linker atoms 

(Table 5.1). The relatively higher flexibility exhibited in the compounds containing amide/ester 

linkers compared to compounds with the ether linker, results in better placement and 

interactions of the side chain within the binding site. Compound 5 and 20, both with the ester 

linker from the 3-Atom spacer and 2-Atom aromatic categories, produced the best enthalpic 

contribution with ΔH of -71.1 kcal/mol and -70.6 kcal/mol respectively amongst the designed 

library of compounds. Implying the linker atom coupling the side chains to the galactose are 

critical in directing the placement of the side chain into the binding site.  

Overall, from interaction analysis, the compounds with galactose and the side chain 

was directly linked were the most unsuitable ones. While the O/N linked and ester/amide linked 

side chain interacted well in case of 3-Atom spacer group and 2-atom aromatic as compared to 

the other two groups. With the structural information of compound MB46A containing a single 

carboxylic acid group in hand, obtaining information in parallel for compounds containing an 

aromatic ring was aimed. Especially with balanced contribution from both the electrostatics 

and the van der Waal’s component of binding free energy observed for the compounds in the 

2-Atom aromatic group may overall result in an equal gain in the binding affinity as for 

MB46A. Furthermore, adding an aromatic ring would balance the inherent high polarity of the 

galactose ring. The high polarity of compounds might interfere with their physiological update 

and thereby the biological effects.  

5.3.4 The designed compounds: MB61B and MB63N 

Developing the structure-activity relationship from the ligand design perspective is a 

crucial aspect towards progressing a design campaign. The successful design and experimental 

validation of its binding to galectin-8N with its binding affinity close to that of a disaccharide 

is very promising and warrants further structure-activity exploration. Therefore, the 
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contribution of the carboxylic acid group in MB46A towards the observed binding was 

investigated. MD simulation results revealed that an aromatic ring could be accommodated 

well in the binding site onto the 3´-position of the galactose in place of the carboxylic acid 

group, to retain overall binding strength. The simulation results indicated that ester linker 

containing molecules interacted with the binding site well, as observed from their estimated 

binding free energies (Table 5.1). Also, the results of 2-Atom aromatic group prompted for 

exploring aromatic substitution on to galactose (Figure 5.10). Two galactose-based ligands 

with either benzoyl (MB61B) or napthoyl (MB63N) group at the 3´-position (Figure 5.11) were 

synthesised considering mainly the synthetic feasibility. These aromatic rings are attached to 

galactose via an ester linkage. These molecules evaluated for binding to galectin-8N by MD 

simulations, ITC and surface plasmon resonance.  

The estimated binding free energy from MMPSA revealed identical enthalpies for 

MB61B and MB63N, suggesting no particular interactions gained from the additional aromatic 

ring in MB63N. There was an obvious decrease in the electrostatic component between the 

aromatic compounds and MB46A due to the lack of carboxylic acid group. However, there is 

some gain in the van der Waal’s component noted for MB61B and MB63N. The availability 

of 3-hydroxy per protected galactose and relative ease with which bezoyl/napthoyl chlorides 

could be coupled at 3-position, MB61B and MB63N were conceived for experimental 

investigations 

 
Figure 5.11: Chemical structure of the compounds MB61B and MB63N synthesised along with the previously 
designed compound MB64A. 
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5.3.5 Isothermal titration calorimetry (ITC) 

 
Figure 5.12: Isotherm for comparison of baseline during the titration of MB61B into galectin-8N with 200 s as 
ligand injection interval. a) 1 mM MB61B titrated in 2.5 μL aliquots into 200 μM protein in PBS; b) 0.8 mM 
MB61B titrated in 2.0 μL aliquots into 200 μM protein in PBS. Note the variation in the baseline. 

 

ITC was used to determine the binding affinity of MB61B and MB63N towards 

galectin-8N. Lactose was used as positive control for the experiment. The titration of 1 mM 

lactose into 200 μM galectin-8N in PBS resulted with a binding affinity of 136 μM (Chapter 

4). Due to the less aqueous solubility of MB61B, 100 mM ligand stock was prepared in 100 % 

DMSO, and 1 mM ligand was titrated containing a total of 5 % DMSO. A similar concentration 

of DMSO was maintained in the protein sample as well to compensate the heat of dilutions. 

The titration of MB61B in galectin-8N resulted in heat generation but with a significantly 

disturbed baseline, due to heavy precipitation upon titration in the calorimeter cell (Figure 

5.12). The buffer change to Tris buffer saline (TBS) with similar concentrations of protein and 

ligand resulted in only fine precipitation and relatively stable baseline (Figure 5.12a). 

Therefore, various components in phosphate buffer saline with varying water solubility were 

found to be causing the precipitation. Despite having reasonable titration curves for protein-

ligand titration, the buffer change to TBS led to the high heat of dilution observed in the blank 

titration. This heat was overpowering the heat generated from protein-ligand titration 

experiment, while the observed heat in the blank titration of lactose was much lower (Figure 

5.13). Few things could be tried to resolve the issue, such as reducing the DMSO concentration 

and varying the protein and ligand concentrations to overall gain the heat changes. However, 

due to the challenges faced with the binding affinity determination by ITC, another approach 

to determine the binding affinities of the designed ligands was employed. 
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Figure 5.13: Isotherms for comparison of heats generated during protein-ligand (top; maroon) and protein-buffer 
(bottom; green/blue) titration. a) 1 mM MB61B titrated into 200 μM galectin-8N and b) titration of 1 mM lactose 
into 200 μM galectin-8N. Note the Y-axis for the two blanks (bottom) for a and b. 
 

5.3.6 Surface Plasmon Resonance (SPR) 

SPR is a phenomenon that occurs when a polarised light strikes an electrically 

conducting surface at the junction of two systems. The GE Healthcare SPR system allows for 

detection of biomolecular interactions. These interactions are measured on a removable sensor 

chip by the detector. The sensor surface is made up of a glass slide coated with electrically 

conducting gold film attached to dextran matrix. The protein of interest is covalently attached 

to the dextran through an amide linkage. The carboxymethyl groups on dextran are activated 

by 0.2 M EDC and 0.05 M NHS to obtain reactive succinimide ester that spontaneously reacts 

with the free amine group on the protein surface, thereby causing direct immobilisation. The 

ligands under investigation are injected over the immobilised protein. SPR causes a reduction 

in the intensity of light reflected at a specific SPR angle from the glass slide of the sensor 

surface. The change in the refractive index upon ligand binding causes an alteration in the angle 

of reflection which is displayed in the sensogram.  
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Figure 5.14: a) The pre-concentration scouting results for determination of optimum conditions for coupling 
galectin-8N to the chip surface. b) Sensogram for immobilisation of galectin-8N through amine coupling, 
illustrating the response units generated upon activation of carboxymethyl groups of dextran and amine coupling 
of galectin-8N. 
 

The GE recommended pH for immobilisation of proteins is 5.0. However, the effect of 

lower pH values on the binding of the protein to chip surface was assessed in the pre-

concentration scouting experiment. The magnitude and nature of response were analysed for 

injection of galectin-8N on the non-activated chip surface. A very low response unit (10-20 

RU) was noted for the dilute protein sample (~20-40 μg/mL) which then prompted for 

increasing the protein concentration (not shown in sensogram). There were no irregularities in 
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the sensogram noted for the galectin-8N (200 μg/mL) in TBS buffer at pH 4.5 and 5.0 (pI of 

galectin-8N is 8.1), that produced a response of 20,000-30,000 units (Figure 5.14). The pre-

concentration condition at pH 4.5 was chosen for immobilisation although pH 5.0 coupling 

condition could also be used as enough response (suggested by GE) was recorded in both 

conditions. About 10,000 RU of galectin-8N was immobilised on the flow cell 2 (FC2) of the 

CM5 chip with flow cell 1 (FC1) being the reference cell (Figure 5.14). 

 
Figure 5.15: Binding level screen to examine binding of the designed ligands (Lig1-MB61B in red and Lig2-
MB63N in green) towards immobilised galectin-8N at 1 mM concentration and 30 sec dissociation time. 
 

Initially, a quick screening was performed to assess qualitatively whether the designed 

ligands were binding to galectin-8N. This binding screen was carried out at 1 mM ligand 

concentration and 30 seconds of dissociation time. The resulting curved sensograms (7.8-125 

μM) indicated the association and dissociation behaviour and thereby binding of MB61B and 

MB63N to galectin-8N (Figure 5.15). However, the dissociation of the ligand was incomplete 

as noticed from the sensogram not reaching the baseline after the provided contact time, 

particularly noted at higher ligand concentrations (0.5 – 2 mM). Furthermore, the RU noted for 

both ligands were in the range of 200-1000 which is much higher than the calculated theoretical 

Rmax of ~120-140 RU (Figure 5.15). This behaviour could be due ligand aggregating onto itself 

in the binding site or binding at multiple sites on the protein (super stoichiometric binding) or 
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very high concentrations of ligand or perhaps insufficient dissociation time. During the method 

development stage, these factors were further assessed. 

 
Figure 5.16: Binding sensogram for MB61B (lig1) and MB63N (lig2) at a wider 2 mM to 7.8 μM concentration 
window. 
 

The single cycle kinetics experiments were designed to determine the working 

concentration range and the dissociation constant for the ligands. For all the experiments, the 

response recorded on FC1 (the reference cell) with no immobilised galectin-8N, was subtracted 

from the actual response sensogram from FC2 (reference corrected). Further, due to low 

aqueous solubility, 5 % DMSO was supplied both in the sample preparation and the running 

buffer PBS. For this reason, a solvent correction curve was prepared by injecting a varying 

amount of DMSO (3-8% DMSO range) in the buffer and was subtracted from the reference 

corrected sensogram (double reference corrected) before analysis. Performing a solvent 

correction is critical as it removes the bias introduced in the sensogram by the DMSO. A 

broader concentration of 2 mM to 7.8 μM ligands were injected onto the immobilised galectin-

8N. The RUs recorded for the first three injections (7.8, 31.2, 125 μM) were incremental but 

fit of data to a steady state affinity model was unsuccessful. This was due to the unusually high 

response (up to 200 RU) recorded for the last two concentrations where the non-zero baseline 

was not achieved at the end of sample injection (Figure 5.16). One reason for such a higher 

response (last two injections) could be due to the higher ligand concentrations that are causing 
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the ligands to stick to the chip surface. Therefore, the working ligand concentration was 

lowered to a micromolar concentration range (0.7 - 200 μM) for all the following experiments.  

 
Figure 5.17: Binding sensogram for triplicate injection of MB61B (a) and MB63N (b) at a narrow concentration 
window of 200 μM to 0.78 μM. 
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However, the highest concentration injection again leads to a relatively increased 

response (in comparison with other concentrations) and a similar baseline behaviour to 

previous SPR run was noted (Figure 5.17). Surprisingly, the binding sensogram of MB61B at 

200 μM concentration appeared to be through a two-step binding mechanism, which however 

is not possible particularly due to smaller ligand size and solvent exposed binding site. The 

observed unusual response may be associated with the overall loss of activity of galectin-8N 

upon storage for a few days. Another reason for the loss of activity of protein could be due to 

the method of immobilisation. The presence of a few positively charged residue in the galectin-

8N binding site may also involve in the amide bond formation during immobilisation and result 

in loss of activity of protein. The storage conditions suggested by the manufacturer might also 

be not suitable for galectin-8N. This overall would interfere with galectin-8N’s ability to 

interact with ligands leading to unusual peaks in the sensogram.  

Therefore, a fresh batch of protein was immobilised on the unused flow cell on the same 

chip. The flow cell 4 (FC4) was used to immobilise the fresh protein, and the flow cell 3 (FC3) 

was used as the reference cell. The previously used ligand concentration range was used for 

this experiment to assess whether the condition of the protein was responsible for the previous 

results. Interestingly, during this run, the highest ligand concentrations produced expected 

typical responses (Figure 5.18), unlike to the previously obtained responses with old protein 

(Figure 5.16). A triplicate of the obtained data was fitted into a steady state affinity model to 

determine the average dissociation constants. The affinity of lactose was determined to be 76.6 

μM which is in agreement with the previously reported affinity (79 μM) by SPR, although the 

authors have to use GST-tagged galectin-8N as opposed to our analysis on the untagged protein 

[42]. The variation in binding affinity based on the method employed was also evident from 

our ITC data determining the affinity of lactose (Chapter 4) to be 136 μM, as compared to 76.6 

μM affinity determined by SPR. The average binding affinity determined from a triplicate run 

for MB61B and MB63N were 123.6 μM and 124.4 μM respectively.  
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Figure 5.18: The optimised binding sensogram (in triplicate) for MB61B (a) and MB63N (b) that was fitted into 
the steady state model to obtain the dissociation constants. 
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5.3.7 Binding mode and interactions 

 
Figure 5.19: The snapshots from the MD simulation of the in silico generated galectin-8N-MB61B (on top; a, b) 
and galectin-8N-MB63N (at bottom; c and d) complexes at the start (a and c) and end (b and d) of MD simulations 

 

Having determined the affinity values by SPR, the binding mode and interaction of the 

designed ligands (MB61B and MB63N) were placed in the galectin-8N primary binding site 

were analysed through 100 ns MD simulation. Overall, both ligands were retained in the 

binding site for the duration of simulation, where the galactose ring occupied the primary 

binding site. The hydrogen bonding interactions noted for the galactose ring of both MB61B 

and MB63N were mostly identical to those made by previously designed MB46A. The 

interactions include hydrogen bonds between the O4 and Arg45 and His65; O6 and Glu89 and 

Asn79 and van der Waal’s type interactions upon stacking with the evolutionarily conserved 

Trp86 (Figure 5.17). The additional carbonyl group of the linker in MB61B occasionally 

engaged in hydrogen bond (30 % occupancy) with the unique Arg59. While in the case of 

MB63N simulation, the hydrogen bond with Arg59 was not observed. This difference in 

interaction pattern for galectin-8N-MB63N complex may be due to increased bulkiness (Figure 
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5.17). The aromatic ring in both the ligands was placed towards the extended binding site. The 

benzene ring in MB61B is placed over the Gln47 and gets involved partly in π-π type 

interactions with Tyr141 (Figure 5.18 and Figure 5.20). The side chain of Tyr141 experience a 

flip during simulation and gets involved in T-type interactions with the aromatic ring of 

MB61B (Figure 5.17b). However, in case of MB63N the ligand experience about 180ᵒ flip after 

about 1.5 ns. This flip causes the napthyl ring to be placed over the strand S5 between the 

residues Arg69, Cys75 and Ile91. This at the end of 90 ns flips back to the initial position, 

indicating its likeliness to interact with galectin-8N. The bulky aromatic system in MB61N 

appeared to be not well accommodated like the phenyl ring of MB61B and therefore may 

experience the flipping. This is also evident from the comparable enthalpy estimated for 

MB61B (-36.5 kcal/mol) and MB63N (-36.6 kcal/mol) from our MMPBSA analysis (Table 

5.1). In addition, no difference in binding affinity determined by SPR for MB61B and MB63N 

corroborates with the simulation results and estimated binding free energies. Having observed 

good agreement between our simulation predicted conformation and interactions in Chapter 4, 

it is anticipated that the results from the MD simulations presented here would potentially 

reflect the experimentally observed binding conformation and placement. 

 
Figure 5.20: MD simulation snapshot of galectin-8N-MB61B complex depicting flipping of Tyr141 side chain 
and its interaction with the aromatic ring of the ligand. 
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5.4 Conclusions 

Employing a combination of theoretical and experimental methods is a more efficient 

way when designing ligands through either structure-based or ligand-based approaches. The 

high-performance computing resources, chemical synthesis and assessment of various 

biochemical aspects of binding in addition to structural biology proved to be of great value for 

the current project. Carrying forward the ligand design campaign started against the galectin-

8N, in this chapter, design and evaluation of two monosaccharide-based galactose-containing 

ligands was carried. The ligands in the present work contain an aromatic ring in place of the 

carboxylic acid group on the methyl galactose core. The wealth of information generated 

during structure-based virtual screening (in Chapter 3) for identifying non-carbohydrate-based 

binders of galectin-8N, was used to conceptualise the present work. The monosaccharide-based 

carboxylic acid-containing ligand designed in Chapter 4 formed the template for building the 

library of compounds.  

The designed ligands (MB61B and MB63N) with hydrophobic groups are much better 

from a pharmacokinetics perspective compared to MB46A. The replacement of the carboxylic 

acid group with the aromatic ring balances the overall polarity of the compound. These 

compounds therefore, stand a better chance to be absorbed from the gut if administered orally 

or may show better cell-to-cell penetration/cell permeability. However, the pharmacokinetics 

of MB46A can also be improved by generating a prodrug form of the free carboxylic acid 

group.  

Ligand selectivity is a critical aspect of any design campaign but needs to be modulated 

such that both the affinity and selectivity are balanced. In Chapter 4, a carboxylic acid ligand 

that exploited the unique residue Arg59 and Gln47 for interactions was designed. However, 

with ligands in the present work, a benzene or naphthalene ring was added through an ester 

linkage. With the ester linkage, the designed ligands are provided with additional flexibility by 

the carbonyl group and therefore might not interact with the unique Arg59 like the carboxylic 

acid ligand. Nevertheless, the aromatic ring of these ligands is predicted to stack against the 

Arg45, which is positioned across from the unique Arg59, and possibly involves in cation-π 

type interactions. However, our SPR and MD analysis revealed that larger aromatic systems 

than benzyl at the 3-position through ester linkage might not have much advantage. The benzyl 

ring was noted to explore another unique residue Tyr141 in the extended binding site, while 

napthyl ring at the same position was less likely to interact with Tyr141.  
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Presently, the ligands designed are towards the galectin-8N, but the possibility of their 

interactions with the galectin-8C also exists (future experiments; Chapter 6). Because the 

designed ligands are based on monosaccharide galactose core with aromatic rings may be 

accommodated in the galectin-8C binding site. The corresponding residues to Arg45 and 

Tyr141 in galectin-8C are Ser and Asn. The investigation of binding of the designed ligands to 

the galectin-8C potentially forms the basis for future work. However, their contribution to 

overall binding affinity might not be strong as compared to that in galectin-8N. Furthermore, 

the presence of the unique Arg59 in the galectin-8N binding site would also play a critical role 

in binding of these ligands.  

In summary, a successful application of theoretical and experimental methods was 

demonstrated towards the design and development of ligands targeting galectin-8N. Through 

this study, it was demonstrated that computational techniques can be employed to generate the 

ligand design hypothesis which after rigorous computational analysis led to identification of 

potential lead molecules. Taking the polarity changes in to prior consideration, more efficient 

ligands were designed, this furthermore eased the overall handling of these compounds during 

chemical synthesis and purification. Unlike MB46A, compounds in this project required 

DMSO for enhancing their aqueous solubility. The binding affinity of MB61B and MB63N 

was relatively lower in comparison to lactose than almost identical affinity noted for MB46A. 

However, the relatively decreased binding affinity and lowered aqueous solubility is acceptable 

given the gained pharmacokinetics benefits through the aromatic ring. Therefore, it is critical 

to consider all the ligand development aspects and implement during the design process to 

efficiently carry out a design campaign. 
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5.5 Appendix 

5.5.1 MMPBSA preparation script  

5.5.1.1 tleap.in 

set default PBradii mbondi2 
source leaprc.ff99SBildn 
source leaprc.gaff 
REC = loadpdb 3AP6-md.pdb 
lig = loadmol2 5_bcc_gaff.mol2 
COM = combine {REC lig}  
saveamberparm REC prot.prmtop prot.inpcrd 
saveamberparm lig lig.prmtop lig.inpcrd 
saveamberparm COM com.prmtop com.inpcrd 
quit 
 
 
5.5.1.2 mmpbsa.in [GBSA and normal mode analysis] 

Input file for running PB and GB in serial 
&general 
   endframe=100, keep_files=1, 
/ 
&gb 
  igb=2, saltcon=0.100, 
/ 
&nmode 
 nmstartframe=1, nmendframe=100, nminterval=10 
 maxcyc=50000, drms=0.0001  
/ 
 
5.5.1.3 mmpbsa.in [PBSA] 

Input file for running PB and GB in serial 
&general 
   endframe=100, keep_files=1, 
/ 
&pb 
  istrng=0.100, 

5.5.1.4 Submit_pbsa.sh 

#!/bin/bash -l 
 
#PBS -N nm-gal005 
#PBS -l walltime=60:00:00 
### Number of nodes:Number of CPUs:Number of threads per node 
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#PBS -l select=1:ncpus=4:mem=1g:mpiprocs=4 
## The number of nodes is given by the select =<NUM > above 
NODES=1 
##$PBS_NODEFILE is a node-list file created with select and mpiprocs 
options by PBS 
### The number of MPI processes available is mpiprocs * nodes 
NPROCS=4 
# This job's working directory 
echo "Working directory is $PBS_O_WORKDIR" 
cd $PBS_O_WORKDIR 
source $HOME/.bashrc 
module load amber/12-modified 
echo "Starting job" 
echo Running on host `hostname` 
echo Time is `date` 
echo Directory is `pwd` 
#echo This jobs runs on the following processors: 
echo `cat $PBS_NODEFILE` 
 
MMPBSA.py -O -i mmpbsa.in -o FINAL_RESULTS_MMPBSA.dat -cp com.prmtop 
-rp prot.prmtop -lp lig.prmtop  -y traj_100.mdcrd 
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5.5.2 Spectral data  
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Methyl 2-O-Methoxymethyl-3-O-benzoyl-4,6-O-benzilidene-β-D-galactopyranoside (5) 
 

1H NMR 

 

 

13C NMR 
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1H-1H COSY 

 

 

1H-13C HSQC [short range] 
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Methyl 3-O-benzoyl-β-D-galactopyranoside (MB61B) 
 

1H NMR 

 

 

13C NMR 
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1H-1H COSY 

 

 

1H-13C HSQC [short range] 
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Methyl 2-O-Methoxymethyl-3-O-napthoyl-4,6-O-benzilidene-β-D-galactopyranoside (7) 
 

1H NMR 

 

 
13C NMR 
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1H-13C HSQC [short range] 



 
174 

Methyl 3-O-napthoyl-β-D-galactopyranoside (MB63N) 
 

1H NMR 

 

 
13C NMR 
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1H-1H COSY 

 

 
1H-13C HSQC [short range] 
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5.5.3 FDA Drug fragment 

The compounds purchased during structure-based virtual screening analysis were 

examined through STD NMR for binding to galectin-8N. However, as different methods show 

varying results, those compounds can also be tested for binding to galectin-8N using a different 

method such as SPR or ITC. The FDA drug PMT was one of the most promising compounds 

among all the molecules evaluated, mainly because of its two carboxylic acid groups displayed 

the ability to cross-link the Arg45 and Arg59 in the galectin-8N binding site. However, soaking 

of PMT into the apo galectin-8N crystals was unsuccessful, and neither did it show binding in 

our STD experiments. Potentially the bulky aromatic rings (pyrrolopyrimidine ring system) in 

PMT could be interfering with binding, and therefore no binding for PMT in our STD 

experiments was detected.  

The fragment of PMT (PMT-frag) only contains the aliphatic carboxylic acid side chain 

amide linked to the phenyl ring, is commercially available (Figure 6.3). These carboxylic acid 

groups were of interest as during the simulation of the galectin-8N-PMT complex they could 

cross-link Arg59 and Arg45. During the SPR experiments conducted for evaluating binding of 

MB61B and MB63N, this fragment was also included to investigate its binding to galectin-8N. 

Interestingly, the curvy binding pattern of the sensogram revealed binding of PMT-frag to 

galectin-8N, however, preliminary data was fitted into steady state model to obtain 0.86 mM 

affinity. Further optimisation of the assay protocol is required to derive precise binding affinity. 

Similarly, SPR based binding screening can also be performed, in addition to STD NMR, for 

the purchased compounds (Chapter 3), to further investigate the binding of non-carbohydrate 

compounds towards galectin-8N.  

 
Figure 5.21: Structure of FDA drug PMT with yellow highlighted section showing the structure of purchased 
FDA fragment. 
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Summary and Conclusions 
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In this research thesis, a combination of theoretical and experimental techniques has 

been employed to perform structure-based ligand design targeting galectin-8. This tandem-

repeat lectin is involved in various biological processes such as cell adhesion, cell growth, cell 

migration, immunomodulation, autoimmunity, inflammation cancer and bone remodelling 

process. The modulation of bone remodelling process via inducing expression of RANKL 

mediated through ERK signalling pathway can be a potential new approach to tackle diseases 

associated with bone-loss. Structure-based approaches including molecular modelling, X-ray 

crystallography and biophysical techniques were employed to design, develop and evaluate 

binders of galectin-8. All the biological assays evaluating the inhibitory potential of the ligands 

towards galectin-8 are performed by our collaborator Professor Yehiel Zick (Weizmann 

Institute of Science, Israel). 

 The ligand design campaign was initiated by investigating the galectin-8N binding site 

residues for governing specificity in recognising human milk glycans. These glycans included 

the tetrasaccharides LNT and LNnT, which differs only in the glycosidic linkage between the 

non-reducing end disaccharide. However, regarding the affinity towards galectin-8N, they 

exhibit a ten-fold difference, a magnitude not observed with any other galectins. Our crystal 

structures revealed for the first time the non-reducing end disaccharide part of the 

tetrasaccharide LNT was occupying the primary binding site. In addition to these novel 

findings, our MD simulations provided the justification towards observing a unique binding 

mode, and Tyr141 was noted to be governing the specificity in recognising larger 

oligosaccharides. The complex structure with glycerol further provided insight into minimum 

atomic feature required for binding to galectin-8N. Overall, the information generated was then 

employed towards designing novel inhibitors of galectin-8. 

 Identification of novel non-carbohydrate-based ligands was initially aimed through 

structure-based virtual screening using a series of molecular docking and molecular dynamics 

simulations to filter a library of small molecules rationally. The purchased top fraction of 

compounds did not soak in the apo galectin-8N crystals as determined from the crystal 

structures and did not bind to galectin-8N in our STD NMR experiments. However, the 

simulation results of a purchased FDA drug attracted our attention due to its two carboxylic 

acid groups simultaneously engaging Arg45 and Arg59 in interaction. Exploring these 

arginines for interaction can prove to be very crucial from specificity perspective since Arg59 

is the unique residue not found in any galectins while Arg45 is found only in few galectins. 

Challenges were encountered in dealing with computational methods to work on target like 

galectin-8N which has solvent exposed shallow binding site, for identifying non-carbohydrate 



 
179 

ligands. Based on these findings, the native ligand core (galactose) was employed to perform 

modifications, particularly on the 3′-position towards the extended binding site. 

 Taken together our results and those previously published, mimicking the interaction 

of the galactose ring and the carboxylic acid part of the 3′-O-sialylated lactose, a ligand that is 

preferentially recognised by the galectin-8N, was aimed. Methyl 3-O-[1-carboxyehtyl]-β-D-

galactopyranoside (6; MB46A) was then designed to exploit both the evolutionarily conserved 

and the unique amino acid residues in the binding site for interactions. MB46A was synthesised 

and shown to bind with 139 μM affinity (from ITC). The crystal structure revealed the galactose 

ring stacked against the evolutionarily conserved tryptophan (Trp86), and the carboxylic acid 

interacted with the Arg59. Following this successful design, MD simulation based structure-

activity relationship study was undertaken to identify other possible modification that can be 

performed on the galactose core. The simulations suggested that replacing the carboxylic acid 

with an aromatic ring would also result in a similar affinity gain. Subsequently, the carboxylic 

acid group of MB46A was replaced with the benzoyl (MB61B) and napthoyl (MB63N) rings 

and the observed binding affinities were 123.6 μM and 124.4 μM (by SPR). The identical 

affinity for both the ligand indicated no particular gain in the affinity with additional aromatic 

ring (in MB63N ligand). These ligands are under in vitro investigations by our collaborator 

(Prof. Yehiel Zick, Weizmann Institute of Science, Rehovot, Israel), who are assessing 

decrease in the RANKL expression upon ligand treatment in galectin-8 treated osteoblasts. A 

successful design and evaluation of monosaccharide-based ligands modified with either 

propionic acid side chain ether linked or ester linked benzoyl or napthoyl groups on the 3´-

position of methyl galactose was thus carried out. Overall, reflecting upon an efficient 

structure-based campaign employed towards design and developing potential inhibitors of 

galectin-8.  

 Galectins are the evolutionarily conserved class of lectin found in all forms of living 

organism performing various biological functions. Galectin-8 is involved in various metabolic 

and disease states, of interest was its ability to modulate bone remodeling process. To this end, 

structure-based approaches were employed to design and develop inhibitors of galectin-8 that 

can potentially work in in vitro and in vivo set up. With the apparent increase in the functional 

spectrum of galectin-8, our inhibitor design project is the first report of molecules specifically 

designed targeting galectin-8. The computational techniques in combination with X-ray 

crystallography employed in the project have provided valuable insight into the interaction of 

the designed inhibitors with galectin-8N. Further, these ligands would also form an excellent 

template for future ligand optimisations to improve upon the potency and specificity towards 
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galectin-8. The results generated are hoped to contribute to the ongoing galectin inhibitor 

design area and more so would usher the way towards finding novel approaches tackling 

diseases associated with bone-loss. 
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