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ABSTRACT 
 

 

Galectins, or galactose binding proteins, are widely distributed in nature from sponges 

to humans and are defined by highly conserved carbohydrate recognition domains (CRDs). Up 

to now, 15 mammalian galectins have been identified, 12 of which are in humans. Galectins 

are found in both intracellular and extracellular environments and participate in vital biological 

processes such as cell growth, cell adhesion and signal transduction. The multiple functions of 

galectins, in particular as mediators of cell-cell and cell-matrix interactions, have been 

correlated to several physiological and pathological diseases containing cancer metastasis, 

angiogenesis, inflammation, immune response, bacterial and viral infections. This study aims 

to investigate two human galectins, galectin-8 and galectin-9, which can simultaneously bind 

two different carbohydrates through two distinct CRDs and are therefore called "tandem 

repeat" type galectins. The two CRDs in galectin-8 and galectin-9 are associated by a peptide 

linker of variable length showing high flexibility and protease susceptibility that make these 

proteins challenging for in vitro studies.  

 

To probe the molecular basis of galectin-8 and galectin-9 function in glycan ligand 

recognition, the work enclosed within this dissertation presents the recombinant expression of 

galectin-8 and galectin-9 in their native forms as the full-length protein isoforms called 

galectin-8M (medium isoform), galectin-8L (long isoform), and galectin-9M (medium 

isoform) as well as single N- and C-CRDs named galectin-8N, galectin-8C, galectin-9N and 

galectin-9C. Characterisation of the expressed proteins revealed for the first time different 

dimerisation states for two galectin-8 isoforms: galectin-8L’s high tendency to self-associate, 

while galectin-8M is found primarily in the monomeric form. For individual CRDs, galectin-

8C indicated the disulfide-dependent dimeric form and galectin-8N partially formed tetrameric 

structure. The biochemical and biophysical assessments also revealed that galectin-9M forms 

a dimeric in addition to monomeric and partially turn to either trimeric or tetrameric structure. 

This very distinct tendency to form oligomers among recombinant galectins could affect the 

proteins’ capacity to bind glycans as well as to engage in cross-networking on the cell surface.   

 

For this purpose, a N-acetylneuraminic acid derivative with the biological relevant α-
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configuration (Methyl α-glycoside of Neu5Ac, Neu5Acα2Me) was analysed in complex with 

recombinant galectins. Structural and binding analytical investigations using various 

biophysical and computational methods revealed that Neu5Acα2Me binds to galectin-8N in a 

distinct conformation compared to 3'-Sialyllactose (3'SL), whilst maintaining essential Arg59-

carboxylic acid interaction. The position of OMe-aglycon moiety of Neu5Acα2Me differed 

significantly compared to 3’SL that opens a new pathway for structure-guided inhibitor design. 

The thesis further showed for the first time that galectin-8L’s self-association predominantly 

occurs via N-CRD with picomolar affinity. The dimerisation of galectin-8L was found to 

completely block the binding to Neu5Acα2Me. This suggests that the protein self-association 

occurs in close proximity to the Neu5Acα2Me binding site of the N-CRD domain. Galectin-

9M binding to Neu5Acα2Me occurred via its C-CRD domain and at much lower affinity 

compared to galectin-8M’s N-CRD binding to Neu5Acα2Me. In addition, it was found that 

Neu5Acα2Me has the ability to inhibit human erythrocyte agglutination in the presence of 

either galectin-8M or galectin-8N. This result is of significant importance for designing lectin-

based inhibitors in human’s cancer use. 

 

Overall, the outcomes of this research thesis have contributed to achieve an in-depth 

understanding of galectin-8 and galectin-9 proteins, both in the form of full-length isoforms 

and single CRD domains. Furthermore, this thesis provides novel insights of galectins’ ability 

to oligomerise, influencing binding capacity, and engage in cross-network interactions. 

Structural and functional studies contributed to a comprehensive view of the binding of 

Neu5Acα2Me to galectins. Remarkably, the particular ability of galectin-8 protein in 

interaction with Neu5Acα2Me uncovered an important binding event and enable researchers 

to move towards a specific inhibitor design from neuraminic acid-based molecule targeting 

galectin-8 in cancer disease.  
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CHAPTER 1 

 

1. Literature Review  

1.1.  Lectins 

Proteins that interact with carbohydrates in a non-covalent manner exist widely in nature; these 

proteins were introduced as lectins and formed a significant part of natural science research [1, 

2]. The origin of the word "lectin" is derived from a Latin term; Legere, which means "to select" 

and displays carbohydrate binding proteins or glycoproteins from the non-immune basis, and 

offered by William Boyd in 1954 [3, 4].  

 

The specific recognition and reversible binding of carbohydrates by lectins have made them 

ideal candidates to study glycoprotein structure and function in normal cellular processes as 

well as different diseases [5-8]. Moreover, numerous studies have reported various biomedical 

applications of lectins [8] such as antiviral [9], antifungal [10, 11], anti-inst [12, 13] and anti-

cancer agents [14]. One such family of lectins, known as galectins, play essential roles in 

humans for both in normal and disease states. 

 

1.2. Galectins 

1.2.1. Definition & Function  

Galectins are a family of lectins defined by their evolutionarily conserved carbohydrate 

recognition domains (CRDs) and affinity for β-galactoside-containing glycans [15]. The first 

galectins were characterised in the 1970s as galactoside-binding lectins [16], also known as "S-

type lectins", named for the free cysteine residues present in the CRD of some galectins such 

as galectin-1. [17-19]. Since this group of lectins preferably bind galactose in a β-linkage to 

the unit of N-acetyllactosamine (Galβ1,4GlcNAc; LacNAc) (Figure 1.1), the family was named 

galectins in 1994 [15, 20, 21].  
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infection [43] and heart failure [44]. It is, therefore, a necessity to figure out each galectin 

behaviour in cellular and pathophysiological processes in both disease and non-disease states 

[37, 45]. Meanwhile, it has inspired the search for galectins as potential biomarkers or drug 

targeting through galectin inhibitors at diseases states [45].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Schematic diagram of galectins’ biological function. Different types of galectins 

contribute to cell-cell, cell-ECM interactions and signal transductions via recognition of 

different glycans [31, 32]. The image was made using Rhino3D modelling software V.6. 

 

1.2.2. Structure & Domain Organisation 

Galectins are identified by a carbohydrate recognition domain (CRD), which possess a 

conserved region of 130-150 amino acids, specific for glycan ligand binding [15, 46]. Based 

on the number and organisation of the CRDs, galectins are divided into three types: (i) 

prototype, (ii) chimera type and (iii) tandem repeat type (Figure 1.3) [7, 15, 17, 22, 23]. 

 

(i) The prototype galectins; galectin-1, -2, -5, -7, -10, -11, -13, -14, -15, consist of a single CRD 

and are generally found in a homodimeric form (Figure 1.3a). The backside of the CRD forms 

a non-covalent homodimeric structure. The carbohydrate binding site is located at the end far 

of each monomer (Figure 1.3a) [7, 15, 21, 23, 47].   
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(ii) The chimera type galectin; galectin- 3 as the sole representative of this group, contains one 

CRD at its C-terminal linked to an extended N-terminal domain (Figure 1.3b). The N-terminal 

domain contains 110-130 amino acids with the rare proline (Pro)-glycine (Gly)-rich motifs. 

This domain is not directly involved in an interaction with oligosaccharides, but its contribution 

to galectin-3 biological functions has been reported [21]. In chimera type, a dimeric or 

multimeric form is made by N-terminal domain interactions (Figure 1.3b) [15, 21, 23, 50-52].  

 

(iii) The tandem repeat type or bivalent galectins; galectin-4, -6, -8, -9, -12, comprise two 

distinct CRDs joined by a polypeptide linker of variable length (Figure 1.3c). The two CRDs 

while sharing 40% homology, recognise different glycan ligands, which differentiate this group 

from other galectin types [15, 21-23]. The oligomerisation of bivalent galectins occurs through 

the CRDs binding (Figure 1.3c). The non-conserved peptide linker is another distinct feature 

of bivalent galectins; which does not appear to be involved in direct interaction with glycans, 

but it appears to have the impact on the biological activity and multimerisation of the galectin 

CRDs (Figure 1.3c) [53].  

 

Furthermore, the varying length of the linker domain is formed by alternative splicing of the 

RNA which encodes the linker peptide, thus resulting in different isoforms [54, 55]. While 

there are some reports on bivalent galectins isoforms at mRNA level and through 

immunohistochemical studies [56-61] but there is no enough evidence to evaluate/distinguish 

isoforms in terms of protein conformation, cross-interaction and binding abilities. The presence 

of the linker domain makes the galectin proteins susceptible to proteolysis and subsequently 

presents some difficulties for in vitro studies. So, the production of the protease-resistant 

mutant forms of galectin-8 and 9, replacing whole the linker domain with two amino acids of 

Met-His, has been the applied strategy to conduct in vitro experiments and structural studies 

[62]. 

 

1.2.3. Carbohydrate Binding Site 

Structurally, the galectins CRD of ~ 14 kDa, comprises two extended anti-parallel β-sheets 

made of five (F1-F5, convex face) and six (S1-S6a/b, concave face) β-strands that fold tightly 

into a sandwich-like structure (Figure 1.4a). The carbohydrate binding site is formed within 

the concave side of 6 strands, which is characterised by five subsites; A-E (Figure 1.4a) [21, 
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47, 63-65]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Structure and sequence of galectin carbohydrate recognition domain (CRD). (a) 

Ribbon structure of the galectin CRD with the bound ligand represented by galectin-3 (PDB 

ID: 2NMO) [66]. Two anti-parallel β-sheets (F1-F5 and S1-S6) from the β- sandwich form, 

labelled with black and white, respectively. Carbohydrate binding site forming on the concave 

face of S strands, represented by A-E subsites in red. The ligand, lactose, shown in stick (silver 

carbons and red oxygens). The image was made using Chimera V.1.8. software. (b) Multiple 

alignments of different human galectins (hgalectins) [67]; including highly conserved amino 

acids within carbohydrate binding site, at the primary binding site, shown in violet colour. For 

bivalent galectins: hgalectin-4, -8, -9 and -12, N and C-terminal CRDs were aligned as separate 

proteins labelled with N and C. The sequences were aligned using online multiple sequence 

alignment tools, Clustal Omega (Appendix A.1). 

a 

b 
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Within the CRD, there are seven/eight highly conserved amino acids among galectins, as a set 

of vital residues containing one histidine (His), tryptophan (Trp), glutamate (Glu), valine (Val), 

two asparagines (Asn), and two arginines (Arg) (Figure 1.4b). These conserved amino acids 

have been shown to be involved in LacNAc binding by hydrogen-bonds, electrostatic, and van 

der Waals interactions [15, 21, 47, 63, 64, 66-68]. These amino acid residues are termed as 

galectin sequence signature or common carbohydrate-binding cassette, which are located on 

S4, S5, and S6. The S4 and S5 are named subsites C and D corresponding the primary binding 

site (Figure 1.4a) [65, 69]. S6 as subsite E through interaction with reducing end of 

carbohydrates support subsite D [70].  

 

Other amino acids outside the core of the binding site, indicate a much less conserved sequence, 

which is different in the CRDs of various galectins [15, 17, 21, 71] and result in an extended 

binding site by recognition of different glycan ligands or larger oligosaccharides [17, 32, 72, 

73]. For this reason, various galectins display different affinity and specificity for 

carbohydrates. Subsites A and B (S2, S3) include non-conserved residues corresponding to the 

extended binding site (Figure 1.4a) [65, 69, 70].  

 

The loop regions are another critical area, which contributes to binding both typical and 

specific β-galactosides binding. Some of the loops have variable lengths among galectins, 

which give the unique binding features for different oligosaccharides. For instance, in galectin-

8 N-terminal CRD, a long S3-4 loop stretched by an inserted amino acid, Arg59, makes 

galectin-8 distinctive within the galectin family and enables the binding to sialylated or sulfated 

glycans [49, 74] whereas the S3-4 loop in galectin-9 N-terminal CRD contributes to interact 

with poly-LacNAc.  

 

Thus, the detection of vital amino acid residues and their function in ligand binding is a crucial 

step in the principal stage of structure-based inhibitor design for specific galectins.  
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1.3. Galectin-8 

1.3.1. Gene & Protein Isoform 

 As previously mentioned, galectin-8 belongs to the tandem repeat type of galectins, which 

possesses N-terminal and C-terminal CRDs, galectin-8N and galectin-8C CRD, hinged by a 

linker peptide [49, 75, 76]. 

 

In 1995, galectin-8 was firstly cloned from a rat liver cDNA library by Hadari Y.R. et al., 1995, 

[75]; a protein ~35 kDa with conserved sequence motifs in both CRDs, which share 38- 40% 

homology [75]. Human galectin-8 (hgalectin-8) was recognised in studies of tumour antigens.  

[77, 78]; the reported gene PCTA-1 was identified by screening a prostate cancer cDNA library 

with a monoclonal antibody (Pro 1.5 mAb) [77].  

 

The galectin-8 gene (LGALS8) located at the chromosome 1q42-43 [79] with a complicated 

transcriptional procedure, encodes numerous mRNAs by different alternative splicing resulting 

in seven isoforms; four of which encode for prototype and three of which encode for tandem 

repeat type [56, 76, 80]. The generation of both tandem repeat and prototype isoforms has made 

galectin-8 gene distinctive among other galectins. Nevertheless, prototype isoforms have not 

reported at the protein level [56]. 

 

The principal difference of isoforms at the protein level is determined by the length of a linker 

region and defined as galectin-8M (medium linker) and galectin-8L (long linker) [76]. It is 

expressed that galectin-8M is the standard isoform found in cellular processes compared to the 

long isoform, galectin-8L [34, 56, 76]. In the following, more studies are reviewed for finding 

differences of galectin-8 isoforms in both normal and cancer states.  

                                                                                                                                                           

The pairwise sequence alignment of human galectin-8M (hgalectin-8M) and galectin-8L 

(hgalectin-8L) (Figure 1.5) indicates the main difference between the peptide linkers of the two 

isoforms, is the size of 28 and 70 amino acids for medium and long isoform respectively. The 

N- and C-terminal domains contain the same sequence motifs in both isoforms, as shown in 

Figure 1.5. 
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Figure 1.5. Pairwise sequence alignment of human galectin-8 (hgalectin-8) isoforms; 

hgalectin-M and hgalectin-L. hgalectin-8M contains 317 amino acids (aa); 1-155 aa of N-CRD, 

184-317 aa of C-CRD, and 156 -183 aa of linker domain. hgalectin-8L includes 359 aa; 1-155 

aa of N-CRD, 226-359 aa of C-CRD, and 156-225 aa of linker domain. The motif structures 

highlighted in grey colour containing the highly conserved amino acids (red) for both N-

terminal and C-terminal CRDs in each isoform. The linker chain has a length of 28 aa (156-

183 aa) and 70 aa (156-225 aa) for hgalectin-8M and hgalectin-8L, respectively shown in blue, 

which indicates the difference between two isoforms. The sequences were aligned using online 

pairwise sequence alignment tools, Clustal Omega (Appendix A.2). 

 

As previously mentioned, the presence of a polypeptide linker in the tandem repeat galectins 

makes them susceptible to proteolysis [81]; thus difficult to use in in vitro assays. A mutant 

form of galectin-8 (galectin-8Null) was produced as a protease-resistant protein by changing 

the whole linker peptide to a dipeptide linker comprising His and Met amino acids [62]. This 

protease-resistant mutant was shown to keep its activity in neutrophil adhesion assay the same 

as wild type; it was suggested that the linker peptide might not be necessary for cell adhesion 

[62].  

 

On the other hands, some studies have implied that the importance of the linker peptide in 

galectin-8 biological activities; particularly cell adhesion and signalling or the galectin 
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multimerisation and lattice formation [58, 59, 61, 82]. The different behaviour of  galectin-8 

isoforms has been addressed to the peptide linker size influencing the protein binding activities 

[34, 56, 83, 84]. According to Friedel M. et al., 2016, it was shown the galectin-8 isoforms 

acted differentially in myeloma–endothelial cells interaction [84]. The distinct activity of 

galectin-8 isoforms has been addressed to the varied flexibility of each isoform in binding the 

complexes of carbohydrates [84, 85]. Moreover, the report by Si Y. et al., 2016, has identified 

the interaction of galectin-8 N-terminal CRD with some amino acids of the linker through 

structural studies [53]. Thus far, there is no information on how the linker size influences the 

overall protein configuration and subsequent binding of glycans. 

 

1.3.2. Structural Studies 

Structural studies on galectins alone (apo) and in complex with carbohydrates provide a piece 

of essential information regarding the protein structure-function relations [63, 86-88]. 

Understanding the three-dimensional features of galectins-ligands complexes aids in the 

development of structure-based inhibitors.  

 

To date, the reported three-dimensional structures for galectin-8 have been varied, particularly 

a single N-terminal CRD. Different x-ray crystal structures for galectin-8N CRD are accessible 

in complex with a group of carbohydrate ligands (PDB ID: 2YXS, 3VKO, 3AP4, 3AP6, 3AP7, 

3AP9, 5T71, 5T7S, 5T7T, 5T7U) as well as in apo form (PDB ID: 2YV8, 3VKN, 4BMB, 

4BME, 3AP5, 5GZC) [53, 74, 89]. For galectin-8C, only two structures for CRD have been 

solved; by NMR spectroscopy one without ligands (PDB ID: 2YRO) and in complex with 

NDP52 (PDB ID: 4GXL) [86, 87], and one structure using x-ray crystal in apo form (PDB ID: 

3OJB) [88]. 

 

Though there is not any three-dimensional structure for the full-length galectin-8 protein, one 

structure refers to both N-terminal and C-terminal CRDs within a single crystal structure. This 

is in either ligand-bound (PDB ID: 3VKL) (Figure 1.6) or without ligand (apo) form (PDB ID: 

4FQZ) [49, 90]. The x-ray crystal structure containing both domains was made possible by a 

protease-resistant mutant form of galectin-8 (galectin-8Null, 291 amino acids, 33.065 kDa), 

excluding the linker domain. The whole linker domain was replaced by two amino acids of His 
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and complex with potential ligands. 

 

1.3.3. Carbohydrate Binding Specificity 

The galectin-8N CRD and galectin-8C CRD share ~ 40% sequence identity, including the 

conserved sequence motifs, but they display different binding affinity to oligosaccharides [49, 

89, 91, 92]. This differences in the binding capacity to various glycan ligands can influence the 

biological features of each domain [85].  

 

Galectin-8N CRD generally recognises a broader range of glycans with a higher affinity than 

that of galectin-8C CRD [89]. The galectin-8N CRD displays a preferential affinity to 

sialylated and sulfated oligosaccharides (α2,3-sialylated and 3′-O-sulfated β-galactosides) [67, 

74, 91], while the galectin-8C CRD has an affinity to non-sialylated groups [67, 91] containing 

poly-LacNAc (poly-N-acetyllactosamine) and blood group antigens (BGA and BGB) glycans 

[68, 85, 91, 93].  

 

Both CRDs of galectin-8 include key residues in the core of binding site, which are highly 

conserved among galectins structure, containing His65, Asn67, Arg69, Val77, Asn80, Trp87, 

Glu89 and His229, Asn231, Arg233, Val240, Asn242, Trp249, Glu252, R254 for N-terminal 

and C-terminal CRDs respectively. The identical and other different critical residues, at 

primary and extended binding sites, between two CRDs have been shown in the sequence form 

at the Figure 1.7a and proteins structure at Figure 1.7b.  

 

In galectin-8N CRD, outside of the binding site, one unique amino acid, Arg59, located at S3-

S4 loop forms a specific feature to galectin-8 within galectins family and makes the S3-S4 loop 

longer than galectin-8C CRD. This amino acid, Arg59, has been shown to participate which 

participate in particular binding to sialic acid and sulfate containing glycans (Figure 1.7b) [74]. 

Arg59 is the vital residue with the highest affinity to 3'-Sialyllactose (3'SL), which recognises 

a carboxylic acid of Neu5Ac, and two other residues, Arg45 and Glu47 endorse the recognition 

process through holding the Neu5Ac at the correct position (Figure 1.8) [49, 74]. In addition 

of Arg45 and Glu47, other amino acids residues including Asp49, Ile91, Tyr141, located at 

extended binding sites (S2 and S3), contribute to different or larger carbohydrate recognition 

at galectin-8N CRD (Figure 1.7b) [89].  
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galectin-8C CRD [68]. 

 

1.3.4. Galectin-8 Importance 

1.3.4.1.  In Biological Function 

Galectin-8 is widely expressed in many tissues as well as tumour cells and has a variety of 

functions such as cell growth [27], cell (neutrophil) adhesion [27, 31, 95], and apoptosis [29, 

59]. The main role of human galectin-8 in cellular processes can be grouped into three main 

areas:  

 

(i) Cell adhesion: galectin-8 regulates the binding of the cells to other cells and extracellular 

matrix components. As a matrix protein, it induces cell adhesion by binding integrins [27, 31], 

or negatively modulates cell adhesion leading to apoptosis [29, 96]. This pro-adhesive or anti-

adhesive role of galectin-8 makes it act as an adhesion-modulating protein [32].  

 

(ii) Microbial infection: the affinity of galectin-8C CRD for blood group antigens enables the 

binding of galectin-8 to bacteria, which present blood group B mimetics on their surface. While 

present on the bacteria, galectin-8 provides an immunoprotective role for this bacterium [94]. 

Galectin-8 has also been shown to target damaged vesicles for autophagy in bacterial infections 

by interaction with the autophagy cargo receptor of NDP52 [97, 98].  

 

(iii) Immune system: galectin-8 has also been shown to contribute to the modulation of T-

lymphocytes activity by induction of apoptosis in Jurkat T cells and high CD4 and CD8 T-cells 

[59, 99-101]. It was shown that both N- and C-terminal CRDs of galectin-8 have roles in T 

cells proliferation. Galectin-8 in inflammation serves as a regulator in neutrophils, endothelial 

cells, and autoimmune diseases like rheumatoid arthritis (RA) [38, 82, 95, 102]. Galectin-8 

also interacts with the binding partner of coagulation factor V (FV) in platelets, which is critical 

for the coagulation process [103, 104]. 
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1.3.4.2.  In Cancer 

As previously mentioned, the first human galectin-8 was initially identified from a prostate 

cancer cDNA Library [77]. Since then, the mRNA profiling of human tumours from different 

61 cell lines, has shown that galectin-8 mRNA was expressed at significantly higher levels 

compared to the other 11 human galectins [105]. Further studies into galectin's concentration 

in serum between of healthy individuals and patients diagnosed with breast and colorectal 

cancer, implied that the level of galectin-8 is 31-fold higher in the cancer patients than healthy 

individuals [106-108]. It indicates that galectin-8 can be used as a potential biomarker for 

breast and colorectal cancer.  

 

Galectin-8 has been reported in over 29 tumour types, including neck, lung, breast, stomach 

and colon cancers [76]. The role of galectin-8 in the progression of each of these cancers varies, 

including angiogenesis [34], cell migration [109] and malignant transformation [110]. It has 

been shown that galectin-8 plays various roles in cancer and cancer progression: 

 

(i) In some studies, it has been reported that galectin-8 as a matricellular protein, interacts with 

distinct glycoproteins on the surface of cancer cells [31, 111]. These cancer cells contain the 

activated leukocyte cell adhesion molecule (ALCAM/CD166) or the TF epitope (Gal-β-

1,3GalNAc α-) disaccharide on cancer-associated MUC1 glycan, leading to cancer-endothelial 

adhesion [112].   

 

 (ii) Of further interest is the observation that galectin-8 as a mediator of cell-cell interactions, 

as it aids in adhesion of myeloma cells to the vascular endothelium [84]. It is evident that in 

the myeloma–endothelial interaction, galectin-8 CRDs cannot solely be responsible for the 

adhesion, thus showing the importance of protein structure to function [84].  

 

(iii) It has also been shown that galectin-8 has a pro-angiogenic effect in tumour angiogenesis 

[34, 109]; so in cancer, it promotes angiogenesis, however for in vitro studies, this has yet to 

be conclusively proven [84, 113]. 

 

(iv) Most recent findings have revealed that galectin-8 has a significant impact on bone 

osteoclastogenesis [114] and osteoarthritis (OA) pathogenesis [115]. Vinik Y. et al., 2016, 
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found that galectin-8 increases the expression of RANKL protein, a main osteoclastogenic 

factor, resulting in bone mass loss [114]. Weinmann D. et al., 2018, showed that galectin-8 

promotes cartilage degeneration and contributes to the progression of osteoarthritis through 

network connections with homodimeric galectin-1 and chimeric galectin-3 [115]. 

 

Due to the importance of galectin-8 in cancer cells and tumour progression, there is potential 

for exploiting the potency of galectin-8 in cancer diagnosis and treatment. As such, galectin-8 

is a prospective candidate for drug targeting through developing specific inhibitors in cancer 

and bone diseases, including osteoporosis and bone cancer. 

 

1.4. Galectin-9 

1.4.1. Gene & Protein Isoform 

Galectin-9, similar to galectin-8, is the member of tandem repeat subfamily of galectins 

containing N- and C-terminal CRDs joined by a peptide linker [15]. Galectin-9 is an 

approximate 39 kD protein encoding by LGALS9 gene located on chromosome 17 (q11.2), 

which consists of 11 exons [116, 117]. It was initially identified as an auto-antigen in cancer 

of the immune system; Hodgkin's lymphoma disease [118]. 

 

The peptide linker length in galectin-9 is adjusted at the transcriptional level by extensive 

splicing of exon 5 and exon 6 leading to three isoforms named galectin-9L (long isoform), 

galectin-9M (medium isoform with lack of exon 5, Δ5) and galectin-9S (small isoform with 

lack of exon5/6, Δ5/6) (Figure 1.9) [119]. In the recent studies on the endothelial cells and 

angiogenesis, two more isoforms of galectin-9 have been identified at the mRNA level [119, 

120]. These transcript variants lack exon 10 in addition to exons 5 and 6, which produce 

galectin-9M and galectin-9S further shorter by the elimination of the C-terminal CRD; 

galectin-9MΔ10 and galectin-9SΔ10 (Figure 1.9) [120].   
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Figure 1.10. Multiple sequence alignment of human galectin-9 (hgalectin-9) isoforms; 

hgalectin-9L, hgalectin-9M and hgalectin-9S. hgalectin-9L contains 355 amino acids (aa); 1-

149 aa of N-CRD, 218-355 aa of C-CRD, and 149 - 217 aa of linker domain. hgalectin-9M 

includes 323 aa; 1-149 aa of N-CRD, 186-323 aa of C-CRD, and 149-185 aa of linker domain. 

hgalectin-9S consists of 308 aa; 1-149 aa of N-CRD, 174-308 aa of C-CRD, and 149-173 aa 

of linker domain. The motif highlighted in grey colour containing the highly conserved amino 

acids (blue) for both N- terminal and C- terminal CRDs in each isoform. The linker chain has 

a length of 69 aa (149-217 aa), 37 aa (149-185 aa) and 25 aa (149-173 aa) for hgalectin-9L, 

hgalectin-9M and hgalectin-9S, respectively shown in orange, which indicates the difference 

between three isoforms. The sequences were aligned using online sequence alignment tools, 

Clustal Omega (Appendix A.4). 
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The studies have reported the dissimilarity among galectin-9 isoforms in terms of expression 

and biological activity. For instance, T-cells express high levels of galectin-9M and galectin-

9L, but not galectin-9S [57]. Or galectin-9L hinders cell adhesion, while galectin-9S and 

galectin-9M stimulate it in colon cancer [60]. It means that variable lengths of the linker 

domain can make galectin-9 isoforms act distinctively. Furthermore, the peptide linker has 

been shown to contribute to the multivalent nature of galectin-9 proteins [61]. The multivalent 

display of galectin-9 makes it more accessible to glycans on the cell surface. This is 

investigated in chapter 8 of this dissertation.  

 

According to the bioinformatic analysis on the protein sequences and the existing reports, the 

extended size of the linker sequence correlates to a higher susceptibility to protease degradation 

of galectin-9 [62, 81]. Due to increased proteolytic activity on galectin-9L, galectin-9M or 

galectin-9S are the more common isoforms and are used for structural and functional studies 

in vitro. As such, the results obtained in this research thesis, as detailed in section 6.1, are 

gained using the standard isoform of galectin-9M. 

 

 

1.4.2. Carbohydrate Binding Specificity 

The two CRDs of galectin-9 possess the conserved amino acids, as shown in Figure 1.11, but 

generally, they display only 38% similarity [118] (Appendix A.5, CRDs sequences alignment).  

The galectin-9N CRD (~ 149 amino acids) and galectin-9C CRD (~ 138 amino acids) are 

composed of two antiparallel β-sheets and form the β-sandwich structure encompassing six 

(S1-S6)- and five (F1-F5) β-strands with the addition of α -helix and loop areas (Figure 1.11). 

An additional β-strand, F0, is in the N-terminal CRD (Figure 1.11). The structural differences 

in the loop regions of N- and C-CRD concerning the insert or omission of residues impact on 

each CRDs specificity and binding affinity (Figure 1.11) [121, 122]. 

 

Galectin-9N CRD has a higher affinity for the linear oligolactosamines (1–3-linked poly-N-

acetyllactosamines) and glycolipid-type glycans of Forssman pentasaccharide, compared to 

that of galectin-9C. The lower affinity of galectin-9C CRD to the oligolactosamines can be 

attributed to the S4-5 and S6-F3 loops (Figure 1.11), which form a wide-open binding site 

recognising several confirmations of the branched glycans with less binding energy [122]. For 
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Structural studies of the mouse galectin-9N CRD indicated that it formed a dimer, whereas 

human galectin-9N CRD existed as a monomer [123]. Further studies involving SPR-based 

analysis, revealed that human galectin-9N CRD contributed to the dimerisation of galectin-9, 

as well as the oligomerisation into homo- and hetero- complexes [125]. The oligomerisation of 

human galectin-9N CRD was further shown by crystal structures of the protein-ligand 

complex, galectin-9N CRD with N-acetyllactosamine (PDB ID: 2ZHL, 2ZHM) [126]. 

Trimerisation of human galectin-9C CRD also occurred in the presence of a bivalent nickel ion 

[122]. 

 

Through the use of NMR spectroscopy, revealed that the surface opposite the binding site on 

the galectin-9C CRD was responsible for self-association [127]. The site responsible for 

dimerisation and oligomerisation of galectin-9C along with the binding affinity of specific 

glycans, are two main notable differences between the galectin-9N and -9C CRDs [127].  

 

 

1.4.4. Galectin-9 Importance 

1.4.4.1.  In Biological Function  

Galectin-9 is a multi-functional protein, which participates in a variety of intracellular and 

extracellular processes such as protein folding, glycoprotein trafficking, signal transduction, 

cell-cell or cell-matrix interactions. The function of "signal transduction and cell-cell 

interactions" include both physiological and pathological processes pertaining to the 

progression of cancer, autoimmune diseases and infectious diseases [117, 128].  

 

Prominently galectin-9 acts as a vital regulator of T-cell immunity, by interacting with the T-

cell immunoglobulin, mucin 3 (TIM-3) [129]. Galectin-9 also interacts with other 

glycoproteins, specifically those on epithelial cells expressing CD44 [130, 131], Epstein–Barr 

virus latent membrane protein-1 [132] and the Glucose transporter 2 (GLUT2) [133], which 

subsequently take parts in a various cellular process.   

 



25 

 

1.4.4.2. In Cancer 

The galectin-9 gene expression regulation corresponds to the extensive spliced mRNAs (as 

detailed previously) makes galectin-9 differentially expressed in tumour tissues compared to 

healthy tissues [40]. The modulation of galectin-9 spliced variants shows complexity at the 

expression, post-translational and sretory levels in different tumour types and stages, and as 

such is still under further investigation [134]. Nonetheless, according to the current studies, it 

is reported that galectin-9 is mostly found to be decreased in cancerous cells, with the exception 

of oral [135], pancreatic [136] and Hodgkin lymphoma cancers [118].  

 

In many solid cancers, the decrease of galectin-9 expression is correlated to metastatic 

progression, and so that in preclinical cancer models, treatment with recombinant galectin-9 

has been considered to avoid metastasis [38, 134]. In this phenomena, the cytoplasmic galectin-

9 induces cancer cell aggregation that leads to inhibition of metastasis [137]. Galectin-9 also 

acts as a prognostic factor in cancerous tissue, including breast cancer and hepatocellular 

carcinoma [137, 138].  

 

In tumour angiogenesis, galectin-9 isoforms are expressed by endothelial cells [119] and 

participate in attracting different immune cells, which release angiogenic growth factors like 

VEGF [116]. It has also been reported that galectin-9 displays the immunosuppressive activity 

in tumour immune tolerance, which still more studies have been suggested to clarify this case. 

[116] . 

 

Within tumour cells, galectin-9 is differentially expressed, and due to this, targeting galectin-9 

for drug design or as a cancer biomarker would be less beneficial compared to galectin-8. 

 

1.5. Structure-Based Inhibitor Design  

Design of specific inhibitors for exploring the particular functions of some galectins and 

regulating their activities in diseases treatment has made an attractive goal of studies reviewed 

in recent decades [48, 69, 139-143]. A range of inhibitors has been developed into two main 

classes; carbohydrate-based inhibitors and non-carbohydrate-based inhibitors [139]. However, 

carbohydrate-based inhibitors are most potent in galectins studies and used in monovalent and 
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wrong galectin could have detrimental effects on normal tissues surrounding cancer or tumour 

cells. Up to now, inhibitor design studies have been focused on galectin-1, and galectin-3 [48, 

140, 142]. However, more study is required into potential inhibitors for other galectins, 

including galectin-8 in cancer and bone diseases. 

 

Distinctive CRDs of human galectin-8 shows different binding specificity, and subsequently 

make it possible to develop particular inhibitors for critical areas contributing to specific 

ligands recognition at each CRD [144]. As shown formerly (section 1.3.3), galectin-8N CRD 

apart from the amino acids involved in binding typical saccharides, possess the unique residues 

containing Arg59, Gln47, Ile91 and Tyr141, that participate in specific glycan recognition 

(Figure  7B) [89]. Especially Arg59 at the long S3-S4 loop (Figure 7B) gives the unique feature 

to galectin-8N among all galectins. Accordingly, it can be considered as a hot spot to design a 

highly specific inhibitor [144]. Alternatively, the amino acid, Tyr141, in which binds to larger 

oligosaccharides, and consequently is a potential site for potent multivalent inhibitor 

development. 

 

1.6.  Significance & Aim of Study 

Galectin-8 and galectin-9 play significant roles in numerous key biological processes and are 

also imperative in diseases of cancer and inflammation. The multifunctional activity of 

galectin-8 and galectin-9, in tumour tissues, represent a promising candidate for potential 

diagnostic, prognostic biomarkers and drug targeting.  

 

Galectin-8 has distinct functions in cancer cells such as angiogenesis, malignant transformation 

and osteoclastogenesis in bone cancer and is, therefore, an ideal candidate for targeted inhibitor 

design. But in contrast to galectin-8, galectin-9 is differentially expressed and mostly found to 

be down-regulated in cancerous cells. Due to this function, galectin-9 is a less attractive drug 

target but is of interest to develop a prognostic factor in cancerous tissues like breast cancer.  

 

Galectin-8 and -9 have two CRDs within its single polypeptide, and the amino- and carboxy-

terminal CRDs bind different glycans. The presence of two CRDs in galectin-8 and -9 with 

different potency and binding specificity requires the investigation to understand in detail each 



28 

 

CRD in terms of the molecular basis binding affinity and biological functions. In parallel, the 

different sizes of galectin-8 and galectin-9 isoforms, bring distinctive characters for the 

bivalent galectins. The role and function of galectin-8 and -9’s isoform remain mostly elusive 

and form an objective in the current thesis.  

 

Structural and functional studies in vitro of galectin-8 and galectin-9 isoforms have been 

limited, mainly due to low solubility and stability. The low stability is also correlated to a high 

flexibility of the linker domain and its dynamic interaction with CRDs, in particular N-CRD, 

showing using MD analysis [145]. To overcome this difficulty, Nishi N. et al, 2005, produced 

the mutant forms of galectin-8Null and galectin-9Null, excluding the linker domain, as the 

protease-resistant proteins [62]. Yoshida H. et al., 2012 & 2017, reproduced the galectin-8Null 

[49] and galectin-9Null [124] respectively for crystallography structural studies. Ideo H. et al., 

2003 and Carlsson S. et al., 2007, applied the vast fusion soluble tags of GST and Trx 

respectively, for galectin-8 proteins containing single CRDs and galectin-8S (small isoform) 

[67, 91].  Miyanishi N. et al., 2007, reported proteins interaction using galectin-9Null and 

galectin-9S isoform [125]. 

 

In the current thesis, it was endeavoured to recombinantly express the native forms of the full-

length galectins in the medium or extended (long) isoform including galectin-8M, galectin-8L 

and galectin-9M, for the purpose of structure, protein-protein interaction and glycan binding 

studies.  

 

Previous studies have proposed the hypothesis that there are differences in affinity of galectin-

8 and galectin-9 CRDs to bind N-acetylneuraminic acid (Neu5Ac) (Figure 1.15). Neu5Ac is a 

9-carbon, 2-keto sugar and in its predominant form exists as sialic acid (Sia) and found in 

human cells, and many mammalian cells [146]. Neu5Ac is negatively charged at physiological 

pH and is an important component of complex glycans on mucins and glycoproteins found at 

the cell membrane. Neu5Ac residues are also found in glycolipids, known as gangliosides, a 

crucial component of neuronal membranes found in the brain [146]. The C-2 anomeric 

hydroxyl group of Neu5Ac can either adopt an α- (below the plane of the ring) or β-

configuration (above the plane of the ring). In aqueous solution, Neu5Ac exists of around 96% 

β-configuration and 4% -configuration.   
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best potential CRD domain engaged in binding with N-acetylneuraminic acid. The comparison 

of Neu5Acα2Me’s binding affinity between recombinant full-length isoforms and single CRDs 

was also discussed to reveal the linker peptide’s size influence in proteins’ glycan binding.  

 

A detailed understanding of galectin-8 and galectin-9’s specificity and selectivity in 

coordinating Neu5Acα2Me would clarify the possibility of developing a selective inhibitor 

based on N-acetylneuraminic acid compound, in particular, targeting galectin-8 in cancer 

diseases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 

 

CHAPTER 2 

 

2. Computational Docking Analysis 

2.1. Overview 

In the present chapter, the interaction of Neu5Acα2Me with the potential CRDs of galectin-8 

and galectin-9 was determined using computational docking experiments [147]. The obtained 

docked models for each CRD were scored based on binding energy, and obtained structures 

are discussed 

 

2.2. Methodology  

The molecular docking was performed to give a prediction of Neu5Acα2Me interaction with 

galectin-8 and galectin-9 CRDs. The protein and ligand were kept in rigid and flexible forms 

respectively, under the docking procedure.  

 

2.2.1. Molecular Docking 

Molecular docking was performed using AutoDock Tools (ADT, Vina) [148] implemented in 

the PyRx software [149]. The three-dimensional (3D) of proteins was obtained from the protein 

databank (http://rcsb.org); for galectin-8N and galectin-9C using the structure of the protein 

complexed with 3'-Sialyllactose; PDB ID: 3AP7 [74] and 3NV4 [122] at 1.53 Å and 1.99 Å 

resolution respectively. For galectin-8C and galectin-9N, the 3D structure of proteins was 

obtained in complex with lactose; PDB ID: 3VKL [49] and 2EAK [123] at 2.55 Å and 1.97 Å 

resolution respectively. To apply the PDB data of protein to ADT, nonessential ions, water, 

and ligands were removed from the structure of proteins. Gasteiger charges and polar 

hydrogens were added to the structure files and saved to the pdbqt format [150]. 

 

The 3D structure of Neu5Acα2Me (ligand) was generated using GLYCAMWeb-Carbohydrate 

Builder online tools (http://dev.glycam.org), and the same tools was utilised for structure 

minimisation using GLYCAM06 forcefield [151]. Furthermore, torsion centres and rotatable 

bonds of Neu5Acα2Me were indicated, the Gasteiger charges were added, and non-polar 
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hydrogens were merged in the ADT environment to convert the ligand into pdbqt [150].  

 

A rectangular grid box with dimensions 22.5 Å X 22.5 Å X 21.5 Å (x, y, and z) was centred at 

the amino acid His65, His235, His229 and His61 for galectin-8N, galectin-9C, galectin-8C and 

galectin-9N, respectively, of the protein covering the concave side of β-strands (S1-S6) using 

the grid options menu of ADT. Molecular docking simulation was run using AutoDock Vina. 

Ten docking conformations were obtained for each protein; the collected docked-models were 

individually evaluated and scored according to binding energy (kJ/mol) and root-mean-square 

deviation (RMSD, Å) value and binding mode. Subsequently, the best docked-conformation 

for individual proteins was selected. To analyse hydrogen bond, ionic, and hydrophobic 

interactions in the final models, Discovery studio, Ligplot V.1.4.5 and Chimera V.1.8 were 

applied to visualise the model. 

 

2.3. Results and Discussion 

To identify the interaction between galectin-8 and galectin-9 with Neu5Acα2Me (Figure 2.1), 

docking simulations were initially conducted using the rigid docking tool. As described in 

chapter 1, the structure of N-CRD and C-CRD of galectin-8 and galectin-9, correspondingly, 

have been reported in binding to 3'-Sialyllactose (3'SL) (Figure 2.1) [49, 122]. Still, no solved 

structure is available for galectin-8 and -9 CRDs with 6'-Sialyllactose (6'SL) (Figure 2.1).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Chemical structure of Neu5Acα2Me, 3'-Sialyllactose (3'SL) and 6'-Sialyllactose 

(6'SL). The image was made using ChemDraw 13.0 software. 
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Neither galectin-8C nor galectin-9N reports have been published describing the binding 3'SL 

or any other sialylated glycans. It appears the lack of Arg59 with a shorten S3-S4 loop and 

presence of Ser255 in place of Arg45, and Asn257 in place of Gln47 at the analogue extending 

binding site of galectin-8C [68], compared with galectin-8N, is likely to prevent binding of 

galectin-8C to sialylated glycans. Likewise, the lack of binding of galectin-9N to sialylated 

glycans could also be explained by the absence of the second “b” conformation of Arg44 in 

place of Arg221 [122] and the presence of Ala46 in place of His223, leading to prevent binding 

to Neu5Ac moiety. In the following chapter, the docking of Neu5Acα2Me into galectin-8N 

and galectin-9C CRDs is described. 

 

The difference of residues and loop structures at the extension binding site of galectin-8N CRD 

and galectin-9C CRD (as shown in chapter 1) can lead to a dissimilar binding mode and, in 

turn, influences the individual CRD affinity to the ligand. As shown in Figure 2.2, the obtained 

docked structures for each individual CRD with Neu5Acα2Me was superimposed and 

presented.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Overall molecular surface view of the superimposed docked models for galectin-

8N and galectin-9C in complex with Neu5Acα2Me. (a) Superimposed ten docked structures 

for galectin-8N CRD and Neu5Acα2Me. (b) Superimposed ten docked structures for galectin-

9C CRD and Neu5Acα2Me. The left and right graphs are representative of the protein surface 

in solid and mesh forms, respectively. The images were obtained using Chimera V.1.8 

Visualisation software. 

a 

b 
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The preferred docked model of Neu5Ac2Me in complex with galectin-8 shows that two 

hydroxyl groups of the glycerol side chain of Neu5Ac2Me are engaged in hydrogen bonds with 

the conserved residues Arg45, His65, Arg69, Asn 79 and Glu89 at the primary binding site 

(S4−S6 β-strands) (Figure 2.3). The OH/π interactions is also observed between aromatic ring 

of Trp86 and hydroxyl of the glycerol side chain at 4.2 Å and 3.2 Å distance (Figure 2.3). The 

negatively charged carboxylic acid of Neu5Ac2Me forms a strong ionic interaction with Arg59 

located at the S3-S4 loop as well as hydrogen-bonding interaction with Arg59 and Glu47 at 2.8 

Å and 3.0 Å distance, respectively, at the extending binding site (S3 β-strands) (Figure 2.3). 

The methyl protons of the N-acetamido group of Neu5Ac2Me form hydrophobic interactions 

with the aromatic ring of Trp86. The oxygen in the glycosidic linkage binds to Arg45, and 

methyl group of the Neu5Ac2Me reveals no direct contact with the protein, and its solvent 

exposure is in accordance with the binding of biological glycans.  

 

The docked galectin-8N-Neu5Ac2Me structure was comparable with that of previously 

reported for galectin-8N in complex with 3'SL, and galectin-8N in complex with glycerol 

structures (Figure 2.4): (i) the carboxylic acid group of Neu5Ac2Me forms a salt bridge and 

hydrogen bond with Arg59 and is in close proximity to the carboxylic acid group of 3'SL in 

the galectin-8N-3'SL structure (PDB ID: 3AP7 ) [74], (ii) the interaction of the two hydroxyl 

groups of the glycerol chain interact with His65, Arg69, Asn 79 and Glu89 at the primary 

binding site is similar, if not identical, to the position of glycerol in the galectin-8N-glycerol 

structure (PDB ID: 5T7U) [53, 89].  

 

The docked-structure indicates that Arg59-carboxylic acid anker for Neu5Ac2Me as ligand is 

essential for binding. The hydrogen bonds of the glycerol side chain of the Neu5Ac moiety of 

3’SL however, are shifted by 180 degrees in to allow the accommodation of the large LacNAc 

aglycon. This essential salt bridge is not lost and allows rotation of the sialylated ligand, most 

likely to allow a large range of sialylated glycans to be ligands. This presented model described 

above is the most relevant docked-structure compared to available PDB structures of sialylated 

glycans bound to galectin-8N. Moreover, the obtained docked-model structure revealed a 

unique binding proposition with an ample room for further modifications using Neu5Acα2Me 

in order to inhibitor design against galectin-8.  
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The best fit-docked structure for Neu5Acα2Me and galectin-9C was determined at a binding 

energy of - 4.8 kJ/mol (Figure 2.5), whilst no binding was predicted between carboxylic acid 

of Neu5Acα2Me and Arg221 in both forms of “a” or “b”. Arg221 indicated 100% occupancy 

of “a” form in galectin-9C apo structure, but in galectin-9C-3'SL structure maintain 50% 

occupancy in “a” form, and take 50% occupancy in “b” form towards sialic acid moiety [122]. 

Previously and as detailed earlier in chapter 1, the crystal structure of galectin-9C in complex 

with 3'SL (PDB ID: 3NV4 ) indicated that Arg221 bends towards the Neu5Ac moiety forming 

a hydrogen bond the glycoside oxygen and carboxylic acid (50% occupancy to bend towards 

sialic acid moiety) and two other amino acids of His223 and Asn225 endorse Arg221-

carboxylic acid binding [122].  

 

At galectin-9C-Neu5Acα2Me docked-structure, the hydroxyls of glycerol formed hydrogen-

bonding with the residues Arg221, His235, Asn237 and Arg239 at the primary binding site 

(Figure 2.5). The negatively charged moiety of carboxylic acid forms hydrogen-bonding 

interaction with His223 and Asn237 at 2.9 Å and 2.8 Å distance, respectively (Figure 2.5). No 

binding was observed for the methyl group of Neu5Acα2Me, and the N-acetamido group could 

form hydrophobic interaction with Asn225 and His235. This structure was confirmed at 

duplicate docking analysis using a medium (22.5 Å X 22.5 Å X 21.5 Å) and smaller (20 Å X, 

21.5 Å X 17.5 Å) grid box within the binding site of galectin-9C (Appendix B.2). The 

superimposed docked structure of galectin-9C-Neu5Acα2Me with galectin-9C-3'SL shows a 

different binding orientation/situation for Neu5Acα2Me compared with Neu5Ac moiety of 

3'SL bound to galectin-9C (Figure 2.6).  

 

The obtained structure of galectin-9C-Neu5Acα2Me indicated differential binding orientation 

compared with Neu5Acα2Me bound to galectin-8. The most important difference between 

galectin-8N and galectin-9C is the presence of Arg59 in the extended S3-S4 loop area for 

galectin-8N that has a direct impact on Neu5Acα2Me binding. Likewise, the presence of 

Glu47, located on S3 β-strand, facilitate the important interaction of Arg59 and the carboxylic 

acid of Neu5Acα2Me. On the contrary, in galectin-9C, the S3-S4 loop is very short, and Arg59 

is exchanged with GLy229. Therefore, the different predicted binding mode can lead to 

different binding affinity and specificity among galectin-8N and galectin-9C CRD to 

Neu5Acα2Me. The experimental and structural binding evaluations in the next chapters would 
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site to form hydrogen binding Arg45, His65, Arg69, Asn 79 and Glu89 via its hydroxyl groups. 

N-acetamido group could be engaged in hydrophobic interaction with Trp86. The docked-

structure indicates that Arg59-carboxylic acid anker for Neu5Ac2Me as ligand is essential for 

binding and is in close proximity to the carboxylic acid group of 3'SL in the galectin-8N-3'SL 

structure (3AP7) [74]. 

 

In galectin-9C, no extended S3-S4 loop containing Arg59 and Glu47 similar to galectin-8N is 

present.  Binding to Neu5Ac moiety of 3'SL to galectin-9C is coordinated via Arg221 located 

in S3 β-strand, His223 and Asn225 also located at S3-βstrand (3NV4) [122]. The best galectin-

9C-Neu5Acα2Me docking model indicted His223 hydrogen-bonding interaction with the 

carboxylic acid and Arg221 in addition of other residues His235, Asn237 and Arg239 engaged 

in hydrogen binding with hydroxyls of glycerol chain. In which, N-acetamido group could be 

engaged in hydrophobic interaction with Asn225 and His235. No direct binding was predicted 

for the methyl group of Neu5Acα2Me among the fitted-docked models of both galectin-8N 

and galectin-9C. This observation is of crucial importance because the aglycon residue in 

biological relevant glycans needs sufficient space to facilitate the interaction. 

 

The obtained docked-model structures revealed a unique binding proposition for Neu5Acα2Me 

bound to galectin-8N compared with galectin-9C, which is an important observation for further 

modifications using Neu5Acα2Me in order to inhibitor design against galectin-8. In the 

following, to achieve the actual binding models of single CRDs as well as full-length galectin-

8 and galectin-9 proteins to Neu5Acα2Me, experimental binding assessments are approached. 

 

 

 

 

 

 

 

 

 

 





42 

 

The over-expression of recombinant proteins in E. coli causes most of the energy of the host 

diverted to generate the target protein; this, in turn, affects the protein folding quality resulting 

in misfolding or aggregation [155]. On the contrary, in human cells, a more complicated 

cellular machine exists in the protein folding pathway; a set of proteins named molecular 

chaperones promote the protein folding leading to keep the expressed protein in the soluble 

form [156]. Protein quality can also be affected by the nature of some protein's amino acid 

sequences. There can be an incompatibility between foreign protein's overexpression in the 

soluble form at E. coli cytoplasm. 

 

In this study, to overcome challenges surrounding the overexpression of recombinant proteins, 

different parameters were optimised to attain the proteins in the soluble form with the desired 

yield. This included the moderate expression conditions using mild culture media, lower 

temperature and inducer (IPTG) concentration, improved E. coli strain containing co-

expression of chaperon molecules, improved the solubility and yield of over-expressed 

recombinant proteins [157]. In parallel, the recovery of recombinant proteins from insoluble 

inclusion bodies (IBs aggregation) was investigated to develop a rational technique based on 

protein extraction from non-classical IBs and mild solubilisation strategies, whereby the 

proteins native-like secondary structure are preserved [158, 159].  

 

This chapter describes the expression and purification steps required for the individual proteins. 

In order to produce adequate quantities of proteins with preserving activity and stability, the 

varied parameters of each protein construct sequence, solubility rate, tendency rate to 

carbohydrate-based affinity chromatography were analysed. The set of galectin-8 and galectin-

9 proteins were majorly produced as non-tag and with small 6xHis-tag, respectively. Until now, 

there has been limited information regarding protein behaviour and structural analysis on the 

native galectin-9M, galectin-8M and galectin-8L isoforms. Poor protein stability and solubility 

of these proteins have hindered in vitro studies.  Within the thesis, the native form of proteins 

refers to maintain the whole sequence of the protein in the form of the wild type, not mutant 

type, and in the case of galectin-8 and galectin-9 isoforms containing the peptide linker as well 

as excluding vast soluble fusion like GST or Trx. The following chapter focuses on the 

optimised protein purification protocol and characterisation by analytical techniques. 
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3.2. Methodology 

The first experimental phase of this project was initiated with the generation of recombinant 

proteins. This consists of the following steps; proteins sequence encoding construct analysis, 

molecular cloning and sub-cloning, recombinant plasmids transformation to E. coli cells, 

protein over-expression, extraction and purification, gel filtration, dialysis procedure and 

protein concentration determination. The proteins were quantified and qualified using UV 

absorbance at 280 nm and SDS-PAGE techniques respectively. Further identification was 

performed based on protein western blots using galectin-8 and galectin-9 polyclonal antibodies. 

Here, the conducted experiments in regards to each protein are described in sections entitled; 

galectin-8N, galectin-8C, galectin-8M and galectin-8L, galectin-9M, galectin-9N and galectin-

9C. 

 

3.2.1. Materials 

The Q5® high-fidelity 2X master mix, T4 DNA ligase enzyme and buffer, DNA molecular 

markers, restriction enzymes and CutSmart® buffer were prepared from New England Biolabs 

(NEB). Oligonucleotide primers were synthesised by Macrogen (South Korea). Agarose gel 

DNA extraction kit, Wizard® Plus SV minipreps DNA purification system, and GenCatchTM 

plus plasmid DNA miniprep kit were purchased from Sigma, Promega and Epoch Life Science, 

respectively. The expression vectors and E. coli expression hosts obtained from Novagen and 

NEB were accessible in the institute for Glycomics. The ArcticExpress (DE3) cells obtained 

from Agilent Technologies, was gotten from the protein expression and purification facility 

(PEF) at University of Queensland (UQ). 

 

Precision plus protein™ dual colour standard and NativeMark™ unstained protein standard 

were purchased from Bio-Rad and Invitrogen correspondingly. Snakeskin dialysis tubing (3 

kDa, MWCO), and Amicon® ultra-15/ultra-10 centrifugal filter units (3 kDa, MWCO) were 

purchased from Thermo Scientific and Sigma respectively. The Ampicillin and Gentamycin 

powders were purchased from Sigma. Phenylmethanesulfonyl fluoride (PMSF) protease 

inhibitor (powder) and Halt® protease inhibitor cocktail (100X) were purchased from Sigma 

and Thermo Scientific respectively. The lactose resin was purchased from Sigma and packed 

inside the Bio-Rad column. HisTrap® HP, 1 ml and 5 ml, columns were purchased from GE-
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Healthcare. The HiLoad® 16/600 Superdex® 75 pg and HiLoad® 26/600 Superdex® 200 pg 

gel filtration columns were purchased from GE-Healthcare. Coomassie brilliant blue R-250 

dye was purchased from Thermo Scientific. 

 

The galectin-8 and galectin-9 polyclonal antibodies with the secondary Goat anti-Rabbit IgG 

(H+L) cross-adsorbed HRP were purchased from Invitrogen. Pierce™ ECL plus western 

blotting substrate was purchased from Thermo Scientific. Other chemicals used in the study 

were of molecular biology grade. 

 

3.2.2. Galectin-8N 

3.2.2.1. Protein Expression & Purification 

The encoding sequence of human galectin-8N (hgalectin-8N) inside the pET-3a vector (non-

tag) (Appendix C.1) [89] was overexpressed and purified based on the method as formerly 

reported with some minor changes [89]. To express the recombinant protein, E. coli BL21 

(DE3) cells, including galectin-8N-pET3a construct, were grown at 37 ℃ in LB media 

supplemented with 100 μg/ml Ampicillin, for overnight with shaking. The overnight primary 

culture was subcultured into 1 L LB media (containing 100 μg/ml Ampicillin) with the ratio of 

1: 10 and incubated at 37 ℃ until OD at 600 nm (OD600) reached between 0.6-0.8. The cells 

were induced with 1 mM IPTG for 6 h at 22.5 ℃, and then harvested using centrifugation at 

10,000 x g, 4 ℃ for 30 min, and stored at - 20 ℃ until use.  

 

To extract the recombinant protein; the cells were re-suspended in 30 mL chilled PBS (10 mM 

sodium phosphate, 137 mM sodium chloride, 2.7 mM potassium chloride, 1.8 mM potassium 

phosphate; pH: 7.45) containing 1 mM of PMSF, and lysed using sonication at 33% amplitude 

for 15 min (8 s on, 20 s off) on ice. The cell debris and insoluble aggregates were removed by 

centrifugation at 10,000 x g, 4 ℃, for 30 min. The supernatant was collected and filtered using 

a 0.22 μm filter before loading on the chromatography column. 

 

To purify the recombinant protein; the extracted soluble phase from the previous step was 

loaded on lactosyl-seraphose column pre-equilibrated with PBS (pH: 7.45) at 4 ℃. The column 
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was washed (15-20 column volume, CV) with PBS (pH: 7.45) and then eluted based on step-

wise β-Lactose concentrations of 10-20-40-60-80 mM in PBS (pH: 7.45) and collected in the 

10 ml volume for each elution buffer concentration. The flow rate of 1 ml/min was applied 

throughout the purification steps.  

 

To exchange the buffer and remove the bound lactose, the protein was dialysed against Tris 

buffer (50 mM Tris, 150 mM NaCl, pH: 7.45) using snakeskin dialysis tubes (3 kDa, MWCO) 

while stirring at 4 ℃. After different trials, the ratio of 1: 400 (sample to dialysis buffer), with 

5 cycles and 8-12 h intervals, was optimised for this purpose. Finally, the protein was 

concentrated at 4 ℃ using 3 kDa Amicon ultra centrifugal unit.  

 

3.2.2.2. Protein Purity & Concentration Determination 

The protein samples after each step were analysed using a 12% SDS-PAGE (resolving gel,12% 

and stacking gel, 5%). The samples were mixed with 1x loading buffer (50 mM Tris-HCl pH: 

6.8, 2% SDS, glycerol 10 %, 0.01 % bromophenol blue and 50 mM β-mercaptoethanol (BME) 

and heated at 95 ℃ for 10 min. The running gel was performed at gel running buffer (1x Tris-

glycine with 1% SDS) using Bio-Rad mini-protein system at 120 volts for 2 h. To visualise the 

SDS-PAGE gel, staining in the staining buffer (1: 5: 4 glacial acetic acid: methanol: dIH2O, 

and 0.025% (w/v) coomassie Brilliant Blue R-250) and destaining in the destaining buffer (1: 

2: 7 glacial acetic acid: methanol: dIH2O) were followed for 45 min and 3-24 h respectively at 

room temperature under gentle agitation.  

 

The concentration of protein was measured by UV absorbance at 280 nm using a nanodrop 

spectrophotometer (Thermo Fisher Scientific), and theoretical molar extinction coefficients 

(obtained from Expasy tools) based on Beer-lambert law. The typical yield of approximately 

12 mg/ml was determined for protein concentration from 1 L culture. For storage, the protein 

was diluted to 6 mg/ml, aliquoted inside PCR tubes (to avoid several thawing and freezing) 

and kept at 20 ℃ until use. 
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3.2.3. Galectin-8C 

3.2.3.1. Construct Analysis 

Three constructs for human galectin-8C (hgalectin-8C) was investigated inside the pET-3a 

(non-tag, Appendix C.1), pET-19b (His-tag, Appendix C.2) and pGEX-4T1 (GST-tag, 

Appendix C.3) vectors. The plasmids extraction was done by plasmid DNA miniprep kit 

(GenCatchTM, Epoch Life Science) according to the manufacturer's instructions, and 

quality/quantity of the extracted plasmids was assessed using agarose gel electrophoresis with 

the DNA molecular marker (1kb). Sequencing was performed by the Australian Genome 

Research Facility (AGRF) using forward and reverse primers for each vector (Table 3.1). The 

sequencing analysis and the assembled gene fragments for each construct are shown in 

Appendix D.1, D.2 and D.3. 

 

Based on the sequencing results, two constructs; galectin-8C-pET-3a and galectin-8C-pET-

19b, contained the interest of fragment in accordance with SDS-PAGE analysis and 

consequently were aimed to recombinant proteins production of galectin-8C (non-tagged) and 

His-galectin-8C. 

 

 

Table 3.1. Primers sequence applied for the constructs sequencing 

 

 

 

 

 

 

 

3.2.3.2. Protein Expression & Extraction from Soluble Phase  

Expression Trials: 

To optimise expression and yield of the cytoplasmic soluble proteins; His-galectin-8C and 

galectin-8C using pET-19b and pET-3a, a range of growth and induction conditions of the E. 

coli host strain BL21 (DE3) cells were trialled. The parameters are initially screened included 

Vector Forward and Reverse Primers 

pET-3a 

& 

pET-19b 

 

T7 promoter primer:     5'-TAATACGACTCACTATAGGG-3' 

T7 terminator primer:   5'-GCTAGTTATTGCTCAGCGG-3' 

 

pGEX-4T1 

 

pGEX_3_primer:          5'-CCGGGAGCTGCATGTGTCAGAGG-3' 

pGEX_5_primer:          5'-GGGCTGGCAAGCCACGTTTGGTG-3' 
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media (LB and M9), culture optical density OD600 (0.5-1.2), temperature (22 ℃, 18 ℃, 16 

℃), IPTG concentration (0.1, 0.25, 0.5 mM) and, induction time (16 h and 18 h). To analyse 

protein yield the soluble and insoluble phases; the supernatant and pellet were prepared by 1× 

protein loading buffer and loaded under the equal amounts on the SDS-PAGE.  

  

The Optimised Protocol: 

The E. coli BL21 (DE3) cells containing the galectin-8C-pET19b and galectin-8C-pET3a 

plasmids were grown in LB medium supplemented with 100 μg/ml Ampicillin to reach the 

OD600 of ~ 0.65. The culture was induced with 0.25 mM IPTG and incubated at 16 ℃ for 18 

h. To extract the cytoplasmic soluble protein, cells were lysed in PBS (10 mM sodium 

phosphate, 137 mM sodium chloride, 2.7 mM potassium chloride, 1.8 mM potassium 

phosphate; pH: 7.9) containing 1 mM of PMSF, using sonication at 34% amplitude for 45 min 

(8 s on, 20 s off) on ice. The cells were centrifuged at 10,000 x g, 4 ℃, for 30 min, to harvest 

the supernatant. The supernatant was passed through 0.2 μm filter before purification. 

 

3.2.3.3. Protein Extraction from Inclusion Bodies  

To get the over-expressed recombinant protein from the insoluble phase, the inclusion bodies 

(IBs) isolation, solubilisation and refolding were performed. After sonication and 

centrifugation, the collected pellet containing the recombinant protein as IBs was washed once 

with Tris buffer and twice with chilled Milli-Q water by centrifuge at 12,000 x g for 15 min at 

4 °C. To solubilise the IBs, two strategies based on denaturing and mild solubilisation were 

undertaken: 

 

(a) IBs Denaturing & Refolding: 

 

The inclusion body pellet was solubilised in denaturing buffer (50 mM Tris, 150 mM NaCL, 6 

M guanidinium chloride (GuHCl), 25 mM BME, and 1 mM ethylene diamine tetraacetic 

acid (EDTA), pH: 8, and gently agitated for 6 h at room temperature [160]. The suspended 

protein was centrifuged at 14,000 x g for 30 min to remove any insoluble aggregates, and the 

supernatant was collected. The sample was taken from supernatant and pellet to further analysis 

on the SDS-PAGE. 
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The solubilised protein was refolded by step-wise dialysis using snakeskin dialysis tubing (3 

kDa) with a ratio of 1: 50/100 (sample to buffer dialysis) at 4°C at a small scale [161]. The 

buffer exchange was performed at 8 h intervals. The sample was dialysed against buffer I: (50 

mM Tris, 150 mM NaCl, 4 M GuHCl), buffer II: (50 mM Tris, 150 mM NaCl, 2 M GuHCl, 

0.4M L-arginine), buffer III: (50 mM Tris, 150 mM NaCl, 1 M GuHCl, 0.4 M L-arginine), 

buffer IV (50 mM Tris, 250 mM NaCl, 0.5 M GuHCl, 0.4 M L-arginine) and buffer V (50 mM 

Tris, 250 mM NaCl, 0.1 M L-arginine) [162]. All buffers contain 25 mM BME and 1 mM 

EDTA, at pH:8. At the final step, the sample was dialysed against buffer VI (50 mM Tris, 150 

mM NaCL, 2.5-4 mM BME, pH: 8) overnight. The refolded sample was centrifuged at 14,000 

x g for 30 min at 4°C. The sample was taken from refolded protein and the remaining pellet 

for further analysis by SDS-PAGE. 

 

(b) IBs Mild Solubilisation & Refolding: 

 

Solublisation Trails: 

After protein expression and IBs isolations as mentioned above, non-denaturing components 

including triton 100% (0.1-1%), dimethyl sulfoxide (DMSO) (0.5-5%), propanol (0.5-30%), 

urea (1-4 M), and Tris buffer at pH: 3-13, were screened at varying concentrations at room 

temperate (~ 21°C)  with gently shaking for 2-12 h for IBs solubilisation [158, 159, 163, 164]. 

Then samples were centrifuged at 14,000 x g for 15 min, then supernatant and pellet were 

analysed on the SDS-PAGE for each sample. 

 

The Optimised Solublisation & Refolding Protocol: 

To solubilise the isolated IBs, the pellet was dissolved in 3 ml 50 mM Tris buffer, pH: 12, and 

incubated for 6 h at room temperature with gentle shaking. The sample was centrifuged at 

14,000 x g for 30 min at 4 °C to harvest the soluble phase. The sample was centrifuged at 

14,000 x g 30 min at 4 °C to harvest the soluble phase. To supernatant, the refolding buffer (50 

mM Tris, 5 mM BME, pH: 8) was added at the ratio of 1: 10 (30 ml/3 ml) using pulsatile 

dilution method with a flow rate of 0.1 ml/min at 4 °C until the pH of the sample reached 8. 

The samples were centrifuged at 14,000 x g for 30 min at 4 °C. The refolded protein was 

collected and concentrated. The protein sample fractions were analysed by  SDS-PAGE. 
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3.2.3.4. Protein Purification 

The extracted recombinant protein, His-galectin-8C, was purified using affinity 

chromatography using a nickel-column (Bio-Rad). The column was equilibrated with PBS, pH: 

8, containing 10 mM imidazole. The protein sample was loaded at 1 ml/min flow rate, and the 

washing step was followed (15-20 CV) with PBS, pH: 8, containing 25 mM imidazole at 1 

ml/min flow rate. The protein was eluted in 3 times collections using 10 ml of 350 mM 

imidazole in PBS, pH: 8, with the same flow rate of 1 ml/min.  

 

Affinity chromatography using lactosyl-seraphose column (Bio-Rad) was performed for 

galectin-8C (non-tagged) protein. The extracted soluble protein was loaded onto the column 

pre-equilibrated with PBS (pH: 7) at 0.3 ml/min flow rate. The column was washed (5-10 CV) 

with PBS (pH: 7) at 1 ml/min flow rate and protein was eluted using 10 ml of 270 mM β-

Lactose in PBS (pH: 7) at 0.4 ml/min flow rate.  

 

To exchange the buffer and remove extra imidazole and lactose from the purified samples, the 

protein samples were dialysed against Tris-NaCl buffer (Tris 20 mM, NaCl 150 mM, pH: 8) 

and PBS buffer (pH: 7) containing 4 mM BME with a ratio of 1: 400 (sample to dialysis buffer) 

using dialysis tubes (3 kDa, MWCO) while stirring at 4 ℃. The dialysis buffer was exchanged 

3 times at 6 h, 12 h and 14 h intervals. Finally, protein concentration was performed using 

concentrative Amicon ultra centrifugal filters (3 kDa, MWCO) at 4 ℃. 

 

3.2.3.5. Protein Purity & Concentration Determination 

The SDS-PAGE analysis was conducted to evaluate the protein samples at each step: 

expression, purification, dialysis and concentration. SDS-PAGE analysis and protein 

concentration measurement were performed the stated in section 3.2.2.2. The concentration of 

5.5 mg/ml and 0.8 mg/ml from 1 L culture were determined for two batches of protein, His-

galectin-8C and Galectin-8C (non-tagged) purified by nickel and lactosyl-sepharose columns, 

respectively. 
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3.2.4. Galectin-8M & Galectin-8L 

3.2.4.1. Construct Sub-cloning & Transformation 

The human galectin-8M (hgalectin-8M) and galectin-8L (hgalectin-8L) encoding genes inside 

pQE-30 vector, were kindly given by Dr. Yaron Vinik from Weizmann Institute of Science. 

The galectin -8M and galectin-8L genes of interest were sub-cloned into pET-3a (Appendix 

C.1) in the form of non-tagged for both constructs and transferred to E. coli BL21 (DE3) cells. 

The sequencing of the recombinant plasmids was conducted by AGRF using standard T7 

promotor and terminator primers (Table 3.1), and data were analysed by multiple alignment 

tools (Appendix D.4 and D.5). 

3.2.4.2. Protein Expression & Purification 

To express the recombinant proteins, initially, the expression trails the same as section 3.2.2.2, 

were optimised and subsequently scaled up to get the sufficient yield of proteins in the soluble 

form. 

 

For both recombinant constructs, the E. coli BL21 (DE3) cells including galectin-8M and 

galectin-8L constructs were separately grown in LB media at 37 ℃ with 100 μg/ml Ampicillin 

for overnight. Then, the overnight primary culture for each construct was inoculated to 1 L LB 

media (containing 100 μg/ml Ampicillin) with the ratio of 1: 10 and incubated at 37 ℃ until 

OD at 600 nm (OD600) reached ~ 0.6. The cells were induced with 0.25 mM IPTG for 18 h at 

16 ℃, and then harvested using centrifugation at 10,000 x g, 4 ℃ for 30 min, and stored at - 

20 ℃ until use.  

 

To extract the recombinant proteins, the optimum conditions were adjusted for each protein. 

The cells containing galectin-8M construct were dissolved with 30 mL chilled PBS (10 mM 

sodium phosphate, 137 mM sodium chloride, 2.7 mM potassium chloride, 1.8 mM potassium 

phosphate; pH: 6.8) containing 1 mM of cocktail (Halt™ protease inhibitor) and 4 mM BME. 

The same PBS buffer, at pH: 7.45, containing 1 mM cocktail protease inhibitor, 4 mM BME 

and 2 mM EDTA was applied for resuspending the cells consisted of galectin-8L-pET-3a. Then 

the cells were lysed using sonication at 33% amplitude for 45 min (8 s on, 20 s off) on ice, and 

subsequently centrifuged at 10,000 x g, 4 ℃, for 30 min to erase the cell debris and 
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aggregations. The supernatant of each sample was collected and filtered using 0.22 μm filter 

before loading on the purification column.  

 

To purify the galectin-8M recombinant protein; the extracted soluble phase was loaded on 

lactosyl-seraphose column pre-equilibrated with PBS (pH: 6.8) containing 4 mM BME. The 

column was washed (20 CV) with PBS (pH 6.8) containing 4 mM BME. The protein was eluted 

based on step-wise β-Lactose concentrations, 50-100-150-200-250 mM in PBS (pH: 6.8) 

containing 4 mM BME, and collected in 10 ml volume for each elution buffer concentration. 

The flow rate of 1 ml/min was adjusted at all purification steps.  

To exchange the buffer and remove the bound lactose, the galectin-8M protein was dialysed 

against PBS containing 4 mM BME (pH: 6.8) with sample/buffer ratio of 1: 400, 5 cycles with 

8-12 intervals, using dialysis tubes (3 kDa, MWCO) while agitating at 4 ℃. 

 

The galectin-8L recombinant protein was purified on the lactosyl-seraphose column. The 

equilibration and washing (after loading 30 ml filtered supernatant) steps were conducted at 20 

CV using PBS buffer (pH: 7.45) comprising 4 mM β-mercaptoethanol and 2 mM EDTA. Then 

the protein was eluted using 30 ml of 150 mM β-Lactose at the same buffer (PBS, 4 mM BME, 

2 mM EDTA, pH: 7.45). The flow rate was kept at 1ml/min for all purification steps. 

 

The size exclusion chromatography was used for buffer exchange for galectin-8L to remove 

the bound lactose and separate the eluted recombinant proteins based on the molecular size 

corresponding to dimeric and monomeric structures. The experiment was performed using 

FPLC on 26/600 Superdex 200 pg gel filtration column (GE Healthcare, AKTA). The column 

was equilibrated with PBS buffer containing, 4 mM BME and 2 mM EDTA (pH: 7.45), 2 CV. 

The concentrated sample was loaded into the column using 10 ml size of the loop and then 

eluted (1.5 CV) using PBS Buffer, pH: 7.45, containing 4 mM BME with 2.5 ml peak fractions 

collection. The system flow rate was adjusted at 2.5 ml/min. 

 

At the final step, galectin-8M and galectin-8L proteins were concentrated using 3 kDa and 10 

kDa, MWCO, Amicon ultra centrifugal units respectively at 4 ℃.   
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3.2.4.3. Protein Purity & Concentration Determination 

The protein samples collected at each step: expression, lactosyl affinity and size exclusion 

chromatography, were evaluated using SDS-PAGE analysis. The SDS-PAGE analysis with 

proteins concentration measurement were performed according to section 3.2.2.2. The final 

protein concentration was obtained 8 mg/ml and 1.5 mg/ml from 1 L culture for galectin-8M 

and galectin-8L correspondingly.  

 

3.2.5. Galectin-9M 

3.2.5.1. Construct Transformation 

The human galectin-9M (hgalectin-9M) encoding sequence inside pET-15b was kindly given 

by Prof. Bebhinn Treanor from the University of Toronto. The galectin-9M-pET-15b construct 

was transferred to E. coli Arctic (DE3) cells and subsequently sequenced using T7 standard 

primers (Table 3.1 at section 3.2.3.1) by AGRF. The sequencing consequences have been 

detailed in Appendix D.6. 

 

3.2.5.2. Protein Expression & Purification 

The E. coli Arctic (DE3) cells containing the plasmid galectin-9M-pET-15b, was grown in LB 

medium supplemented with 100 μg/ml Ampicillin and 20 μg/ml Gentamycin at 37 ℃ 

overnight. 20 ml of the overnight culture was added to 1 L LB medium for 3 h at 30 ℃ to reach 

the OD600 of 0.6. The temperature reduced to 11.5 ℃ while the culture still shaking for 45 

min. Then the culture was induced with 0.5 mM IPTG and incubated at 11.5 ℃ for 24 h at 250 

rpm. The cells were harvested by centrifuge at 10,000 x g, for 30 min at 4 ℃.  

 

To extract the soluble protein, the pellet sample was dissolved with chilled buffer (PBS, 4 mM 

BME, 1mM cocktail protease inhibitor, 10 mM imidazole, pH: 7.9) and the cells were lysed 

using sonication at 33% for 45 mins (8 s on, 20 s off) on the ice. The supernatant phase was 

separated using a centrifuge at 10,000 x g for 30 min at 4 ℃ and filtered using 0.22 μm filter.   

 

The extracted recombinant protein, His-galectin-9M, was purified using affinity 
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chromatography on the His-trap Column (5ml, GE-Healthcare). The proteins sample was 

loaded on the pre-equilibrated column (20 CV) with the extraction buffer. The column was 

washed (20 CV) with 25-35 mM imidazole, and then protein was eluted with 250 mM 

imidazole in PBS, pH: 7.9, containing 4 mM BME. 

Another affinity chromatography was continued using the lactosyl- sepharose column (Bio-

Rad) to purify the targeted protein using lactose. The equilibration and washing steps were 

conducted at 20 CV with PBS, pH: 7.9, containing 4 mM BME. The proteins were eluted under 

step-wise 50-100-150-200-250 mM concentration of β-Lactose at the same PBS buffer 

(containing 4 mM BME, pH: 7.9,) and collected separately in 10 ml volume for each elution 

buffer concentration. All purification steps were adjusted at 1 ml/min flow rate. 

 

The protein sample was dialysed against PBS buffer (pH: 7.9, 4 mM BME) for 3 cycles at a 

ratio of 1: 400 (sample to dialysis buffer) with 8-12 intervals using 3 kDa dialysis tubes while 

stirring at 4 ℃. Finally, protein concentration was conducted using concentrative Amicon ultra 

centrifugal filters (3 kDa) at 4 ℃. 

 

3.2.5.3. Protein Purity & Concentration Determination 

The protein samples SDS-PAGE analysis and protein concentration was technically evaluated 

based on the same protocols applied in section 3.2.2.2. The final protein concentration was 

calculated 1.4 mg/ml from 1 L culture.   

 

3.2.6. Galectin-9N & Galectin-9C 

3.2.6.1. Molecular Cloning 

Primer design: 

To amplify the DNA fragments of galectin-9N and galectin-9C, the oligonucleotide forward 

and reverse primers were designed based on the galectin-9M-pET15b template using Oligo v.7 

software. Each primer set was optimised for primers length (pb), annealing temperature and 3' 

ΔG to prevent the primers mismatching and forming hairpin and dimers. The primers 

sequences for galectin-9N and galectin-9C are shown in Table 3.2. The designed primers were 

synthesised by Macrogen. 
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Table 3.2. Sequence and thermodynamic parameters for galectin-9N and galectin-9C primers 

 

 

PCR Reaction: 

PCR amplifications were conducted using Q5® High-Fidelity DNA Polymerase (NEB) in a 

final volume of 50 μl per reaction containing 1X High-Fidelity Master mixed (NEB), 10 ng 

template plasmid and 10 pM of each primer per reactions. PCR reactions were performed in 

the following conditions: initial denaturation at 95 °C for 4 min followed by 35 amplification 

cycles of 95 °C for 30 s, annealing at 45 °C and 50 °C; for galectin-9N and galectin-9C primers 

respectively, for 30 s, extension at 72 °C for 80 s, and the final extension at 72 °C for 10 min 

using Thermocycler machine (Eppendorf). 

 

Visualisation of PCR Products: 

The PCR amplification products (1μl) were mixed with 1x loading buffer (10 mM Tris-HCl 

(pH: 7.6), 10 mM EDTA, glycerol 10%, 0.005% bromophenol blue) and separated using 1% 

agarose gel made in 0.5X TAE buffer and stained with ethidium bromide visualised using 

UVtech (Bio-Rad). The molecular weight (MW) of each band was compared with a co-

migrating known size DNA ladder 100 bp (NEB).  

 

DNA fragments & pET-15b Plasmid Double Digestion & Purification: 

The amplified PCR fragments and pET-15b plasmid (Appendix C.4), in separate reactions, 

were digested using NdeI and XhoI restriction enzymes. pET-15b plasmid was extracted using 

DNA Plasmid extraction kit (Promega) according to the manufacture's instruction. The purified 

Primer name Sequence 5' to 3' Length 

(bp) 

Tm* °C 

(Initial) 

Tm* °C 

(overall) 

Galectin-9N-F GCAGTCATATGGCCTTTAGCG 21 45 55  

Galectin-9N-R ACACCTCGAGTTATTGAAATGAGATGTAGG 30 40 59 

Galectin-9C-F TTCGCATATGTATCCGCACCCGGCATAC 28 56 64 

Galectin-9C-R GGTCCTCGAGTTACGTTTGGACGTGGGTCAG 31 52 65 

Tm*: Melting Temperature  
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plasmids and amplified DNA fragments were cleaved using NdeI and XhoI restriction enzymes 

(NEB) in the presence of CutSmart® Buffer at 37 ℃ for 30 min. 10 units of each enzyme were 

added per microgram of DNA plasmid in each digestion reaction. The linear pET-15b DNA 

band at the size of ~ 5700 kb according to DNA molecular weight marker (NEB) was recovered 

from the agarose gel using the Agarose Gel DNA Extraction Kit (Sigma). Subsequently, the 

linearised plasmid concentration and quality were determined using the nanodrop 

spectrophotometer (Thermo Fisher Scientific) and agarose gel electrophoresis, as previously 

described. 

 

Ligation Reaction: 

To construct the recombinant expression vectors, DNA ligation reactions were performed using 

T4 DNA ligase (NEB) in a final volume of 20 μL. DNA fragments were mixed at a molar ratio 

of 1: 3-1: 6, and incubated at 22 °C for 2 h. The reaction was inactivated at 65 °C for 10 min 

and chilled on the ice. 5 μL of the products were used in subsequent transformation reactions. 

 

Recombinant Plasmid Transformation to DH5α Cells: 

The competent DH5α cells were prepared based on the calcium chloride (CaCl2) protocol 

described by Sambrook and Russell, 2001 [165]. The 5 μL of the ligation reaction was added 

to 50 μL of competent DH5α cells, transferred on ice for 15 min, heat-shocked cells 1 min at 

42 °C (heat plate), and then incubated on ice for 5 min. To the cells, 800 μL of  Soc  medium 

(2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, 

and 20 mM glucose) was added and  incubated in a shaker-incubator  at 37 °C for 1h. Then 

cells, 200 μL, were spread on LB plates containing 100 μg/mL ampicillin and incubated at 37 

°C for overnight. Eight colonies from each transformation were randomly selected and sub-

cultured for the next Colony PCR step. 

 

Colony PCR: 

To verify the newly generated recombinant plasmids, colony PCR using specific primers 

(Table 3.2), was used to test eight colonies from each transformation. The colony PCR 

reactions were performed in the final volume of 20 μL containing 5 units of Taq DNA  

polymerase (NEB), 1× master mix (NEB), 10 pMol each of forward and reverse primers and 

cell samples from each colony. The colony PCR conditions, as stated earlier, were followed 
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for each sample of galectin-9N and galectin-9C using Thermocycler machine (Eppendorf). The 

PCR reaction samples were analysed using agarose gel and DNA molecular ladder. Samples 

which showed successful amplification of the sequences were grown and plasmids were 

purified by small scale plasmid purification. The recombinant plasmid DNA was then selected 

for double digestion reaction using NdeI and XhoI restriction enzyme before sequencing. The 

recombinant plasmids extraction and enzyme digestion reactions were performed as stated 

earlier in the section of plasmid double digestion. 

 

Sequencing: 

As the final confirmation stage, the recombinant plasmids were sequenced using universal T7 

promoter/terminator primers (Table 3.1) by AGRF. The generated sequences were analysed 

and, and the results were analysed using multiple align tools. The cloned sequences are detailed 

in Appendix D.7 and D.8.   

Recombinant Plasmid Transformation to BL21(DE3) Cells: 

The sequenced recombinant plasmids; pET-15b-galectin-9N and pET-15-galectin-9C were 

transformed using the heat-shocking protocol (as described previously) into BL21 (DE3) cells 

for proteins over-expression. The competent BL21 cells were prepared based on the calcium 

chloride (CaCl2) protocol [165]. 

 

3.2.6.2. Protein Expression 

The transformed cultures were grown overnight at 37 °C in 10 ml of LB medium (10 g 

Tryptone, 5 g Yeast Extract and 10 g NaCl per liter) containing 100 μg/ml of Ampicillin for 

each construct. 1 L of LB medium containing 100 μg/ml Ampicillin was inoculated with an 

overnight culture (1% v/v) and allowed to grow at 37 °C until the OD600 reached 

approximately 0.55. The proteins expression was induced with 0.25 mM IPTG, and the 

bacterial culture was incubated at 16 °C for 18 h. Then the cells were harvested by 

centrifugation at 10,000 x g, 4 °C, for 30 min and stored at - 20 °C until used. 

 

3.2.6.3. Protein Extraction & Purification 

The harvested cells were suspended in Lysis Buffer (10 mM imidazole, 300 mM NaCl, 20 mM 

phosphate buffer, 4 mM BME and 1 mM PMSF with pH: 7.9 and 6.6 (for galectin-9N and 
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galectin-9C respectively) and sonicated for 30 min on ice. The samples were centrifuged for 

30 min at 4 ℃, 10,000 x g and the supernatant was filtered using 0.22 m. 

 

The supernatant was loaded onto a 5-ml His-Trap column (GE Helthcare) pre-equilibrated with 

binding Buffer (10 mM imidazole, 300 mM NaCl, 20 mM phosphate buffer, 4 mM BME) with 

pH: 7.9 (for His-galectin-9N) and 6.5 (for His-galectin-9C). The column was washed with 20 

CV washing Buffer (28 mM imidazole, 300 mM NaCl, 20 mM phosphate buffer, 4 mM BME). 

The protein was eluted using 10 ml of 250 mM imidazole in 150 mM NaCl, 20 mM phosphate 

buffer, 4 mM BME, with pH: 7.9 (for His-galectin-9N) and 6.5 (for His-galectin-9C). The flow 

rate was set up at 1ml/min at all steps. The eluted fractions were collected and analysed by 

SDS-PAGE.  

 

The His-tagged recombinant proteins were dialysed against PBS buffer containing 4 mM B-

ME with pH: 7.9 and 6.5 for His-galectin-9N and His-galectin-9C respectively using dialysis 

tubes (3 kDa, MWCO) at 4 ℃. Consequently, the protein concentration was conducted using 

concentrative Amicon ultra centrifugal filters (3 kDa, MWCO) at 4℃.  

3.2.6.4. Protein Purity & Concentration Determination 

To evaluate proteins quality and quantity at each step, the SDS-PAGE analysis and proteins 

concentration calculation were performed the same as the protocol described at section 3.2.2.2. 

The final protein concentration for His-galectin-9N and His-galectin-9C were computed 1.2 

mg/ml and 0.8 mg/ml from 1 L culture correspondingly. 

 

3.2.7. Protein Western Blotting  

After running the recombinant protein samples on the SDS-PAGE gel (12%) electrophoresis, 

the gel was washed gently with Milli Q-water and soaked in transferring buffer, TBST (25 mM 

Tris, 192 mM glycine, pH: 8.3) containing methanol 10% for 15 min. 

 

The sponges, filter-papers, and membranes were also soaked in transferring buffer for 5 min. 

The membranes were placed between the gel surface in a sandwich model; Sponge- filter 

paper- SDS-PAGE- membrane-filter paper-sponge, submerged in transfer buffer. Transfer 
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apparatus was assembled using Trans-Blot® SD Semi-Dry Cell (Bio-Rad) and run for 1h at 10 

V. 

After transferring proteins bands onto the membrane, the membranes were washed with TBST 

buffer, 3 times for 5 min with gentle agitation, and then blocked using blocking buffer (TBST, 

tween 20% and 50% milk) for 1 h at room temperature (RT) with rocking gently. The 

membranes were washed with 5 times with TBST buffer for 5 min with gentle agitation, and 

incubated with primary antibody; anti-galectin-8 polyclonal (1: 2000 dilution, Invitrogen) or 

anti-galectin-9 polyclonal antibody (1: 2000 dilution, Invitrogen), in TBST buffer containing 

0.5% skim milk powder overnight at 4°C with rocking gently. The membranes were washed 3 

times TBST buffer for 5 min each with gentle agitation, and in the following incubated with 

secondary antibody, the HRP-labeled Goat anti-Rabbit IgG (H+L) Cross-Adsorbed (1: 10000-

1: 15000, Invitrogen) in TBST buffer for 2 h at RT with rocking gently. 

 

After washing the membranes 3 times with TBST buffer, the antibody bands visualised using 

the Pierce ECL Plus chemiluminescent kit (Thermo Scientific) according to the instruction 

manual and the images capture time were set up from the 30s to 120s using UVtech (Bio-Rad). 

 

3.3. Results & Discussion 

3.3.1. Galectin-8N 

Review of studies into the expression and production of recombinant galectin-8N using tagged 

(His and GST tags) and non-tag expression vectors, show varied methods and results [53, 62, 

67, 74, 91, 103, 107, 153, 154]. In these reports, the presence of fusion tags, aided in the 

purification process and did not have a significant impact on protein expression and solubility. 

The high affinity of galectin-8N to lactose enables purification using a lactosyl affinity 

chromatography column without the need for a fusion tag [89, 166]. Here, purified galectin-

8N is produced using pET-3a, a non-tag vector.  

 

The coding sequences of galectin-8N was cloned into the pET-3a vector, as detailed in section 

3.2.2.1, and was over-expressed in E. coli cells. Analysis of the proteins obtained from the 

soluble and insoluble cell lysates via SDS PAGE, showed that the majority of the recombinant 

galectin-8N was present within the soluble fraction. This result was also confirmed at a large-



59 

 

scale expression (Figure 3.2a, lane 1). The soluble proteins were purified using lactosyl affinity 

chromatography. The galectin-8N protein was eluted by adding buffer with an increasing 

concentration of lactose, 10-80 mM (Figure 3.2a, lane 3-7). As shown in Figure 3.2 lane 4, at 

20 mM lactose, the majority of the protein was eluted from the column. This band indicated 

that the protein was above 90% purity and a molecular mass of approximately 17.4 kDa. This 

is in accordance with the expected theoretical mass.  

 

The one extra band close to 75 kDa of the protein marker was detected at the eluted protein 

fraction with 10 mM lactose (Figure 3.2, lane 3), which could be referred to as the tetrameric 

form of the protein due to its close size to tetrameric size (71 kDa). However, after lactose 

elimination by dialysis of the collected protein, no upper band was observed to prove the 

influence of low concentration of lactose on the protein’s oligomerisation. Also, after the 

protein concentration to > 6 mg/ml, an upper band appeared with an approximate molecular 

weight of 70 kDa (Figure 3.2, lane 9). Based on the obtained data, it is predicted that the 

formation of the tetrameric structure of galectin-8N is influenced by highly concentrated 

protein.  
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3.3.2. Galectin-8C 

3.3.2.1. Construct Analysis 

For galectin-8C, in contrast to galectin-8N, the literature indicates the much lower solubility in 

heterologous expression and affinity to typical oligosaccharides like lactose, making 

expression and purification of galectin-8C challenging. To date, some studies have reported 

the production of recombinant galectin-8C in E. coli host, using different expression systems 

and fusion tags (Table 3.3) [59, 67, 91, 98, 153, 167]. 

 

Table 3.3. Production of galectin-8C in E. coli host using different expression systems 

 

Within this project, three expression vectors of pET-3a, pET-19b and pGEX-4T1 (Appendix. 

C) containing galectin-8C were analysed for sequence identity and protein expression (Table. 

3.4). The presence of His-tag improved the yield of protein by replacing nickel affinity 

chromatography instead of lactosyl affinity chromatography; galectin-8C, due to low affinity 

to lactose [67, 168], could not be eluted at a high rate; and in parallel, the His-galectin-8C was 

generated at a higher concentration. 

 

 

Host Vector Promoter Fusion  

Tag 

Isoform Sequence 

location 

(aa*) 

Reference 

BL21 

(DE3) 

pGEX-6P-1 tac GST hgalectin-8M 

 

184–317 Ideo H. et al., 2003 

BL21 Star  

(DE3) 

pET-32 

Ek/LIC 

T7 Trx hgaectin-8M 182–317 Patnaik SK. et al., 2005 

Carlsson S. et al., 2007 

BL21 

(DE3) 

pTrcHis B trc His mgalectin-8 

(murine) 

------- Romaniuk MA. et al., 2010 

BL21 

(DE3) 

pET-28a T7 His hgalectin-8L 228–359 Sai Li, et al., 2013 

BL21 

(DE3) 

pET-21a T7 His hgalectin-8M 184–317 Gerard Liu, et al., 2015 

aa*: Amino acid 
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The galectin-8C-pET-19b construct encodes for 10 histidine amino acids (10xHis), and FLAG-

tag at the N-terminal followed by the enterokinase (EK) cleavage site, DDDDK (Table. 3.5). 

The presence of poly His-tag facilitates the protein purification using affinity chromatography, 

and EK cleavage site gives the advantage to get a native protein of interest without the added 

amino acids (poly His and FLAG tags) when required. For galectin-8C-pET-3a (non-tagged) 

(Table.3.5), the lactosyl-based affinity chromatography put this construct at the second priority 

since not a high concentration of protein is expected to be captured as discussed. 

 

Table 3.5. His-tagged and non-tagged galectin-8C amino acid sequences with the predicted 

solubility chance for each construct 

Protein name Protein sequence Length 

(aa*) 

MW* 

(kDa) 

pI* Predicted 

solubility 

Observed 

solubility 

 

 

His-galectin-8C 

 
MGHHHHHHHHHHSSGHIDDDDK 

HMRLPFAARLNTPMGPGRTV 

VVKGEVNANAKSFNVDLLA 

GKSKDIALHLNPRLNIKAFVR 

NSFLQESWGEEERNITSFPFSP 

GMYFEMIIYCDVREFKVAVN 

GVHSLEYKHRFKELSSIDTLEI 

NGDIHFLEVRSW 

 

 

158 

 

 

18.2 

 

 

6.75 

 

 

55% 

 

 

5% 

 

Galectin-8C 

(non-tagged) 

 

MRLPFAARLNTPMGPGRTVV 

VKGEVNANAKSFNVDLLAG 

KSKDIALHLNPRLNIKAFVRN 

SFLQESWGEEERNITSFPFSPG 

MYFEMIIYCDVREFKVAVNG 

VHSLEYKHRFKELSSIDTLEIN 

GDIHFLEVRSW 

 

135 

 

15.4 

 

7.9 

 

71% 

 

5% 

aa*: Amino acid, MW*: Molecular weight, pI*: Isoelectric point 

 

 

In addition, the solubility of the proteins was compared putatively and practically using the 

PROSO online software (Table 3.5), and SDS-PAGE analysis, respectively. While the software 

predicted the 55% and 71% of solubility chance for his-tagged and non-tagged proteins 

respectively (Table 3.5), SDS-PAGE analysis revealed the major part of both proteins were 

expressed at insoluble phase (Figure 3.4, lanes 2 and 4). Moreover, the quantity of the over-

expressed his-tagged protein was higher than non-tagged protein. 

 

 

     10xHis            FIAG     EK 

site 
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The concentration of the purified His-galectin-8C and galectin-8C were determined to be 5.5 

mg/ml and 0.8 mg/ml respectively, each sample from 1 L culture. The further oligomerisation 

and homogeneity assays are conducted for the purified proteins in chapter 4. 

 

3.3.2.3. Protein Recovery from Inclusion Bodies  

As mentioned, the target protein over-expression in E. coli host make 30-50% of total cellular 

protein and commonly leads to protein aggregations into inclusion bodies (IBs) [155]. 

Although the protein aggregation is taken as the main drawback of the E. coli expression 

system, recovery of the protein from IBs has been a common practice in academia and industry. 

The high density and proteolysis resistance with developed isolation and refolding methods 

have given significant importance to IBs in bioactive protein production.  

 

It is reported that the hydrophobic or ion inter-molecular interactions cause the target protein 

to aggregate as IBs. Recently, it has been found that the expression circumstances influence 

the folding of the IBs proteins. Under moderate expression, aggregates enriched with the 

proteins containing native-like structures are more likely to be formed known as non-classical 

IBs (Figure 3.7) [158, 159].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Schematic structure of Inclusion Bodies (IBs).IBs at cytoplasm with spherical 

shape and size of 0.2 to 1.5 μm. (b) Amyloid-like structures in non-classical IBs under x-ray 

structural analysis. The image was reproduced from Singh A. et al., 2015 [159]. 

 

a b 
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relevancy of low concentration of lactose and protein dimerisation in this case.  

  

After protein concentration, the upper band (71.5 kDa with ~ 5-10% intensity) corresponding 

to protein dimeric form was observed as well as monomeric band (35.7 kDa with ~ 90-95% 

intensity). The data suggests that the galectin-8M dimerisation behaviour was similar to 

galectin-8N tetramerisation as found in section 3.3.1; where the protein concentration have an 

impact on protein dimerisation. 

 

Table 3.6. Galectin-8M and galectin-8L protein constructs analysis 

 

Galectin-8L was captured using 150 mM lactose on the lactosyl-sepharose column. The SDS-

PAGE analysis indicated a band of approximately 40.46 kDa, the expected size for monomeric 

protein (Figure 3.13a, lane 3). Another band at around 80.92 kD was visualised, potentially 

galectin-8L dimeric form according to the expected size for dimeric protein (Figure 3.13a, lane 

3). The proteins eluted from the column were less than 50% purity, thus to remove the 

additional proteins (lower bands), the second round of column chromatography using size-

Protein name Protein sequence 

 

Length 

(aa*) 

MW* 

(kDa) 

pI* Stability  

 

 

Galectin-8M-pET3a 

(non-tagged) 

 

 

 

 

 

 

MMLSLNNLQNIIYNPVIPFVGTIPDQLDPGTLIVI

RGHVPSDADRFQVDLQNGSSMKPRADVAFHF

NPRFKRAGCIVCNTLINEKWGREEITYDTPFKR

EKSFEIVIMVLKDKFQVAVNGKHTLLYGHRIGP

EKIDTLGIYGKVNIHSIGFSFSSDLQSTQASSLEL

TEISRENVPKSGTPQLRLPFAARLNTPMGPGRT

VVVKGEVNANAKSFNVDLLAGKSKDIALHLNP

RLNIKAFVRNSFLQESWGEEERNITSFPFSPGMY

FEMIIYCDVREFKVAVNGVHSLEYKHRFKELSS

IDTLEINGDIHLLEVRSW 

 

*Linker peptide sequence 

 

 

317 

 

 

 

 

35.75 

 

 

 

 

 

7.76 

 

 

 

 

 

 

high 

 

 

 

 

 

 

Galectin-8L-pET3a 

(non-tagged) 

LNNLQNIIYNPVIPFVGTIPDQLDPGTLIVIRGHV

PSDADRFQVDLQNGSSMKPRADVAFHFNPRFK

RAGCIVCNTLINEKWGREEITYDTPFKREKSFEI

VIMVLKDKFQVAVNGKHTLLYGHRIGPEKIDTL

GIYGKVNIHSIGFSFSSDLQSTQASSLELTEISRE

NVPKSGTPQLPSNRGGDISKIAPRTVYTKSKDST

VNHTLTCTKIPPMNYVSKRLPFAARLNTPMGP

GRTVVVKGEVNANAKSFNVDLLAGKSKDIALH

LNPRLNIKAFVRNSFLQESWGEEERNITSFPFSP

GMYFEMIIYCDVREFKVAVNGVHSLEYKHRFK

ELSSIDTLEINGDIHLLEVRSW 

 

 

361 

 

 

 

40.46 

 

 

9.00 

 

 

low 

aa*: Amino acid, MW*: Molecular weight, pI*: Isoelectric point 
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The galectin-8 full-length proteins were produced in the native form with > 95% purity and 

concentration of 8 mg/ml and 1.5 mg/ml from 1 L culture for galectin-8M and galectin-8L 

respectively.   

 

3.3.4. Galectin-9M  

The fact that galectin-9 protein is a primarily insoluble protein has made a challenging process 

to get the high yield of protein for biological structure and ligand binding studies. On the other 

hand, protein stability is influenced by the linker domain size. To date, some strategies have 

taken to tackle these obstacles like using the pTrcHis expression system, fusion-tagged 

proteins, or mutant form of galectin-9Null, which the whole linker peptide was replaced with 

two amino acids of Met/His, as reviewed in the literature [62, 81, 127, 172-175].   

 

Herein, an engineered kind of E. coli host named ArcticExpress (DE3) was developed to 

increase the yield of soluble protein in vivo. The Arctic cells co-express two chaperonins; 

Cpn10 and Cpn60, which aid in protein folding via stabilising partially folded or unfolded 

proteins in lower temperature (< 15℃). The recombinant galectin-9M protein (Table 3.7) was 

produced using Arctic (DE3) cells cultured at 11.5℃ and induced within 24 hours to aid in the 

yield of protein in a soluble form. 

 

As discussed in the literature review (section 1.4.1), galectin-9M is more stable than galectin-

9L due to excluding the extend linker. The protein proteases sensitivity was analysed using 

bioinformatic tools the same as done for galectin-8M and galectin-8L (section 3.3.3). And 

subsequently, the optimised conditions, as detailed in section 3.2.4, resulted in avoiding protein 

degradation or aggregation during protein extraction/purification. 
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Table 3.7. Galectin-9M protein construct analysis 

E. coli containing Galectin-9M-pET15b construct was grown. cell lysates were analysed using 

SDS PAGE. The gel showed the multiple bands of the inducible E. coli lysates, with one 

detectable band at ~ 36 kDa, corresponding to galectin-9M which has an expected protein size 

of 40.77 kDa (Figure 3.15, lane 1). Another band between 57 and 75 kDa was also seen. This 

band corresponded to the Cpn60 protein at 57 kDa (Figure 3.15, lane 1) as the chaperone 

proteins of Cpn60 are constitutively expressed in Arctic cells and can be visualised on protein 

gel analysis. The protein lysate solution was purified on the nickel affinity column. The elution 

fraction revealed two purified bands (Figure 3.15, lanes 3); an expected size of 40.77 kDa, the 

monomeric form of galectin-9M, and a band close to 75 kDa size of Protein Marker, potentially 

a dimeric form (calculated at 81.54 kDa). 

 

 

 

 

 

 

Protein name Protein sequence 

 

Length 

(aa*) 

MW* 

(kDa) 

pI* Stability 

 

 

 

 

Galectin-9M-pET15b 

(6xHis-tagged) 

 

 

 

MGSSHHHHHHSSGLVPRGSHMAFS

GSQAPYLSPAVPFSGTIQGGLQDGLQ

ITVNGTVLSSSGTRFAVNFQTGFSGN

DIAFHFNPRFEDGGYVVCNTRQNGS

WGPEERKTHMPFQKGMPFDLCFLV

QSSDFKVMVNGILFVQYFHRVPFHR

VDTISVNGSVQLSYISFQPPGVWPAN

PAPITQTVIHTVQSAPGQMFSTPAIPP

MMYPHPAYPMPFITTILGGLYPSKSI

LLSGTVLPSAQRFHINLCSGNHIAFH

LNPRFDENAVVRNTQIDNSWGSEER

SLPRKMPFVRGQSFSVWILCEAHCL

KVAVDGQHLFEYYHRLRNLPTINRL

EVGGDIQLTHVQTDYKDHDGDYKD

HDIDYKDDDDK 

 

*Linker peptide sequence 

 

 

 

365 

 

 

 

40.77 

 

 

 

6.68 

 

 

 

Moderate 

(*Higher than 

galectin-8L 

stability and 

less than 

galectin-8M 

stability) 

aa*: Amino acid, MW*: Molecular weight, pI*: Isoelectric point 
 

 

6xHis 
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produced. The low solubility and stability of galectin-8 and galectin-9 isoforms have been 

proved to be challenging to achieve for these proteins with a proper yield allowing structural 

and functional studies. To date, some strategies have been reported, including the production 

of the proteins in the mutant form, excluding the linker domain [49, 62], or using the vast 

soluble fusion-tags containing GST or Trx [67, 91]. To overcome this problem, in this study, 

the objective was to produce native proteins both in single and full-length isoforms, which 

were fully characterised as described in the chapter.  

 

The sequence coding of each protein using molecular biology tools was subcloned into the pET 

expression system under the control of T7 promoter and over-expressed in E. coli, BL21 and 

Arctic DE3 cells. The in vivo mild cultivations and co-expression of folding molecules 

improved the solubility of the low-soluble proteins. No degradation was observed for the 

recombinant proteins during protein extraction and purification, including the full-length 

isoforms under optimum conditions as described along with the chapter. The highly purified 

proteins (> 90-98%) were captured for all recombinant proteins based on affinity and size 

exclusion chromatography (S). 

 

Partial tetramerisation was observed for galectin-8N, which was influenced by highly 

concentrated protein. A novel finding was the fact that galectin-8 full-length isoforms tend to 

dimerise, whereas galectin-8M did not and produced predominantly monomeric form with only 

partial dimerisation at high protein concentrations. On the contrary, galectin-8L formed a 

dimeric structure mainly and was partially present as a monomeric form in solution. The data 

indicated a noticeable degradation for galectin-8L monomer form in contrast to the protein 

dimer formation. The lower stability of galectin-8L in contrast to galectin-8M could be 

explained by the extended linker region of galectin-8L that might lead to a higher proteolytic 

sensitivity, as predicted during proteins sequence analysis and is in line with the previous report 

[81]. 

 

In comparison to galectin-8 isoforms, galectin-9M was present in both monomeric and dimeric 

states with approximately similar probability. However, it was found that the ratio of monomer 

to dimer formation in galectin-9M was affected by changing lactose concentration in the 

chromatography elution buffer. This observation was in agreement with a previous study that 
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indicated the impact of lactose on galectin-9Null’s oligomerisation (the mutant protein 

including dipeptide His-Met linker) [125]. In terms of protein stability, purified galectin-9M 

and galectin-8L started showing degradation within one week at 4℃. But galectin-8M 

indicated stability over a longer time period. 

 

 

The gained results from this stage of the study contributed to developing the existing 

knowledge in the production, purification, characterisation and dimerisation of recombinant 

galectins, in particular, for the native type of galectin-8 and galectin-9 full-length isoforms. In 

the following, further assessments are investigated into proteins' quality and oligomerisation 

using complementary techniques.  
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CHAPTER 4 

 

4. Protein Quality Assays & Oligomer Structure Analysis 

4.1. Overview 

For purified recombinant galectin quality assessment and analysis of potential oligomerisation 

states, a combination of biochemistry and biophysical techniques were implemented. These 

assays provide essential information on the proteins in terms of formation of oligomeric 

structures, hydrodynamic size and homogeneity. 

 

Following on from the results of chapter 3, for galectin-8C non-reducing SDS-PAGE was 

utilised to determine the potential of disulfide-intermolecular interactions due to one free 

cysteine on the protein’s surface structure. Size exclusion chromatography (S) was used to 

distinguish the proteins in the monomeric or oligomeric forms using the optimum buffer 

solution at 4℃. To investigate the multiple structures of galectin-9M, the Native-PAGE was 

set up to separate the purified proteins based on the native form and net charge, without 

disrupting the intra- and intermolecular interactions. 

 

Furthermore, dynamic light scattering (DLS) was applied to record the size of the protein, 

distribution and homogeneity of recombinant galectins in their respective buffer solution and 

temperature [176]. 

 

The protein size distribution in DLS experiments is referred to the configuration of the protein, 

e.g. monomer, oligomer and multimer structures or any proteins misfolding/aggregation based 

on protein hydrodynamic radius (Rh) [176, 177]. The proteins Rh is obtained from the particles 

size undergoing Brownian motion, the random movement of particles influenced by the solvent 

molecules surrounding them, at a resolute temperature. The DLS instrument measures the light 

scattering variations made by facing a light laser to the proteins solution, and subsequently, the 

diffusion coefficient and particles size are computed to get proteins Rh and polydispersity 

(Figure 4.1)  [176]. 
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4.2.1. Non-Reducing SDS-PAGE 

To investigate the disulfide-intermolecular interactions in His-galectin-8C, the non-reducing 

SDS-PAGE (Table 4.1) was used. In this case, the protein sample was prepared by 1x loading 

buffer (50 mM Tris-HCl pH: 6.8, glycerol 10%, and 0.01% bromophenol blue) without any 

reducing agent, such as BME and without heating. The SDS-PAGE gel preparation, SDS buffer 

running and visualising were conducted the same as protocol stated in chapter 3; section 

3.2.2.2. In the following, the protein was treated with different concentrations of BME (1-25 

mM) at 4 ℃ to assess the effect of the reducing agent in preventing inter-disulfide bridges from 

forming.  

 

4.2.2. Native-PAGE 

To monitor the likely multimeric structure of His-galectin-9M, the Native-PAGE (Table 4.1) 

was prepared using the highly purified protein in a non-reducing and non-denaturing sample 

buffer (neither SDS nor BME in the sample buffer and in the gel) without any heating to 

maintain proteins native conformation and charge density. The polyacrylamide gel was 

prepared with a 10% resolving gel at pH: 8.8 and a 4% stacking gel at pH: 6.8. The samples 

were mixed with 1x loading buffer (50 mM Tris-HCl pH: 6.8, glycerol 10%, and 0.01% 

bromophenol blue). The running gel was performed at gel running buffer (1x Tris-glycine, pH: 

8) using Bio-Rad mini-protein system at a constant 80 V for 2 h. Bovine Serum Albumin (BSA) 

was applied as a standard control due to its common monomeric and dimeric formation. 

Coomassie staining was performed to visualise the SDS-PAGE gel the same as protocol stated 

in chapter 3; section 3.2.2.2.  

 

4.2.3. Analytical Size Exclusion Chromatography 

Size exclusion chromatography (S), for His-galectin-8C, was applied using the AKTA pure 

FPLC system with a 16/600 Superdex 75 pg (GE health care) column. The column was 

equilibrated using Tris buffer (50 mM Tris, 150 mM NaCl, 4 mM BME, pH: 7.9), 2 column 

volume (CV). The concentrated sample was loaded into the column using 2 ml sized loop and 

eluted using 120 ml Tris buffer (50 mM Tris, 150 mM NaCl, 4 mM BME, pH: 7.9) at a flow 

rate of 0.5 ml/min. The peak fractions were collected in separate tubes at 1.5 ml volume and 



91 

 

subsequently analysed using SDS-PAGE.    

 

4.2.4. Dynamic Light Scattering (DLS) 

DLS experiments were carried out using the Malvern Zetasizer-nano instrument. Prior to DLS 

experiments, proteins samples were centrifuged at 12,000 x g for 15 min at 4℃ to remove any 

protein aggregates. The DLS cuvettes were washed with ethanol 80% and MillQ H2O and dried 

under vacuum to remove any extra particle before using. Protein volume of 80µl was loaded 

into the cuvette and equilibrated at 20 ℃ or 4 ℃ for 120 s within the instrument. The zeta 

potential software was applied to set the measurements parameters including PBS dispersant, 

0.0041 viscosity, 1.330 refractive index, 1730 backscatter angle, 1x106 intensity and 15 runs 

at each measurement with three repeats (15 x 3) per sample. The protein concentration was 

optimised in the range of 0.4-1.5 mg/ml concerning each sample. The polydispersity of the 

main peak from each sample was investigated by size distribution (number and molecular-

mass), and proteins Rh was computed from an average of the measurement repeats. 

 

4.3. Results & Discussion 

 

4.3.1. Biochemical Assays 

Non-reducing SDS-PAGE was employed as a fast and simple technique to evaluate the 

formation of disulfides bonds. As shown in Figure 4.2. (lanes 2 and 4), the His-galectin-8C 

under non-reducing conditions formed a dimeric protein band around 36 kDa. This was due to 

intra- or intermolecular disulfide bridge of one free cysteine at the protein surface. The dimeric 

band started to disappear after treating the samples with 2.5-25 mM BME at 4℃ (Figure 4.2, 

lanes 5-8). 
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The collected data support previous results from experiments using lactosyl affinity 

chromatography and SDS-PAGE analysis of His-galectin-9M (chapter 3; section 3.3.4). 

Before, only one study reported the multimer structures for galectin-9Null (the mutated protein 

including His-Met dipeptide linker) using other techniques like Ferguson plot analysis and 

MALDI-TOF mass spectrometry [125].  

 

The obtained data from chapter 3 and this chapter; for the first time, provided the novel vision 

about dimerisation behaviour of galectin-8 two isoforms and single CRDs as well as 

oligomerisation of galectin-9M isoform in the native form of each protein (Table 4.3.)  

 

Table 4.3. Recombinant galectins dimerisation 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The dimeric and monomeric states of galectin-8L and galectin-8M indicated different stability 

and could be dependent on protein concentration. For galectin-8C CRD, the dimeric structure 

was observed based on intra- or inetrmolecular disulfide bridge. Galectin-8N CRD indicated 

somewhat tetrameric structure under lactosyl affinity chromatography and high protein 

concentration. Galectin-9M monomeric and dimeric forms’ intensity was changed under 

different concentration of lactose during affinity chromatography, and more trimeric/tetrameric 

structure was found using Native PAGE and DLS.  

  

Monomer 

 

Dimer 

 

Trimer 

 

Tetramer 

Galectin-8L + 

10% 

+ 

90% 

- - 

Galectin-8M + 

90% 

+ 

10% 

- - 

Galectin-8N + 

90% 

- - + 

10% 

Galectin-8C + 

85% 

+ 

15% 

- - 

Galectin-9M + 

40% 

+ 

40% 

+ 

15% 

+ 

5% 

Recombinat galectins 

Structure 

(Intensity %) 
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To further understand the self-interaction of recombinant galectins in more detail, SPR analysis 

has been undertaken and is described in chapter 9.  

 

 

4.4. Conclusion 

Following the purified of recombinant galectins, further biochemical and biophysical 

assessments were able to provide a comprehensive insight into the recombinant proteins in 

terms of quality and dimerisation/multimerisation. A novel dimeric structure was found for 

galectin-8C based on intra-molecular disulfide interaction due to one free cysteine at the 

protein surface. The captured monomeric structure (> 99% purity) in the presence of reducing 

agent was proved by S and DLS techniques. DLS analysis confirmed well the highly purified 

proteins for galectin-8N and galectin-8C with low pdI value (< 0.5) and monomeric size for 

both proteins. The homogeneity and monomeric form of purified galectin-8M was further 

verified through DLS analysis with pdI < 0.3 and monodispersal peak. The data was in line 

with the findings of chapter 3, where the monomeric form was the major structure isolated for 

galectin-8M, while galectin-8L isoform existed primarily in the dimeric state. The Native-Page 

and DLS assessments further showed the trimer/tetramer formation in addition to dimeric and 

monomeric forms for galectin-9M. As shown in this chapter and chapter 3, the varied applied 

techniques within the thesis enabled the purification and subsequent characterisation of 

galectin-8 and galectin-9 proteins in the native form without having to employ mutation of the 

linker domain. Ultimately, the obtained results from chapter 3 and 4, proved the highly purified 

recombinant galectins with a high homogeneity that can be subsequently used for the glycan 

binding and protein interaction analysis. 
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CHAPTER 5 

 

5. Investigation of Recombinant Galectins Glycan Binding Profile  

5.1. Overview 

To investigate the glycan binding features of the purified recombinant galectin-8 proteins, 

glycan microarray analysis was performed. This strategy aimed to identify single CRDs and 

full-length isoforms' glycan interactions. The basis of the glycan array technique is described 

in Figure 5.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Overview of glycan array analysis.Functionalised glycans are printed to a glass 

slide using robotic technology. (2) Fluorescently labelled proteins are incubated onto the slide 

to allow binding with the conjugated glycans. (3) The slide is then scanned using a fluorescent 

array scanner to determine binding to the glycans printed on the array. A positive binding is 

defined when four adjacent fluorescence intensity spots are visible and statistically greater than 

the slide background and empty spots. The image was reproduced from Mubaiwa D.T. et al., 

2018 [178]. 
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5.2. Methodology 

Glycan microarray analysis was performed, as previously described [179]. Briefly, the glycan 

array used in the Institute of Glycomics consists of 395 diverse glycans with and without a 

spacer group [179] (Appendix E.1). All glycans were suspended in 1:1 DMF: DMSO at a 

concentration of 1 mM and were printed onto SuperEpoxy 3 glass slides (ArrayIt, Sunnyvale, 

CA) using an ArrayIt SpotBot Extreme array. All glycans were printed in replicates of four, 

including four FITC control spots as well as additional positive and negative controls. 

 

5.2.1. Fluorescein Labelling of Recombinant Galectins 

For fluorescein labelling, 20 µg of each recombinant galectin-8L, galectin-8M, galectin-8N 

and galectin-8C was dissolved in 50 µl sodium bicarbonate buffer (pH 9.5). 1 µl from the stock 

solution of FITC fluorescein (1 mg/ml in DMSO) was added to the protein solution and 

incubated for 2 h on ice. Labelled galectins were separated from the un-reacted fluorescein by 

a buffer exchange into PBS buffer (pH:7.4) on the spin-filter concentration column (Amicon® 

ultra centrifugal filters, 3000 Da, Merck Millipore).  

 

5.2.2. Preparation of Glycan Array Slide 

Prior to performing glycan array experiments, slides were scanned using the Microarray 

scanner (InnoScan 1100 AL, INNOPSYS) with the blue argon 488 laser set to the FITC settings 

(520/5 nm ex/em). The glycan slide was pre-blocked by immersing in 50 mL tube with 0.5% 

BSA in PBS buffer (pH 7.4) for 5 min at 22°C. After washing with PBS, each slide was dried 

by placing into an empty 50 mL tube and centrifuging for 5 min at 200 x g.  

 

The printed subarray on the slide was isolated using a Gene Frame (1.7 x 2.8 cm, 125 μL, 

Abgene, Epsom, UK) prior to the addition of the labelled proteins to the array. 4 µg of 

individual recombinant galectins labelled with FITC-IC was diluted to 125 µl in Array PBS 

(APBS) buffer: phosphate-buffered saline with 2mM MgCl2 and 2mM CaCl, pH: 7.4. Each 

labelled galectin solution was applied to the separate microarray slides. A coverslip was applied 

to the GeneFrame and array slides incubated for 30-60 min at 22 °C in the dark. After the 

incubation, the GeneFrame and coverslip were gently removed under a solution of PBS buffer 
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(pH: 7.4) and then slide gently washed 3 times in APBS buffer (pH: 7.4). After the last wash, 

the slides were spun by centrifugation for 5 min 200 x g to dry. 

 

5.2.3. Glycan Array Analysis 

The slides were scanned in a Microarray Scanner (InnoScan 1100 AL, INNOPSYS) using an 

excitation wavelength of 488 nm (520/5 nm), and at 5 μm resolution. Image analysis and spot 

visualisation were performed using the image analysis software, MAPIX (INNOPSYS). 

Binding was classified as positive for a structure if the relative fluorescence unit value was 

statistically greater than one-fold above the mean background (defined as the average 

background of negative control spots plus three standard deviations) and was statistically 

significant (p < 0.005, Students T-Test). The glycan array analysis within the study only 

indicated the positive binding interactions, and for affinity determination, other techniques like 

ITC and SPR are required, as discussed in the next chapter (chapter 6). 

 

5.3. Results & Discussions 

The glycan array analysis was probed with FITC labelled galectin-8L, galectin-8M, galectin-

8N, and galectin-8C. The binding results for individual proteins have been presented in Tables 

5.1, 5.2, 5.3 and 5.4 respectively and the recombinant galectins-glycans heatmap was shown 

in Appendix E.2. The glycans’ name and structure with identity number (ID) have been 

demonstrated in the tables.  

 

Results from the glycan array experiments revealed that galectin-8L and galectin-8M bind to 

10 and 16 of β-Galactosides respectively (Table 5.1 and Table 5.2). Galectin-8L isoform 

(Table. 5.1) showed interaction with a larger subset of β-Galactosides, including Galactosyl-

Tn Antigen (ID: 1M), α1-3-Galactobiose (ID: 1N), and Linear B-2 and B-6 Trisaccharide (ID: 

1O/1P). In the binding with mannosyl glycans, only galectin-8L isoform bound this class of 

glycans containing; α1-2-Mannobiose (ID: 5C), α1-6-Mannobiose (ID: 5F), α1-3, α1-6- 

Mannobiose (ID: 5G), and α1-3, α1-3, α1-6-Mannopentaose (ID: 5H). Interestingly, the 

binding of the galectin-8L to the branched mannose has also been reported by Carlsson S. et 

al., 2007, using CFG-based array [91].  
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(continued)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The binding of galectin-8M and galectin-8L to sialylated glycans such as 6'-Sialyllactosamine 

(6'SLN) (ID: 10L), Sialyl Lewisa (ID: 10A) and LS-tetrasaccharide a (ID: 10M) was detected, 

and intensity was similar (Table 5.1 and Table 5.2). Galectin-8L also bound Disialyllacto-N-

tetraose (ID: 10D) and 9-acetamido-9-deoxy-N-acetyl-α-D-neurminic acid (ID: 18K) whereas 

galectin-8M indicated binding to 3'-Sialyllactosamine (3'SLN) (ID: 10K) and 3'-Sialyllactose 

(3'SL) (ID: 11A). Galectin-8L did not bind 3'SLN or 3'SL but more importantly, both galectin-

8 isoforms, galectin-8M and galectin-8L, indicated clear binding to 6'SL.  

 

Both galectin-8 isoforms also interacted with GM3 gangliosides (ID: 17N) and fucosylated 

GM1 (ID: 17I) glycan. Galectin-8M isoform showed additional binding to GD2 ganglioside 

glycans (ID: 17K). Galectin-8M and galectin-8L interacted with blood group A 

pentasaccharide (ID: 18E), which is potentially addressed to C-CRD domain due to its affinity 

to blood group A/B previously reported as well as based on the results for single CRDs, only 

galectin-8C indicated binding to blood group A. The obtained data are also in agreement with 

the recent study that identified the binding of fucos- and Neu5Ac-containing glycans with 

galectin-8M via N- and C-CRD, respectively, using NMR technique [145]. The binding of 

glycosaminoglycans (GAGs) (ID:12P, 13E) to galectin-8M isoform is of interest as no binding 
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was observed between galectin-8L and GAGs glycans.  

Table 5.2. Summary of galectin-8M binding to glycans as determined by glycan array analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

ID Glycan name Glycan structure

1C Galβ1-4Gal β-1-4-galactosyl-galactose

1F Galβ1-3GalNAcβ1-4Galβ1-4Glc asialo GM1

1K Galα1-4Galβ1-4Glc Globotriose

2A Galα1-3Galβ1-4Galα1-3Gal α1-3, β1-4,α1-3 Galactotetraose

18L Galβ1-4Glc
4-O-(B-D-galactopyranosyl)-B-

D-glucose

18N Galβ1-6Gal
6-O-(B-D-galactopyranosyl)-B-

D-galactose

7B
Galβ1-3(Fucα1-4)GlcNAcβ1-

3Galβ1-4Glc
Lacto-N-fucopentaose II

7E
Galβ1-3(Fucα1-4)GlcNAcβ1-

3Galβ1-4(Fucα1-3)Glc
Lacto-N-difucohexaose II

8A
SO3-3Galβ1-3(Fucα1-

4)GlcNAc
Sulpho Lewis

a

8G
Galβ1-4GlcNAcβ1-3Galβ1-

4(Fucα1-3)Glc

Lacto-N-fucopentaose VI 

(LNFP VI)

18E
GalNAcα1-3(Fucα1-2)Galβ1-

4(Fucα1-3)Glc

Blood group A 

pentasaccharide

20D
Galβ1-4(Fucα1-3)GlcNAcβ1-

3Galβ1-4(Fucα1-3)Glc
Lewis

x 
hexaose

10A
Neu5Acα2-3Galβ1-3(Fucα1-

4)GlcN Ac
Sialyl Lewis

a
 (S Lea)

10K Neu5Acα2-3Galβ1-4GlcN Ac 3'-Sialyllactosamine (3'SLN)

10L Neu5Acα2-6Galβ1-4GlcN Ac 6'-Sialyllactosamine (6'SLN)

10O
Neu5Acα2-6Galβ1-4GlcNAcβ1-

3Galβ1-4Glc 
LS-Tetrasaccharide c (LSTc)

11A Neu5Acα2-3Galβ1-4Glc 3'-Sialyllactose (3'SL)
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In summary, the obtained glycan array data indicated some clear differences in the glycan-

binding behaviour between the two galectin-8 isoforms but also similarities. This is the first 

comparative glycan array study for galectin-8M and galectin-8L isoforms in the native form. 

Previously, Carlsson S. et al., 2007, reported glycan binding profiles for Trx-tagged only for 

galectin-8S and galectin-8L [91].  

 

For galectin-8 single domains, galectin-8N and galectin-8C showed similar interactions with 

β-Galactosides glycans (Table 5.3 and 5.4). Results showed that galectin-8C bound to blood 

group antigens such as B trisaccharide (7M) and blood group A pentasaccharide (18E). 

Previous studies have indicated that the C-terminal domain of galectin-8 showed specificity 

toward binding of blood group antigens [68, 94]. In this study, the affinity of galectin-8N was 

observed for blood group H antigens such as H-disaccharide (7F), blood group H trisaccharide 

(7O), blood group H tetraose type 4 (20A) and difucosyllacto-N-hexaose (8E). Besides, in line 

with previous CFG-based analysis [91], for galectin-8N, there was an indication of binding to 

blood group B trisaccharide (7M). The obtained data revealed new insights into galectin-8N 

ability in binding to blood group antigens.  
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Galectin-8N indicated binding to gangliosides glycans such as GD1 a (ID:17F), GD2 (ID:17K), 

GD3 (ID:17N), and fucosyl GM1 (ID:17I) while no binding occurred was observed between 

these gangliosides and galectin-8C. The obtained results are in excellent agreement with 

previous data described previously, Ideo H. et al., 2003, using ELISA and SPR techniques, 

whereby the strong binding was detected for GST-tagged galectin-8N with GD1a and GM3, 

while GST-tagged galectin-8C did not bind to any of the examined glycosphingolipids, except 

slightly to GM1 [67]. Fluorescence anisotropy-based analysis by Carlsson S. et al., 2007, 

proved the high affinity of GM1 to Trx-tagged galectin-8N and galectin-8S but low affinity for 

Trx-tagged galectin-8C [91]. 

 

5.4. Conclusion 

In this chapter, glycan microarray analysis has revealed a glycan binding profile for 

recombinant galectin-8 proteins in the native form. This data highlights that the interaction of 

medium and long isoforms of galectin-8 with glycans is distinct. As shown by the array results, 

a clear interaction between galectin-8 isoforms and terminal galactose glycans; however, 

galectin-8L isoform bound to a broader range of galactose glycans compared to galectin-8M. 

Galectin-8L also displayed the binding to mannosyl glycans, e.g., mannopentaose, but no 

interaction was detected for galectin-8M isoform to mannose-containing glycans. Galectin-8M 

and galectin-8L interacted with blood group A-antigens. Galectin-8 single CRDs, galectin-8N 

and galectin-8C, depicted the binding to galactose and fucosylated glycans. As predicated, 

galectin-8C bound blood group A/B antigens and binding was found for galectin-8N with blood 

group B- and H-antigens. The results also presented galectin-8N binding with GAGs glycans 

the same as galectin-8M.  

 

The most interesting observation was that galectin-8M and galectin-8L bound to sialylated 

glycans with different linkage specificity. Galectin-8M showed binding to sialylated glycans 

terminating in either α2-6 or α2-3 linkages as well as gangliosides, whereas galectin-8L neither 

bound to 3'SL and 3'SLN nor interacted with gangliosides, but indicated binding to 6'SL and 

6'SLN. For galectin-8N clear binding to the terminal α2-3 Neu5Ac glycans (e.g. 3'SA-LNnT) 
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was observed as well as sialylated glycans with an α2-6 linkage containing 6'SL, DSLNT and 

LSTa/b/c. Galectin-8C also bound to 6'SL and 6'SLN whilst no binding was recorded to 3'SL 

or 3'SLN.  In previous studies, only a strong binding was reported for GST/Trx-tagged galectin-

8N and 3'SL but no interaction was reported between 6'SL or 6'SLN and both galectin-8N and 

galectin-8C [67, 91]. The obtained results not only revealed the novel insights into galectin-8 

isoforms' potency in binding glycans as well as single CRDs’ glycan binding but also clarified 

a differential binding pattern to sialylated glycans among galectin-8 proteins. In the following, 

the recombinant galectins’ binding behaviour to Neu5Acα2Me (the terminal monosaccharide 

of 3’SL), is investigated via analytical binding affinity assessments. 
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lactose was demonstrated for tagged galectin-8C domain compared with tagged galectin-8N 

CRD and galectin-8S isoform. Likewise, the high affinity to 3'-Sialyllactose (3′SL) was 

reported for GST/Trx tagged galectin-8N and galectin-8S but no affinity was found for 

galectin-8C (Table 6.1) [67, 91]. Ideo H, et al., 2011, indicated the complex structure of 

galectin-8N bound 3'SL [74].  

 

Table 6.1. Tagged-galectin-8 proteins binding affinity (KD) to lactose detected by biophysical 

techniques 

Galectin-8 Proteins Saccharide KD (µM) Method 

GST-Galectin-8N 

 

 

GST-galectin-8C 

 

 

GST-galectin-8S 

Lactose 

3′SL* 

 

Lactose 

3′SL 

 

Lactose 

3′SL 

80 

2.7 

 

440 

1000 

 

130 

2.4 

SPR [67] 

 

Trx-Galectin-8N Lactose 

3′SL 

90.80 

2.70 

Fluorescence anisotropy [91] 

His-Galectin-8N 

 

His-galectin-8C 

 

His-galectin-8S 

Lactose 

 

 

84–93 

 

664–950 

 

128-167 

HSQC/2D NMR spectroscopy [168] 

 

His-Galectin-8N 

 

His-galectin-8C 

Lactose 89 

 

873 

Bio-layer interferometry (BLI) [168] 

* 3′SL: 3'-Sialyllactose (α2,3-sialylated lactose) 

     

Using frontal affinity chromatography (FAC), the biding affinity to lactose was indicated for 

GST-tagged galectin-9N and galectin-9C with KD of 103 μM and 12 μM respectively. Using 

solution-based techniques, neither for galectin-8C nor galectin-9N reports have been published 

describing the binding to 3'SL or any other silylated glycans. But the binding affinity for 
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galectin-9S isoform and 3'SL with KD of 17–34 µM was reported though FAC technique [92]. 

Later, Yoshida H., et al. 2010, using the crystal structural-based studies displayed the galectin-

9C domain binding to 3'SL [122].   

 

Here, the binding affinity for the monosaccharide, Neu5Acα2Me, and disaccharide, lactose, is 

investigated for the native form of galectin-8 and galectin-9 CRDs with two isoforms of the 

medium and long size using SPR and ITC-based techniques.   

 

6.2.  Methodology 

The Binding models were generated for galectins with two compounds; Neu5Acα2Me and 

lactose using (i) SPR via the Biacore 8K+ single-cycle kinetics (SCK, GE healthcare) and (ii) 

ITC via Nano ITC (TA instruments).  

 

SPR technique requires substantially less protein than its counterpart ITC, due to this, the 

ligand-protein interactions for all recombinant proteins, particularly galectin-9M, galectin-9N, 

galectin-9C and galectin-8C were investigated via SPR. ITC analysis were obtained for the 

purified proteins; galectin-8M, galectin-8N and His-galectin-8C, to confirm affinity calculated 

by SPR. 

 

6.2.1. Surface Plasmon Resonance  

The SPR analysis was performed using the Biacore 8K+ single-cycle kinetics (SCK, GE 

healthcare) with a multichannel integrated microfluidic cartridge at 25 ℃. 

 

Initially, the proteins were immobilised on the Biacore Series S CM5 sensor chip 

(carboxymethylated (CM) dextran) by amine coupling. The proteins are attached to CM 

dextran by covalent binding through the primary amine groups of the proteins. A pH scout 

using 10 mM sodium acetate pH: 4.0-5.5 for each protein was performed to determine optimal 

conditions for covalent attachment to the surface. As shown in Table 6.1, each galectin was 

immobilised in sodium acetate pH: 5 or 5.5. For amine coupling, the chip surface was firstly 

activated with 1: 1 mixture of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC)/ N-

hydroxysuccinimide (NHS) coupling chemistry in accordance with the manufacturer's 
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instruction. The proteins were made up at 100 µg/ml at the specified pH and flowed over the 

surface for 600 s. The remaining groups were neutralised by an injection of 1M ethanolamine 

for 720 s. The reference cell underwent the same conditions, without the injection of protein to 

allow for pair-wise reference subtraction of the sensorgrams. Under these conditions, between 

3000-15000 RU of protein was captured on the active flow cells. 

 

Table 6.2. Recombinant proteins preparation for immobilization 

Protein MW* 

(kDa) 

pI* Storage buffer, pH Protein Con* for 

Immobilization             

(μg /ml) 

Sodium 

acetate pH 

Galectin-8L 40.45 9 PBS + 4 mM BME+2 mM 

EDTA, 7.45 

100 5 

Galectin-8M 35.74 7.76 PBS + 4 mM BME, 6.9 100 5.5 

Galectin-8N 17.48 8.9 PBS + 4 mM BME, 7.45 100 5.5 

Galectin-8C 15.4 7 PBS + 4 mM BME, 6.9 100 5.5 

His-Galectin-9M 40.76 6.68 PBS + 4 mM BME, 7.8 100 5 

His-Galectin-9N 18.9 7.1 PBS + 4 mM BME, 6.1 50 5.5 

His-Galectin-9C 18.4 8.5 PBS + 4 mM BME, 6.3 50 5 

MW*: Molecular weight, pI*: Isoelectric point, Con*: Concentration   

 

To investigate the analyte of lactose or Neu5Acα2Me interaction with the immoblised proteins, 

the program was defined using Biacore Control 8K+ software. For each analyte, triplicate 

repeats were determined with the blank cycle interval repeats. The regeneration solution, TE 

buffer was injected for 60 s at regeneration phase to remove the any reaming possible analyte 

on the chip. 

All SPR analysis were carried out at a flow rate of 30 µL/min using the running buffer PBS 

containing 4 mM BME (pH: 7.4), filtered using 0.22 µm filter and degassed prior to use. Each 

ligand (analyte) had a contact time of 90 s (association time), and a dissociation time of 600 s. 

The concentration ranges for the two analytes were set up generally between 0.1- 15 mM. The 
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kinetic parameters; kon, Koff, and Rmax* (maximum binding capacity), were calculated by 

global curve fitting and steady-state affinity fitted through Biacore Insight Evaluation 

2.0.15.12933 software. All data were double reference subtracted. 

 

*The Rmax factor is theoretically obtained from the following equation:  

Rmax: (analyte MW/protein MW) × RL (protein response based on the amount immobilised 

protein in RU) × Sm (stoichiometry corresponding to the active binding sites numbers). 

 

6.2.2. Isothermal Titration Calorimetry  

ITC analysis for galectin-8N, His-galectin-8C, galectin-8M and galectin-8L binding to lactose 

and Neu5Acα2Me were carried out using the Nano ITC instrument (TA instruments) at 25 ℃.  

 

ITC experiments were designed in a way that the Neu5Aca2Me or lactose was titrated stepwise 

using 20 injections of 2.5 µL with 200 s intervals into the sample cell, including the protein 

(primary sample) or buffer (blank sample). Protein at a concentration of 0.14- 0.4 mM was 

loaded into the sample cell and titrated with 1-4 mM lactose and Neu5Acα2Me stock solutions. 

All samples were reconstituted in PBS with 2.5-4 mM BME. For each protein; ligand pair, 

stocks were prepared in the same buffer; PBS buffer at pH: 7:45 for galectin-8N and galectin-

8L, pH:7.9 for His-galectin-8C and pH:6.8 for galectin-8M, respectively. Prior to loading, all 

samples were degassed.  

 

Titration and blank data were collected and processed through Nano AnalyzeTM software to 

determine the binding constants (KD), reaction stoichiometry (n), enthalpy (∆H) and entropy 

(ΔS) of every reaction. 

 

6.3. Results & Discussion 

6.3.1. Surface Plasmon Resonance Analysis   

The SPR analysis enabled the determination of the binding affinity for seven purified 

recombinant proteins; galectin-8N, galectin-8C, galectin-8M, galectin-8L, His-galectin-9M, 

His-galectin-9N and His-galectin-9C with Neu5Acα2Me and lactose. The SPR model used was 
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single-cycle kinetics, fit using steady-state affinity. From the triplicate data, the following 

affinities were determined, as shown in Table 6.3. Analytes were flowed over the surface at 

concentrations from 0.1- 15 mM. The continuous curve is a theoretical curve fitted by a 1: 1 

binding model. 

 

Table 6.3. Binding affinity parameters from SPR experiments 

Protein Ligand KD (μM) ± StDev 

Galectin-8L Lactose 70.4 (± 2.3) 

Neu5Acα2Me > 1000 

Galectin-8M Lactose 107 (± 24) 

Neu5Acα2Me 4.44 (± 1.75) 

Galectin-8N Lactose 66.99 (± 11.7) 

Neu5Acα2Me 5.65 (± 0.04) 

Galectin-8C Lactose 154 (± 38.2) 

Neu5Acα2Me >1000 

Galectin-9M 

 

Lactose 67.5 (± 6.9) 

Neu5Acα2Me 74.9 (± 41.8) 

Galectin-9N 

 

Lactose 10.5 (± 9.8) 

Neu5Acα2Me >1000 

Galectin-9C Lactose 60 (±14.9) 

Neu5Acα2Me 45.1 (± 25) 

 

 

6.3.1.1. Galectin-8 Recombinant Protein 

The predicted affinity for galectin-8N was a KD of 66.9 μM for lactose and 5.6 μM for 

Neu5Acα2Me (Table 6.3 and Figure 6.3). The results interestingly showed galectin-8N had a 

higher binding affinity for Neu5Acα2Me compared to lactose. As predicted during docking 

analysis (chapter 2), the presence of Arg59 in the extended S3-S4 loop area and Glu47 for 

galectin-8N that has a direct impact on Neu5Acα2Me binding. 
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The obtained binding affinity of galectin-8N to Neu5Acα2Me (KD, 5.6 μM) was very close to 

the reported KD of 2.7 μM for GST/Trx-galectin-8N bound 3'SL [67, 91]. This indicates that 

galectin-8N binds Neu5Acα2Me and the 3'SL with a comparable affinity suggesting that the 

main sugar moiety is the sialic acid. 

 

The no affinity between galectin-8C and Neu5Acα2Me could be strongly related to the lack of 

Arg59 with a shorten S3-S4 loop and presence of Ser255 in place of Arg45, and Asn257 in 

place of Gln47 at the analogue extending binding site of galectin-8C, compared with galectin-

8N, led to prevent binding of galectin-8C and Neu5Acα2Me. Compared to galectin-8N, 

galectin-8C showed a two-fold lower binding affinity to lactose. The low affinity to lactose has 

also been observed during purification of the protein using lactosyl chromatography (chapter 

3; section 3.3.2). Overall, the obtained data presented here are in agreement with previous 

reports describing lactose binding to GST- or His-tagged galectin-8 CRD domains [67, 168].  

 

 

For the two isoforms, galectin-8M and galectin-8L, a KD of 107 μM and 70.4 μM was observed 

for lactose, respectively (Table.6.3 and Figure 6.5a, Figure 6.6a). It appears that galectin-8L 

and galectin-8M have a similar affinity to lactose. Surprisingly only galectin-8M indicated a 

high affinity to Neu5Acα2Me with a KD of 4.4 μM (Table.6.3 and Figure 6.5b, Figure 6.6b). 

No affinity was recorded for galectin-8L and Neu5Acα2Me (KD > 1000 mM). An increased 

ligand concentration to 5 mM also did not result in any binding events (Figure 6.6b). 
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The difference in the binding behaviour of galectin-8M and galectin-8L have also been 

observed during glycan array based-analysis. Glycan array experiments (chapter 5) indicated a 

distinct glycan-binding pattern for sialylated glycans, e.g. galectin-8M indicated predominant 

binding to 3'SL and 6'SL, whereas 8L bound to 6'SL but not to 3'SL.  

 

It appears that the binding to the monosaccharide, Neu5Acα2Me, is another difference between 

the two isoforms. While galectin-8M bound Neu5Acα2Me with a strong affinity, galectin-8L 

did not show any affinity to Neu5Acα2Me, suggesting that the underlying lactose moiety of 

6'SL plays a significant role in binding. This is in excellent agreement with already published 

studies, suggesting that galectin-8L prefers to bind complex glycans, compared to short or 

medium isoforms [84].  

 

It might also be related to galectin-8L high tendency in dimerisation compared with galectin-

8M indicated the predominant monomeric structure and only partial dimerisation as previously 

observed in chapter 3 and 4. It is likely that galectin-8L dimerisation occurs through CRD 

domains e.g., N-CRD, the responsible CRD domain in binding to Neu5Acα2Me, and it would 

influence galectin-8L binding. To further understand the dimerisation (self-association) of 

galectin-8L isoform in more detail, SPR analysis has been undertaken and is described in 

chapter 9. 

 

 

6.3.1.2. Galectin-9 Recombinant Protein 

 

Galectin-9M interaction with lactose was computed with KD of 67.5 μM, and almost similar 

affinity to Neu5Acα2Me (KD of 74.9 μM) (Table.6.3 and Figure 6.7). The previous report using 

FAC technique indicated GST-tagged galectin-9’s KD of ~18.5 µM to 3'SL [92]. Here, 

Neu5Acα2Me had an affinity of 74.9 µM (KD) to galectin-9M, and the trisaccharide had an 

interaction of about 18 μM (KD). This difference in affinity could be explained due to dissimilar 

techniques and type of the protein isoform. Or 3'SL might be the preferred ligand for galectin-

9M as well. 
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Galectin-9C indicated binding to lactose and Neu5Acα2Me at KD of 60 μM and 45.1 μM 

respectively (Table 6.3 and Figure 6.9). In the previous report, using FAC strategy, KD of 12 

μM was detected for galectin-9C and lactose [92]. Here, despite the previous FAC-analysis 

demonstrating the low affinity for galectin-9N and lactose (KD, 103 μM) [92], a strong binding 

was observed for galectin-9N and lactose (KD, 10.5 μM) and much lower binding for galectin-

9C and the same ligand. This difference in affinity might be due to the distinct nature of the 

applied techniques. Moreover, the site responsible for oligomerisation of galectin-9C and 

galectin-9N could lead to another difference along with the binding affinity to glycans, as 

previously discussed in the literature review (chapter 1) [123, 127]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. SPR analysis of galectin-9C binding with lactose and Neu5Acα2Me. (a) lactose 

binding and (b) Neu5Acα2Me binding to the immobilised galectin-9C proteins. Showing the 

sensorgram binding plot (RU and versus time) and the fitted binding curve (RU and analyte 

concentration). 

a 

 

b 
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Using solution-based techniques, no binding affinity was reported for galectin-9C towards 

3'SL. As reviewed in chapter 1, Yoshida H., et al., 2010, using x-ray crystallography studies, 

displayed the complex structure of galectin-9C bound 3'SL [122]. Here, the binding affinity of 

galectin-9C to Neu5Acα2Me was almost close to galectin-9M and the same ligand. During 

computational docking analysis (chapter 2), the structure-model indicated His223 and Arg221 

binding to carboxylic acid and glycrol chain respectively; no more binding occurred between 

carboxylic acid and Arg221 as previously reported in interaction with Neu5Ac moiety of 3'SL 

[122]. On the contrary, for galectin-8N and Neu5Acα2Me, the docked-model, showed a strong 

binding between carboxylic acid and Arg59, which was similar to Arg59-carboxylic acid anker 

for Neu5Ac moiety in the galectin-8N-3'SL complex structure [74].  

 

The SPR-based results revealed the moderate interaction between galectin-9M isoform and 

Neu5Acα2Me, and data clarified the galectin-9C CRD potency in such a binding. 

Fascinatingly, the strong binding was obtained for galectin-8M and Neu5Acα2Me as well as 

galectin-8N CRD and Neu5Acα2Me. The data suggested that galectin-8N could be the 

preferential domain for binding to Neu5Acα2Me and not galectin-9C CRD.  

 

Here, it well proved that the difference of residues and loop structures at the extension binding 

site of galectin-8 and galectin-9 CRDs leading to a differential binding affinity to 

Neu5Acα2Me. The most important difference between galectin-8 and galectin-9 is the 

presence of Arg59 in the extended S3-S4 loop area for galectin-8N CRD that has a direct 

impact on Neu5Acα2Me binding as predicted in docking analysis. Likewise, the presence of 

Glu47, located on S3 β-strand, facilitate the important interaction of Arg59 and the carboxylic 

acid of Neu5Acα2Me. In galectin-9C, the S3-S4 loop is very short, and Arg59 is exchanged 

with GLy229. Subsequently, different binding affinity and specificity were observed between 

galectin-8 and galectin-9 to Neu5Acα2Me. 

 

6.3.2. Thermodynamic Analysis 

The ITC kinetic binding and thermodynamic features of the recombinant protein interaction 

with two ligands, lactose and Neu5Acα2Me in the dynamic solution were investigated. ITC 

was performed for a subset of galectin-8 proteins; galectin-8L, galectin-8M, galectin-8N, 
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galectin-8C, to complete the analysis and provide a comparison to SPR data. Here, the His-

galectin-8 construct was applied for ITC analysis due to a higher protein concentration required 

for ITC experiment compared with the SPR analysis using much lower protein concentration 

for galectin-8C (non-tagged) construct. Previously, in chapter 3, the difference of final 

concentration was detailed for the purified galectin-8C protein in the form of His-tag and non-

tag. Table 6.4 indicates the affinity, association rate (KD) and stoichiometry for each of the 

proteins and their binding partners. 

 

Table 6.4. Calculated binding affinity and thermodynamics parameters from ITC experiments 

 

 

Lactose was assessed as control with KD of 29.7 μM and 270 μM for galectin-8N and His-

galectin-8C, respectively (Table 6.4 and Figure 6.10). This showed that galectin-8N had a 

stronger affinity to lactose compared to His-galectin-8C. The SPR-based affinity calculations 

for lactose were 69.9 μM and 154 μM (KD) for galectin-8N and galectin-8C, respectively. The 

data obtained for the interaction between galectin-8N and galectin-8C with lactose via SPR 

and ITC was consistent with lactose affinity chromatography (chapter 3) and previous reports 

(as stated in Table 6.1). ITC showed a KD of 8.3 μM for galectin-8N with Neu5AcMe (Table 

Protein Ligand KD (μM) 

 ±St Dev 

ΔH 

(kJ/mol) 

ΔS 

J/molK) 

N  

±St Dev 

 

Galectin-8N 

Lactose 29.78 (± 1.8) - 31.5 - 18.99 0.98 (± 0.07) 

Neu5Acα2Me 8.3 (± 2.2) - 6.04 73.72 1.2 (± 0.08) 

 

His-Galectin-8C 

Lactose 270.6 (± 2.5) - 0.567 66.40 0.94 (± 0.3) 

Neu5Acα2Me >1000 - - - 

 

Galectin-8M 

Lactose 21.56 (± 3.2) - 2.06 84.42 0.9 (± 0.09) 

Neu5Acα2Me 3.48 (± 1.1) 58.30 300 1.19 (± 0.1) 

Galectin-8L Lactose 128.4 (± 7.9) - 42.82 -71.52 1.9 (± 0.05) 

Neu5Acα2Me >1000 - - - 
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6.4 and Figure 6.11a). This value was consistent with SPR-based KD of 5.6 μM. As expected, 

there was no affinity for His-galectin-8C and Neu5Acα2Me via ITC (KD > 1000 mM) (Table 

6.4 and Figure 6.11b). The data verified well the SPR results; no binding occurred between 

galectin-8C and Neu5Acα2Me. The binding of galectin-8N to Neu5Acα2Me could be 

attributed to the presence of the residues Arg59, Glu47 and Arg45 at the protein binding site. 

As outlined in chapter 2, galectin-8C is missing these three essential residues and therefore, 

this modification is directly responsible for a non-binding effect of Neu5AcMe as shown by 

ITC and SPR.  

 

For galectin-8M; lactose and Neu5Acα2Me exhibited 1:1 stoichiometric binding to galectin-

8M at 21.56 μM and 3.48 μM (KD) binding affinity respectively (Table 6.4 and Figure 6.12a, 

6.13a). The strong affinity of galectin-8M to Neu5Acα2Me (KD of 3.48 μM) was similar to the 

SPR-based KD of 4.44 μM. For galectin-8L and Neu5Acα2Me, no interaction was obtained as 

earlier observed using SPR (KD > 1000 μM) (Table 6.4 and Figure 6.13b), whilst lactose 

revealed 1:2 stoichiometric binding to galectin-8L with 128.4 μM (KD) affinity (Table 6.4 and 

Figure 6.12b), which was a similar concentration to that obtained via SPR, with the KD of 70 

μM. The ITC-data further showed the evidence of galectin-8L dimeric form in dynamic 

solution-based conditions; it was expected that galectin-8L bound lactose occurring most likely 

via two free C-CRD. The lack of galectin-8L binding to Neu5Acα2Me could be due to the 

inaccessibility of N-CRD domains involved in the protein’s dimerisation. Later, using SPR 

analysis in chapter 9, it was proved well the N-CRD is the main domain engaged in galectin-

8L’s self-association. 

 

The ITC-based assessments were in excellent agreement with SPR results. The strong binding 

of galectin-8N to Neu5Acα2Me in contrast to galectin-9C with the same ligand could be related 

to the best-fixed docked structure, as discussed above and in chapter 2. The correct ligand 

orientation, ionic and hydrogen bonds interactions were predicted through the specific residues, 

in particular, Arg59 at the extended S3-S4 loop area of galectin-8N and Neu5Acα2Me. The 

high affinity and specificity of galectin-8M using ITC and SPR-based analysis was recognised 

and referred to galectin-8N as the responsible CRD domain in binding to Neu5Acα2Me. 
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6.4. Conclusion 

SPR and ITC experiments have provided binding affinities for recombinant galectins; galectin-

8L, galectin-8M, galectin-8N, galectin-8C, galectin-9M, galectin-9N and galectin-9C, in 

complex with Neu5Acα2Me and lactose. The SPR-based analysis indicated a high affinity, 

compared to the other galectins, between galectin-8M and Neu5Acα2Me (KD, 4.44 μM) as well 

as galectin-8N and Neu5Acα2Me (KD, 5.65 μM) while no association was observed for 

galectin-8C and galectin-8L with Neu5Acα2Me (KD > 1000 μM). It appeared that the lack of 

Arg59 with a shortened S3-S4 loop and the exchange of Ser255 to Arg45, and Asn257 to Gln47 

in the extending binding site of galectin-8C, compared with galectin-8N, prevented binding of 

galectin-8C to Neu5Acα2Me. Likewise, galectin-8C indicated a lower binding affinity to 

lactose compared with galectin-8N CRD as earlier observed during lactosyl affinity 

chromatography (chapter 3) and in line with previous reports for GST/Trx/His-tagged galectin-

8C binding to lactose. In consistence with SPR data and using ITC, galectin-8N and 

Neu5Acα2Me exhibited a strong affinity with KD of 8.3 μM, and no binding occurred between 

galectin-8C and Neu5Acα2Me.  

 

Both galectin-8 isoforms, however, displayed moderate binding affinity to lactose using SPR 

analysis, but a strong affinity was only obtained for galectin-8M to Neu5Acα2Me (KD, 4.44 

μM), and no interaction was observed between galectin-8L and Neu5Acα2Me. ITC analysis 

supported the SPR findings with a KD of 3.48 μM for galectin-8M in complex with 

Neu5Acα2Me and no binding for galectin-8L and Neu5Acα2Me. The lack of galectin-8 

binding compared with galectin-8M could be firstly explained by galectin-8L’s preference to 

bind complex glycans compared to medium isoform [84]. Likewise, the differences in binding 

affinity might also be related to the high tendency of galectin-8L to form dimers (as earlier 

found in chapter 3). ITC analysis provided the evidence of galectin-8L’s dimeric form in 

dynamic solution-based conditions in line with biochemistry-based data (chapter 3). 1:2 

stoichiometric binding for galectin-8L and lactose interaction but no binding with 

Neu5Acα2Me was an important observation because dimer formation is most likely to cause 

alteration of the presentation of the glycan-binding site and thus hinder Neu5Acα2Me 

association. To further understand the self-association of galectin-8L through CRDs, SPR 

analysis has been undertaken and is described in chapter 9. 
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Galectin-9M binding to lactose was determined with a KD of 67 μM, which was comparable to 

galectin-8 isoforms. However, galectin-9M has a much lower affinity in binding Neu5Acα2Me 

(KD, 74.9 μM) in contrast to galectin-8M (KD, 4.44 μM). Galectin-9C was determined as the 

engaged CRD in binding to Neu5Acα2Me with KD of 45.1 μM whilst no binding was observed 

between galectin-9N and Neu5Acα2Me. Both galectin-9N and galectin-9C interacted with 

lactose with KD of 10.5 μM and 60 μM, respectively.  

 

It appeared that the difference of residues and loop structures at the extension binding site of 

galectin-8 and galectin-9 CRDs (as shown in chapter 2) led to a differential binding affinity to 

Neu5Acα2Me. The most important difference between galectin-8 and galectin-9 is the 

presence of Arg59 in the extended S3-S4 loop area for galectin-8N CRD that has a direct 

impact on Neu5Acα2Me binding. Likewise, the presence of Glu47 located on S3 β-strand, 

could facilitate the interaction of Arg59 and the carboxylic acid of Neu5Acα2Me as shown in 

the docked-structure (chapter 2). The S3-S4 loop is very short in the galectin-9C, and Arg59 is 

exchanged with Gly 229. The data strongly suggested that galectin-8N could be the preferential 

domain for binding to Neu5Acα2Me and not the galectin-9C CRD. 

 

Based on the SPR and ITC results, galectin-8M indicated the highest affinity to Neu5Acα2Me 

among the proteins investigated here, and N-terminal CRD, galectin-8N, was detected as the 

responsible domain involved in such a binding. In the following, the interaction of galectin-8N 

with Neu5Acα2Me is investigated at the atomic level using x-ray crystallography studies.  
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The utilisation of protein x-ray crystallography also implemented to achieve the galectin-8M 

three-dimensional structure both in apo form and in complex with Neu5Acα2Me. Currently, 

there is no 3D structure reported for galectin-8 full-length protein. The only x-ray crystal 

structure available in the RCSB PDB database (https://www.rcsb.org/) (PDB ID: 3VKL) is for 

the protease-resistant mutant form of the protein, galectin-8Null excluding the linker domain 

[62]. 

 

7.2. Methodology 

Protein x-ray crystallography studies were initially conducted using the Hampton research 

screenTM kits, based on vapour-diffusion sitting-drop or hanging-drop methods [184]. To 

achieve crystallisation of a protein-ligand complex, two main techniques were trialed: i) Co-

crystallisation and ii) Soaking [66, 185]. The x-ray data diffraction collection was performed 

using home-source diffractometer or Synchrotron Beamline [186]. Subsequently, the data 

processing was completed through RLK 3000 and CCP4 software package [187]. Coot 

software was then used for model building [188]. 

 

7.2.1. Galectin-8N Crystallisation 

Galectin-8N protein with a concentration of 6 mg/mL was prepared in two buffers: PBS and 

Tris buffer (pH: 7.45). Initial crystallisation trials were conducted by Crystal screenTM kits 

including HR2-110, HR2-112, and PEG/Ion HR2-112 crystallisation grade reagents (Appendix 

F.1, F.2, and F.3 respectively) using vapour-diffusion sitting-drop [184] in 96-wells plates at 

20℃ for 40 days. The suitable reservoir reagent was obtained for the protein sample inside 

Tris storage buffer. Crystals were grown at 500 μl reservoir solution (0.1 M Tris-HCl pH: 5.6, 

100 mM MgCl2, 20% v/v Polyethylene Glycol 4000) and 4 μl drop containing 2 μl protein (6 

mg/mL in Tris 50 mM, 150 mM NaCl, pH: 7.45) with 2 μl reservoir solution using vapour-

diffusion hanging-drop [184] in 24-wells plates at 20 ℃. The crystals started to grow within 3 

days and reached a three-dimensional size of 0.2 x 0.2 x 0.4 mm within 14 days.  

 

7.2.2. Galectin-8N Co-crystallisation & Soaking with Ligand  

To obtain galectin-8N-Neu5Acα2Me complex, two strategies were followed; soaking and co-
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crystallisation.  

 

(a) Co-crystallisation:  

The protein-ligand samples were prepared using a protein concentration of 400-500 μM with 

various concentrations of Neu5Acα2Me at 1, 2.5, and 5 mM in the total volume of 15 μl and 

incubated at 4 ℃ for overnight. To get crystal growth, 24-wells plate was set up with 500 μl 

reservoir solution (0.1 M Tris-HCl pH 5.6, 100 mM MgCl2, 20% v/v Polyethylene Glycol 

4,000), 4 μl drops containing the equal volume of premixed protein-ligand and reservoir 

solution for every reaction. The plate was incubated at 20 ℃. In 15 days, the crystals were 

obtained and picked up for in house x-ray diffraction analysis at room temperature. 

 

(b) Soaking:  

The protein crystals obtained from galectin-8N crystallisation step were picked and placed into 

a fresh reservoir solution drop supplemented with a range of 1- 10 mM Neu5Acα2Me 

concentration and incubated from 30 min-1 h at 20 ℃. Then co-crystals were picked and placed 

into cryoprotectant buffer containing reservoir solution with 15% glycerol for 30-60 s, and 

quickly put inside the liquid nitrogen (flash-frozen) by cryo-loops for transfer to the 

Synchrotron Melbourne for x-ray diffraction. At the second series of soaking; 20 mM of 

Neu5Acα2Me inside the reservoir solution drop was soaked into suitable crystals for 1, 2, 4 

and 6 h at 20 ℃ before in-house x-ray diffraction was performed at room temperature. At the 

third series of soaking; 30 mM of Neu5Acα2Me inside the reservoir solution drop was soaked 

to suitable crystals for 12-16 h at 20 ℃ before in-house x-ray diffraction was performed at 

room temperature. 

 

7.2.3. X-ray Diffraction & Data Processing  

The x-ray diffraction data were collected: (1) remotely at the Australian Synchrotron using 

Blu-Ice software46 at 100 K and ADSC Quantum detector [189], (2) at home-source at 298K 

using the Rigaku MicroMax 007HF system with the Pilatus detector. The data obtained from 

synchrotron was integrated and scaled using iMOSFLM [190] and AIMLESS [191, 192] 

belonging to the CCP4 software suite [187]. The home-source data was integrated and scaled 

using RLK 3000 software package and then processed through SCALEPACK2MTZ belonging 
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to CCP4 package. The structures were solved using the galectin-8N CRD structure in the apo 

form (PDB ID: 5T7S or 5T7U), as the search model at the molecular replacement (MR) step, 

by MOLREP [193], and subsequently, the obtained structure was refined using REFMAC5 

[194, 195]. Visualisation of the electron density map and model building was performed using 

COOT [188, 196].  

 

7.2.4. Galectin-8M Crystallisation 

The initial crystallisation trials were conducted for galectin-8M protein at two concentrations 

of  8 mg/mL and 4 mg/ml in PBS storage buffer (pH: 6.8) using sitting-drop vapour-diffusion 

methods [184] and two Crystal screenTM kits; HR2-110 and HR2-112 crystallisation grade 

reagents (Appendix F.1 and F.2). Drops were set up by mixing 1 µl of protein (at 8 mg/ml or 4 

mg/ml) and 1 µl of commercial buffer solution and equilibrated against 80 µl buffer solution 

in 96-well plates. Then the plates were incubated at 20 ℃ for 40 days.  

 

 

7.3. Results & Discussion 

7.3.1. X-ray Crystallography Studies for Galectin-8N in Complex with Neu5Acα2Me 

7.3.1.1. Galectin-8N Crystallisation 

Initial crystallisation trials were performed for galectin-8N in two buffers: Tris and PBS. 

Crystals were grown for the proteins in 50 mM Tris buffer under the determined reservoir 

solution (0.1M sodium citrate tribasic dihydrate pH: 5.6, 20% 2-propanol, and 20% PEG 4000) 

(Figure 7.2) whereas, for the samples in PBS, the salt-like crystals, needle-like crystals or 

precipitation appeared. According to the previous reports, the buffers such as Tris, which has 

a with low molarity seems more appropriate for crystallisation rather than PBS [53]. 

Nonetheless, one study by Bohari M. et al., 2016, reported galectin-8N crystal formation 

directly in PBS buffer at 4℃ [89]. 
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Figure 7.2. Galectin-8N crystals formation. The crystals were obtained using vapour drop 

diffusion technique with reservoir solution of reagent (0.1M sodium citrate tribasic dihydrate 

pH: 5.6, 20% 2-propanol, and 20% PEG 4000) within 14 days.  

 

7.3.1.2. Co-Crystallisation, Soaking & Data Collection 

 

To obtain a 3D structure of the galectin-8N–Neu5Acα2Me complex, co-crystallisation and 

crystal soaking methods were employed. These methods resulted in four solved structures 

named -1, -2, -3, -4. The crystal structures of -1, -3 and -4 were resolved with a resolution of 

2.2 Å, 2.09 Å and 2.56 Å respectively using in-house x-ray diffractometer. The structure of 

crystal-2 with 1.99 Å resolution was obtained using the Australian Synchrotron x-ray beamline. 

For the four solved structures in this study, the space group of C121 (monoclinic) was applied. 

Details relating to x-ray data collection and refinement statistics are outlined in Table 7.1 and 

7.2. 

 

Initially, co-crystallisation experiments were performed with galectin-8N/Neu5Acα2Me 

concentration ratio of 1: 1, 1: 2.5 and 1: 5. Crystals were grown at all ratios. The x-ray 

diffraction was collected for three crystals at room temperature. The crystal structure of 

galectin-8N/Neu5Acα2Me (1: 5 ratio) was solved with 2.2 Å resolution (structure-1), and 

surprisingly, the lactose molecule was clearly observed within the binding site of galectin-8N 

(Figure 7.3). The presence of the lactose can be attributed to insufficient or incomplete removal 

of lactose present during protein purification (chapter 3; section 3.3.1). In other words, the 

presence of lactose prevented Neu5Acα2Me from binding to the galectin-8N under 

crystallisation conditions. 
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cryoprotectant glycerol, occupied the protein binding site bound with lactose [89] and changed 

the space group from C2 to P212121. Another structure of galectin-8N in complex with 

glycerol (PDB ID: 5T7U) was reported in P212121 space group, in which apo-galectin-8N 

crystal was in soaked with glycerol [53]. Here the same as previous reports, glycerol 

displacement in galectin-8N crystals occurred in approximately 1 minute but no change was 

observed in the space group; the structure was obtained in monoclinic, C121, the same as 

protein bound with lactose in the solved structure-1 

 

The data from previous studies, and the findings from the performed crystallisation studies, 

show the high affinity of glycerol to galectin-8N under crystallisation conditions.  Two separate 

reports at 2016 by Si y. et al., and Bohari M. et al. [53, 89], indicated that the positions of 

residues Arg45, His65, Asn67, Arg69, Trp86, and Glu89 coordinate with both glycerol and 

lactose (Figure 7.5). The galactose binding site can also be occupied by glycerol; the same 

position of C4, C5, C6 and O1, O4, O6 atoms of galactose in the galectin-8N-lactose structure 

[53, 89].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5. Galectin-8N in complex with glycerol.Electron density map of the carbohydrate 

binding site bound to glycerol for PDB structure; 5GZC [53]. The 2|Fo| − |Fc|, αc map 

contoured at 1δ is shown as blue density and the |Fo| − |Fc|, αc map contoured at 3δ is shown 

as red density. (b) Hydrogen bonding interactions (grey dashed lines) made by glycerol (green 

carbon; sticks) with the galectin-8N binding site residues (yellow carbon; sticks) for PDB 

structure; 5T7U [89]. The images a and b were adapted from Si y. et al., 2016 [53] and Bohari 

M. et al., 2016 [89], respectively. 

 

a b 
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The ability of glycerol to replace lactose in the carbohydrate binding site of galectin-8N [53, 

89] and galectin-3 [66] crystal forms indicate the competitive behavior of glycerol for replacing 

lactose bound to galectins’ binding site. However,  Si Y. et al., 2016 stated that glycerol could 

not be competitive and could not replace ligands in the binding site of the galectin-8N, while 

the glycan is present in the solution [53]. At the same study, it was expressed the galectin-8N 

affinity to lactose would be influenced under different crystallisation conditions. This presents 

how the protein, galectin-8N, can take different binding behaviour in the crystallised and 

solution positions to the ligands [53].  

 

The obtained galectin-8N bound glycerol in the solved structure-2 suggests that glycerol could 

be highly competitive with Neu5Acα2Me occupying the same binding site of galectin-8N in 

the crystal form. Further studies were planned to investigate whether the replacement of 

glycerol with other cryoprotectants would permit cryo-temperature crystallisation experiments 

of galectin-8N in complex with Neu5Acα2Me. An alternative technique was trialled using the 

x-ray diffraction collection at room temperature eliminating the need for additional 

cryoprotectant but with extended ligand soaking concentration and incubation time. 

 

The second soaking trial was aimed to extend the Neu5Acα2Me concentration and soaking 

time to 20 mM and 6 hours, respectively, with x-ray diffraction at room temperature. No 

cracking occurred for the crystal with an extension of the soaking time. The electron density 

map at the solved crystal structure (structure-4) with 2.09Å resolution indicated that something 

was present in the binding site, but it seemed that the ligand had only partially penetrated the 

binding site of galectin-8N (Figure 7.6), and as such, the whole of the ligand could not be 

determined.  
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complex structures were obtained, each of which indicated how different conditions 

significantly affect the presence of Neu5Acα2Me compound at the protein binding site under 

crystal packed. The solved structure-1 (2.2 Å) and structure-2 (1.99 Å) indicated that lactose 

and glycerol respectively could reside in the binding site of the galectin-8N and prevented 

Neu5Acα2Me from penetrating into the binding site under protein crystallisation. In excellent 

agreement, previous studies reported the ability of glycerol or lactose to displace glycans from 

the binding site of galectins, galectin-3 and galectin-8N [53, 66]. Other cryoprotectant buffers 

like PEG or Ethylene glycol was not suitable due to crystal cracking, and subsequently, low 

data diffraction quality was observed in this case. 

 

Through an effective ligand soaking technique by increasing the ligand concentration and 

incubating period, the x-ray data collection was performed at room temperature, and 

Neu5Acα2Me was successfully penetrated to > 50% to the protein binding site. Based on the 

galectin-8N-Neu5Acα2Me complex electron density map, clear electron density for the 

carboxylic acid of Neu5Acα2Me was observed near Arg59 and Glu47. Apparent electron 

density was also observed for the glycerol chain surrounded by His65, Arg69, Asn79, Trp86 

and Glu89, as expected. The methoxy group could fit nicely into electron density close to Arg 

45, where the oxygen in the glycosidic linkage appeared to bind to Arg45, and the methyl 

aglycon group seemed to be more solvent-exposed, allowing the potential accommodation of 

large aglycons The obtained protein data could be appropriately matched with the proposed 

docked structure for galectin-8N-Neu5Acα2Me complex in chapter 2. Additional, however 

unrefined, electron density around Trp86 could suggest proximity to the N-acetamido group of 

Neu5Acα2Me that is in excellent agreement with the molecular docking conformation. No 

protein crystal was obtained for galectin-8M in any of the conditions tested. More extensive 

trials are required to achieve this goal.  

 

Overall, a combination of molecular docking and x-ray crystallisation studies has been shown 

to provide excellent atomic details on how galectins bind and coordinate N-acetylneuraminic 

acid. The unique presence of Arg59 in galectin-8N on the S3-S4 loop and its strong ionic 

interaction with the carboxyclic acid of Neu5Aca2Me forms the basis for N-acetylneuraminic 

acid-galectin binding. This information may pave the way for the design of novel compounds 

as galectin-based inhibitors.  
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8.2. Methodology 

Minor changes were applied to published methods [29, 173] for the preparation of human 

erythrocyte cells. These changes in protocol allows an easy and rapid preparation of 

erythrocytes that is crucial for undertaking the experiment. Erythrocytes were treated with 

recombinant galectins under serial dilutions and agglutination reaction were observed. The 

minimal agglutination concentration (MAC) of each recombinant protein was determined. In 

parallel, the minimum inhibitory concentration ratio (MICR) of ligand to protein (L/P) for two 

compounds; lactose and Neu5Acα2Me, were investigated. The recombinant proteins used in 

this assay were without any tag exception of galectin-9M, galectin-9N and galectin-9C which 

had an N-terminal poly-His tag. 

 

8.2.1. Blood Sample Preparation  

Fresh human RBCs were supplied in a saline-adenine-glucose-mannitol (SAGM) buffer, from 

the red cross (Lifeblood), was kindly given by Dr. Lucy Shewell and Prof. Michael Jennings 

from the Institute for Glycomics. The sample was centrifuged at 1000 x g for 5 min, followed 

by removing the supernatant under vacuum. The RBCs were washed three times in PBS to 

remove lysed cells (centrifuge at 1000 x g for 5 min at 4 ℃). A final 5% solution of RBCs was 

prepared in PBS buffer.  

 

8.2.2. Protein Serial Dilution Preparation  

In non-treated polypropylene 96-well, U-bottom shape plate (Greiner); 10 µM of the 

recombinant protein in 100 µl of PBS was prepared for column 1. A two-fold serial dilution of 

the recombinant protein was performed from columns 2-12. Briefly, 50 µl of PBS was added 

to columns 2-12, and 50 µl from column 1 was transferred to column 2 and mixed. This 

procedure was repeated for the 12th column, and 50 µl was removed from the 12th column. A 

two-fold serial dilution of proteins in PBS resulted in a final volume of 50µl from 10 μM – 

0.39 nM. As a negative control, 50 µl of PBS was added to one empty well for each protein 

sample. Triplicate experiments were performed for individual recombinant protein. 
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8.2.3. Blood Cell Treating with Recombinant Protein 

The 50 µl of the 5% RBC (v/v) solution was added to each well and gently pipetted up and 

down at least three times for the complete suspension in the solution. The plate was incubated 

for 1 h at 22 ℃ and subsequently monitored to measure the MAC of recombinant galectins. 

 

8.2.4. Minimum Inhibitory Concentration Ratio of Ligand to Protein-Mediated Cell 

Agglutination 

To evaluate the minimum inhibitory concentration ratio (MICR) of two ligands, lactose and 

Neu5Acα2Me, to the protein’s concentration at agglutination, the lowest concentration of each 

protein indicating agglutination of the RBC was selected. To this protein solution either lactose 

or Neu5Ac2Me, was added at concentrations between 0.1- 500 mM in a final volume of 50 µl, 

for 30-60 min. Subsequently, 50 µl of the 5% RBCs solution in PBS buffer was added to each 

well, and the plate was incubated for 1 h at 22 ℃ to quantity the MICR of ligand to protein 

(L/P).  

 

 

8.3.  Results & Discussion 

The results indicated the appropriate agglutination activity for each recombinant protein on the 

erythrocytes cells surface. A significant difference was observed for the minimum 

agglutination concentration, MAC, among the seven galectins.   

 

As shown in Table 8.1 and Figure 8.3, of the seven galectins analysed, galectin-9M revealed 

the lowest MAC with human RBSs (MAC of 39 nM). At a galectin of 39 nM, galectin-9M still 

has the full ability to agglutinate RBCs, whereas other galectins tested showed no effect on 

RBCs at this low concentration. These results indicated that galectin-9M has the ability to form 

multimeric structures and increase the RBCs cross-linking by forming a lattice network on the 

cells. The results confirm the structure analysis of galectin-9M as outlined in chapter 3 and 4, 

which verified the high tendency of galectin-9M to form dimer, trimer and tetramer structures 

in vitro. Galectin-9M multimeric structure produces the distinctive human RBCs agglutination 

in the presence of the protein.  
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Table 8.1. Minimum agglutination concentration (MAC) of recombinant galectins on human 

RBCs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For galectin-9N and galectin-9C; the same MAC of 1.25 µM was obtained (Table.8.1, Figure 

8.3) demonstrating the weaker potency at cells agglutination in the form of single domains 

rather than the full-length of the protein, galectin-9M. The obtained data was consistent with 

previously reported results regarding the galectin-9 proteins effect on the agglutination of the 

rabbit RBCs [127]. 

 

The MAC of galectin-8M and galectin-8L was estimated with 312 nM and 625 nM, 

respectively (Table.8.1, Figure 8.3). A two-fold stronger agglutination activity of galectin-8M 

than galectin-8M was observed and could be referred to protein dimerisation. Galectin-8L 

likely exists primarily as a dimeric structure, whereas galectin-8M exists as a monomeric 

structure as described in chapter 3 and 4. The hypothesis that protein dimerisation could 

intensify multivalence potency and hence increase cells cross-linking, would be supported by 

these findings. However, in contrast to galectin-9M, galectin-8L dimerisation alone did not 

seem to be sufficient to influence the formation of the lattice network. The multivalent isoforms 

like galectin-9M, could have a higher potency due to the binding site availability.   

 

Recombinant Proteins MAC 

Galectin-9M 39 nM 

Galectin-8L 312 nM 

Galectin-8M 625 nM 

Galectin-9N 1.25 μM 

Galectin-9C 1.25 μM 

Galectin-8N 5 μM 

Galectin-8C 10 μM 
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The CRD domains of galectin-9N and galectin-9C had a lower MAC of 1.25 μM, compared to 

the same domains of galectin-8 (Table 8.1. and Figure 8.3). These results reflect the tendency 

of galectin-9N and galectin-9C to oligomerise or self-association, as reviewed in chapter 1 

[127]. The formation of oligomers could impact the protein's capacity to make a complex and 

extensive network cross-linking the erythrocyte cells. The different MAC among galectin-8 

and galectin-9 CRD domains might also be due to the recognition of different specific glycan 

residues and subsequent structural formation in galectins' CRDs leading to varied biofunctional 

activity. 

 

The second part of this chapter describes the investigation of the inhibitory strength of lactose 

and Neu5Acα2Me on galectins-induced human RBCs agglutination. For this purpose, a control 

carbohydrate, lactose, and the test ligand, Neu5Acα2Me, were included at a concentration 

range of 0.1- 500 mM to determine the minimum inhibitory concentration ratio (MICR) of the 

ligand to protein (L/P) (Table.8.2 and Figure 8.4).  

 

The inhibitory effect of lactose and Neu5Acα2Me was tested at different ligands/proteins 

concentration ratio depending on the MAC of the individual galectins. Furthermore, it seemed 

that for recombinant galectins with higher MAC, more ligand (inhibitor) concentration was 

required to prevent the RBCs agglutination. No inhibitory response was observed for some 

proteins. In the case of the proteins with low affinity or without affinity to each ligand, the 

ligand concentration was increased to > 200 mM to achieve accurate data for each ligand’s 

potency of inhibitory effect on recombinant galectins-mediated cells agglutination.  

 

The MICR of lactose to galectin-9M and galectin-8M was obtained with the addition of 0.15 

mM and 2.5 mM lactose, at the same L/P concentration ratio of  4 x 103 for both proteins (Table 

8.2 and Figure 8.4). A lower lactose inhibitory effect, with MICR of 8 x 103  (L/P 

concentration), was detected for galectin-8L-hemagglutination in contrast to galectin-8M, in 

the presence of the same lactose concentration at 2.5 mM (Table 8.2 and Figure 8.4). 

Previously, SPR-affinity data indicated almost a similar affinity for galectin-8 isoforms and 

galectin-9M to lactose, and ITC recorded lower affinity for galectin-8L than galectin-8M to 

lactose (chapter 6). 
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Table 8.2. Minimum inhibitory concentration ratio (MICR) of the ligand to recombinant 

galectins (L/P) on human RBCs agglutination 

 

 

When testing Neu5Acα2Me, weak inhibitory potency was found at 0.8 mM of Neu5Acα2Me 

on galectin-9M agglutination activity with the MICR of 20.5 x 103  (L/P concentration) (Table 

8.2 and Figure 8.4). This was unlike lactose which indicated a noticeably stronger inhibitory 

effect at 0.15 mM concentration with the MICR of 4 x 103 (L/P concentration), both with 

galectin-9M at 0.039 µM (Table 8.2 and Figure 8.4). These results verified no high affinity of 

galectin-9M to Neu5Acα2Me as via SPR, the KD of 75 µM was reported.  

 

Galectin-8M-hemagglutination was inhibited at 4.5 mM of Neu5Acα2Me with MICR of 7.2 x 

103 (L/P concentration) at the protein concentration of 0.625 µM (Table 8.2 and Figure 8.4). 

For galectin-8L, no inhibition of agglutination occurred with the addition of Neu5Acα2Me at 

concentrations over a five-fold range (> 10-100 mM) (Table 8.2 and Figure 8.4). The obtained 

results were in line with the affinity data from chapter 6, where the affinity for galectin-8M to 

Neu5Acα2Me was KD of 3.5 µM (ITC-based) and 4.5 µM (SPR-based) respectively, while no 

binding was reported between galectin-8L and Neu5Acα2Me (KD > 1000 µM). 

Recombinant 

Protein 

Ligand MICR of L/P  Ligand 

concentration 

Protein 

concentration 

His-Galectin-9M Lactose 

Neu5Acα2Me 

4,000 

20,500 

0.15 mM 

0.8 mM 

0.039 µM 

Galectin-8M Lactose 

Neu5Acα2Me 

4,000 

7,200 

2.5 mM 

4.5 mM 

0.625 µM 

 

Galectin-8L Lactose 

Neu5Acα2Me 

8,000 

No inhibitory 

2.5 mM 

> 10-100 mM 

0.312 µM 

 

Galectin-8N Lactose 

Neu5Acα2Me 

5,000 

10,000 

25 mM 

50 mM 

5 µM 

 

Galectin-8C Lactose 

Neu5Acα2Me 

 20,000 

No inhibitory 

200 mM 

500 mM 

10 µM 

 

His-Galectin-9N Lactose 

Neu5Acα2Me 

4,000 

No inhibitory 

5 mM 

> 10-100 mM 

1.25 µM 

 

His-Galectin-9C Lactose 

Neu5Acα2Me 

8,000 

32,000 

10 mM 

40 mM 

1.25 µM 
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For galectin-8N, the inhibition of agglutination occurred in the presence of 50 mM of 

Neu5Acα2Me with MICR of 10 x 103 (L/P concentration) (Table 8.2 and Figure 8.4). A higher 

ligand concentration was necessary as the MAC of galectin-8N was 5 µM. The obtained MICR 

of Neu5Acα2Me to galectin-8N was close to Neu5Acα2Me/galectin-8M MICR of 7.2 x 103 

(L/P concentration) (Table 8.2 and Figure 8.4). The affinity data obtained and discussed in 

chapter 6, showed that the affinity of galectin-8N and galectin-8M are similar for 

Neu5Acα2Me. The data supported the hypothesis and computational analysis predicting the 

binding of galectin-8N to Neu5Acα2Me and further verified by ITC- and SPR-based KD of 8.3 

µM and 5.6 µM respectively.  

 

The MICR of lactose for both galectin-8M and galectin-8N was obtained at a two-fold lower 

concentration of lactose compared to Neu5Acα2Me (Table 8.2 and Figure 8.4). Though, based 

on SPR and ITC analysis, stronger binding affinity was observed for both galectin-8N and 

galectin-8M to Neu5Acα2Me compared with lactose. 

 

Contrary to the results seen for galectin-8N, no inhibitory impact through Neu5Acα2Me was 

observed on galectin-8C agglutination activity even over 500 mM ligand concentration, but the 

MICR of lactose to galectin-8C was computed 20 x 103 in the presence of 200 mM ligand 

(Table 8.2 and Figure 8.4). These data were in excellent agreement with binding affinity 

analysis (chapter 6) as no binding found for galectin-8C to Neu5Acα2Me (KD > 1000 µM). In 

order to see an inhibitory effect of agglutination in the presence of galectin-8C, a high 

concentration of the lactose was present. This result indicated the low affinity of galectin-8C 

to lactose, which was also shown in lactosyl affinity chromatography (chapter 3) and through 

ITC-based KD of 270 µM and SPR-based KD of 154 µM (chapter 6). 
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affinity (KD > 1000 µM) was observed for galectin-9N, but the moderate binding was for 

galectin-9C to Neu5Acα2Me (KD, 45.1 µM). Here, the data indicated that galectin-9C CRD 

could be the engaged domain of galectin-9 binding to Neu5Acα2Me in line with kinetic binding 

assays, but its binding was significantly lower than galectin-8N and Neu5Acα2Me. 

 

8.4. Conclusion: 

In the current chapter a comprehensive comparison based on hemagglutination activity of the 

recombinant galectins was presented using experimental data of two major galectin-8 full-

length isoforms and single domains. The agglutination activity of galectin-9M isoform and the 

single CRD domains was also investigated. While all the recombinant proteins showed a range 

of agglutination activity, the proteins with the least MAC value was determined for galectin-

9M and then for galectin-8L and galectin-8M. Single recombinant domains for both galectin-

8 and galectin-9 proteins agglutinated the cells at higher concentrations compared with full-

length proteins. These results signify the importance of the presence of two domains in bivalent 

galectins. Moreover, the presence of the peptide linker influences the protein’s ability to 

increase cross-linking of erythrocytes. 

 

The concentration of lactose required to show inhibition of agglutination was dependent on 

each protein activity. A greater inhibitory effect for Neu5Acα2Me with galectin-8M and 

galectin-8N was seen, whereby the MICR of ligand to protein was 8 x 103 and 10 x 103 

respectively. Galectin-9M-hemagglutination was prevented at > two-fold higher Neu5Acα2Me 

concentration compared to galectin-8M. The weak inhibition for galectin-9C was also observed 

at higher MICR of Neu5Acα2Me to the protein (32 x 103) than galectin-8N (10 x 103). No 

inhibitory effect was found in the agglutination activity of galectin-8C and galectin-9N CRDs 

in the presence of Neu5Acα2Me. The obtained data suggested that galectin-8 exhibited a strong 

interaction with Neu5Acα2Me, particularly through galectin-8N CRD, in line with the 

structure-based analysis and analytical binding assessments within the thesis.  
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CHAPTER 9 

 

9. Protein-Protein Interaction  

9.1. Overview  

The generated native and stable galectin-8 isoforms within the thesis provided an opportunity 

to investigate the possibility of the intermolecular interaction of each isoform with itself, 

another isoform, single CRD domains, and galectin-9M.  

 

To date, no enough studies have been conducted investigating galectin-8 self-association. Here, 

through the use of SPR, we were able to elucidate the binding relationships of galectin-8. 

Besides, more vision was obtained for the possibility of single CRD domains in proteins’ 

oligomerisation in line with the biochemistry and DLS-based analysis (chapter 3 and 4). 

Galectin-8 self-association experiments also highlighted a possible impact on the protein’s 

ability to bind glycans.  

 

The binding relationship of galectin-9Null (a mutant form of galectin-9 including His-Met 

dipeptide linker) with galectin-3, galectin-1, galectin-8S, and galectin-9 CRDs, was 

investigated by Miyanishi N. et al., 2007, using affinity chromatography and SPR-based assays 

[125]. It displayed that the intermolecular interactions of galectin-9Null were dependent on 

protein CRDs and majorly occurred via N-CRD [125]. The galectin-9Null  self-interaction 

affinity was reported ~ 3.3 µM [125], similar to that of galectin-1 self-association of ~ 5µM 

determined by gel-filtration analysis [201]. The intra-cross association of galectin-9Null with 

galectin-8 and galectin-3 were detected using SPR analysis (in vitro) and using 

immunohistochemical staining of colon tissue for galectin-9, galectin-8 and galectin-3 

expression [125]. Later, Weinmann D. et al., 2018, indicated the intra-network of galectin-1, -

3, -8 in osteoarthritis (OA) pathogenesis using immunohistological assays and some other 

techniques including RT-qPCR and ELISA [115].  

 

These reports accentuate the possibility and importance of galectin-networking interactions, 

particularly for the elucidation of molecular mechanism and functions of galectins. However, 
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a comprehensive study of galectin-8 in terms of which isoforms and functional domains 

potentially participate in cross-interaction has yet to be completed.  

 

In the current chapter, the interactions of the galectin-8 isoforms with the generated full-length 

proteins and CRD domains were analysed using SPR. The results obtained from this study 

provides novel insights into galectin-8 isoforms’ role in galectin-networking. This plays a 

particularly important role in disease states, such as targeting cancerous cells. 

 

9.2. Methodology 

To investigate potential self-interaction of galectin-8L and galectin-8M as well as cross-

interaction of isoforms with each other, galectin-8 single domains and galectin-9M, SPR 

technique was used. 

9.2.1. Protein Preparation 

The highly purified recombinants proteins, which were already generated and described in 

chapter 3, were applied for the SPR-based protein-protein interaction (PPI) studies. For the 

protein-protein interaction studies, galectin-8L and galectin-8M were tested for cross-

interaction with full-length isoforms galectin-8L, galectin-8M and galectin-9M and the CRD 

domains of galectin-8, galectin-8N and galectin-8C. 

 

9.2.2. Surface Plasmon Resonance Analysis 

The molecular interaction studies of galectin-8M and galectin-8L proteins with the subset of 

galectin proteins and domains were performed using the Biacore 8K+ single-cycle kinetics 

(SCK, GE Healthcare). 

 

First, two galectin-8 proteins, galectin-8L and galectin-8M, were immobilised onto the surface 

of a CM5 series sensor chip by amine coupling, as described in chapter 6; section 6.2.1. SPR 

analysis was carried out at a flow rate of 30 µL/min in PBS buffer (pH: 7.4) containing 4 mM 

BME. Analytes; galectin-8L, galectin-8M, galectin-8N, galectin-8C and galectin-9M, were 

diluted at 1: 4 dilution at concentrations ranging from 0.1- 10 µg/ml. Each analyte was kept in 

contact with the immobilised protein on the chip for 90 s (association time), and the 
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dissociation was observed for 600 s. The kinetic binding model and steady-state affinity were 

obtained based on three repeats for each analyte/protein interaction, analysed using the Biacore 

Insight Evaluation 2.0.15.12933 software. Each experiment was conducted in triplicate.  

 

9.3. Results & Discussion 

There are still uncertainties about the relationship between the quaternary structure of galectin-

8 and its carbohydrate binding properties. Due to a lack of studies investigating the bivalent 

galectins mechanism in terms of protein interaction, we sought to investigate the intramolecular 

interaction of galectin-8 isoforms. Based on previous studies, an approach was taken by 

comparing the differences in self-association and intermolecular-interactions for two isoforms 

of galectin-8. The cross-interactions of each isoform with galectin-8 individual CRDs and 

galectin-9M build the foundation for the current chapter. 

 

9.3.1. Galectin-8 Protein Isoform Self- & Inter-Interaction 

To date, there are no studies that have investigated the effect of the alteration in the linker size 

on the galectins-networking, even though multiple isoforms exist for galectin-8 and galectin-

9. The reason why nature creates different isoforms, specifically for galectin-8 and galectin-9, 

remains elusive but may be due to different biological functions at normal and cancer 

progression stages [61, 84, 120]. 

 

In the current chapter, the affinity and potency of two major galectin-8 isoforms in self-

association and inter-molecular interactions with each other were investigated using SPR 

analysis. The binding parameters obtained from injected proteins (an analyte) and the 

immobilised proteins have been detailed in Table 9.1 with a triplicate experiment. The average 

KD of all three experiments was calculated using the Biacore Insight Evaluation software.  
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Table 9.1. Protein-protein interaction based on SPR analysis 

 Affinity (KD) (M) ± St Dev 

Galectin-8L Galectin-8M Galectin-8N Galectin-8C Galectin-9M 

 

Galectin-8L 

 

12.5 pM 

(± 5.3 pM) 

 

5.69 pM 

(± 0.9 pM) 

 

 

3.3 pM 

(± 0.7 pM) 

 

188 nM 

(± 65 nM) 

 

6.84 pM 

(± 0.12 pM) 

 

Galectin-8M 

 

816 nM 

(± 16nM) 

 

 

9.12 pM 

(± 4.7 pM) 

 

 

1.9 µM 

(± 0.64 µM) 

 

458 nM 

(± 34 nM) 

 

15.1 pM 

(± 0.7 pM) 

 

A strong self-interaction was observed for galectin-8L/galectin-8L with a KD of 12.5 pM, and 

galectin-8M/galectin-8M with a KD of 9.12 pM (Table 9.1 and Figure 9.1). The two galectin 

isoforms indicated similar affinity for self-association.  

 

The strong affinity for galectin-8L to self-associate (dimerisation), was earlier observed in 

chapter 3 during affinity and size exclusion chromatography as well as SDS-PAGE analysis. 

For the first time, it was revealed that galectin-8L was not only able to form a dimeric structure, 

but also that the majority of the purified protein existed as a dimer. Fascinatingly, further 

analysis showed the dimeric structure is more resistant to proteases degradation than the 

monomeric structure. 

 

In contrast to galectin-8L, galectin-8M primarily existed in a monomeric state with prolonged 

stability, as shown in chapter 3 and 4. DLS-based data proved the monomeric structure for 

galectin-8M; however, 10% of the dimeric structure was observed under high protein 

concentrations. It appears, based on SPR-analysis using a gradual increase of galectin-8M as 

the analyte, the protein has a high ability to self-associate. This is the first time that dimerisation 

tendency and self-association have been compared for two main isoforms of galectin-8. Self-

association has been confirmed using two independent techniques.  

 

 

Immoblised  

Analyte 
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rate of galectin-8M is faster than the one determined for galectin-8L. This shows that the 

interactions between the different isoforms are not the same in reciprocal orientation; however, 

the presented SPR data clearly demonstrate that strong binding was recognised between 

galectin-8 medium and long isoforms. 

 

9.3.2. Galectin-8 Protein Isoform Interaction with Single Domain  

To understand how galectin-8 CRDs potentially can participate in galectin-8 self- and inter-

interactions, the individual CRD association with each isoform was analysed (Table 9.1).  

 

Galectin-8C domain noticeably bound to galectin-8L and galectin-8M with similar affinity, KD 

of 188 nM and 458 nM respectively (Table 9.1 and Figure 9.3). Galectin-8N domain showed a 

significant difference when comparing affinity to galectin-8L and galectin-8M. The galectin-

8L isoform had a very strong affinity of 3.3 pM, whereas the galectin-8M isoform was 1.9 µM 

(Table 9.1 and Figure 9.4).  

 

The data clearly demonstrated that there was a difference in affinity between the two sizes of 

galectin-8 isoforms and the single domains. The dissociation rate between galectin-

8N/galectin-8L was also much lower compared to galectin-8C/galectin-8L. The Binding of 

galectin-8M with galectin-8N showed an extremely fast dissociation, which means that binding 

occurs but not as a long-lasting interaction. The SPR results strongly endorsed the high 

tendency of galectin-8L in dimerisation, as previously observed in chapter 3. In contrast, 

galectin-8M indicated the predominant monomeric structure and only partial dimerisation. 

 

A previous chemical cross-linking study, using multiangle light scattering and fluorescence 

labelling techniques, suggested that galectin-8S/M could exist as a dimer, likely through 

homodimeric interactions of N-CRD [85]. Here, the obtained data revealed that not only 

galectin-8N but also galectin-8C is another domain likely to be involved in self-association. 

Within the study, a concentration-dependent dimerisation is shown for galectin-8M and 

preferably via C-CRD, whilst galectin-8L presences mainly as a dimer and N-CRD is the 

prominent domain involved in protein’s dimerisation. 

 

 







171 

 

The fascinating point was that the galectin-8 long isoform displayed a higher affinity to both 

single domains compared to galectin-8M. These data brought a noteworthy insight to galectin-

8L oligomerisation through functional domains, which can preferably occur through N-CRD 

due to very strong interactions of galectin-8L and galectin-8N (KD, 3.3 pM). While for galectin-

8M and galectin-8N, there was a much lower interaction (KD, 1.6 µM) compared to galectin-

8L and galectin-8N binding (KD, 3.3 pM). The SPR-based analysis also suggested that galectin-

8C is engaged with galectin-8M in a strong interaction (KD, 458 nM). 

 

Glycan array experiments (chapter 5) indicated a distinct glycan-binding pattern for sialylated 

glycans, e.g. galectin-8M indicated predominant binding to 3’SL and 6’SL, whereas 8L only 

bound to 6’SL. Moreover, based on the analytical binding assessments (chapter 6), the 

distinctive binding affinity was observed between galectin-8L and galectin-8M to 

Neu5Acα2Me. While galectin-8M bound Neu5Acα2Me with a strong affinity; galectin-8L did 

not show any affinity to Neu5Acα2Me, suggesting that the underlying lactose moiety of 6’SL 

plays a significant role in binding. This is in excellent agreement with already published 

studies, suggesting that galectin-8L prefers to bind complex glycans, compared to short or 

medium isoforms. It might also be the case that protein self-association through N-CRD, the 

responsible CRD domain in galectin-8, also affects binding to Neu5Acα2Me. 

 

9.3.3. Galectin-8 Protein Isoform Interaction with Galectin-9M 

A previous study has shown a cross-interaction of galectin-9Null and galectin-8S. We sought 

to determine if the length of the linker influences this association of galectin-8L and -8M 

isoforms with galectin-9M. Remarkably, both galectin-8L and galectin-8M isoforms 

established interactions with KD of 6.84 pM and 15.1 pM respectively to galectin-9M (Table 

9.1 and Figure 9.5). The same concentration range of analyte, galectin-9M, was applied for 

both proteins. 

 

However, for both galectin-8 isoforms, a high affinity was observed to galectin-9M, in which 

galectin-8L and galectin-9 interaction were slightly more potent. One study previously 

described the interaction of a mutated galectin-9Null (without linker domain) with galectin-8S 

and galectin-3 [125]. The data presented here showed, for the first time, the native form of 

galectin-9M interacts with two isoforms of galectin-8M and galectin-8L. 
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interactions, by showing inhibition of CRD binding with the addition of small molecule 

inhibitors.  

9.4. Conclusion 

In the present section, it was shown for the first time the differential self-association 

mechanism between two galectin-8 isoforms as well as galectin-8 isoform’s cross-interaction 

with their respective medium and long isoform. This data highlights the fact that the protein-

protein interactions of galectin-8 isoforms may be potentially involved in galectin-network 

formation that could have a direct impact on the cell surface or other cellular procedures in 

normal and cancer states. The obtained data indicated a clear interaction among galectin-8 CRD 

domains and full-length proteins. Both isoforms depicted a binding to both N- and C-CRD 

domains at different binding affinity. This also revealed a novel insight into galectin-8C 

potency in galectin-8 inter-molecular interactions.  

 

The size of the linker appeared to influence the affinity of galectin-8L to the CRD domains 

compared to galectin-8M. The data provided a remarkable insight into galectin-8L 

oligomerisation through functional domains, which can preferably occur via N-CRD due to 

very strong interactions of galectin-8L and galectin-8N (KD, 3.3 pM). The obtained data was 

consistent with previous proteins biochemical and biophysical characterisation within the 

thesis, where the dominant form of galectin-8L was found in a dimeric conformation compared 

with galectin-8M presenting the monomer structure with a partial dimerisation. It might also 

be the case that the high tendency of protein self-association through functional CRDs, also 

affects differential binding to glycans and Neu5Acα2Me between two galectin-8 isoforms, as 

observed in chapter 5 and 6.  

 

The strong cross-interaction among both galectin-8 isoforms and galectin-9M (6.84 pM for 

galectin-8L/galectin-9M and 15.1 pM for galectin-8M/galectin-9M) indicated there is a high 

tendency between galectin-8 and galectin-9 isoforms in the network connection. Previously, 

the inter-interaction was reported for galectin-9Null, the mutant protein, with galectin-8S 

isoform [125]. Finally, novel and supporting evidence regarding galectin-8 isoforms behaviour 

and interactions in vitro was generated, providing a role model for future studies on galectin-8 

proteins through the cross-network formation at the cellular functions level. 
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CHAPTER 10 

 

10. Summary & Future Perspectives  

 This research project focused on the recombinant expression of human galectin-8 and 

galectin-9 and their characterisation. In particular, galectins' oligomerisation, glycans binding 

profile, analytical and structural binding assessments with methyl glycoside of N-

acetylneuraminic acid (Neu5Acα2Me), the proteins' biofunctional activity and cross-

networking connection have been described.  The first and essential step of this thesis was the 

ability to produce active and stable recombinant proteins in the form of both single domain and 

full-length isoforms. As previously reported in the literature, the major features of low 

solubility and stability of the galectins, in particular, the full-length isoforms, have resulted in 

limited structural and functional studies so far. Furthermore, the successful generation of 

sufficient amounts of recombinant galectins enabled the investigation into the proteins' ability 

to oligomerise using biochemistry and biophysical techniques. Empirical evidence of galectin-

8 oligomerisation remains widely elusive and has only been shown for galectin-1, -3 and 

galectin-9Null. In this thesis, the oligomerisation of galectin-8 isoforms was analysed that 

showed clear differences in dimerisation status, and galectin-9M’s multimeric form was proved 

well. For galectin-8 single CRDs, the disulfide-linked dimerisation was found for galectin-8C, 

and galectin-8N could form tetrameric at protein’s high concentration.   

 

  Identification of carbohydrate-based ligand, Neu5Acα2Me, was initially aimed through 

the previous reports indicating the potency of galectin-8 and galectin-9 to bind 3'-Sialyllactose 

(3'SL). Using computational docking analysis, hypothetically binding screening of galectin-8 

and galectin-9 to Neu5Acα2Me was investigated and furthermore, glycan microarray analysis 

was applied to display recombinant galectins' binding profile, in particular for the type of 

sialylated glycans. Previously, the complex structure of galectin-8N and galectin-9C CRDs 

with 3'SL [74, 122] suggested the ability of these domains to interact with Neu5Acα moiety of 

3'SL, but neither galectin-8C CRD nor galectin-9N CRD revealed binding to 3'SL. 

 

In contrast to galectin-8N-3'SL PDB structure (3AP7), the docked-structure indicates 
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that Arg59-carboxylic acid anker of Neu5Ac2Me stays intact (not identical but similar) whilst 

the hydrogen bonds of the glycerol side chain are shifted for a trade-off against interaction with 

LacNAc. The galectin-8N-Neu5Ac2Me model structure revealed a unique binding proposition 

of the ligand inside the protein binding site. The x-ray crystallisation studies atomic provided 

further information structure of galectin-8N in complex with Neu5Acα2Me. Initially, 

crystallisation trials resulted in galectin-8N crystals forming. Through the use of soaking 

technique, the ligand was successfully penetrated above 50% to the protein binding site through 

solvent channels of the crystal network. The structure of galectin-8N bound to the 

Neu5Acα2Me was obtained at 2.5 Å resolution, and the electron density map confirmed a clear 

shape for a carboxylic acid group of Neu5Acα2Me directed towards the Arg59. This enabled 

the glycerol side chain to form the interactions with residues at the protein’s primary binding 

site, as shown in galectin-8N-Neu5Acα2Me docked-structure.   

 

Prior to galectins kinetic binding assessments with Neu5Acα2Me, glycan microarray 

studies were undertaken using galectin-8M and galectin-8L isoforms. Data revealed some 

differences in the glycan-binding pattern between the two galectin-8 isoforms. The most 

remarkable observation was that galectin-8M and galectin-8L bound to sialylated glycans with 

different linkage specificity; α2,6- and α2,3-linkage. Galectin-8M indicated binding to 3'SL 

and 6'SL, whereas 8L predominately bound to 6'SL. Previous reports have indicated that GST 

or Trx-tagged galectin-8N and galectin-8S isoform preferably bind to 3'SL [67, 91]. The 

obtained data in this thesis revealed novel insights into galectin-8 proteins' binding potency to 

α2,6-linkage sialylated glycans.  

 

The combined use of analytical SPR and ITC methods provided kinetic binding models 

for the recombinant galectins in complex with Neu5Acα2Me. Interestingly, galectin-8M and 

galectin-8N exhibited the most potent binding to Neu5Acα2Me. No binding was detected for 

Neu5Acα2Me to galectin-8C; however, the protein interacted with lactose at low affinity. It is 

believed that the lack of Arg59 with a shortened S3-S4 loop and the exchange of Ser255 to 

Arg45, and Asn257 to Gln47 in the extending binding site of galectin-8C, prevents binding of 

galectin-8C to Neu5Acα2Me. The results for galectin-9M were different from that of galectin-

8M, as the affinity of galectin-8M protein to Neu5Acα2Me was clearly higher than galectin-9 

with the same ligand. Galectin-9M bound moderately to Neu5Acα2Me with the same affinity 
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to lactose, and galectin-9C was determined as the engaged CRD in binding. The individual 

CRDs’ binding analytical assays and structure-based investigations indicated that galectin-8N 

is primarily responsible CRD for Neu5Acα2Me binding. These results inferred the presence of 

specific amino acids of Arg59 and Gln47 at the extending binding site of galectin-8N mainly 

interact with the carboxylic acid of Neu5Acα2Me, compared with galectin-9.  

 

The different ability of galectin-8M and galectin-8L in binding to Neu5Acα2Me proves 

a different structural organisation and binding capacity among two isoforms. Based on SPR- 

and ITC-based data, a strong affinity was observed for galectin-8M and Neu5Acα2Me (4.4 

μM) whilst no significant binding between galectin-8L and the same ligand. This lack of 

binding compared with galectin-8M could be firstly explained by galectin-8L’s preference to 

bind complex glycans [84] and in line with glycan array analysis presented within the thesis, 

suggesting a lactose moiety of 6'SL might play a significant role in galectin-8L’s binding to 

sialylated glycans. Another hypothesis for differences in binding affinity is the oligomerisation 

of galectin-8L. ITC analysis provided the evidence of galectin-8L’s dimeric form in dynamic 

solution-based conditions in line with biochemistry-based data within the thesis. 1:2 

stoichiometric binding for galectin-8L and lactose interaction but no binding with 

Neu5Acα2Me was an important observation because dimer formation is most likely to cause 

alteration of the presentation of the glycan-binding site and thus hinder Neu5Acα2Me 

association. 

 

The hypothesis that functional CRDs, in particular, N-CRD, is involved in galectin-

8L's self-association, was substantiated in this study. The potency of both CRDs in binding to 

each galectin-8 isoform demonstrated differential preference, thus signified the dissimilar self-

association mechanism between galectin-8L and galectin-8M isoforms. The most important 

observation is a very strong interaction between galectin-8L with galectin-8N at picomolar 

affinity, suggesting galectin-8L's self-association dominantly occurs via N-CRD. A previous 

chemical cross-linking study indicated that galectin-8 could exist as a dimer, likely through 

homodimeric interactions of N-CRD. Unlike most, here, we predicted that galectin-8M 

partially formed dimerisation and preferably via C-CRD, whilst galectin-8L presences as a 

dimer and N-CRD is the prominent domain involved in protein's dimerisation. The gathered 

results described here highlights the possibility of differential role among two CRDs between 
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galectin-8L and galectin-8M isoforms with alteration of the linker size; one CRD may act 

majorly in glycan-binding recognition and another one in oligomerisation. Subsequently, it 

impacts the glycan-binding ability as recognised differentially among two galectin-8 isoforms 

within the study. 

 

It was also found there is a direct association between the confirmation of the galectin 

proteins and their ability in human erythrocyte agglutination. All recombinant galectins tested 

in this thesis induced human RBCs agglutination, but stronger activity was observed for full-

length galectin-8 and galectin-9 isoforms rather than single CRDs. This highlights the 

importance of two CRDs in bivalent galectin structures as well as the presence of the peptide 

linker. Clearly, both features had a strong influence on the protein capacity to cross-link the 

cells. Moreover, galectin-9M demonstrated the lowest required concentration for agglutination, 

due to multimerisation and high multivalent potency facilitating protein access to glycans on 

the cell. The different agglutination activity between single CRD proteins endorsed the 

differential recognition of glycans leading to varied biofunctional potency between two 

galectin-8 CRDs. 

 

Bioassay results indicated the relevant physiological role of Neu5Acα2Me by inhibition 

of galectins-mediated agglutination, particularly for galectin-8M and galectin-8N. The 

inhibitory effect was weaker for galectin-9M’s cells-agglutination than which one observed for 

galectin-8M. Results presented here reveal novel aspects to the structural differentiation in 

galectin-8 and its ability to bind Neu5Acα2Me, and expand the potential for different types of 

molecular interactions that can be specified with the highest affinity to galectin-8 and minimal 

affinity to off-targets containing other lectins. 

 

The strong cross-interaction among galectin-8 and galectin-9 full-length isoforms 

highlighted the connection of bivalent galectins in the network construction. Galectin-8 

isoforms' cross-interaction in vitro presented in this thesis provides novel insight into galectins-

network formation and its direct impact on the cell surface or other cellular procedures in 

normal and cancer states.  
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In conclusion, results obtained in this thesis describing how galectins bind to the sialic 

acid derivative Neu5Acα2Me, mimicking the natural occurring configuration, has greatly 

extended our knowledge about the structural and functional mechanism of human galectin-8 

and galectin-9. The obtained data significantly clarified the differential recognition and 

specificity of galectin-8 and galectin-9 to Neu5Acα2Me. Novel insights into galectin-8 

isoforms self-association structures and differences in glycan binding highlighted differential 

potency of galectin-8 isoforms in function and galectin-network connection, which would be 

imperative both in normal and cancer disease states. The results within thesis indicated that the 

linker size influences the protein’s oligomerisation, binding capacity and cross-network 

connection.  

 

Therefore, in line with this research thesis findings, potential future studies are directed 

to chemically synthesise sialic acid-based derivative inhibitors and subsequently in vitro 

binding assessments, predicting to ultimately leading to galectin-8 drug targeting and be of 

benefit in cancer treatment. Analytical binding analysis to determine the binding affinity of 

galectin-8 CRDs as well as full-length isoforms to α2,6-linkage sialylated glycans and 

subsequently x-ray crystallography and NMR-based studies are planned. Also, future 

investigations are suggested to analyse galectin-9 and galectin-8 proteins' oligomerisation in 

the presence and absence of glycan compounds using the native mass spectrometry technique.   
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Appendix A. Human Galectins Sequence Alignments 

 

The hgalectins sequences were obtained from the UniProt database and aligned using 

the online Multiple sequence alignment with hierarchical clustering (Toulouse) and Clustal 

Omega Multiple alignments (EMBL-EBI) tools. For both protein Blast tools, the algorithm of 

Blosum 62 was applied. The UniProt identifier code of each protein has been written inside the 

bracket. The high and low consensuses have been shown in violet and pink colours, 

respectively.  

 

A.1. Multiple sequence alignment of human galectins ; hgalectin-1 (P09382), hgalectin-2 

(P05162), hgalectin-3 (P17931), hgalectin-4 (P56470), hgalectin-7 (P47929), hgalectin-8 

(P47929), hgalectin-9 (O00182), hgalectin-12 (Q96DT0). The N-terminal and C-terminal 

domains of bivalent galectins were taken as separate proteins labelled with N and C.  
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A.2. Pairwise sequence alignment of human galectin-8 isoforms; hgalectin-M (O00214-1) and 

hgalectin-L (O00214-2).  

 

 

  



194 

 

A.3. Sequence alignment of N-terminal and C-terminal domains of human galectin-8; 

hgalectin-8N and hgalectin-8C.  
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A.4. Multiple sequence alignment of human galectin-9 isoforms; hgalectin-9L (O00182-1), 

hgalectin-9M (O00182-2) and hgalectin-9S (O00182-3).  
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A.5. Sequence alignment of N-terminal and C-terminal domains of human galectin-9 ; 

hgalectin-9N and hgalectin-9C.  
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Appendix C. Expression Vectors Map 

 

The entire data and maps of the plasmids applied in this study were obtained from 

Addgene vector database and SnapGene molecular biology software. 

 

 

C.1. pET-3a vector   
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C.2. pET-19b vector   
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C.3. pGEX-4T-1 vector                                                             
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C.4. pET-15b vector 
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84 Galβ1-2Galβ-sp3  Ab2A 399.4 

85 Galβ1-3GlcNaAcβ-sp3 Lec LeC 440.5 

87 Galβ1-3Galβ-sp3  Ab3A 399.4 

88 Galβ1-3GalNAcβ-sp3 Tββ Tbb 440.5 

89 Galβ1-3GalNAcα-sp3 TF TF 440.5 

93 Galβ1-4Glcβ-sp4 Lac Lac-Gly 398.4 

94 Galβ1-4Galβ-sp4  Ab4A 398.4 

97 Galβ1-4GlcNAcβ-sp3 LacNAc LN 440.5 

100 Galβ1-6Galβ-sp4  Ab6A 398.4 

101 GalNAcα1-3GalNAcβ-sp3 Fs-2 Fs-2 481.5 

102 GalNAcα1-3Galβ-sp3 Adi Adi 440.5 

103 GalNAcα1-3GalNAcα-sp3 core 5 core 5 481.5 

104 GalNAcβ1-3Galβ-sp3  ANb3A 440.5 

106 GalNAcβ1-4GlcNAcβ-sp3 LacdiNAc LacdiNAc 481.5 

110 Glcα1-4Glcβ-sp3 maltose Malt2 399.4 

111 Glcβ1-4Glcβ-sp4 cellobiose cello 398.4 

112 Glcβ1-6Glcβ-sp4 gentiobiose gent 398.4 

113 GlcNAcβ1-3GalNAcα-sp3 core 3 core 3 481.5 

114 GlcNAcβ1-3Manβ-sp4  GN3M 439.4 

115 GlcNAcβ1-4GlcNAcβ-Asn chitobiose-Asn Ch2-Asn 538.5 

117 GlcNAcβ1-4GlcNAcβ-sp4 chitobiose Ch2-Gly 480.5 

118 GlcNAcβ1-6GalNAcα-sp3 core 6 core 6 481.5 

119 Manα1-2Manβ-sp4  Ma2Mb 398.4 

120 Manα1-3Manβ-sp4  Ma3M 398.4 

121 Manα1-4Manβ-sp4  Ma4M 398.4 

122 Manα1-6Manβ-sp4  Ma6M 398.4 

123 Manβ1-4GlcNAcβ-sp4  Mb4GN 439.4 

124 Manα1-2Manα-sp4  Ma2Ma 398.4 

145 Galβ1-3(6-O-Su)GlcNAcβ-sp3 6-O-Su-Lec LeC6Su 520.5 

146 Galβ1-4(6-O-Su)Glcβ-sp2 6-O-Su-Lac Lac6Su 465.5 

147 Galβ1-4(6-O-Su)GlcNAcβ-sp3 6-O-Su-LacNAc LN6Su 520.5 

149 GlcNAcβ1-4(6-O-Su)GlcNAcβ-sp2 6-O-Su-chitobiose Ch2-6Su 547.5 

150 3-O-Su-Galβ1-3GalNAcα-sp3 3`-O-Su-TF TF3`Su 520.5 

151 6-O-Su-Galβ1-3GalNAcα-sp3 6`-O-Su-TF TF6`Su 520.5 

152 3-O-Su-Galβ1-4Glcβ-sp2 SM3 Lac3`Su 465.3 

153 6-O-Su-Galβ1-4Glcβ-sp2 6`-O-Su-Lac Lac6`Su 465.3 

155 3-O-Su-Galβ1-3GlcNAcβ-sp3 3`-O-Su-Lec LeC3`Su 520.5 

157 3-O-Su-Galβ1-4GlcNAcβ-sp3 3`-O-Su-LacNAc LN3`Su 520.5 

159 4-O-Su-Galβ1-4GlcNAcβ-sp3 4`-O-Su-LacNAc LN4`Su 520.5 

161 6-O-Su-Galβ1-3GlcNAcβ-sp3 6`-O-Su-Lec LeC6`Su 520.5 

163 6-O-Su-Galβ1-4GlcNAcβ-sp3 6`-O-Su-LacNAc LN6`Su 520.5 

164 GlcAβ1-3GlcNAcβ-sp3  GUb3GN 454.4 

165 GlcAβ1-3Galβ-sp3  GUb3A 413.4 

166 GlcAβ1-6Galβ-sp3  GUb6A 413.4 

167 
GlcNAcβ1-4-[HOOC(CH3)CH]-3-O-GlcNAcβ-

sp4 
GlcNAc-Mur GN-Mur 522.5 
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226 Fucα1-2(Galα1-3)Galβ-sp3 Btri Btri 545.5 

228 Galβ1-2Galα1-4GlcNAcβ-sp4  Ab2aLN 601.6 

229 Galβ1-3Galβ1-4GlcNAcβ-sp4  Ab3`LN 601.6 

231 Galβ1-4GlcNAcβ1-3GalNAcα-sp3  LN3Tn 643.6 

232 Galβ1-4GlcNAcβ1-6GalNAcα-sp3  LN6Tn 643.6 

233 Galβ1-3(Fucα1-4)GlcNAcβ-sp3 Lea LeA 586.6 

234 Fucα1-3(Galβ1-4)GlcNAcβ-sp3 Lex LeX 586.6 

235 Fucα1-2(GalNAcα1-3)Galβ-sp3 Atri Atri 586.6 

238 GalNAcβ1-4Galβ1-4Glcβ-sp3 GA2, GgOse3 GA2 602.6 

240 (Glcα1-4)3β-sp4 maltotriose (Ga4)3b 560.5 

241 (Glcα1-6)3β-sp4 isomaltotriose (Ga6)3b 560.5 

246 GlcNAcβ1-2Galβ1-3GalNAcα-sp3  GN2`TF 643.6 

247 GlcNAcβ1-3Galβ1-3GalNAcα-sp3  GN3`TF 643.6 

248 GlcNAcβ1-3Galβ1-4Glcβ-sp2  GN3`Lac 588.6 

250 GlcNAcβ1-3Galβ1-4GlcNAcβ-sp3  GN3`LN 643.6 

251 GlcNAcβ1-4Galβ1-4GlcNAcβ-sp2  GN4`LN 629.6 

252 GlcNAcβ1-4GlcNAcβ1-4GlcNAcβ-sp4 chitotriose Ch3 683.6 

253 GlcNAcβ1-6Galβ1-4GlcNAcβ-sp2  GN6`LN 629.6 

254 Galβ1-3(GlcNAcβ1-6)GalNAcα-sp3 core 2 core 2 643.6 

255 GlcNAcβ1-3(GlcNAcβ1-6)GalNAcα-sp3 core 4 core 4 684.7 

258 Manα1-3(Manα1-6)Manβ-sp4 Man3 (Ma)3b 560.5 

262 Galβ1-3GalNAcβ1-3Gal-sp4 Tββ-Gal Tbb-A 601.6 

264 Galβ1-4Galβ1-4GlcNAc-sp3  Ab4`LN 602.6 

287 3-O-Su-Galβ1-3(Fucα1-4)GlcNAcβ-sp3 Su-Lea 3`SuLeA 666.7 

288 Fucα1-3(3-O-Su-Galβ1-4)GlcNAcβ-sp3 Su-Lex 3`SuLeX 666.7 

289 Galα1-3(Neu5Acα2-6)GalNAcα-sp3 6-SiaTF 6SiaTF 731.7 

290 Galβ1-3(Neu5Acα2-6) GalNAcα-sp3  A3a(Sia)Tn 731.7 

292 Neu5Acα2-3Galβ1-3GalNAcα-sp3 3`-Sia-TF Sia3`TF 731.7 

293 Neu5Acα2-3Galβ1-4Glcβ-sp3 3`SL 3`SL 690.7 

294 Neu5Acα2-3Galβ1-4Glcβ-sp4 3`SL 3`SL-Gly 689.6 

295 Neu5Acα2-6Galβ1-4Glcβ-sp2 6`SL 6`SL-C2 676.6 

298 Neu5Acα2-3Galβ1-4GlcNAcβ-sp3 3`SLN 3`SLN 731.7 

299 Neu5Acα2-3Galβ1-3GlcNAcβ-sp3 3`-SiaLec 3`SiaLeC 731.7 

300 Neu5Acα2-6Galβ1-4GlcNAcβ-sp3 6`SLN 6`SLN 731.7 

303 Neu5Gcα2-3Galβ1-4GlcNAcβ-sp3 3`SLN (Gc) 3`SLN(Gc) 747.7 

304 Neu5Gcα2-6Galβ1-4GlcNAcβ-sp3 6`SLN (Gc) 6`SLN(Gc) 747.7 

306 9-NAc-Neu5Acα2-6Galβ1-4GlcNAcβ-sp3  9NAc-6`SLN 788.8 

315 Neu5Acα2-3Galβ1-4-(6-O-Su)GlcNAcβ-sp3 6-Su-3`SLN 3`SLN6Su 833.8 (Na+) 

317 Neu5Acα2-3Galβ1-3-(6-O-Su)GalNAcβ-sp3 6-Su-3`SiaTF 3`SiaTF6Su 833.8 (Na+) 

318 Neu5Acα2-6Galβ1-4-(6-O-Su)GlcNAcβ-sp3 6-Su-6`SLN 6`SLN6Su 833.8 (Na+) 

319 Neu5Acα2-3-(6-O-Su)Galβ1-4GlcNAcβ-sp3 6`-Su-3`SLN 3`SLN6`Su 833.8 (Na+) 

321 (Neu5Acα2-8)3-sp3 (Sia)3 (Sia)3 992.9 (Na+) 

323 Neu5Acα2-6Galβ1-3GlcNAc-sp3 6`-SiaLec 6`SiaLeC 731.7 

324 Neu5Acα2-6Galβ1-3(6-O-Su)GlcNAc-sp3 6Su-6`-SiaLec 6`SiaLeC6Su 883.8 (Na+) 

331 Neu5Gcα2-3Galβ1-3GlcNAcβ-sp3 3`SiaLec  (Gc) 3`SiaLeC(GC) 747.7 
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12F 

Neocarradecaose-41, 3, 5, 7, 9-penta-O-sulphate 

(Na+) 

C60H87O61S5Na5 (Mixed 

anomers. Decasaccharide of 

regular κ- carrageenan) 

 2059.57 

12G 

ΔUA-2S-GlcNS-6S C12H15NO19S3Na4 

(Predominant disaccharide 

produced from heparin by 

heparinase I and II) 

 665.4 

12H 

ΔUA-GlucNS-6S C12H16NO16S2Na3 

(Produced from heparinase 

II digestion of heparin and 

heparin sulphate) 

 563.35 

12I 

ΔUA-2S-GlucNS C12H16NO16S2Na3 

(Produced from heparin by 

digestion with heparinase I 

and II) 

 563.35 

12J 

ΔUA-2S-GlcNAc-6S C14H18NO17S2Na3 

(Minor component 

produced from heparin by 

heparinase II) 

 605.39 

12K 

ΔUA-GlcNAc-6S C14H19NO14SNa2 

(Product of the action of 

heparinases II and III on 

heparin and heparan 

sulphate) 

 503.34 

12L 

ΔUA-2S-GlcNAc C14H19NO14SNa2 (Minor 

product of the action of 

heparinase II on heparin) 

 503.34 

12M 

ΔUA-GlcNAc C14H20NO11Na (Produced 

from heparin sulphate by 

digestion with heparinase 

III) 

 401.3 

12N 

ΔUA-GalNAc-4S (Delta Di-4S) C14H19NO14SNa2 

(Produced from various 

chondroitin sulphates by the 

action of chondroitinases 

ABC, B and AC-1) 

 503.34 

12O 

ΔUA-GalNAc-6S (Delta Di-6S) C14H19NO14SNa2 

(Produced from various 

chondroitin sulphates By the 

action of chondroitinases 

ABC, AC-1 and C) 

 503.34 

12P 

ΔUA-GalNAc-4S,6S (Delta Di-disE) C14H18NO17S2Na3 

(Produced from various 

chondroitin sulphates By the 

action of chondroitinases 

ABC, B and AC-1) 

 605.39 

13A 

ΔUA-2S-GalNAc-4S (Delta Di-disB) C14H18NO17S2Na3 

(Produced from various 

chondroitin sulphates by 

action of chondroitinase 

ABC and/or B. Most 

typically from chondroitin 

sulphate B (dermatan 

sulphate)) 

 605.39 

13B 

ΔUA-2S-GalNAc-6S (Delta Di-disD) C14H18NO17S2Na3 

(Produced from various 

chondroitin 

 605.39 

13C 

ΔUA-2S-GalNAc-4S-6S (Delta Di-tisS) C14H17NO20S3Na4 

(Produced as a minor 

component by the action of 

chondroitinase ABC on 

various chondroitin 

sulphates, particularly B) 

 707.43 
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19P Glcα1-4Glcα1-4Glcα1-4Glc Maltotetraose  666.58 

 GANGLIOSIDE STRUCTURES    

17A GalNAcβ1-4Galβ1-4Glc asialo GM2  545.48 

17B Galβ1-3GalNAcβ1-4Galβ1-4Glc asialo GM1  707.62 

17C 
Galβ1-3GalNAcβ1-4(Neu5Acα2-8Neu5Acα2-

8 Neu5Acα2-3) Galβ1-4Glc 
GT1c ganglioside sugar  1647.33 

17D 
Neu5Acα2-8Neu5Acα2-3Galβ1-3GalNAcβ1-

4(Neu5Acα2-3) Galβ1-4Glc 
GT1a ganglioside sugar  1647.33 

17E 
Galβ1-3GalNAcβ1-4(Neu5Acα2-8Neu5Acα2-3) 

Galβ1-4Glc 
GD1b ganglioside sugar  1334.09 

17F 
Neu5Acα2-3Galβ1-3GalNAcβ1-4(Neu5Acα2-3) 

Galβ1-4Glc 
GD1a ganglioside sugar  1334.09 

17G Neu5Acα2-3Galβ1-3GalNAcβ1-4Galβ1-4Glc GM1b ganglioside sugar  1020.86 

17H Galβ1-3GalNAcβ1-4(Neu5Acα2-3) Galβ1-4Glc GM1a ganglioside sugar  1020.86 

17I 
Fucα1-2Galβ1-3GalNAcβ1-4(Neu5Acα2-3) 

Galβ1-4Glc 

fucosyl GM1 ganglioside 

sugar 
 1168 

17J 
GalNAcβ1-4(Neu5Acα2-8Neu5Acα2-

8Neu5Acα2-3) Galβ1-4Glc 
GT2 ganglioside sugar  1485.19 

17K 
GalNAcβ1-4(Neu5Acα2-8Neu5Acα2-3) Galβ1-

4Glc 
GD2 ganglioside sugar  1171.95 

17L GalNAcβ1-4(Neu5Acα2-3) Galβ1-4Glc GM2 ganglioside sugar  858.72 

17M 
Neu5Acα2-8Neu5Acβ2-8Neu5Acα2-3Galβ1-

4Glc 
GT3 ganglioside sugar  1282 

17N Neu5Acα2-8Neu5Acα2-3Galβ1-4Glc GD3 ganglioside sugar  968.76 

17O Neu5Acα2-3Galβ1-4Glc GM3 ganglioside sugar  655.53 

17P 
Neu5Acα2-3Galβ1-3GalNAcβ1-4(Neu5Acα2-

8Neu5Acα2-3) Galβ1-4Glc 
GT1b  ganglioside sugar  2200.5 

E.2. Heatmap of the recombinant galectins-glycans binding; recombinant galectins (Gal): 

Gal-8C, Gal-8N, Gal-8M, Gal-8L. 
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Appendix F. Crystal Screen™ Reagent Kits 

 

F.1. Table of Crystal Screen™-HR2-110 

 

Number Buffer 

1 0.02 M Calcium chloride dihydrate, 0.1 M Sodium acetate trihydrate pH 4.6, 30% v/v (+/-)-2-

Methyl-2,4-pentanediol 

2 0.4 M Potassium sodium tartrate tetrahydrate 

3 0.4 M Ammonium phosphate monobasic 

4 0.1 M TRIS hydrochloride pH 8.5, 2.0 M Ammonium sulfate 

5 0.2 M Sodium citrate tribasic dihydrate, 0.1 M HEPES sodium pH 7.5, 30% v/v (+/-)-2-Methyl-2,4-

pentanediol 

6 0.2 M Magnesium chloride hexahydrate, 0.1 M TRIS hydrochloride pH 8.5, 30% w/v Polyethylene 

glycol 4,000 

7 0.1 M Sodium cacodylate trihydrate pH 6.5, 1.4 M Sodium acetate trihydrate 

8 0.2 M Sodium citrate tribasic dihydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 30% v/v 2-

Propanol 

9 0.2 M Ammonium acetate, 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 30% w/v Polyethylene 

glycol 4,000 

10 0.2 M Ammonium acetate, 0.1 M Sodium acetate trihydrate pH 4.6, 30% w/v Polyethylene glycol 

4,000 

11 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 1.0 M Ammonium phosphate monobasic 

12 0.2 M Magnesium chloride hexahydrate, 0.1 M HEPES sodium pH 7.5, 30% v/v 2-Propanol 

13 0.2 M Sodium citrate tribasic dihydrate, 0.1 M TRIS hydrochloride pH 8.5, 30% v/v Polyethylene 

glycol 400 

14 0.2 M Calcium chloride dihydrate, 0.1 M HEPES sodium pH 7.5, 28% v/v Polyethylene glycol 400 

15 0.2 M Ammonium sulfate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 30% w/v Polyethylene 

glycol 8,000 

16 0.1 M HEPES sodium pH 7.5, 1.5 M Lithium sulfate monohydrate 

17 0.2 M Lithium sulfate monohydrate, 0.1 M TRIS hydrochloride pH 8.5, 30% w/v Polyethylene 

glycol 4,000 

18 0.2 M Magnesium acetate tetrahydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 20% w/v 

Polyethylene glycol 8,000 

19 0.2 M Ammonium acetate, 0.1 M TRIS hydrochloride pH 8.5, 30% v/v 2-Propanol 

20 0.2 M Ammonium sulfate, 0.1 M Sodium acetate trihydrate pH 4.6, 25% w/v Polyethylene glycol 

4,000 
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21 0.2 M Magnesium acetate tetrahydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 30% v/v (+/-)-

2-Methyl-2,4-pentanediol 

22 0.2 M Sodium acetate trihydrate, 0.1 M TRIS hydrochloride pH 8.5, 30% w/v Polyethylene glycol 

4,000 

23 0.2 M Magnesium chloride hexahydrate, 0.1 M HEPES sodium pH 7.5, 30% v/v Polyethylene glycol 

400 

24 0.2 M Calcium chloride dihydrate, 0.1 M Sodium acetate trihydrate pH 4.6, 20% v/v 2-Propanol 

25 0.1 M Imidazole pH 6.5, 1.0 M Sodium acetate trihydrate 

26 0.2 M Ammonium acetate, 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 30% v/v (+/-)-2-Methyl-

2,4-pentanediol 

27 0.2 M Sodium citrate tribasic dihydrate, 0.1 M HEPES sodium pH 7.5, 20% v/v 2-Propanol 

28 0.2 M Sodium acetate trihydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 30% w/v Polyethylene 

glycol 8,000 

29 0.1 M HEPES sodium pH 7.5, 0.8 M Potassium sodium tartrate tetrahydrate 

30 0.2 M Ammonium sulfate, 30% w/v Polyethylene glycol 8,000 

31 0.2 M Ammonium sulfate, 30% w/v Polyethylene glycol 4,000 

32 2.0 M Ammonium sulfate 

33 4.0 M Sodium formate 

34 0.1 M Sodium acetate trihydrate pH 4.6, 2.0 M Sodium formate 

35 0.1 M HEPES sodium pH 7.5, 0.8 M Sodium phosphate monobasic monohydrate, 0.8 M Potassium 

phosphate monobasic 

36 0.1 M TRIS hydrochloride pH 8.5, 8% w/v Polyethylene glycol 8,000 

37 0.1 M Sodium acetate trihydrate pH 4.6, 8% w/v Polyethylene glycol 4,000 

38 0.1 M HEPES sodium pH 7.5, 1.4 M Sodium citrate tribasic dihydrate 

39 0.1 M HEPES sodium pH 7.5, 2% v/v Polyethylene glycol 400, 2.0 M Ammonium sulfate 

40 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 20% v/v 2-Propanol, 20% w/v Polyethylene glycol 

4,000 

41 0.1 M HEPES sodium pH 7.5, 10% v/v 2-Propanol, 20% w/v Polyethylene glycol 4,000 

42 0.05 M Potassium phosphate monobasic, 20% w/v Polyethylene glycol 8,000 

43 30% w/v Polyethylene glycol 1,500 

44 0.2 M Magnesium formate dihydrate 

45 0.2 M Zinc acetate dihydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5, 18% w/v Polyethylene 

glycol 8,000 

46 0.2 M Calcium acetate hydrate, 0.1 M Sodium cacodylate trihydrate pH 6.5 , 18% w/v Polyethylene 

glycol 8,000 

47 0.1 M Sodium acetate trihydrate pH 4.6, 2.0 M Ammonium sulfate 
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48 0.1 M TRIS hydrochloride pH 8.5, 2.0 M Ammonium phosphate monobasic 

49 1.0 M Lithium sulfate monohydrate, 2% w/v Polyethylene glycol 8,000 

50 0.5 M Lithium sulfate monohydrate, 15% w/v Polyethylene glycol 8,000 
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F.2. Table of Crystal Screen™-HR2-112 

 

Number Buffer 

1 2.0 M Sodium chloride, 10% w/v Polyethylene glycol 6,000 

2 0.5 M Sodium chloride, 0.01 M Magnesium chloride hexahydrate, 0.01 M 

Hexadecyltrimethylammonium bromide 

3 25% v/v Ethylene glycol 

4 35% v/v 1,4-Dioxane 

5 2.0 M Ammonium sulfate, 5% v/v 2-Propanol 

6 1.0 M Imidazole pH 7.0 

7 10% w/v Polyethylene glycol 1,000, 10% w/v Polyethylene glycol 8,000 

8 1.5 M Sodium chloride, 10% v/v Ethanol 

9 0.1 M Sodium acetate trihydrate pH 4.6, 2.0 M Sodium chloride 

10 0.2 M Sodium chloride, 0.1 M Sodium acetate trihydrate pH 4.6, 30% v/v (+/-)-2-Methyl-2,4-

pentanediol 

11 0.01 M Cobalt(II) chloride hexahydrate, 0.1 M Sodium acetate trihydrate pH 4.6, 1.0 M 1,6-

Hexanediol 

12 0.1 M Cadmium chloride hydrate, 0.1 M Sodium acetate trihydrate pH 4.6, 30% v/v Polyethylene 

glycol 400 

13 0.2 M Ammonium sulfate, 0.1 M Sodium acetate trihydrate pH 4.6, 30% w/v Polyethylene glycol 

monomethyl ether 2,000 

14 0.2 M Potassium sodium tartrate tetrahydrate, 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 2.0 

M Ammonium sulfate 

15 0.5 M Ammonium sulfate, 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 1.0 M Lithium sulfate 

monohydrate 

16 0.5 M Sodium chloride, 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 2% v/v Ethylene imine 

polymer 

17 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 35% v/v tert-Butanol 

18 0.01 M Iron(III) chloride hexahydrate, 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 10% v/v 

Jeffamine ® M-600 ® 

19 0.1 M Sodium citrate tribasic dihydrate pH 5.6, 2.5 M 1,6-Hexanediol 

20 0.1 M MES monohydrate pH 6.5, 1.6 M Magnesium sulfate heptahydrate 

21 0.1 M Sodium phosphate monobasic monohydrate, 0.1 M Potassium phosphate monobasic 

0.1 M MES monohydrate pH 6.5, 2.0 M Sodium chloride 

22 0.1 M MES monohydrate pH 6.5, 12% w/v Polyethylene glycol 20,000 

23 1.6 M Ammonium sulfate, 0.1 M MES monohydrate pH 6.5, 10% v/v 1,4-Dioxane 
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24 0.05 M Cesium chloride, 0.1 M MES monohydrate pH 6.5, 30% v/v Jeffamine ® M-600 ® 

25 0.01 M Cobalt(II) chloride hexahydrate, 0.1 M MES monohydrate pH 6.5, 1.8 M Ammonium sulfate 

26 0.2 M Ammonium sulfate, 0.1 M MES monohydrate pH 6.5, 30% w/v Polyethylene glycol 

monomethyl ether 5,000 

27 0.01 M Zinc sulfate heptahydrate, 0.1 M MES monohydrate pH 6.5, 25% v/v Polyethylene glycol 

monomethyl ether 550 

28 1.6 M Sodium citrate tribasic dihydrate pH 6.5 

29 0.5 M Ammonium sulfate, 0.1 M HEPES pH 7.5, 30% v/v (+/-)-2-Methyl-2,4-pentanediol 

30 0.1 M HEPES pH 7.5, 10% w/v Polyethylene glycol 6,000, 5% v/v (+/-)-2-Methyl-2,4-pentanediol 

31 0.1 M HEPES pH 7.5, 20% v/v Jeffamine ® M-600 ® 

32 0.1 M Sodium chloride, 0.1 M HEPES pH 7.5, 1.6 M Ammonium sulfate 

33 0.1 M HEPES pH 7.5, 2.0 M Ammonium formate 

34 0.05 M Cadmium sulfate hydrate, 0.1 M HEPES pH 7.5, 1.0 M Sodium acetate trihydrate 

35 0.1 M HEPES pH 7.5, 70% v/v (+/-)-2-Methyl-2,4-pentanediol 

36 0.1 M HEPES pH 7.5, 4.3 M Sodium chloride 

37 0.1 M HEPES pH 7.5, 10% w/v Polyethylene glycol 8,000, 8% v/v Ethylene glycol 

38 0.1 M HEPES pH 7.5, 20% w/v Polyethylene glycol 10,000 

39 0.2 M Magnesium chloride hexahydrate, 0.1 M Tris pH 8.5, 3.4 M 1,6-Hexanediol 

40 0.1 M Tris pH 8.5, 25% v/v tert-Butanol 

41 0.01 M Nickel(II) chloride hexahydrate, 0.1 M Tris pH 8.5, 1.0 M Lithium sulfate monohydrate 

42 1.5 M Ammonium sulfate, 0.1 M Tris pH 8.5, 12% v/v Glycerol 

43 0.2 M Ammonium phosphate monobasic, 0.1 M Tris pH 8.5, 50% v/v (+/-)-2-Methyl-2,4-

pentanediol 

44 0.1 M Tris pH 8.5, 20% v/v Ethanol 

45 0.01 M Nickel(II) chloride hexahydrate, 0.1 M Tris pH 8.5, 20% w/v Polyethylene glycol 

monomethyl ether 2,000 

46 0.1 M Sodium chloride, 0.1 M BICINE pH 9.0, 20% v/v Polyethylene glycol monomethyl ether 550 

47 0.1 M BICINE pH 9.0, 2.0 M Magnesium chloride hexahydrate 

48 0.1 M BICINE pH 9.0, 2% v/v 1,4-Dioxane, 10% w/v Polyethylene glycol 20,000 
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F.3. Table of Crystal Screen™-PEG/Ion-HR2-126 

 

Number Buffer 

1 0.2 M Sodium fluoride, 20% w/v Polyethylene glycol 3,350 

2 0.2 M Potassium fluoride, 20% w/v Polyethylene glycol 3,350 

3 0.2 M Ammonium fluoride, 20% w/v Polyethylene glycol 3,350 

4 0.2 M Lithium chloride, 20% w/v Polyethylene glycol 3,350 

5 0.2 M Magnesium chloride hexahydrate, 20% w/v Polyethylene glycol 3,350 

6 0.2 M Sodium chloride, 20% w/v Polyethylene glycol 3,350 

7 0.2 M Calcium chloride dihydrate, 20% w/v Polyethylene glycol 3,350 

8 0.2 M Potassium chloride, 20% w/v Polyethylene glycol 3,350 

9 0.2 M Ammonium chloride, 20% w/v Polyethylene glycol 3,350 

10 0.2 M Sodium iodide, 20% w/v Polyethylene glycol 3,350 

11 0.2 M Potassium iodide, 20% w/v Polyethylene glycol 3,350 

12 0.2 M Ammonium iodide, 20% w/v Polyethylene glycol 3,350 

13 0.2 M Sodium thiocyanate, 20% w/v Polyethylene glycol 3,350 

14 0.2 M Potassium thiocyanate, 20% w/v Polyethylene glycol 3,350 

15 0.2 M Lithium nitrate, 20% w/v Polyethylene glycol 3,350 

16 0.2 M Magnesium nitrate hexahydrate, 20% w/v Polyethylene glycol 3,350 

17 0.2 M Sodium nitrate, 20% w/v Polyethylene glycol 3,350 

18 0.2 M Potassium nitrate, 20% w/v Polyethylene glycol 3,350 

19 0.2 M Ammonium nitrate, 20% w/v Polyethylene glycol 3,350 

20 0.2 M Magnesium formate dihydrate, 20% w/v Polyethylene glycol 3,350 

21 0.2 M Sodium formate, 20% w/v Polyethylene glycol 3,350 

22 0.2 M Potassium formate, 20% w/v Polyethylene glycol 3,350 

23 0.2 M Ammonium formate, 20% w/v Polyethylene glycol 3,350 

24 0.2 M Lithium acetate dihydrate, 20% w/v Polyethylene glycol 3,350 

25 0.2 M Magnesium acetate tetrahydrate, 20% w/v Polyethylene glycol 3,350 

26 0.2 M Zinc acetate dihydrate, 20% w/v Polyethylene glycol 3,350 

27 0.2 M Sodium acetate trihydrate, 20% w/v Polyethylene glycol 3,350 

28 0.2 M Calcium acetate hydrate, 20% w/v Polyethylene glycol 3,350 

29 0.2 M Potassium acetate, 20% w/v Polyethylene glycol 3,350 

30 0.2 M Ammonium acetate, 20% w/v Polyethylene glycol 3,350 

31 0.2 M Lithium sulfate monohydrate, 20% w/v Polyethylene glycol 3,350 

32 0.2 M Magnesium sulfate heptahydrate, 20% w/v Polyethylene glycol 3,350 

33 0.2 M Sodium sulfate decahydrate, 20% w/v Polyethylene glycol 3,350 
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34 0.2 M Potassium sulfate, 20% w/v Polyethylene glycol 3,350 

35 0.2 M Ammonium sulfate, 20% w/v Polyethylene glycol 3,350 

36 0.2 M Sodium tartrate dibasic dihydrate, 20% w/v Polyethylene glycol 3,350 

37 0.2 M Potassium sodium tartrate tetrahydrate, 20% w/v Polyethylene glycol 3,350 

38 0.2 M Ammonium tartrate dibasic, 20% w/v Polyethylene glycol 3,350 

39 0.2 M Sodium phosphate monobasic monohydrate, 20% w/v Polyethylene glycol 3,350 

40 0.2 M Sodium phosphate dibasic dihydrate, 20% w/v Polyethylene glycol 3,350 

41 0.2 M Potassium phosphate monobasic, 20% w/v Polyethylene glycol 3,350 

42 0.2 M Potassium phosphate dibasic, 20% w/v Polyethylene glycol 3,350 

43 0.2 M Ammonium phosphate monobasic, 20% w/v Polyethylene glycol 3,350 

44 0.2 M Ammonium phosphate dibasic, 20% w/v Polyethylene glycol 3,350 

45 0.2 M Lithium citrate tribasic tetrahydrate, 20% w/v Polyethylene glycol 3,350 

46 0.2 M Sodium citrate tribasic dihydrate, 20% w/v Polyethylene glycol 3,350 

47 0.2 M Potassium citrate tribasic monohydrate, 20% w/v Polyethylene glycol 3,350 

48 0.2 M Ammonium citrate dibasic, 20% w/v Polyethylene glycol 3,350 

 

 

 

 




