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Abstract 

 

Human galectin-1 is a lectin protein that is ubiquitously expressed by most normal adult 

tissues, and is also over-expressed by many human cancers.  When in a reducing 

environment, human galectin-1 exhibits specific binding affinity for β-galactosides and 

exists in a non-covalently bound homodimer conformation comprised of two 14.5 kDa 

subunits.  Dimeric human galectin-1 exhibits cross-linking lectin activity because one 

carbohydrate-binding site per subunit is located at each end of the dimer.  Mediated by 

cross-linking lectin activity, extracellular human galectin-1 is able to cluster specific 

glycoconjugate receptors on the T cell surface to initiate apoptosis.  The apoptotic affects 

of extracellular galectin-1 upon T cells suggests that secretion of galectin-1 into the tumour 

stroma indirectly contributes to tumour survival and growth by essentially creating a 

“shield” from immune surveillance.  Human galectin-1 cross-linking lectin activity also 

promotes cell migration and adhesion, two critical processes in angiogenesis and the 

invasion of metastatic cancer cells.  Consequently, the production of β-galactoside 

derivatives as a means of specific inhibition of galectin-1 has become a focus in today’s 

fight against cancer.   

 

For human galectin-1 to maintain cross-linking lectin activity, six cysteine residues 

within each subunit of the homodimer must be kept from oxidizing to form inter- and/or 

intramolecular disulphide bonds.  Considering most cancers are associated with oxidative 

stress, it is intriguing to contemplate whether an oxidized form of human galectin-1 

functions within a cancerous environment.  An oxidized monomeric form of human 

galectin-1 (14.5 kDa) is known to interact with the cell surface of macrophages and 

stimulate their release of an axonal regeneration factor(s), however, the role oxidized 

human galectin-1 may play in tumourigenesis is currently unsubstantiated.  Attempts to 

generate the oxidized monomeric form for further study during this Ph.D resulted in the 

generation of two forms of oxidized human galectin-1, an oligomer 68 kDa in size and a 

smaller protein species of apparent molecular weight 17 kDa.  Extensive characterisation 

of these two previously unreported forms determined that the 68 kDa form contains inter- 

and intramolecular disulphide bonds, whereas the 17 kDa form contains only 

intramolecular disulphide bonds.  Both forms were devoid of lectin activity as anticipated, 

but did exhibit an ability to protect a leukaemia cell line from hydrogen peroxide induced 
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apoptosis.  Protection from oxidative assault was not mediated via hydrogen peroxide 

consumption, rather, protection is suspected to be mediated via interaction with a receptor 

on the cancer cell surface.  Attempts to obtain a crystal structure of the 17 kDa oxidized 

form, both apo and complexed with farnesyl diphosphate (the first reported ligand for 

oxidized human galectin-1) are ongoing, but given the observed increase in random coil 

structure within the 17 kDa oxidized form, crystallisation may never occur. 

 

The 14.5 kDa form of oxidized human galectin-1 that exhibits the axonal regeneration 

activity is thought to be sourced from the extracellular oxidation of reduced dimeric human 

galectin-1 that is secreted from injured axons.  This suggestion supports the existence of an 

intermediate state between the fully reduced and oxidized state of human galectin-1.  Two 

X-ray crystallographic structures of homodimeric human galectin-1, determined from 

crystals grown in the presence of lactose (a ligand) during this Ph.D, exhibit oxidized 

features, and so may provide structural evidence for a putative intermediate state.  

Specifically, the putative intermediate structure within the asymmetric unit of both crystal 

structures is a homodimer that has one 14.5 kDa subunit not bound to lactose.  Essentially, 

the homodimer has become partially in-active.  Besides the loss of lectin activity, the 

“lactose-absent” subunit of the homodimer also exhibits loss of secondary structure to 

random coil, larger size, increased flexibility and weaker stabilizing salt bridge interactions 

between residues crucial to binding lactose.  The loss of lectin activity and loss of 

secondary structure to random coil are characteristic features of oxidized human galectin-1, 

but the lactose-absent subunit does not contain disulphide bonds.  Excessive crystal 

contacts, or a lack thereof, does not on its own provide an unequivocal explanation for 

these unique features either.  An alternative finding that the lactose-absent subunit has lost 

all reducing agent molecules bound to cysteine residues, and exhibits a specific pattern of 

sulphenic acid formation (hydroxylated cysteines), is suspected to induce these features.   

 

Sulphenic acid formation cannot be ignored as an anomaly within human galectin-1 

crystal structures because human galectin-1 is a redox-reactive protein, and sulphenic acid 

is a physiologically relevant residue for many other redox-reactive proteins.  To test the 

concept of an intermediate state of human galectin-1 that incorporates sulphenic acid, the 

buffers used to oxidize dimeric human galectin-1 to the 68 kDa and 17 kDa oxidized forms 

were supplemented with dimedone, a specific probe for sulphenic acid.  The generation of 
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both oxidized protein species was disrupted because correct disulphide formation was 

inhibited in the presence of dimedone.  Correct disulphide bond formation most likely did 

not occur because dimedone had trapped the protein in an intermediate state that 

incorporates sulphenic acid residues.  Sulphenic acid formation is typically associated with 

hydrogen peroxide scavenging proteins, such as peroxiredoxins, and this thesis details the 

first report providing evidence that dimeric human galectin-1 also possesses the ability to 

consume hydrogen peroxide.  Additionally, this thesis shows that human galectin-1 lectin 

activity is adversely affected prior to inducement of disulphide bridge formation when in 

the presence of mild concentrations of hydrogen peroxide, which is consistent with the 

lactose-absent subunit crystal structure phenomenon. 

 

The data presented in this thesis, for the most part, provides evidence for the activity 

reduced and oxidized human galectin-1 exhibits in oxidizing environments.  The reduced 

form of human galectin-1 has hydrogen peroxide scavenging activity, and the oxidized 

form stimulates cancer cells into survival mode via a cell surface interaction.  The evidence 

presented in this thesis recommends future investigations test whether these affects are 

physiologically relevant in the context of solid tumour cancer.  Hydrogen peroxide 

scavenging within tumours may be a role that reduced dimeric human galectin-1 performs 

in addition to lectin mediated tumourigenic roles such as T cell apoptosis and cell adhesion 

and migration.  Additionally, the 68 kDa and 17 kDa oxidized species of oxidized human 

galectin-1 may enhance protection under oxidative stress via direct cell surface interaction 

with cancerous tumour cells.   

 

More investigation into the structure and function of human galectin-1 within oxidizing 

environments is required, particularly in the context of cancer, because the oxidative stress 

associated with many cancers provides an opportunity to design treatment strategies that 

selectively target cancer cells based on their redox profile.  
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Chapter 1 – Introduction 

 

1.1 Overview and summary 

The research described in this thesis focuses on the structural and functional analysis of 

human galectin-1 under reducing and oxidizing conditions.  Human galectin-1 in either 

redox state is associated with pathological conditions such as cancer and nerve injury, and 

consequently is an active area of research.  To provide a thorough background review of 

human galectin-1, this chapter first introduces “animal lectins”, the larger family of 

carbohydrate-binding proteins to which galectins belong.  The biological significance and 

common features of animal galectins are then discussed followed by a detailed review of 

the diverse number of functions and structural characteristics of galectin-1.  To briefly 

summarise, the β-galactoside binding specificity of the reduced form of galectin-1 is 

involved in tumourigenesis, and much knowledge about ligand interaction and specificity 

has been obtained through extensive ligand assay screening and X-ray crystallographic 

structure determination.  The production of β-galactoside derivatives as a means of specific 

inhibition of galectin-1 has become a focus in today’s fight against cancer.  In contrast, the 

oxidized form of human galectin-1 is therapeutic as it has been shown to heal injured 

nerves.  The final section of this chapter will discuss my research aims and the significance 

of my research to further the understanding of how the protein structure of human galectin-

1 adapts and interacts with endogenous ligands within different environments. 

 

1.2 Animal lectins 

Receptors of carbohydrates include enzymes involved in the synthesis and degradation 

of carbohydrates, antibodies and lectins.  In 1988 Barondes defined a lectin as a 

carbohydrate-binding protein that is neither an enzyme nor antibody, and lectins 

characterised pre- and post-1988 have been found to be endogenous to both prokaryote and 

eukaryote organisms (Barondes 1988).  Specifically, the repertoire of animal lectins 

described at the time of 1988 were simply categorised as either a C-type lectin or 

alternatively a galectin (Drickamer 1995; Kilpatrick 2002).  The carbohydrate recognition 

domain (CRD) of these two types contains a unique sequence motif and C-type animal 

lectins require Ca
2+

 ions to bind carbohydrates.  Maintaining cysteines in their free thiol 



2 

state (-SH groups) using reducing agents was once thought critical to galectin lectin 

activity, hence galectins were formerly named “S-type” lectins.  This was later found to be 

incorrect for many S-type lectins, and the family name was changed to galectins.   

 

Two decades on, animal lectin classification is now far more complex.  Firstly, animal 

lectins can be classified in one of two ways: 1) based on an evolutionary conserved 

sequence motif within the CRD or 2) based on equivalent carbohydrate-binding properties, 

such as specificity for a particular carbohydrate and whether or not Ca
2+

 coordination is 

crucial to sugar recognition, rather than sequence homology and evolutionary relatedness.  

As a consequence, it is now possible to categorize animal lectins into 15 separate groups 

(Table 1.1) (Vasta and Ahmed 2008).  Based on CRD sequence homology alone most 

animal lectins can be classified as either C-type, galectins, P-type, Siglecs, R-type or F-

type lectins, and these groups are often termed the animal lectin families (bolded and 

underlined in Table 1.1) (Vasta and Ahmed 2008).  A β-sandwich fold is the characteristic 

structure of the CRD for these six families.  Additionally, most of the six animal lectin 

families can be further categorised into subgroups.  C-type animal lectins for example are 

further characterised into 17 subgroups based mostly on phylogenetic relationships 

between the C-type lectin-like domain sequences and also overall domain structure 

(Zelensky and Gready 2005).   
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Table 1.1: Animal lectin groups 
 

Groups Carbohydrate 

recognition domain 

Carbohydrate 

specificity 

Requirement of  

Ca
2+

 for binding 

C-type C-type sequence motif Variable Most 

I-type or 

Siglecs 

 

Immunoglobulin-like 

CRD 

Variable 

Sialic acids (Siglecs) 

No 

P-type P-type sequence motif Mannose-6-phosphate 

Insulin-like growth factor 

II 

Variable 

L-type L-type sequence motif Variable Yes 

Pentraxins Multiple subunits  PC/Galactosides Most 

Galectins Conserved CRD β-galactosides No 

Heparin-

binding 

Basic amino acid 

clusters 

Heparin and heparan 

sulphate 

No 

F-type F-type sequence motif L-fucose Variable 

Calnexin Calnexin sequence 

motif 

glucose, Man8
 

Yes 

M-type M-type sequence motif Man8
 

Yes 

R-type R-type sequence motif Variable No 

F-box F-box sequence motif GlcNAc2
 

No 

Ficolins Ficolin sequence motif GlcNAc, GalNAc
 

Yes 

Chitinase-like 

(chilectins) 

Triose-phosphate 

isomerase (TIM) 

Barrel-like structure  

Chito-oligosaccharides No 

Intelectins  

(X-type) 

Interlectin sequence 

motif 

galactose, galactofuranose, 

pentoses 

Yes 

 

PC:      Phosphorylcholine    GlcNAc:    N-acetylglucosamine 

Man8:  Glycans with 8 mannosyl residues    GalNAc:    N-acetylgalacosamine 

 

 

A common classification technique involves searching for the characteristic sequence 

motif of a particular protein family within a hypothetical protein.  Classifying animal 

lectins in this way is not always straight forward because despite sharing sequence identity 

some members of the animal lectin families do not actually possess lectin activity.  The C-

type Atlantic herring antifreeze protein binds ice not carbohydrates (Vasta and Ahmed 

2008) and convulxin and botrocetin proteins from snake venom also have typical C-type 

lectin domains and do not recognise carbohydrates (Kilpatrick 2002).  Further, the rat lens 

crystallin protein GRIFIN (galectin-related inter fiber protein) and the galectin-related 
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protein GRP (a human hematopoietic stem cell precursor) both lack carbohydrate-binding 

activity and yet are comprised of galectin-like domains (Ahmed and Vasta 2008).  The 

phenomenon of lectin inactive members suggests the lectin domain is a putative product of 

evolutionary co-option
1

1.  

 

There are many animal lectins that exhibit carbohydrate-binding activity and yet cannot 

be grouped into an animal lectin family because they share little to no sequence or 

structural homology with any of the families.  However, many of these “orphan” lectins as 

they have been coined do belong to well characterised protein families that otherwise are 

not associated with carbohydrate-binding activity.  Interleukin-2 is a cytokine that 

recognizes high-mannose type glycans but shares no sequence homology with the animal 

lectin families described in Table 1.1 (Fukushima and Yamashita 2001) and the structure 

of interleukin-2 is comprised of alpha helices not the typical β-sandwich lectin-like fold.  

No common CRD has been reported for cytokines, which suggests lectin activity for 

interleukin-2 may have evolved independently.  Interleukin-2 may have a non-

carbohydrate function in common with an animal lectin family as besides sugar recognition 

many animal lectins are known to be involved in protein-protein, protein-lipid and protein-

nucleic acid interactions.  This connection is yet to be ascertained, but as more knowledge 

is accrued about the non-carbohydrate interactions of lectins many “orphan” lectins may 

one day be classified as members of an animal lectin family. 

 

Some proteins have no lectin activity and share little to no sequence homology with an 

animal lectin family, but the X-ray crystal structure reveals a β-sandwich, lectin-like fold.  

Thrombospondins (TSPs) regulate cell–matrix interactions and cell phenotype via non-

carbohydrate interactions.  A structural homologue of the C-terminal globular domain of 

TSPs, despite sharing only 7% sequence identity, is p58/ERGIC-53, an animal L-type 

lectin functioning in the secretory pathway (Kvansakul et al. 2004).  Conservation of the 

lectin-like fold raises interesting questions about the evolutionary history of lectin proteins 

and carbohydrate-binding function. 

 

                                                 
1
 Co-option occurs when natural selection finds new uses for existing traits, including genes 
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1.3 Galectins 

Galectins are defined by a CRD comprising approximately 130 amino acids and β-

galactoside binding specificity (Barondes et al. 1994).  Fifteen mammalian galectins, 

galectin-1 to -15, have been described to date.  Before consensus on a numbered naming 

nomenclature for galectins was reached in 1994 (Barondes et al. 1994) galectins had a 

variety of names.  Pre–1994 galectin-1 was described as electrolectin, β-galactoside-

binding lectin (BHL), galaptin, L-14-I and L-14 depending on its source. 

 

Mammalian galectins-1 to -15 can be further categorised into prototype, chimeric and 

tandem-repeat subgroups based on their overall structure.  Prototype galectins have only 

one CRD and are active as either monomers (galectin-5 and -10) or non-covalently bound 

homodimers (galectin-1, -2, -7, -11, -13, -14 and -15) (Figure 1.1).  For hamster galectin-1 

a reversible lectin active monomer:dimer equilibrium with a Kd of ~ 7 µM exists (Cho and 

Cummings 1996).  The monomer:dimer equilibrium is not a general phenomenon for 

galectin-1 because human galectin-1 was later found to retain its dimeric structure at a 

lower 2 µM concentration (Giudicelli et al. 1997).  Galectin-3 is the sole chimeric galectin 

and consists of one CRD linked to a non-lectin domain via a repetitive collagen-like 

sequence rich in proline, glycine and tyrosine residues (Figure 1.1).  The non-lectin domain 

of galectin-3 is important for self-association as the CRD alone lacks hemagglutination 

activity (at least bivalent binding activity is required), and phosphorylation at the non-

lectin domain is required for galectin-3 anti-apoptotic function (Ahmad et al. 2004; Yoshii 

et al. 2002).  The repetitive linker sequence of galectin-3 serves as a site for proteolytic 

cleavage (Yoshii et al. 2002).  Tandem-repeat type galectins (galectin-4, -6, -8, -9 and -12) 

consist of two unique CRDs that are linked via a polypeptide sequence (Figure 1.1) 

(Camby et al. 2006).   
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Figure 1.1: A schematic of the three subgroups of mammalian galectins 

The carbohydrate-recognition domains are black and yellow; the proline-, glycine-, and 

tyrosine-rich repeating domain of galectin-3 is blue; the non-lectin N-terminal domain of 

galectin-3 is red and the linker sequence of tandem-repeat galectins is purple. 

 

 

1.3.1 The galectin carbohydrate recognition domain  

X-ray crystal structures of galectins from chicken (CG-16 agglutinin), conger eel 

(congerin-1 and -2), human (galectins -1, -2, -3, -7, -8, -9, -10), bovine (galectin-1), toad 

(galectin-1) and mouse (galectins -4 and -9) show that the animal galectin CRD has a 

common β-sandwich structure formed by a six (S1 – S6) and a five (F1 – F5) stranded β-

sheet (information from the ‘RCSB Protein Data Bank’).  For the X-ray crystal structure of 

human galectin-1 liganded with lactose the residues His44, Asn46, Arg48, His52, Asp54, 

Asn61, Trp68, Glu71, Arg73 within β-strands S4, S5 and S6a/b are responsible for β-

galactoside binding (Lopez-Lucendo et al. 2004).  Superimposition of the human galectin-

1 crystal structure with eight other galectin X-ray crystal structures in complex with ligand 

(congerin-1 and -2, bovine and toad galectin-1, human galectin-7, C-terminal CRD of 

human galectin-8 and human and mouse galectin-9) highlights seven highly conserved 

residues within the galectin carbohydrate-binding site, the “7-motif”.  These conserved 

residues are His44, Asn46, Arg48, Asn61, Trp68, Glu71 and Arg73 within the human 

galectin-1 crystal structure (Figure 1.2A).  The residues Asn46 and Arg73 within human 

galectin-1 are not strictly conserved within the carbohydrate-binding site of congerin-1 and 

-2 and human galectin-8.  Congerin-1 and -2 have an aspartate in place of the conserved 

asparagine residue and human galectin-8 has an isoleucine in place of the conserved 

arginine.  Residue His52 which is also involved in lactose binding by human galectin-1 

(Lopez-Lucendo et al. 2004) is located within a loop section between β-strands S4 and S5.  

Contrary to the highly conserved 7-motif, the S4-S5 loop sequence within the 

 Prototype Chimeric type (galectin-3) 

Tandem-repeat type 

 OR 



7 

superimposed galectin crystal structures (Figure 1.2B, indicated by the arrow) varies in 

loop length and consequently conformation (Figure 1.2B). 

 

 

Figure 1.2: Superimposition of animal galectin X-ray crystal structures 

A crystal structure of human galectin-1 bound to lactose (pdb code: 1GZW) was 

superimposed with eight other galectin X-ray crystal structures in complex with ligand, 

congerin-1 and -2 (pdb codes: 1C1L and 1IS4 respectively), bovine and toad galectin-1 

(pdb codes: 1SLA and 1A78 respectively), human galectin-7, C-terminal CRD of human 

galectin-8 and human and mouse galectin-9 (pdb codes: 5GAL, 2YXS, 2YY1 and 2D6O 

respectively). Superimposition of nine animal galectin X-ray crystal structures identifies 

A) seven conserved residues within the carbohydrate-binding site. These residues are 

His44, Asn46, Arg48, Asn61, Trp68, Glu71, Arg73 within human galectin-1 (carbon 

atoms of residues are green, nitrogen atoms are blue and oxygen atoms are red). The 

ligands in complex with the nine galectins are shown as line structures (carbon atoms are 

A 

B 

His44 

Trp68 

Asn61 

Asn46 

Arg48 

Glu71 

Arg73 

His44 

Asn46 

 

Trp68 

Asn61 

Arg73 

Arg48 

Glu71 

S4-S5 loop 



8 

yellow, oxygen atoms are red). B) The S4-S5 loop sequence (indicated by an arrow) varies 

in length between the nine galectins. 

 

 

An alignment of the amino acid sequences of 142 CRDs from various species (including 

C. Intestinals, teleosts fishes, amphibians, birds, lizards and mammals) and all the three 

structural types of mammalian galectins shows that the “7-motif” within the superimposed 

crystal structures are also conserved across a wider range of galectin proteins (Houzelstein 

et al. 2004) (Appendix A is a copy of the alignment performed by Houzelstein et al (2004).  

The seven conserved residues are highlighted red).  Of the seven conserved residues the 

tryptophan residue within β-strand S6a (labeled Trp68 in Figure 1.2A-B) is the most highly 

conserved as it is present within 139 of the 142 aligned amino acid sequences (Houzelstein 

et al. 2004). 

 

For those galectin amino acid sequences that lack a significant number of the seven 

conserved residues, one can then speculate that these galectins may have little or no β-

galactoside-binding activity.  Human galectin-10 contains only 3 of the 7 conserved 

residues (Houzelstein et al. 2004) and does not possess β-galactoside binding ability (Table 

1.2).  Instead of typical β-galactoside binding specificity, human galectin-10 binds 

mannose (Swaminathan et al. 1999).  The C-terminal CRD of galectin-12 lacks all 

conserved residues besides the highly conserved tryptophan (Table 1.2).  The β-galactoside 

binding ability of the C-terminal CRD of galectin-12 is as yet unsubstantiated, but it is 

highly debatable considering mannose binding human galectin-10 contains more conserved 

residues. 

 

Table 1.2: A section of the amino acid sequence alignment performed by 

Houzelstein et al (2004) showing the region of the conserved “7-motif” for galectins-7, 

-10 and the C-terminal CRD of galectins-12  
 

   S4 β-strand               S5 β-strand S6a β-strand S6b β-strand 

gal7 mouse     A A L H F N P R L      E V V  F N T K E        G K W       E E R G 

gal7 rat     A A L H F N P R L      E V V  F N T K Q        G K W       E E R G 

gal10 bovine     I  A  FH F R V Y T      M V V M N S F Q       G G W       E K R M 

gal10 sheep      I  P  FR F WY C D      M V V M N T F T        G S W       E E K V 

gal10 human     I  V  FH F Q V C F      R V V M N S R E         G A W       Q V E S 

gal12C human    A  P V T L R A S F      T L  A W I  S  -  -        -  R W       K K  L I 

gal12C mouse    V  P V T L R A S F      T L  A W V S  -  -        -  S W       K K  L I 
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1.3.2 A common β-galactoside ligand of galectins 

Glycoconjugates comprised of Gal1-4GlcNAc (LacNAc or N-acetyllactosamine) 

residues (Figure 1.3) are abundant -galactoside molecules in mammals, and LacNAc is a 

natural ligand common to all mammalian galectins (Barondes et al. 1994).  Functional 

groups essential for binding to rat and human galectin-1 and -3 were determined by 

comparing their affinity to lactose (Gal1-4Glc) derivatives relative to galactose (Gal) and 

lactose.  Galectin-1 and -3 affinity for lactose is greater than simply the galactose moiety 

and the N-acetyl group (NAc) at the 2 position of the glucose moiety of LacNAc further 

enhances affinity (Figure 1.3).  Lactose derivatives with substitutions at 4- and 6-OH of the 

galactose moiety and 3-OH of the glucose moiety are not tolerated, indicating that the 

galectins interact directly with these three specific hydroxyl groups (red and underlined in 

Figure 1.3) (Ahmed et al. 1990; Leffler and Barondes 1986; Sparrow et al. 1987).  

 

Figure 1.3: LacNAc is a common natural ligand of galectins 

The galactose and glucose moieties are labeled. Hydroxyl groups crucial for binding 

galectin-1 and -3 are shown in red and underlined.  

 

 

1.3.3 Galectin β-galactoside binding subsites 

X-ray crystal structures of galectins bound to LacNAc or lactose show that the galactose 

and glucose moieties of these disaccharides bind in the region of β-strands S4 and S5 on 

the six, “S”, stranded β-sheet.  Leffler et al (2004) has characterised β-strands S4 and S5 as 

binding subsites C and D respectively, and collectively these two subsites have been 

labeled as the “carbohydrate-binding site” (Figure 1.4A) (Leffler et al. 2004).  The five, 

“F”, stranded β-sheet is located behind the S stranded β-sheet labeled in italics in Figure 

1.4A.  An in silico investigation of bovine galectin-1 interaction with tri- and tetra-

saccharide β-galactosides suggests that parts of these larger ligands interact with binding 

subsites that flank the carbohydrate-binding site, subsites A, B and E.  The binding subsites 

A, B and E consist of β-strands S2, S3 and S6a/b (Figure 1.4A) (Ford et al. 2003; Leffler et 

al. 2004).  It is known that critical protein-ligand interactions occur between the 

Galactose                       Glucose                                                           

4                                                           

6                                                           

5                                                          

3                                                           
2                                                           

1                                                           

4 

3                                                           

5                                                           

6 

2                                                           
1                                                           
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carbohydrate-binding site residues of galectin-1 and -3 and specific hydroxyls of LacNAc 

and lactose (discussed in section 1.3.2), and so flanking A, B and E binding subsites may 

be involved in carbohydrate specificity.   

 

 
 

Figure 1.4: The β-galactoside binding subsites of galectins 

A) The five established β-galactoside binding subsites of galectins; A, B, C, D and E 

(bolded) consist of β-strands S2, S3, S4, S5 and S6 (italised). Binding subsites A, B and E 

and loop sections between β-strands S3, S4 and S5 (labeled with yellow semi-circles) may 

be involved in galectin carbohydrate specificity. B) Shifts in loops between β-strands F1-

S2, F2-S3, S6b-F3, S5-S6a and S4-S5 (indicated black, blue, green, magenta and yellow, 

respectively) affect human galectin-1 β-galactoside binding affinity. β-strands are labeled 

in italics.   

 

 

X-ray crystal structures of the N-terminal CRD of human galectin-9 in complex with the 

Forssman pentasaccharide (GalNAcα1,3—GalNAcβ1,3—Galα1,4—Galβ1,4—Glc) and 

poly-N-acetyllactosamine ligands (trimer and dimer) experimentally corroborates in silico 

predictions of A and B binding subsites discussed above (Nagae et al. 2009; Nagae et al. 

2008).  The residues at the reducing end of the Forssman pentasaccharide (Galβ1,4—Glc) 

are solvent exposed but the three non-reducing end residues (GalNAcα1,3—

GalNAcβ1,3—Gal) can be clearly seen to bind to human galectin-9 across β-strands S2-S6 

(binding subsites A and B consist of β-strands S2 and S3).  The non-reducing end residue, 

GalNAc, makes van der Waals contacts and weak hydrogen bonds with residues Ala46 and 

Asn137 within β-strands S3 and S2 respectively.  To assess the possibility that residues 

Ala46 and Asn137 determine human galectin-9 specificity for the Forssman 

pentasaccharide, mutants A46V and N137S were generated (Nagae et al. 2008).  The 

    A   B    C   D   E   
S1     S2      S3      S4      S5      S6b 

S6a  

S3-S4 
loop 

S4-S5 
loop 

S1      S2      S3      S4      S5    S6b 

F1    F2    

F3  

S6a  

A                                                                 B 
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A46V mutant exhibits a 45-fold increase in Kd for the Forssman pentasaccharide compared 

to the wild-type, whereas only a 1.8-fold increase in Kd was exhibited by the N137S 

mutant.  Furthermore, X-ray crystal structures of the N-terminal CRD of human galectin-9 

bound with an N-acetyllactosamine dimer and trimer shows that this galectin is able to 

recognize the ligand sequence GlcNAcβ1,3—Galβ1,4—GlcNAc irrespective of the 

LacNAc position within the ligand.  Binding in this way is made possible through 

interactions between Asn48 and Asn137 within β-strands S3 and S2 and the GlcNAc 

residue at the non-reducing end (Nagae et al. 2009).  

 

When human galectin-1 is mutated at residue Cys2 to serine (mutant “C2S”) or at 

Arg111 to histidine (mutant “R111H”), the thermodynamics of lactose and LacNAc 

binding at 298 K is shifted toward an increased entropic penalty (such an increase is 

characteristic of decreased ligand binding ability).  Specifically, the entropic penalty wild-

type human galectin-1 exhibits for lactose and LacNAc is 20.3 cal/mol/K and 21.3 

cal/mol/K respectively, whereas C2S and R111H mutants exhibit values of 21.7 cal/mol/K 

and 25.6 cal/mol/K for lactose and 23.8 cal/mol/K and 25.5 cal/mol/K for LacNAc 

respectively (Lopez-Lucendo et al. 2004).  Unlike the galectin-9 mutants, crystal structures 

of C2S and R111H human galectin-1 mutants show that the mutations are fairly distal to 

the carbohydrate-binding site.  However, the crystal structures do show that shifts in the 

F1-S2, F2-S3, S6-F3, S5–S6a and S4–S5 loops (Figure 1.4B, loops coloured black, blue, 

green, magenta and yellow, respectively) have occurred compared to the wild-type crystal 

structure.  These changes in loop position may be the cause of reduced β-galactoside 

binding ability, indicating their influence on carbohydrate specificity.   

 

The amino acid sequence alignment of 142 galectin CRDs performed by Houzelstein et 

al (2004) shows S3-S4 and S4-S5 loops vary significantly in length between the different 

types of galectins.  The variable length of the S4-S5 loop was first discussed in section 

1.3.1 and is represented in Figure 1.2B.  The length difference indicates these loops might 

be involved in carbohydrate specificity (Houzelstein et al. 2004).  

 

1.3.4 Larger β-galactoside ligands of galectins 

Many proteins are naturally glycosylated and the addition of asparagine (N)-linked 

oligosaccharides, or N-glycans, is a common glycosylation modification.  Different 
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linkages between saccharide units and the formation of branches can generate an enormous 

amount of structural variability in the carbohydrate moieties of N-glycan glycoconjugates 

(Gabius et al. 2002; Gabius et al. 2004).  Specific interaction between galectins and β-

galactoside N-glycans is regulated by the density and accessibility of β-galactoside 

residues within larger complex carbohydrate structures.  The galectin receptors laminin and 

fibronectin are cell surface glycoproteins and the carbohydrate structures of these receptors 

are comprised of repeating linear sequences of LacNAc residues called poly-N-

acetyllactosamines.  Affinity for poly-N-acetyllactosamines has been observed to increase 

with lactosamine repeats for human galectin-1, -2, -3, -8 C-terminal CRD domain, -9 and 

rat galectin-2 (Hirabayashi et al. 2002).  Affinity however, does not increase linearly and 

the integrity of the galactose residue at the non-reducing end remains crucial to galectin-1 

interaction (Hirabayashi et al. 2002; Leppanen et al. 2005).   

 

Natural carbohydrates are often sialylated or fucosylated.  Human galectin-1 has been 

shown to bind similarly to surface bound poly-N-acetyllactosamines derivatized with α2,3-

sialylated or α1,2-fucosylated terminal galactose residues as it does to non-derivatized 

poly-N-acetyllactosamines (Figure 1.5 A-B shows the derivatized galactose moiety of 

terminal LacNAc residues).  Human galectin-1 however does not recognize poly-N-

acetyllactosamines containing α2,6 sialylated nor α1,3 fucosylated terminal galactose 

residues because the hydroxyl groups crucial to galectin-1 ligand binding are modified 

(structures not shown) (Leppanen et al. 2005).  Human galectin-3 affinity for lactose is 

unaffected by an additional α2,3-sialic acid group, in contrast, human galectin-8 binds to 

α2,3-sialylated lactose with much higher affinity (Kd = 1.5 µM) compared to simply 

lactose (Kd = 150 µM) (Hirabayashi et al. 2002).  

 

Complex-type N-glycans are major natural ligands of galectins.  Complex-type N-

glycans are a type of N-glycan where typically both core α-mannose residues which branch 

from the central mannose unit are modified by at least one GlcNAc residue.  The complex-

type N-glycans recognized by galectins contain a significant number of repeating LacNAc 

residues in the branches and/or headgroups of the carbohydrate structure (Figure 1.5C 

shows a biantennary complex-type N-glycan, the core mannose is indicated) (Jacobs et al. 

2009; Unverzagt et al. 2002).  Bovine galectin-1 exhibits similar affinity for α2,3- and 

α2,6-sialylated biantennary complex-type N-glycans as it does to the non-derivatized 
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ligand.  The addition of a core fucose residue to the non-derivatized and α2,3-sialylated 

biantennary complex-type N-glycan increases bovine galectin-1 affinity by roughly 2-fold 

(Figure 1.5D, the core fucose group of the biantennary N-glycan is boxed).  Bovine 

galectin-1 affinity to the α2,6-sialylated biantennary complex-type N-glycan is unaffected 

by the core fucose addition (Andre et al. 1997; Unverzagt et al. 2002).  The addition of a 

bisecting β1,2-linked GlcNAc moiety to the central mannose residue of a core-fucosylated, 

non-derivatized biantennary complex-type N-glycan serves to only slightly enhance the 

affinity of bovine galectin-1 towards the ligand (Figure 1.5E, the bisecting residue is 

boxed) (Andre et al. 2004).   

 

Asialofetuin is a glycoprotein containing terminating triantennary β-galactosides and is 

a common galectin ligand.  There are two natural types of branching in complex-type 

triantennary N-glycans; branching from the Manα1,3-arm (type I branching) and branching 

from the Manα1,6-arm (type II branching) (Figure 1.5 F and G respectively).  Human 

galectin-1 exhibits similar affinity for type I and type II, human galectin-3 has a preference 

for type II and chicken CG-14 has a slight preference for type I (Andre et al. 2006).   

To determine binding epitopes, saturation transfer difference nuclear magnetic 

resonance (STD NMR), protein X-ray crystallography and/or systematic cleavage of the 

ligand is required. 
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Figure 1.5: Galectins bind to a large repertoire of structurally diverse, complex β-

galactoside structures 

A) LacNAc derivatized with α2,3-sialic acid at the terminal galactose moiety. B) LacNAc 

derivatized with α1,2-fucose at the terminal galactose moiety. C) A biantennary complex-

type N-glycan. The core mannose residue is indicated. D) A core-fucosylated biantennary 

complex-type N-glycan that is derivatized with α2,3-sialic acid at the terminal galactose 

residues. The fucose group is boxed E) A biantennary complex-type N-glycan with a 

bisecting β1,2-GlcNAc residue to the central mannose. The bisecting residue is boxed. F) 

type I triantennary complex-type N-glycan. G) type II triantennary complex-type N-glycan. 

 

 

1.3.5 Mammalian galectin function 

Galectins are expressed in most, if not all tissues of animals.  Galectins are located 

intracellularly (cytosol and nucleus) and secreted to the extracellular matrix via a non-

classical (non-ER-Golgi) pathway.  Secretion in this way is either due to a need for 

segregation of galectins and glycoconjugate ligands or to enable selective secretion in 

response to specific signals (Barondes et al. 1994; Cooper and Barondes 1999; Leffler et 

al. 2004).   

 

As stated, galectins bind to β-galactosides.  The biological role of galectins however is 

not so easily described because the 15 mammalian galectins appear to play a role in many 

diverse cellular processes.  There is a huge body of evidence that describes galectin 

involvement in growth regulation (Adams et al. 1996; Yang and Liu 2003); in cell 

differentiation (Goldring et al. 2002; Yang et al. 2004); cell-cell and cell-matrix adhesion 

(Hughes 2001; Nishi et al. 2003); galectins-1, -7, -8, -9, -12 (Hernandez and Baum 2002; 

Yang and Liu 2003), -2 (Sturm et al. 2004) and -4 (Paclik et al. 2008) are all involved in 

G  
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apoptosis of cells, whereas galectin-3 exhibits anti-apoptotic effects (Hernandez and Baum 

2002; Yang and Liu 2003) and mRNA splicing roles for galectin-1 and -3 have been 

described (Dagher et al. 1995; Vyakarnam et al. 1997).   

 

Galectins are also over-expressed by cancer (van der Brule et al. 2004).  Many of the 

functions described above for galectins are involved in the survival and progression of 

cancer, or “tumourigenesis”.  Cancer cells express unique carbohydrate profiles on the cell 

surface and the interaction of galectins with many tumour specific carbohydrate antigens is 

thought to play a role in tumourigenesis.  Human galectin-1 and galectin-3 bind to the 

tumour specific Thomsen-Friedenreich antigen (Galβ1-3GalNAc) (Jeschke et al. 2006).  

Human galectin-4 interacts with a sulphated tumour specific ligand (SO3ˉ—3Galβ1,3—

GalNAcβ1,4—(SO3ˉ)Galβ1,4—Glc) that is present on the cell surface of some human colon 

adencarcinoma cells (Ideo et al. 2005).  Detailed structural knowledge about such galectin-

carbohydrate interactions can be exploited for drug design.  

 

1.4 The carbohydrate-binding site of the human galectin-1 CRD 

An affinity for β-galactosides is a defining characteristic of galectins, yet galectin-1 

only demonstrates -galactoside binding specificity in vitro when in the presence of a 

reducing agent (Hirabayashi and Kasai 1991).  Within a reducing environment mammalian 

galectin-1 exists as a non-covalently bound homodimer comprising two 14.5 kDa CRDs or 

subunits with one carbohydrate-binding site per subunit located at each end of the 

homodimer (Figure 1.6A shows human galectin-1 bound to lactose) (Bourne et al. 1994; 

Lopez-Lucendo et al. 2004).  Extensive hydrogen-bonding and hydrophobic interactions 

help lodge the lactose molecule within the shallow carbohydrate-binding cleft (Figure 

1.6A).  Critical hydrogen-bonding interactions between the 4- and 6-OH of the galactose 

moiety of lactose, and the 3-OH of glucose moiety of lactose, with His44, Asn46, Arg48, 

Asn61, Glu71 and Arg73 (Figure 1.6B).  C-H/π and van der Waals stacking interactions 

between the aromatic side chain of Trp68 that borders the carbohydrate-binding cleft and 

the galactose moiety of lactose are also essential for ligand binding.  His52, that opposes 

the Trp68 in the cleft, aids orientation of the ligand.  Salt-bridge interaction between the 

side chains of Arg48, Asp54, Arg73 and Glu 71 helps stabilise the residues Arg48, Arg73 

and Glu 71 which are involved in direct interaction with lactose (Abbott and Feizi 1991; 
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Ahmed et al. 1996; Bourne et al. 1994; Hirabayashi and Kasai 1991; Liao et al. 1994; 

Lopez-Lucendo et al. 2004).   

 

 

Figure 1.6: Homodimeric human galectin-1 bound to lactose 

A) A ribbon diagram of homodimeric human galectin-1 with lactose bound at both 

carbohydrate-binding sites.  Lactose shown as stick representation (oxygen atoms are red, 

carbon atoms are yellow). The N- and C-terminus of each subunit (denoted ‘N’ and ‘C’) is 

located at the dimeric interface.  B) The carbohydrate-binding site (incorporating β-strands 

S4, S5, S6a, S6b). Residues crucial to lactose binding are shown (oxygen atoms are red, 

carbon atoms are green). Dashed lines represent hydrogen bonds (< 3.6 Å) between the 

lactose and protein residues. 

 

 

1.4.1 Galectin-1 functions that are mediated by lectin activity 

Within the human body galectin-1 is located both extracellularly and intracellularly, and 

has diverse roles in maintaining homeostasis (Hernandez and Baum 2002).  The healthy 

body is conducive to a state of reductive redox potential, and so appropriately the reduced 
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homodimeric form of human galectin-1 is thought to mediate many of the regulatory 

functions by cross-linking cells to each other, the basal lamina or the extracellular matrix 

via an interaction with β-galactosides.   

 

Depending on the cell type and cell activation status, the carbohydrate-binding site of 

human galectin-1 will mediate very different effects.  At low concentrations (~ 1 nM) 

galectin-1 mediates mitogenic growth affects upon human fibroblasts, hematopoietic stem 

and progenitor cells via lectin activity (Adams et al. 1996; Vas et al. 2005).  In contrast, 

galectin-1 lectin activity is also responsible for activating death pathways within activated 

immune cells and thymocytes (Matarrese et al. 2005; Nguyen et al. 2001; Perillo et al. 

1995; Perillo et al. 1997).  Through bivalent lectin activity human galectin-1 is able to 

cluster T cell surface receptors such as CD2, CD3, CD7, CD43 and CD45 via interaction 

with the complex-type N-glycans of these glycoproteins (Brewer 2002; Pace et al. 1999).  

Receptor clustering triggers intracellular signal transduction events that induce 

phosphatidylserine (PS) cell surface exposure, which in turn acts to prime the T cell for 

phagocytic removal.  Removal by macrophages is an indirect way of mediating T cell 

apoptosis (Dias-Baruffi et al. 2003).  Contrarily, some studies observe galectin-1 treatment 

to directly induce the apoptosis of T cells, as measured by membrane blebbing, treated T 

cells staining for propidium iodide and DNA fragmentation (Brandt et al. 2008; Nguyen et 

al. 2001; Pace et al. 1999).   

 

1.5 Galectin-1 lectin activity and tumourigenesis 

Galectin-1 like many other endogenous proteins is over-expressed by cancerous 

tumours, which suggests galectin-1 is associated with a tumour’s malignant progression 

and consequently with poor prognosis for the cancer patient.  High levels of galectin-1 

expression is often associated with the later more aggressive stages of tumourigenesis that 

correlate with shorter survival rates (Camby et al. 2005; Camby et al. 2006; Nagy et al. 

2003).  Head and neck cancers however are the exception to the rule as galectin-1 

expression is reduced as aggressiveness increases (Camby et al. 2006).  Elevated levels of 

galectin-1 are typically detected in the tumour associated stroma
2

2.  Prostate, colon, ovarian 

and pancreatic cancer cells all secrete soluble factors that induce galectin-1 expression 

from host tissue stromal cells such as fibroblasts (Berberat et al. 2001; Nagy et al. 2003; 

                                                 
2 
Stroma is the connective framework of a tissue, this includes specialized cells 
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van der Brule et al. 2003; van der Brule et al. 2001).  Prostatic tumour-associated capillary 

endothelial cells have also been observed to express more galectin-1 than non-invaded 

tissues (Clausse et al. 1999).  The lectin mediated apoptotic affects of galectin-1 upon the 

immune cell lineage suggests that secretion of galectin-1 into the tumour stroma indirectly 

contributes to tumour survival and growth by essentially creating a “shield” from immune 

surveillance (Scott and Weinberg 2002; van der Brule et al. 2004).  When this hypothesis 

was tested on melanoma tissue the knocking down of galectin-1 expression did indeed 

result in reduced tumour growth and stimulated the tumour-specific T-cell response 

(Rubinstein et al. 2004). 

 

Adhesion is a critical step in the invasion of aggressive metastatic cancer cells and it is 

thought that the galectin-1 expressed specifically by the cancer cell may contribute to the 

invasive phenotype of cancer cells.  Via lectin-dependent activity, exogeneously added 

galectin-1 has been shown to aid adhesion of non-adherant human Colo201 colon cancer 

cells to laminin-1 and fibronectin receptors (Horiguchi et al. 2003).  Knocking down 

galectin-1 expression in U87 glioblastoma cancer cells via transfection with antisense 

galectin-1 mRNA has also been shown to negatively affect cell motility along a 

fibronectin-coated substrate (Camby et al. 2005).  For their continuous growth beyond the 

diffusion limit of oxygen, a tumour must grow new blood vessels (angiogenesis).  

Endothelial cell adhesion and migration is an important process during angiogenesis.  

Galectin-1 has been shown to function as an endothelial cell migration enhancer mediated 

via a lectin-dependent interaction with neuropilin-1, an endothelial cell surface receptor 

(Hsieh et al. 2008). 

 

Many studies corroborate the link between galectin-1 activity and tumour survival and 

growth, yet do not unequivocally link galectin-1 induced activity to the carbohydrate-

binding site because activity is blocked via generation of galectin-1 knock outs.  The 

knocking down of galectin-1 in U87 glioblastoma cancer cells and subsequent affect on 

cell motility is also associated with a re-organization of the cytoskeleton (Camby et al. 

2005).  Additionally, knocking down galectin-1 in lung adenocarcinoma and oral 

squamous cell carcinoma cell lines promoted tumor invasion mainly by increasing 

expression of matrix metalloproteinase proteins and by reorganization of the cytoskeleton 

(Wu et al. 2009).  However, due to the rational working assumption that the extracellular 
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lectin activity of galectin-1 aids in the survival and growth of cancer via tumour immune 

privilege and adhesion of invading metastatic cells, the production of β-galactoside 

derivatives as a means of specific inhibition of galectin-1 has become a focus in the fight 

against cancer.  The development of potent galectin-1-specific therapeutics is a particularly 

rational field of research in the fight against cancer, because galectin-1 knockout mice are 

both fertile and appear normal (Poirier and Robertson 1993), which suggests administering 

galectin-1 inhibitors to cancer patients in the future most probably will not cause adverse 

side effects.  Three types of galectin-1-specific inhibitors currently exist; earlier 

multivalent glycon inhibitors and the more recent aglycon inhibitors and glycopeptide 

inhibitors.   

 

1.5.1 Glycon inhibitors of the galectin-1 carbohydrate-binding site 

An intrinsic problem in the design of carbohydrate-based drugs is that carbohydrate 

protein interactions are notoriously weak.  Conjugation of multiple low-affinity ligands can 

circumvent issues of poor carbohydrate-protein affinity by creating a multivalent ligand 

that increases avidity of binding.  Wedge-like glycodendrimers containing 2, 4 or 8 

conjugated lactose units (G1-G3) are effective inhibitors of galectin-1 binding to 

glycosylated matrices such as surface-immobilized lactose conjugated to bovine serum 

albumin, serum amyloid P, asialofetuin and laminin (André et al. 2001).  The wedge-like 

G3 ligand inhibits galectin-1 binding to surface-immobilized asialofetuin in a solid-phase 

assay (IC50 of 13 µM) approximately 300-fold more effectively than lactose alone (IC50 of 

4000 µM).  Similarly, larger “sugar-ball” starburst glycodendrimer structures that contain 

32, 64 or 128 conjugated lactose molecules (G3-G5) presented at the periphery of the 

sphere also effectively inhibit galectin-1 binding in solid-phase assays.  The G3, G4, G5 

sugar-ball ligands compete with galectin-1 binding to surface-immobilized asialofetuin 

with IC50 values of 1.1, 1.1 and 0.28 µM respectively (Andre et al. 1999).     

 

1.5.2 Aglycon inhibitors of the galectin-1 carbohydrate-binding site 

In more recent years the generation of aglycon compounds to circumvent issues of poor 

carbohydrate-protein affinity has become a focus.  Lactulose amines containing one lactose 

unit linked to an 8 unit amine chain, or 2 lactose units linked via an 8 or 12 unit amine 

chain inhibit galectin-1 binding to a matrix of highly glycosylated protein 90K with an IC50 

in the order of 20-40 mM (Rabinovich et al. 2006).  The addition of an anomeric O-linked 
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nitrophenyl group or sulfone group to LacNAc has yielded compounds with Kd values of 

80 and 40 µM against galectin-1 respectively.  Galectin-1 affinity for these aglycon ligands 

is 10-20 fold higher than non-derivatized lactose (Kd of lactose binding to galectin-1 is 800 

µM) (Giguere et al. 2006).  The production of multivalent aglycon ligands has further 

enhanced galectin-1 affinity.  A multivalent aglycon comprised of lactose residues 

derivatized with triazole groups at the anomeric position (compound 1, Figure 1.7) inhibits 

galectin-1 with a Kd value as low as 20 µM (Giguere et al. 2006).  Generation of a bivalent 

aglycon comprised of lactose residues derivatized with triazole groups at the anomeric 

position and linked together with a carbamate linker (compound 2, Figure 1.7) 

demonstrates a lower Kd value of 3.2 µM for galectin-1 (Tejler et al. 2006).   

 

 

Figure 1.7: Aglycon inhibitors of galectin-1 

Lac = lactose 

 

 

1.5.3 Glycopeptide inhibitors of the galectin-1 carbohydrate-binding site 

Although galectin-1 was first described as a lectin that binds β-galactosides, it is now 

clear that galectin-1 also engages in protein-protein and protein-lipid interactions.  These 

interactions will be discussed in later sections of this chapter.  However, it needs mention 

here that in light of these additional interactions the scope of galectin-1 inhibitor design has 

been broaden to include peptides of various sequence and length.  The peptides: WYKYW; 

PChaNChaVY (Cha, cyclohexylalanine); IFRChaRY and hybrid ligands; FRPR(Lac-)TI 

(Lac, lactose) and (Lac-)TMRA(Lac-)TCha have been identified as effective inhibitors of 

human galectin-1 lectin ability (Andre et al. 2005; Andre et al. 2007).  SANS analysis has 

detected a conformational change in human galectin-1 upon binding of lactose (He et al. 

2003) so it is possible interaction with a peptide may induce conformational changes in the 

carbohydrate-binding site of galectin-1 that adversely affect the binding of β-galactosides. 

1 

 

 

2 
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1.6 Galectin-1 lectin-independent growth-inhibitory activity 

Human galectin-1 has a biphasic affect on human fibroblast proliferation.  At low 

concentrations human galectin-1 induces a mitogenic affect on fibroblasts when added to 

the media of cell cultures (discussed in section 1.4.1), whereas at greater than optimal 

concentrations a growth-inhibitory affect is observed.  The growth-inhibitory affect is not 

abolished by the addition of lactose, suggesting an active site independent of the 

carbohydrate-binding site is responsible (Manilal et al. 1993).  N-terminal GST tagged 

recombinant human galectin-1 exhibits lectin activity, but not a growth-inhibitory affect on 

human fibroblasts (Adams et al. 1996).  The N-terminus of human galectin-1 is located at 

the dimeric interface (Figure 1.6A) which suggests the GST tag may sterically interfere 

with a putative lectin-independent growth-inhibitory site located near the dimeric interface.  

Site-directed mutagenesis within the S2-S3 β-strand loop of human galectin-1 (Lys29 → 

Thr/Met) also abolishes lectin-independent growth-inhibitory activity on human fibroblasts 

(Figure 1.8) (Scott and Zhang 2002).   

 

 
Figure 1.8: Putative growth-inhibitory active site located near the S2-S3 loop 

The mutations Lys29 → Thr/Met within the S2-S3 loop of human galectin-1 abolishes 

growth-inhibitory activity on fibroblasts.  The lysine residue and lactose are shown in stick 

representation (carbon atoms are green, nitrogen atoms are blue and oxygen atoms are red). 
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1.7 Galectin-1’s lectin-independent interaction with H-Ras  

Human galectin-1 interacts with H-Ras, a protein involved in cell transformation.  The 

farnesyl moiety of H-Ras (a post-translational addition of a C15 fatty acid), the HVR-linker 

sequence of H-Ras and GTP-loaded H-Ras are absolute requirements for galectin-1 and H-

Ras interaction.  Palmitoyl groups of H-Ras (also post-translational modifications) are not 

involved in the interaction.  Galectin-1 recruits H-Ras from the cytosol to the plasma 

membrane and there strengthens H-Ras association with the plasma membrane.  

Additionally, galectin-1 is involved in trafficking H-Ras back to the Golgi complex for re-

palmitoylation (Belanis et al. 2008; Paz et al. 2001; Prior et al. 2001; Prior et al. 2003).   

 

Lipidation is a common post-translational modification of proteins and fatty acids 

besides farnesyl include myristate (C14) and geranylgeranyl (C20).  RhoGD1 is another 

protein that binds to a fatty acid, specifically, the geranylgeranyl moiety of Cdc42 via 

insertion of the fatty acid into a hydrophobic cavity (Figure 1.9A, Cdc42 not shown) 

(Hoffman et al. 2000).  Thirteen residues within the cavity interact with the geranylgeranyl 

moiety.  When compared, RhoGD1 and galectin-1 exhibit a similar β-sandwich fold in 

their global structure (Figure 1.9) and sequence alignment of the two proteins reveals 10 of 

the 13 residues of RhoGD1 that interact with the geranylgeranyl moiety either align with 

identical residues or to similar residues within human galectin-1 (Rotblat et al. 2004).  

Structural superimposition using six conserved residues as anchors revealed RhoGD1 

residues Lys75, Lys77, Lys88, Phe102, Lys104 and Ile177 superimposed onto galectin-1 

residues Lys9, Lys11, Lys17, Phe30, Lys32 and Ile128 (Rotblat et al. 2004).  These six 

residues lie within the β-sandwich 14.5 kDa subunit of human galectin-1 (Figure 1.9B).  

The superimposition revealed the geranylgeranyl moiety can be accommodated within 

galectin-1 (Rotblat et al. 2004).   

 

Although galectin-1 is not known to bind geranylgeranyl, might these residues within 

human galectin-1 line a hydrophobic farnesyl binding cavity?  Residue Lys77 of RhoGD1 

exhibits the largest contact area with the geranylgeranyl moiety.  To test the hypothesis of 

a farnesyl binding cavity within human galectin-1, Lys11 was mutated to alanine as it is 

the positional equivalent of Lys77 within RhoGD1 (Figure 1.9).  The mutation does not 

disrupt galectin-1 interaction with H-RasG12V (a constitutively GTP-loaded mutant), 
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however stabilization of H-RasG12V at the plasma membrane where H-Ras exerts its 

function is significantly affected (Rotblat et al. 2004). 

 

 
 

Figure 1.9: Putative farnesyl-binding site of human galectin-1 

A) Residues Lys75, Lys77, Lys88, Phe102, Lys104 and Ile177 within RhoGD1 that 

interact with the geranylgeranyl moiety (red) of Cdc42 (not shown) align perfectly to B) 

identical residues Lys9, Lys11, Lys17, Phe30, Lys32 and Ile128 within the human 

galectin-1 protein structure.  Residues are shown in a stick representation (carbon atoms 

are yellow, nitrogen atoms are blue and oxygen atoms are red).   

 

 

1.8 Oxidized galectin-1 

Under certain degrees of severity, changes in pH, osmolarity and redox potential will 

affect the energetic and structural properties of proteins, which in turn affect protein 

activity. For galectin-1, structure is particularly sensitive to changes in redox potential.  An 

oxidizing environment induces formation of disulphide bonds.  Both inter- and 

intramolecular disulphide bonding between and within the 14.5 kDa subunits has been 

detected and results in formation of covalent oligomers (Hirabayashi and Kasai 1991) and 

also a monomeric (14.5 kDa) (Inagaki et al. 2000; Kadoya and Horie 2005; Kadoya et al. 

2005) protein species, respectively.  To form the oxidized monomeric form, three specific 

intramolecular disulphide bonds are formed within the 14.5 kDa subunit (Inagaki et al. 

2000; Kadoya and Horie 2005).  Large structural shifts are anticipated to be associated 

with intramolecular disulphide bond formation since within the X-ray crystal structure of 

the reduced 14.5 kDa subunit the Cα of disulphide bonding cysteine pairs, Cys2 – Cys130, 

Cys16 – Cys88 and Cys42 – Cys60, are located approximately 17, 10 and 7 Å apart 

B 

K75 K88 

K77 

F102 

K104 
I177 

A 

K9 

K11 

K17 

K32 

F30 

I128 



25 

respectively (Figure 1.10). Circular dichroism detects a significant change from β-strand 

secondary structure upon oxidation, yet the tertiary structure of oxidized human galectin-1 

remains unknown as no three dimensional crystal structure is available to date.  

Additionally, the residues of the growth-transforming active site of oxidized galectin-1 

have yet to be characterized, via methods such as site-directed mutagenesis. 

 

 

 

Figure 1.10:  Position of the six cysteines within the 14.5 kDa subunit 

Disulphide bonding cysteine pairs within the reduced 14.5 kDa subunit of human galectin-

1 are indicated by a black dashed line.  The Cα atoms of pairs Cys2 – Cys130, Cys42 – 

Cys60 and Cys16 – Cys88 are approximately 17, 10 and 7 Å apart. 

 

 

1.8.1 Function of oxidized galectin-1 

Besides the structural affects, galectin-1 experiences a loss of lectin activity upon 

oxidation.  Cys42 and Cys60 are located within β-strand S4 and S5 of the reduced 14.5 

kDa subunit, as are residues critical to binding lactose (Figure 1.6).  A loss of lectin 

activity upon oxidation seems likely considering the formation of a disulphide bond 

between Cys42 and Cys60 (~ 7 Å shift) would disrupt the position of the residues critical 

to binding lactose.   

 

Oxidation however does not render galectin-1 inactive in terms of having a biological 

function.  The monomeric oxidized form of human galectin-1 exhibits growth-

transforming function on severed peripheral neurons (Horie et al. 2004; Inagaki et al. 

2000; Kadoya and Horie 2005; Kadoya et al. 2005).  Upon axotomy it is thought that 

reduced galectin-1 is secreted from injured axons and Schwann cells where it will become 
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oxidized in the extracellular matrix of the injured region (Horie et al. 2004). Cell surface 

interaction between oxidized galectin-1 and intraperitoneal macrophages that are recruited 

to the injured region stimulates the release of an axonal growth-promoting factor(s) from 

the macrophages.  The secreted factor(s) prompts the growth of axonal processes (Horie et 

al. 2004).   

 

Monomeric oxidized human galectin-1 also exhibits a therapeutic affect on amyotrophic 

lateral sclerosis (ALS) mouse models.  ALS is a fatal neurodegenerative disease.  At late 

stages of the disease within an ALS transgenic mouse model a severe loss of muscle 

function and anterior horn neurons is observed.  Intramuscular administration of 

monomeric oxidized galectin-1 to the ALS transgenic mouse model delayed the onset of 

disease (loss of motor function and anterior horn neurons) and prolonged survival (Chang-

Hong et al. 2005). 

 

1.9 Aims and significance 

X-ray crystallographic analysis of dimeric human galectin-1 liganded with carbohydrate 

ligands more complex than disaccharides, and non-carbohydrate ligands, is in its infancy.  

Consequently in silico structure-based drug-design is an obvious choice for the discovery 

of new lead structures for the inhibition of human galectin-1 lectin and non-lectin activity.  

Similarly, there is a dearth of available structural analysis for oxidized human galectin-1 

and for its putative function in pathophysiological conditions.  Therefore, the aims of this 

research are two-fold.  Aim 1: to obtain novel X-ray crystallographic structures of dimeric 

human galectin-1 for purposes of in silico design of galectin-1-specific inhibitors, and to 

analyse those structures for unreported novel structural features.  Aim 2: to study the 

function of oxidized human galectin-1 in the context of cancer and progress toward 

determination of the X-ray crystallographic structure of oxidized human galectin-1.  
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Chapter 2 – Preparation of wild-type non-tagged recombinant 

human galectin-1 for structure and function investigations 

 

2.1 Introduction 

A histidine tagged construct has been used previously by Dr. Ken Scott’s research group 

(University of Auckland, New Zealand) for successful generation of hexahistidine tagged 

human galectin-1 protein (h-gal-1).  Jialiang Zhang and Dr. Ken Scott (University of 

Auckland, New Zealand) generated a pProEX HTb-h-gal-1 plasmid (Appendix B-1) for the 

production of hexahistidine tagged human galectin-1 (h-gal-1) by DH5α Escherichia coli 

(E. coli).  A stab culture of these recombinant cells was kindly gifted to Dr. Helen 

Blanchard by Dr. Ken Scott, and h-gal-1 protein was successfully expressed and purified 

following previously described protocols (Scott and Zhang 2002).  Crystallisation trials 

were set up with h-gal-1 protein and the crystallisation conditions of the Hampton 

Research crystal screen and crystal screen II using the hanging-drop vapour-diffusion 

method (McPherson 1990) at 20ºC.  Essentially, each drop of these initial screens consisted 

of 1 μl of solution containing 20 mM K, Na phosphate, pH 7.0, 4 mM -ME, 5 mM 

lactose, 10 mg/ml h-gal-1 protein and 1 μl of a crystallisation precipitant supplemented 

with 1 % β-ME.  The drops overhung a reservoir solution supplemented with 1 % β-ME.  

Despite setting up 98 drops, all drops produced only precipitate and microcrystals just days 

after the crystal screens were prepared and up until several months of incubation later.   

 

Histidine tags, like that tagged to h-gal-1, are believed to be unstructured and flexible, 

and this can hinder protein crystallisation.  On the issue of histidine tagged proteins that do 

not crystallise, the crystallographic community consensus (comments from the CCP4 

(Collaborative Crystallographic Project, Number 4) bulletin board) is that the tag should be 

removed and crystallisation screening be repeated with the non-tagged form.  The pProEX 

HTb vector encodes for a TEV (tobacco etch virus) protease specific cleavage site between 

the hexahistidine tag and recombinant human galectin-1 protein, however, TEV enzyme is 

expensive.  The native β-galactoside binding ability of human galectin-1 can be exploited 

for purification, therefore to reduce on-going cleavage costs it was decided to remove the 

histidine tag using molecular biology techniques.  
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The LGALS1 gene encodes for the 14.5 kDa carbohydrate recognition domain (or 

subunit) of human galectin-1.  LGALS1 was amplified from isolated pProEX HTb-h-gal-1 

plasmid using the polymerase chain reaction (PCR) and was successfully ligated into the 

pCR-Blunt cloning vector.  Sequencing of the pCR-Blunt-gal-1 plasmid however revealed 

LGALS1 (highlighted yellow in Figure 2.1) was mutated at two nucleotide positions.  A 

guanine nucleotide (highlighted pink in Figure 2.1) had mutated to an adenine and an 

adenine nucleotide (highlighted blue in Figure 2.1) had mutated to a guanine.  The two 

nucleotide mutations would result in two amino acid changes near the C-terminus of the 

expressed 14.5 kDa subunit of human galectin-1.  Gly124 would be mutated to a serine and 

Ile128 to a valine.  I have numbered the amino acids of the polypeptide chain from the first 

alanine residue (alanine-2), which is the N-terminus of the mature, natural human galectin-

1 protein.  

 

 

 

Figure 2.1: The nucleotide sequence of LGALS1: the human galectin-1 gene 

The sequence highlighted yellow (
#
98-505) is the coding sequence for the 14.5 kDa subunit 

of human galectin-1, LGALS1 (NCBI/’Nucleotide’ search for NM_002305).  Nucleotides 

of the LGALS1 sequence that are mutated in the pProEX HTb-h-gal-1 plasmid are 

highlighted pink and blue. 

 

 

Mutating an aliphatic residue such as Ile128 to valine, another non-polar aliphatic 

residue, is a conservative change.  Conversely, mutating Gly124 to serine is more dramatic 

because a side chain containing a hydroxyl group has been added.  Hydrogen bond 

interaction(s) between the hydroxyl group of the mutant serine residue and its surrounds 

has the potential to disrupt local or global conformation, and possibly function, typical of 

wild-type human galectin-1.  However, despite these amino acid mutations it is known that 

h-gal-1 protein does possess β-galactoside binding ability (Scott and Zhang 2002).  Lectin 

ability may be retained because the amino acid changes are at the C-termini, which is at the 

 

61  ggtgcgcctg cccgggaaca tcctcctgga ctcaatcatg gcttgtggtc tggtcgccag 

121 caacctgaat ctcaaacctg gagagtgcct tcgagtgcga ggcgaggtgg ctcctgacgc       

181 taagagcttc gtgctgaacc tgggcaaaga cagcaacaac ctgtgcctgc acttcaaccc       

241 tcgcttcaac gcccacggcg acgccaacac catcgtgtgc aacagcaagg acggcggggc      

301 ctgggggacc gagcagcggg aggctgtctt tcccttccag cctggaagtg ttgcagaggt       

361 gtgcatcacc ttcgaccagg ccaacctgac cgtcaagctg ccagatggat acgaattcaa       

421 gttccccaac cgcctcaacc tggaggccat caactacatg gcagctgacg gtgacttcaa 

481 gatcaaatgt gtggcctttg actgaaatca gccagcccat ggcccccaat aaaggcagct 

541 gcctctgctc cctctgaaaa aaaaaaaaaa aaaaaaaaaa aaaaaa 
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dimeric interface and fairly distal from the carbohydrate-binding sites located at the 

opposing ends of the dimer (Figure 1.6A, chapter 1). 

 

As discussed in chapter 1, an aim of my Ph.D project was to generate additional crystal 

structures of wild-type, dimeric human galectin-1 for the purpose of future in silico design 

of potential galectin-1 inhibitors, particularly those which are larger than disaccharides.  

Binding subsites A and B (Figure 1.4A, chapter 1) are closer to the dimeric interface than 

the carbohydrate-binding cleft and are postulated to bind to ligands that are larger than 

disaccharides.  One concern of mine regarding the C-terminal mutations described was 

their potential affect on binding subsites A and B.  If the intent is to inhibit a 

physiologically relevant form of a protein, such as the wildtype, dimeric form of human 

galectin-1 in this case, then conformational changes induced by synthetic mutations is 

undesirable for in silico investigations.  In addition, because the NMR or X-ray 

crystallographic structure of oxidized human galectin-1 is undetermined and residues of 

the active site are as yet undefined, it was not known whether the mutations at the C-

terminus will affect formation of and/or the activity of the oxidized form.  For these two 

reasons it was considered worthwhile to remove the described mutations within LGALS1. 

 

The following sections of this chapter describe the steps undertaken to restore the 

LGALS1 nucleotide sequence back to wild-type, and the construction of a non-tagged 

human galectin-1 construct (the pET-3a-gal-1 plasmid) for the expression and purification 

of wild-type, non-tagged human galectin-1.  
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2.2 Materials   

DNA analysis 

Plasmid isolation (pure) Plasmid Miniprep Kit (QIAGEN) 

Plasmid isolation (crude) Lyse cells using P1, P2, P3 buffers from Plasmid Miniprep 

Kit (QIAGEN).  Precipitate plasmid DNA using 

isopropanol  

DNA quantification Comparison with staining intensity of DNA ladder (NEB) 

DNA precipitation Using sodium acetate and ethanol (Merck, Absolute) 

Agarose gel extraction QIAquick Gel Extraction Kit (QIAGEN) from AppliChem 

agarose gels 

DNA purification  Agarose gel electrophoresis and subsequent agarose gel 

extraction 

 

Protein purification columns and equipment 

Sonicator Vibra-Cell tapered tip (SONICS) 

lactosyl Sepharose column Obtained by divinyl sulphone activation of 4B Sepharose 

(Pharmacia) (Levi and Teichberg 1981). 

S200 Superdex 200 10/300 GL column (GE Healthcare) 

S100 Sephacryl S-100 High Resolution column (GE Healthcare) 

S70 Manually packed Sephacryl 100-HR resin (Sigma) 

Bed dimensions:    ~ 10 x 20 mm 

Bed volume:          ~ 70 ml 

Media and Buffers 

LB/Amp  Luria-Bertani (LB) media (Oxioid) supplemented with 100 

µg/ml of ampicillin (Amresco) 

Lysis buffer Phosphate buffered saline (PBS*), 4 mM β-ME (BioRad), 1 

mM phenyl methyl sulphonyl fluoride (PMSF) (Roche), 5 

mg/ml of lysozme from chicken egg white and 20 µg/ml 

DNaseI (Roche) 

PBS/β-ME PBS supplemented with 4 mM β-ME 

PBS/β-ME/50 mM lactose PBS supplemented with 4 mM β-ME and 50 mM lactose 

PBS/β-ME/5 mM lactose PBS supplemented with 4 mM β-ME and 5 mM lactose 

crystallisation buffer 20 mM K, Na phosphate, pH 7.0, 4 mM β-ME, 5 mM 

lactose 

apo buffer 20 mM K, Na phosphate, pH 7.0, 4 mM β-ME 

 

* Unless stated otherwise, reagents were purchased from Sigma Aldrich 
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2.3 Methods 

2.3.1 Amplication of LGALS1 from the pProEX HTb-h-gal-1 plasmid 

PCR was used to amplify LGALS1 from isolated pProEX HTb-h-gal-1 plasmid.  PCR 

was performed in a total volume of 50 μl containing 2.5 U i-pfu DNA polymerase 

(iNtRON Biotechnologies), 1x PCR Master mix solution (iNtRON Biotechnologies), 100 

μM of each dNTP, 10 pmol/µl of both the forward primer 5’- 

CATATGGCTTGTGGTCTGGTCGCCAGC -3’ and reverse primer 5’- 

GGATCCTCAGTCAAAGGCCACACATTTGATC -3’ (GeneWorks) and 10, 20, 50 or 

100 ng of pProEX HTb-h-gal-1 plasmid as template.  Reactions were run with the 

following cycles: denaturation at 94 °C for 45 s, followed by 25 repeated cycles of [94 °C 

for 1 min, 55 °C for 1 min, 72 °C for 50 s] and a single cycle at 72 °C for 10 min.  Forward 

and reverse primers incorporate NdeI and BamHI restriction enzyme sites respectively 

(sites are bolded red in the sequences above). 

 

2.3.2 Construction of the pCR-Blunt-gal-1 plasmid 

The PCR fragments (approximately 417 bp in size) amplified with forward and reverse 

primers detailed above were gel purified then pooled for gel extraction.  The PCR fragment 

was ligated into the blunt ended pCR-Blunt vector (Appendix B-2) in a total volume of 10 

µl containing a 10:1 ratio of insert DNA to vector DNA, 1x T4 DNA ligase reaction buffer 

and 4 U T4 DNA ligase (New England Biolabs).  Following 1 h incubation at 16 ºC the 

ligation reaction mix was DNA precipitated for transformation of 2 µl (total volume) into 

electrocompetent DH5α E. coli.  Plasmid DNA from transformants was isolated via crude 

miniprep then double digested with BamHI and NdeI restriction enzymes (New England 

Biolabs) at 37 ºC for 3 h to identify clones recombinant for pCR-Blunt-gal-1 plasmid.  

Additionally, select recombinant clones were sequenced at the Australian Genome 

Research Facility (AGRF) with M13 forward and reverse primers for confirmation of wild-

type LGALS1.   

 

2.3.3 Removal of LGALS1 nucleotide mutations from the pCR-Blunt-gal-1 

plasmid 

Sequencing confirmed the pCR-Blunt-gal-1 plasmid contained a mutant LGALS1 gene.  

Methods adapted from the QuikChange Site-Directed Mutagenesis Kit (Stratagene) were 

used to engineer wild-type pCR-Blunt-gal-1 plasmid (Figure 2.2).  At step 1 of Figure 2.2, 
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mutant pCR-Blunt-gal-1 plasmid was isolated from a transformant (produced as detailed in 

section 2.3.2).  At step 2 of Figure 2.2, PCR was performed in a total volume of 50 μl 

containing 2.5 U i-pfu DNA polymerase (iNtRON Biotechnologies), 1x PCR Master mix 

solution, 100 μM of each dNTP, 10 pmol/µl of both the forward primer 5’- 

GGCAGCTGACGGTGACTTCAAGATCAAATGTGTG -3’ and reverse primer 5’- 

CACACATTTGATCTTGAAGTCACCGTCAGCTGCC -3’ (GeneWorks) and 5 ng of 

mutant pCR-Blunt-gal-1 plasmid as template.  Two wild-type nucleotides (bolded red) in 

each primer overlap the mutant nucleotides of LGALS1.  During the PCR reaction of 1x 95 

ºC for 30 s and 18 repeated cycles of [95 ºC for 30 s, 55 ºC for 1 min, 68 ºC for 4 min] 

primers will repeatedly anneal to the denatured mutant pCR-Blunt-gal-1 plasmid and 

extend to generate wild-type pCR-Blunt-gal-1 plasmid (Figure 2.2, step 2).  At step 3 the 

methylated mutant pCR-Blunt-gal-1 template is digested with DpnI restriction enzyme at 

37 ºC for 1 h.  Mutant pCR-Blunt-gal-1 plasmid is methylated because it is derived from 

cell culture.  A sample of the digested mixture was transformed into electrocompetent 

DH5α E. coli (2μl).  Plasmid DNA from transformants was isolated via crude miniprep and 

digested with DrdI at 37 ºC for 2 h to identify clones recombinant for wild-type pCR-

Blunt-gal-1 plasmid.  Additionally, recombinant clones were sequenced at the AGRF with 

M13 forward and reverse primers for confirmation of wild-type LGALS1.  
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Figure 2.2: Stratagene QuikChange site-directed mutagenesis method 

An adapted figure from the Stratagene QuikChange site-directed mutagenesis instruction 

manual 

 

 

2.3.4 Construction of the pET-3a-gal-1 plasmid 

The gene encoding for human galectin-3 (gal-3) within the pET-3a-gal-3 plasmid 

(gifted to Dr. Helen Blanchard by Dr. Kazuya Hidari, University of Shizuoka, Japan) 

(Appendix B-3A) is flanked with NdeI and BamHI restriction sites. Similar restriction 
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enzyme sites flank LGALS1 within the pCR-Blunt-gal-1 plasmid.  For ligation of 

LGALS1 into the pET-3a vector, isolated pET-3a-gal-3 plasmid was first digested with the 

less efficient NdeI restriction enzyme for 3 h at 37 ºC.  Linearized plasmid was gel purified 

and gel extracted for further digestion with BamHI for 2 h at 37 ºC.  Incubation of the 

BamHI digestion mix with calf intestine alkaline phosphatase (CIP) for 1 h at 37 ºC (New 

England Biolabs) dephosphorylated the pET-3a vector.  The mixture was again gel purified 

and the double digested dephosphorylated pET-3a vector was gel extracted.  Digesting the 

pET-3a-gal-3 plasmid with NdeI and BamHI separately in this way increases the 

proportion of doubly digested vector in the final sample.  To remove LGALS1 from pCR-

Blunt-gal-1 the plasmid was firstly incubated with NdeI (the inefficient cutter) overnight at 

37 ºC followed by further digestion in the presence of BamHI and more NdeI for 2 h at 37 

ºC the next day.  NdeI is an inefficient cutter but it remains active over extended digestion 

periods (> 8 h).  Again, digesting the pCR-Blunt-gal-1 plasmid with NdeI and BamHI 

separately in this way increases the amount of insert LGALS1 cut from the plasmid.  

Following gel purification of the digest and gel extraction of LGALS1, LGALS1 was 

sticky-end ligated into the pET-3a vector using a 5:1 molar ratio of insert DNA to vector 

DNA; 1x T4 DNA ligase reaction buffer; 10 mM ATP and 3 U T4 DNA ligase (Promega).  

Following overnight incubation at 16 ºC the ligation reaction mix was DNA precipitated 

for transformation of 2 µl (total volume) into electrocompetent DH5α E. coli.  pET-3a-gal-

1 recombinant ampicillin resistant clones were identified by PCR.  PCR reactions were 

performed in a total volume of 20 μl containing 5 U Taq DNA polymerase (New England 

Biolabs); 1x Taq reaction buffer; 100 μM of each dNTP; 100 µM of T7 promoter and 

terminator primers and part of each colony as a source of the template.  Reactions were run 

with the following cycles: denaturation at 94 °C for 5 min (helps to lyse cells), followed by 

25 repeated cycles of [94 °C for 1 min, 55 °C for 1 min, 72 °C for 50 s].  Additionally, 

recombinant clones were sequenced at the AGRF with T7 forward and reverse primers for 

confirmation of wild-type LGALS1. 

 

2.3.5 Expression of recombinant human galectin-1 

The pET-3a-gal-1 plasmid was isolated from pET-3a-gal-1 recombinant DH5α E. coli 

for transformation into electrocompetent BL21 DE3 E. coli, an expression strain for pET 

plasmids.  Scrapings from glycerol stocks of pET-3a-gal-1 recombinant BL21 DE3 E. coli 

were used to inoculate 100 ml of LB/Amp media for overnight incubation at 37 ºC 
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(overnight starter cultures).  Inoculant starter cultures were pelleted by centrifugation the 

following day to remove β-lactamase from the media of the inoculant, re-suspended in 20 

ml LB media then diluted 1:100 into LB/Amp media.  The β-lactamase enzyme produced 

by pET-3a-gal-1 recombinant BL21 DE3 E. coli degrades ampicillin, its removal from the 

inoculant increases selection pressure for the growth of recombinant cells only.  Cultures 

were grown at 37 ºC, 195 rpm until an absorbance of approximately 0.5 at OD600 was 

reached.  Cultures were then induced with 1 mM isopropyl-β-D-thiogalactopyranoside 

(IPTG) (final concentration) for 3 h at 30 ºC, 195 rpm.  Post-3 h induction cultures were 

pelleted by centrifugation and stored at -20 ºC.   

 

2.3.6 Affinity chromatography purification of recombinant human galectin-1 

Pellets from 2.5 L of induced culture were re-suspended with 80 ml of lysis buffer.  The 

mixture was incubated at 4 ºC for 45 min (circular rotation) then sonicated [3 s at 20 A, 10 

s at 0 A]/20 ml of cell lysate).  Cell debri was removed by centrifugation (30 min/13,000 

rpm) and the soluble supernatant was filtered before being passed through a column of 

lactosyl Sepharose equilibrated with PBS/β-ME.  Following extensive washing the bound 

fraction was eluted from the column with PBS/β-ME/50 mM lactose.  Eluant purity was 

analysed by SDS-PAGE (15 % acrylamide). 

 

2.3.7 Size-exclusion chromatography purification of human galectin-1 

To remove contaminants from the lactosyl Sepharose eluant the eluant was concentrated 

to ~ 1.0 - 2.0 ml (using an Ultracel 5k concentrator, Amicon) and passed through the S70 

column equilibrated with PBS/β-ME/5 mM lactose at a flow rate of 0.4 ml/min.  The main 

peak fractions were pooled and extensively dialysed into crystallisation buffer.  To obtain 

apo human galectin-1 lactose was removed by extensive dialysis into apo buffer. Thin-

layer chromatography was used to verify the removal of lactose.  Purity was analysed by 

SDS-PAGE (15 % acrylamide) and Bradford reagent (Sigma) was used to estimate protein 

concentration. 

 

2.3.8 SDS-PAGE analysis of human galectin-1 

Reduced human galectin-1 samples were analysed by SDS-PAGE under reducing 

conditions.  Samples were heated for 10 minutes at 95 ºC with loading buffer that 

contained SDS and reducing agent.  Heating for 10 minutes at 95 ºC is sufficient to 
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denature rigid β-strand secondary structure.  Prepared samples were loaded into the wells 

of 15%T gels then a constant voltage of 120 V was applied to the gels for 80 minutes.  

Gels were stained with Coomassie blue. 

 

2.3.9 Estimation of recombinant human galectin-1 molecular weight 

To determine the molecular weight of human galectin-1, the S200 and S100 columns 

(GE Healthcare) were used.  The S200 column was first calibrated with 0.5 ml samples of 

blue dextran (2,000 kDa) and standard proteins [thyroglobulin (669 kDa), ferritin (440 

kDa), aldolase (158 kDa), bovine serum albumin (67 kDa) and ribonuclease A (13.7 kDa)] 

eluted at 0.3 ml/min.  For the calibration of the S100 column, 0.5 ml samples of dextran 

(2,000 kDa) and standard proteins [bovine serum albumin (67 kDa), ovalbumin (43 kDa) 

and chymotrypsinogen (25 kDa)] were eluted at 0.3 ml/min from the column.  Kav versus 

log (molecular weight of standards) was plotted to obtain standard curves. 

 

Kav = Ve – Vo / Vt - Vo 

 

Ve is the elution volume of the protein, Vo is the elution volume of blue dextran (the 

void volume of the column) and Vt is the column bed volume.  Following calibration, 0.5 

ml of human galectin-1 in the presence or absence of 5 mM lactose was loaded onto S200 

and S100 columns equilibrated with the appropriate buffer and eluted at 0.3 ml/min. 

 

2.3.10 Dynamic light scattering analysis of human galectin-1 

The hydrodynamic radius (Rh) is the radius of a sphere that incorporates the typically 

aspherical protein mass and associated hydration layer (DynaPro 2002).  The Rh of human 

galectin-1 in the presence or absence of 5 mM lactose was estimated using the CoolBatch 

90T dynamic light scattering (DLS) instrument (Precision Detectors).  The DLS 

measurement relies on the Brownian motion of the particles in solution.  When a laser 

beam is directed into a protein solution the changes in the scattered light are caused by the 

Brownian motion, or ‘random jittering walk’ of the scattering particles.  Brownian motion 

is related to the size of the particle.  Mathematical analysis of light scattering by Brownian 

particles leads to the calculation of the correlation function of the scattered light, which can 

then be deconvoluted to obtain the Rh measurements of the sample (displayed in the size 

distribution window) (Precision Detectors).  When the correlation function curve is an 



37 

optimal shape and the peak(s) within the size distribution window is not fluctuating in size, 

then the peak(s) is representative of protein shape (personal communication with Qingye 

Zhou from Precision Detectors, 2005-2007).  Ideally the correlation function curve should 

decrease to approximately 25-35 % of the time scale (msec) at 0.4. 

 

Prior to DLS measurements, protein samples were spun at 13,000 rpm for 10 mins to 

remove large insoluble aggregates and dust and curvettes were thoroughly cleaned. Within 

the PrecisionDeconvolve32TM software parameters were set as 10
6
 intensity, 20 ºC, 

0.01002 viscosity and 1.333 refraction index (based on water at 20 ºC). Sample time and 

last parameters were adjusted to optimize the shape of the correlation function curve. The 

Rh (nm) and polydispersity (peak spread %) of the predominant peak (determined by 

molecular weight-normalisation) is an average of 20 experimental repeats for each protein 

sample. 
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2.4 Results  

2.4.1 Amplication of LGALS1 from the pProEX HTb-h-gal-1 plasmid 

Forward and reverse primers described in section 2.3.1 were expected to amplify a PCR 

fragment 417 bp in size that incorporates the LGALS1 gene sequence and NdeI and 

BamHI restriction enzyme sites.  Shown in Figure 2.3 is the successful amplification of 

PCR fragments approximately 417 bp in size from 10, 20, 50 and 100 ng of pProEX HTb-

h-gal-1 template.    

 

Figure 2.3: Amplification of LGALS1 from the pProEX HTb-h-gal-1 plasmid 

Lane 1: 100 bp ladder, Lanes 2-5: PCR fragments amplified from 10, 20, 50 and 100 ng of 

pProEX HTb-h-gal-1 plasmid template respectively. 

 

 

2.4.2 Construction of the pCR-Blunt-gal-1 plasmid 

The PCR fragments shown in Figure 2.3 were gel extracted and pooled for blunt-end 

ligation into the pCR-Blunt vector.   Kanamycin resistant clones appeared 2 days after 

transformation of the ligation mix into DH5α E. coli.  The ‘release’ of a fragment 

approximately 417 bp in size after NdeI/BamHI double digestion of plasmid isolated from 

7 clones confirmed that each clone was recombinant for pCR-Blunt-gal-1 plasmid (Figure 

2.4, lanes 2-8).  Sequencing of clones 1, 2 and 6 (Figure 2.4, lanes 2, 3 and 7 respectively) 

with the M13 forward primer revealed the LGALS1 sequence of each clone was mutated at 

two nucleotide positions (Appendix C-1, C-2, C-3 respectively).  The mutations would 

result in amino acid changes Glycine124 → Serine and Isoleucine128 → Valine within the 

14.5 kDa human galectin-1 subunit.  Consistent mutations in a number of clones strongly 

suggests the PCR template (pProEX HTb-h-gal-1 plasmid) is mutated, rather than 

mutations being due to random errors made by the i-pfu DNA polymerase.  Subsequent 

sequencing of the pProEX HTb-h-gal-1 plasmid confirmed the LGALS1 gene was indeed 

mutated (Appendix C-4).   

 

1                2               3               4               5 

500 bp 
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Figure 2.4: Successful blunt-end ligation of LGALS1 into the pCR-Blunt vector 

Lane 1: 100 bp ladder. Lanes 2-8: NdeI/BamHI digested plasmid DNA isolated from 7 

kanamycin resistant clones. 

 

 

2.4.3 Removal of LGALS1 nucleotide mutations from the pCR-Blunt-gal-1 

plasmid 

The pCR-Blunt-gal-1 plasmid from clone 1 (section 2.4.2) was isolated and the 

Stratagene QuikChange method, involving PCR, was used to restore mutant LGALS1 

within the plasmid back to wild-type.  Many kanamycin resistant colonies appeared after 

transformation with the PCR mixture.  To confirm wild-type status, the plasmid from 3 

kanamycin resistant clones (clone 7, 8 and 9) was isolated via crude miniprep and digested 

with DrdI.  DrdI was expected to cut mutant pCR-Blunt-gal-1 plasmid into DNA fragments 

approximately 1,900, 1,000 and 600 bp in size, whereas fragments 2,000 and 1,900 bp in 

size were expected from DrdI digestion of wild-type pCR-Blunt-gal-1 plasmid (Figure 

2.5A) (calculated with the help of “NEB cutter”, New England Biolabs website).  Figure 

2.5B shows the gel purification of DrdI digested mutant plasmid from clone 1 (lane 2) and 

plasmid isolated from clones 7, 8 and 9 (lanes 3, 4 and 5 respectively).  The size of the 

DNA fragments are larger than expected, however based on the banding pattern calculated 

in Figure 2.5A it appears as though clones 7, 8 and 9 are all recombinant for wild-type 

pCR-Blunt-gal-1 plasmid.  Poor migration through the gel due to overloading may account 

for the resolution of bands of apparent higher molecular weight.  Sequencing of clone 7 

confirmed successful generation of wild-type pCR-Blunt-gal-1 plasmid (Appendix C-5). 
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Figure 2.5: Successful generation of wild-type pCR-Blunt-gal-1 plasmid 

A) A schematic of the DNA fragment sizes expected from DrdI digestion of mutant and 

wild-type pCR-Blunt-gal-1 plasmid.  B) Actual DrdI digestion of mutant pCR-Blunt-gal-1 

plasmid from clone 1 (lane 2) and plasmid isolated from kanamycin resistant clones 7, 8 

and 9 (lanes 3, 4 and 5 respectively).   

 

 

2.4.4 Construction of the pET-3a-gal-1 plasmid 

Within the pET-3a-gal-3 plasmid the human galectin-3 gene, LGALS3, is flanked by 

NdeI and BamHI restriction sites at the N- and C-terminus respectively, much like 

LGALS1 within the wild-type pCR-Blunt-gal-1 plasmid.  Sticky-ended ligation of 

LGALS3 into the pET-3a vector at NdeI and BamHI sites disrupts the T7•tag sequence 

(Appendix C-3B) and enables expression of non-tagged human galectin-3 protein.  

Digestion of the pET-3a-gal-3 plasmid with NdeI and BamHI removed the LGALS3 gene 

from the pET-3a vector.  Similar digestion of wild-type pCR-Blunt-gal-1 plasmid cuts the 

plasmid in three places, at NdeI and BamHI sites engineered into the LGALS1 insert and at 

a BamHI site within the pCR-Blunt vector located approximately 40 bp from the ‘Blunt 

PCR Product’ position (indicated by the red circle in Appendix C-2).  If the LGALS1 

insert within the wild-type pCR-Blunt-gal-1 plasmid is orientated as shown in Figure 2.6A, 

then NdeI digestion followed by BamHI digestion of the plasmid will yield two insert 

fragments approximately 417bp and 456bp in size (Figure 2.6B).  The extra vector 

sequence of the 456bp insert fragment extends off the LGALS1 termination codon so 

LGALS1 will remain in-frame when sticky-end ligated into the pET-3a vector.  NdeI 

digestion followed by BamHI digestion of pCR-Blunt-gal-1 plasmid isolated from clone 7 

(section 2.4.3) however yields only one insert fragment band < 500 bp in size (Figure 

mutant wild-type 
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2.7A).  One band suggests LGALS1 is orientated within the pCR-Blunt vector as shown in 

Figure 2.7B.      

 

  

Figure 2.6: Possible orientation 
#
1 of the LGALS1 PCR fragment within the pCR-

Blunt vector 

A) One of two possible orientations of LGALS1 when blunt-end ligated into the pCR-

Blunt vector. Restriction enzyme sites within the pCR-Blunt vector are in brackets. B) 

NdeI digestion followed by BamHI digestion of (A) will yield two LGALS1 fragments 

approximately 417 and 456 bp in size. 

 

 

 
 

Figure 2.7: Possible orientation 
#
2 of the LGALS1 PCR fragment within the pCR-

Blunt vector 

A) NdeI/BamHI digestion of pCR-Blunt-gal-1 plasmid isolated from clone 7 ‘releases’ one 

LGALS1 insert fragment. B) One band suggests LGALS1 is orientated within the pCR-

Blunt vector as shown.  That band is expected to be ~ 417 bp. Restriction enzyme sites 

within the pCR-Blunt vector are in brackets. 
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Removal of LGALS3 from the pET-3a-gal-3 plasmid allows sticky-ended ligation of 

the LGALS1 insert from Figure 2.7 into the empty pET-3a vector.  Recombinant pET-3a-

gal-1 clones were identified by colony PCR using T7 primers that anneal to pET-3a vector 

sequence that flanks the LGALS1 gene.  The extra sequence (approximately 150 bp) 

together with the LGALS1 gene (417 bp) will result in the amplification of a PCR 

fragment approximately 550 bp in size.  Figure 2.8 shows that the clone in lane 5 yields a 

PCR fragment > 500 bp in size.  Sequencing of the clone confirmed it to be recombinant 

for pET-3a-gal-1 plasmid (Appendix C-6).   

 

 

Figure 2.8: PCR screening for pET-3a-gal-1 transformants 

Lane 1: ladder. Lanes 2-4 represent transformants that are not recombinant for pET-3a-gal-

1 plasmid.  Lane 5: amplification of a PCR product approximately ~ 550 bp in size 

represents a clone recombinant for pET-3a-gal-1 plasmid.   

 

 

2.4.5 Expression and purification of recombinant human galectin-1 

Optimising the expression of soluble human galectin-1 from pET-3a-gal-1 recombinant 

BL21 DE3 E. coli by way of screening different induction temperatures, induction times 

and different IPTG concentrations in small-scale trials was not performed.  A primary 

antibody raised against human galectin-1 is required if meaningful results are to be 

obtained from small-scale expression trials, and this was not available to me at the time.  

Anti-galectin-1 antibodies are commercially available but it was decided instead to move 

forward with large-scale expression and purification as outlined in sections 2.3.5 and 2.3.6 

because galectins are soluble proteins (Barondes et al. 1994) and E. coli expression 

systems recombinant for human galectin-1 are not novel.  The final expression protocol 

outlined in section 2.3.5 is largely adapted from that previously published for pProEX 
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HTb-h-gal-1 recombinant DH5α E. coli (Scott and Zhang 2002), pET-3a-Gal-3 

recombinant BL21 DE3 E. coli (Collins et al. 2007) and following the guidelines listed in 

the ‘pET System Manual’ (Novagen). 

 

The protocol for purifying human galectin-1 from cell lysate was also adapted from 

previously published sources.  The β-galactoside binding affinity of galectins for the 

lactose conjugated sepharose beads of lactosyl Sepharose resin has been exploited as a 

means of purifying many different galectins from induced expression systems, such as 

electrolectin (Levi and Teichberg 1981), human, rat and hamster galectin-1 (Cho and 

Cummings 1996; Lopez-Lucendo et al. 2004; Rabinovich et al. 1998), rat galectin-8 

(Hadari et al. 1995) and human galectin-3 (Collins et al. 2007).  Similarly, under reducing 

buffer conditions the soluble cell lysate fraction of induced pET-3a-gal-1 recombinant 

BL21 DE3 E. coli was passed through a lactosyl Sepharose column.  The column was 

thoroughly washed with PBS/β-ME and bound recombinant human galectin-1 was eluted 

by passing PBS/β-ME/50 mM lactose through the column.  Although the column is 

washed extensively prior to elution with PBS/β-ME/50 mM lactose, the two peak profile of 

the bound fraction suggests a contaminant protein elutes with recombinant human galectin-

1 (Figure 2.9, peak #1-2).  SDS-PAGE analysis of the pooled peaks reveals the presence of 

only a single protein band representative of 14.5 kDa recombinant human galectin-1 

subunits (the dimer dissociates when analysed by SDS-PAGE) (Figure 2.9, inset).  The two 

peak elution profile may represent two different quaternary structures of human galectin-1, 

whereby the protein species represented by peak #1 has lower affinity for lactosyl 

Sepharose resin.   

 

Approximately 40 mg of protein is yielded per 2.5 L of induced culture.  This yield was 

sufficient to deter any investigation into the extraction of human galectin-1 from the 

inclusion bodies of the insoluble cell lysate fraction.   
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Figure 2.9: Purification of recombinant human galectin-1 using affinity 

chromatography 

Lactosyl Sepharose affinity chromatography purification of recombinant human galectin-1 

from E. coli cell lysate.  Peaks #1 and 2 represent the eluted fraction. Inset) SDS-PAGE 

analysis of pooled elution peaks. 

 

 

The eluted two peak profile of Figure 2.9 is obtained from pET-3a-gal-1 recombinant 

BL21 DE3 E. coli that are grown both with or without 1 mM IPTG induction.  The amount 

of human galectin-1 obtained from non-induced cultures however was obviously less than 

induced cultures.  The addition of IPTG to BL21 DE3 E. coli culture induces T7 RNA 

polymerase expression, which then transcribes the target protein gene introduced by the 

plasmid.  The expression of target proteins without IPTG is indicative of basal T7 RNA 

polymerase expression or a “leaky” expression system.  If the target protein is sufficiently 

toxic to E. coli, basal level expression can be enough to prevent vigorous growth and the 

establishment of plasmids.  Tight control over expression is particularly advantageous in 

these instances as it enables E. coli to grow to an optimal level of exponential growth 

(when absorbance at OD600 is approximately 0.5 for BL21 DE3 E. coli) before the 

expression of toxic protein is induced (the ‘pET System Manual’, Novagen).  Cultures of 

pET-3a-gal-1 recombinant BL21 DE3 E. coli do reach an optimal level of exponential 

growth, and do so within a reasonable period of time after inoculation (~ 1 ½ h), which 

strongly suggests human galectin-1 is not toxic to BL21 DE3 E. coli.  Continual expression 

of human galectin-1 by pET-3a-gal-1 recombinant BL21 DE3 E. coli will however exhaust 
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E. coli resources and the cells will eventually die.  To maintain optimal expression 

efficiency and E. coli “health”, overnight starter cultures were inoculated from frozen 

glycerol stocks, not from recombinant cells stored at 4 ºC where growth and basal 

expression will persist.  

 

Contaminants with molecular weight both higher and lower than 14.5 kDa are observed 

when concentrated lactosyl Sepharose eluants (> 10 mg/ml) are analysed by SDS-PAGE 

(Figure 2.10, inset).  To remove the contaminants the lactosyl Sepharose eluant was 

concentrated to ~ 1-2 ml and passed through the S70 size exclusion column equilibrated in 

crystallisation buffer at 0.4 ml/min.  The separation of a single peak corroborates SDS-

PAGE assessment that contaminants are only trace amounts (< 1%) within the human 

galectin-1 protein sample (Figure 2.10, dashed line).   

 

 

 

Figure 2.10:  Purification of recombinant human galectin-1 using size exclusion 

chromatography 

The elution profile of recombinant human galectin-1 (dashed line), bovine serum albumin 

and lysozyme (solid line) from the S70 column. Inset) SDS-PAGE analysis of concentrated 

lactosyl Sepharose eluant prior to S70 separation. 

 

 

The X-ray crystal structures of bovine and human galectin-1 are elongated dimeric 

protein structures (Bourne et al. 1994; Lopez-Lucendo et al. 2004).  If determined from the 

sequence the calculated molecular weight of dimeric bovine and human galectin-1 is 29.5 

and 29.4 kDa respectively (ExPASy Proteomics Server).  A protein peak approximately 30 

kDa in size is expected to be resolved by size exclusion chromatography if human galectin-
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1 is dimeric within solution.  When compared to the retention time of bovine serum 

albumin (BSA) (67 kDa) and chicken egg white lysozyme (14.5 kDa) (Figure 2.8B, solid 

line), the single human galectin-1 peak is seen to elute after BSA but before lysozyme 

(Figure 2.10, dashed line).  The elution of recombinant human galectin-1 within a 14.5-67 

kDa molecular weight range strongly suggests the dimeric form has been generated, 

however, it appears in Figure 2.10 that human galectin-1 has a molecular weight > 30 kDa 

because the corresponding peak elutes only just after BSA.  The formation of a non-

covalently bound dimer of dimers (~ 60 kDa in size) is a quanternary structure that cannot 

be ruled out by the S70 column.   

 

Molecular weight estimation using the S70 column is not particularly accurate because 

the column is a manually packed size exclusion chromatography column.  Packing 

technique is crucial to the resolution of separated protein peaks and performing this 

manually can be difficult.  Re-packing of the S70 column due to resin drying also 

adversely affects correlation of human galectin-1 separations with the calibrating peaks of 

BSA and lysozyme.  To obtain a more accurate estimate of human galectin-1 molecular 

weight pre-packed FPLC S200 and S100 columns were used. 

 

2.4.6 Validation of dimeric human galectin-1 production 

The S200 size exclusion chromatography (SEC) column is able to resolve proteins 10-

600 kDa in size.  Using the standard curve for the S200 column, recombinant human 

galectin-1 when in the presence of 5 mM lactose was calculated to be 26.5 kDa in size 

(Figure 2.11A, solid black line), which is approximately the size of the dimeric form (~ 30 

kDa).  When in the absence of lactose (in apo buffer) human galectin-1 exhibits a longer 

retention time on the S200 column and consequently is calculated to have a lower 

molecular weight of 23.5 kDa (Figure 2.11A, dashed line).  The longer S100 SEC column 

resolves proteins 1-100 kDa in size with better separation, and similarly, the standard curve 

for this column also calculates apo human galectin-1 to have a lower molecular weight 

than the lactose-liganded form.  When in the presence of 5 mM lactose the S100 column 

resolves a human galectin-1 protein peak t 30.4 kDa in size (Figure 2.11B, solid black 

line), whereas when apo a protein species 20.4 kDa in size is resolved (Figure 2.11B, 

dashed line).  The reducing apo buffer cannot have induced monomerisation of human 

galectin-1 because monomer formation is associated with cysteine oxidation (Inagaki et al. 
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2000; Kadoya and Horie 2005; Kadoya et al. 2005) and nucleotide mutations at the N- and 

C-terminus (Cho and Cummings 1996).   

 

 

 

Figure 2.11: Size exclusion chromatography analysis of human galectin-1 in the 

presence and absence of lactose 

A) Elution profiles from the Superdex 200 column (GE Healthcare) of reduced human 

galectin-1 in the presence of 5 mM lactose (black line) and in the absence of lactose 

(dashed line). Inset) a standard curve obtained using proteins thyroglobulin (669 kDa), 

ferritin (440 kDa), aldolase (158 kDa), bovine serum albumin (67 kDa) and ribonuclease A 

(13.7 kDa) was used to determine the molecular weight of peaks shown in (A). B) Elution 

profiles from the Sephacryl 100 column (GE Healthcare) of reduced human galectin-1 in 

the presence of lactose (continuous black line) and apo (dashed black line). Inset) a 

standard curve obtained using proteins bovine serum albumin (67 kDa), ovalbumin (43 

kDa) and chymotrypsinogen (25 kDa) was used to determine the molecular weight of 

peaks shown in (B).   
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Additionally, SDS-PAGE (15 % acrylamide) analysis shows that dialysis against apo 

buffer does not induce degradation of the human galectin-1 subunit (no bands < 14.5 kDa 

are present in lane 3, Figure 2.12), and the presence of a ~ 30 kDa band representative of 

residual dimer also supports the dimeric status of the apo form (Figure 2.12, lane 3).  The 

dimeric association is strong and depending on protein concentration dimers can persist 

despite SDS-PAGE sample preparation (involves heating) and migration through 

acrylamide gel.  SDS-PAGE analysis confirms that the size difference determined via SEC 

analysis is but an apparent change in molecular weight.  

 

Figure 2.12: SDS-PAGE analysis of human galectin-1 in the presence and absence of 

lactose 

Lane 1, ladder (kDa). Lane 2: reduced human galectin-1 in the presence of 5 mM lactose; 

Lane 3: reduced human galectin-1 in the absence of lactose. Bands representative of 

residual dimer is indicated by the arrow.  

 

 

With a change in molecular weight disproved, the longer retention time of apo human 

galectin-1 on both SEC columns may be due to it interacting with the Superdex and 

Sephacryl resin of the SEC columns.  Resin interaction slows protein migration through 

SEC columns and infers the apo form has changed in shape to expose more hydrophobic 

surfaces.  Alternatively, a decrease in the hydrodynamic radius (Rh) of dimeric human 

galectin-1 upon loss of bound lactose may account for the longer elution profile.  The Rh is 

the radius of a sphere that incorporates protein mass and associated hydration layer which 

are typically aspherical (DynaPro 2002).  The decrease in Rh is either due to compaction of 

the dimeric structure or marked reduction in hydration compared to the liganded form.  
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Either way, resin interaction or decrease in Rh, SEC analysis indicates that the apo and 

lactose-liganded human galectin-1 dimer are conformationally unique.   

 

2.4.7 Dynamic light scattering analysis of human galectin-1 

The impact of the ligand on human galectin-1 structure shown by SEC analysis 

prompted further analysis of human galectin-1 Rh via dynamic light scattering (DLS).  

Firstly, for apo and lactose-liganded human galectin-1 protein samples an optimal 

correlation function curve was obtained and a single reproducible peak in the size 

distribution window was observed across 20 experimental repeats.  The average Rh of 

human galectin-1 in the presence of lactose was found to be 1.88 ± 0.05 nm (average 

polydispersity is 25 %) (Figure 2.13A).  Figure 2.13A shows the optimal correlation curve 

and monomodal distribution (single peak sample) of one experimental repeat.  Single 

distribution peaks with polydispersity ≤ 30 % is indicative of a homogeneous protein 

sample.  The single 1.88 nm peak (polydispersity 25 %) then confirms the purification 

protocols outlined in sections 2.3.6 and 2.3.7 yield dimeric human galectin-1 samples in 

very high purity.  DLS analysis reveals that human galectin-1 has a smaller Rh of 1.79 ± 

0.02 nm (polydispersity 26 %) when in the absence of lactose (Figure 2.13B).  Figure 

2.13B shows the optimal correlation curve and monomodal distribution (single peak 

sample) of one experimental repeat.  SEC analysis concluded that apo human galectin-1 

exhibits a longer retention time either because of a) resin interaction or b) reduction of the 

Rh because of compaction or reduced hydration.  DLS measurements support the latter 

explanation. 

 

 

 

 

A   Correlation function Size distribution 
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Figure 2.13: Dynamic light scattering analysis of reduced human galectin-1 

Dynamic light scattering analysis of reduced human galectin-1 in A) the presence of 5 mM 

lactose, B) the absence of lactose. Depicted in A and B is the output from one experimental 

repeat. The panels on the left show the correlation function curve, panels on the right show 

the size distribution window. The peaks within the size distribution windows are 

consistently produced over 20 experimental repeats for both samples.  
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2.5 Discussion 

Initial crystallisation trials set up using hexahistidine tagged human galectin-1 (h-gal-1) 

unfortunately yielded only precipitate and microcrystals.  The flexible positively charged 

nature of the histidine tag may be a reason for the lack of crystal growth, and so molecular 

biology techniques were performed to remove the tag.  During the process of tag removal 

the human galectin-1 gene within the plasmid source (pProEX-HTb-h-gal-1) was found to 

contain two nucleotide mutations.  This chapter has described the successful removal of the 

two point mutations and subsequent construction of the pET-3a-gal-1 plasmid for 

expression of non-tagged recombinant human galectin-1 within BL21 DE3 E. coli.  The 

pET-3a-gal-1 recombinant BL21 DE3 E. coli expression system proved to be a “leaky” 

expression system.  The growth of BL21 DE3 E. coli however was not impaired by the 

significant amount of basal human galectin-1 expression because cultures reached a level 

of exponential growth optimal for induction within a practical period of time.  Optimizing 

the media conditions or changing the pET-3a-gal-1 plasmid construct in an effort to 

suppress basal expression of non-toxic human galectin-1 would only serve to lower the 

yield of human galectin-1 expressed.  Affinity and size exclusion chromatography were 

combined to enable purification of a human galectin-1 protein sample of very high purity 

from induced cell lysate.  

 

Given the SEC S70 column has poor resolving power for molecular weight estimation, 

FPLC size exclusion columns from GE Healthcare were used to validate the production of 

dimeric human galectin-1.  Both the S100 and S200 FPLC SEC columns resolve dimeric 

human galectin-1 when in the presence of lactose (30.4 kDa and 26.5 kDa respectively).  

Apo human galectin-1 however exhibits longer retention time than the lactose bound form 

on the S100 and S200 columns, resulting in molecular weight calculations of 20.4 kDa and 

23.5 kDa for the apo form, respectively.  Apo human galectin-1 in reducing apo buffer 

could not have monomerised because monomer formation is associated with cysteine 

oxidation to disulphide bonds when under oxidizing conditions (Inagaki et al. 2000; 

Kadoya and Horie 2005; Kadoya et al. 2005), and amino acid mutations at the N- and C-

terminus which disrupt non-covalent dimerisation (Cho and Cummings 1996).  SDS-

PAGE analysis of the apo form also eliminated the possibility that dialysis against the 

reducing apo buffer induced degradation of the 14.5 kDa subunit to lower molecular 

weight species.  Plausible alternative reasons for the longer retention time of apo human 
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galectin-1 through the S100 and S200 SEC columns, other than a molecular weight change 

are; 1) resin interaction (interaction slows migration through the column); 2) elongated 

structure (thinner structures migrate more slowly); or 3) decreased Rh (due to structure 

compaction or significant loss of hydration).  DLS measurements are in support of the 

latter explanation, decreased Rh, because apo human galectin-1 was measured to have a 

smaller Rh (1.79 ± 0.02 nm) compared to human galectin-1 in the presence of lactose (1.88 

± 0.05 nm).  The DLS result is a small change, but has appeared consistently throughout 

my research.  Because of the small error in my determination of the Rh (0.02 and 0.05 nm), 

the small change in Rh is considered to be a significant indication that dimeric, apo human 

galectin-1 and human galectin-1 in the presence of lactose are structurally distinct. 

 

Structural differences between liganded and apo galectin-1 have been measured 

previously.  Abbott et al (1991) showed that in the absence of lactose, bovine galectin-1 is 

almost completely degraded by trypsin and staphylococcal V8-protease, whereas in the 

presence of lactose the protein is rendered resistant to proteolysis.  This phenomenon 

indicates a clear structural difference between apo and liganded bovine galectin-1, and one 

which the authors have suggested to be a “general tightening” of the protein in the 

presence of ligand (Abbott and Feizi 1991).  The affect of ligand on the structure of human 

galectin-1 has also been studied by small angle neutron scattering (SANS), a technique 

which measures how far the protein structure spreads from its center of mass (radius of 

gyration).  SANS calculates the radius of gyration (Rg) of human galectin-1 in the presence 

of N-acetyllactosamine (LacNAc) to be 18.2 ± 0.1 Å, and 19.1 ± 0.1 Å in the absence of 

LacNAc.  This result suggests that human galectin-1 is larger (less compact) in the absence 

of bound LacNAc (He et al. 2003).  A tightening of structure, or compaction upon ligand 

binding is not reflected in the SEC and DLS data obtained in this work.  Data described in 

this chapter indicates that lactose-liganded human galectin-1 appears to increase in size 

compared to the apo form.  Putative protein shape and hydration differences however may 

explain the seemingly contradictory data.   

 

If apo dimeric human galectin-1 is more elongated than the liganded dimer (Figure 

2.14A) this would explain the longer retention time of the apo form on the SEC columns, 

as elongated, thinner structures migrate through SEC columns more slowly.  An elongated 

structure would also be measured as a larger, less compacted structure by SANS (increased 
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Rg) as the protein is more spread from its centre of mass.  An elongated structure would be 

expected to exhibit a larger Rh because Rh is the radius of a sphere that incorporates the 

aspherical protein mass and associated hydration layer (DynaPro 2002), longer shape = 

larger sphere.  In contrast, the DLS experiments performed in this chapter measure a 

slightly smaller Rh for the apo form (1.79 nm) when compared to human galectin in the 

presence of lactose (1.88 nm).  The Rh of a protein is dependent not only on protein shape, 

but also on the density of the associated hydration layer.  If the liganded dimer is 

associated with a hydration shell more dense than that of the apo form, the Rh value for 

liganded human galectin-1 might possibly be larger than the apo form (Figure 2.14B).  

Solvent reorganization has been reported to occur at the carbohydrate-binding site of 

human galectin-1 as it binds to ligand (Di Lella et al. 2009; Di Lella et al. 2007), but 

changes to the global hydration layer have not yet been reported.  The hydration layer also 

affects the Rg value measured by SANS (Svergun et al. 1998).  Hydration density 

negatively impacts on SANS Rg measurements, so it is possible the SANS technique 

overestimates the level of human galectin-1 compaction upon ligand binding, if the 

liganded form is associated with a dense hydration layer (He et al. 2003).  It then seems 

reasonable to postulate from the SEC and DLS data obtained in this project that the apo 

form of human galectin-1 is a) more elongated than the lactose-liganded form and b) that 

the lactose-liganded form of human galectin-1 is associated with a hydration layer more 

dense than that of the apo form.  

 

This chapter has described an investigation of apo and lactose-liganded human galectin-

1 via two separate methods (SEC and DLS), and clearly indicates structural differences.  

Human galectin-1 interaction with peptides WYKYW, PChaNChaVY (Cha, 

cyclohexylalanine) and IFRChaRY has been shown to inhibit human galectin-1 lectin 

ability (Andre et al. 2005), and so investigators need to be mindful of the structural 

changes induced by carbohydrate binding and the putative affect these changes might have 

on non-lectin active sites.  The possibility that lactose binding might adversely affect 

human galectin-1’s ability to bind farnesyl diphosphate (a putative fatty acid ligand of 

dimeric human galectin-1) was most definitely considered when performing soak and co-

crystallisation trials with farnesyl diphosphate (refer chapter 6). 

 

 



54 

 

 

Figure 2.14: Schematic diagrams of proposed differences in protein shape and 

hydration between apo and lactose bound human galectin-1 

A) Longer retention time on SEC columns (S100 and S200) and a larger Rg would be 

observed for apo human galectin-1 if the protein structure is more elongated than the 

lactose-liganded structure. B) DLS might measure lactose-liganded human galectin-1 to 

have a larger Rh than the apo form if the structure is associated with a dense hydration 

layer.  The density of the associated hydration layer negatively impacts on the Rg value 

measured by SANS.   
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Chapter 3 – A structural and functional investigation of oxidized 

human galectin-1 

 

3.1 Introduction 

Tissues afflicted with injury, infection or disease release a number of stress-related 

molecules, some of which produce tell-tale signs of inflammation, such as swelling, 

redness, warmth and pain (Everly and Lating 2002).  Many diseases such as heart disease 

(Singal et al. 1998), liver disease (Ljubuncic et al. 2000), Alzheimers (Christen 2000), 

sepsis (Winterbourn et al. 2000), cancer (Giles 2006; Huber and Parzefall 2007), local and 

systemic infections (Ding et al. 2007; Friis 2005) and major trauma injury (Horton 2003; 

Rana et al. 2006; Winterbourn et al. 2000) are also associated with ‘oxidative stress’.  

Oxidative stress is defined by an abnormally high level of reactive oxygen species (ROS) 

together with decreased antioxidant defence and repair of ROS induced damage (Biswas et 

al. 2006; Giles 2006; Huber and Parzefall 2007; McEligot et al. 2005).  Inflammation is a 

protective host response that recruits immune system components to the area to remove the 

injurious stimuli and initiate the healing process.  Increased oxidative stress at inflamed 

regions under assault, particularly the generation of ROS molecules, is crucial to activating 

many immune cells (Elahi and Matata 2008; Ortona et al. 2008).   

 

Axotomy (severed axons) is a typical consequence of major trauma injury.  Injured 

axons are thought to secrete human galectin-1 into the extracellular matrix where it 

becomes oxidized within the injured inflamed area.  Oxidized human galectin-1 has been 

shown to have an indirect axonal regenerating affect on severed peripheral neurons at low 

pg/ml concentrations (Horie et al. 2004; Inagaki et al. 2000).  A cell surface interaction 

between oxidized human galectin-1 and macrophages recruited to the area stimulates the 

secretion of an axonal regenerating factor(s) from the macrophages and consequently 

axonal outgrowth (Horie et al. 2004).  In light of the connection between macrophages and 

oxidized human galectin-1, I wonder: 1) does oxidized human galectin-1 stimulate other 

immune cells in conditions of oxidative stress, and if so 2) are these immune cells involved 

in the initiation and/or progression of pathophysiological conditions such as auto-immune 

disease or cancer?  Galectin-1 is expressed by most, if not all cell types within the adult 

body, including members of the immune system such as macrophages, activated T cells 
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and B cells (Hernandez and Baum 2002).  It is then intriguing to contemplate whether 

inhibitors against oxidized human galectin-1 might block or suppress the 

hyperresponsiveness of the immune system in regards to inflammatory disorders associated 

with oxidative stress, such as allergies, asthma (Dworski et al. 1999; MacNee 2001), 

arthritis (Kohlstadt 2006; Moodley et al. 2008), and also cancers such as leukaemia (Mazor 

et al. 2008; Shukla 2001).  Many questions are raised concerning oxidized human galectin-

1 in the context of cancer as human galectin-1 is over-expressed by prostate, colon, ovarian 

and pancreatic cancerous tumours (Berberat et al. 2001; Nagy et al. 2003; van der Brule et 

al. 2003; van der Brule et al. 2001).   

 

The putative link between oxidized human galectin-1, auto-immune disease and cancer 

currently still requires further substantiation, and hence the reason for my interest in 

investigating the function of oxidized human galectin-1 in the context of disease and its 

three dimensional structure.  The oxidation of reduced dimeric human galectin-1 described 

in this chapter resulted in a heterogenous mixture of different forms of oxidized protein.  

Three forms were identified, two of which were isolatable and analysed further with 

respect to a) protein structure within solution, b) solubility at mg/ml concentrations in 

consideration of crystallisation trials, c) lack of lectin activity and d) affect on cancerous 

human MOLT-4 cells, an acute T lymphoblastic leukaemia cell line derived from 

peripheral blood.  Through work conducted in collaboration with the group of Dr. Steve 

Ralph (Griffith University, Australia), oxidized human galectin-1 is showcased in this 

chapter to protect MOLT-4 cells against hydrogen peroxide-induced apoptosis.   

 

Leukaemia is a pathophysiological condition that involves over-production of abnormal 

lymphocytes and afflicted individuals (largely children) experience higher levels of 

oxidative stress (Mazor et al. 2008; Shukla 2001).  Oxidative stress associated cancers 

provide an opportunity for the design of drug treatment strategies that selectively target 

cancer cells based on their redox profile.  Chemotherapy used to treat leukaemia involves a 

cocktail of drugs that work to fight the cancer in a variety of ways, and hence inhibitors of 

oxidized human galectin-1 may one day become part of the treatment protocol for cancer.  

Galectin-1 inhibitor design has focused on blocking the carbohydrate-binding site of the 

reduced form of human galectin-1 (Giguere et al. 2006; Giguere et al. 2006; Tejler et al. 
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2006), yet cancer associated oxidative stress suggests that the oxidized human galectin-1 

form may play an important role(s) in tumourigenesis.   

 

Parts of this chapter are scheduled for publication in October 2009 in the journal article: 

‘Stacy A. Scott, Andrea Bugarcic and Helen Blanchard. Characterisation of oxidized 

recombinant human galectin-1. Protein & Peptide Letters, 16(10), 2009’ (Appendix H).   
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3.2 Methods 

3.2.1 Native and SDS-PAGE gel analysis 

Native PAGE analysis: Continuous native PAGE gels were cast.  Native gels 

comprised of a standard SDS-PAGE resolving gel mixture (minus SDS) adjusted to pH 8.0 

and containing 7, 10 or 16 % total acrylamide/bisacrylamide concentration (%T).  The 

SDS-PAGE running buffer was also adjusted to pH 8.0.  A constant voltage of 120 V was 

applied to native gels for 80 minutes and gels were stained with Coomassie blue.  SDS-

PAGE analysis: To assess covalent oligomer and intramolecular disulphide bond 

formation, oxidized human galectin-1 samples were analysed by SDS-PAGE under non-

reducing conditions.  Samples were heated for 10 minutes at 95 ºC with loading buffer that 

contained SDS, but no reducing agent.  Prepared samples were loaded into the wells of 

15%T gels then a constant voltage of 120 V was applied to the gels for 2 hours.  Gels were 

stained with Coomassie blue. 

  

3.2.2 Dynamic light scattering analysis 

The hydrodynamic radius (Rh) of protein standards [bovine serum albumin (67 kDa); 

ovalbumin (43 kDa); and lysozyme (14.5 kDa)] and oxidized human galectin-1 samples 

was estimated using the CoolBatch 90T dynamic light scattering instrument (Precision 

Detectors).  Introduction to the dynamic light scattering technique and thorough discussion 

of sample preparation and measurements reported is discussed in section 2.3.9, chapter 2.    

 

3.2.3 Production of a soluble heterogeneous sample of oxidized human 

galectin-1 via dialysis 

To generate a soluble sample of oxidized human galectin-1, 10-15 ml of reduced apo 

human galectin-1 was dialysed extensively against large volumes of 20 mM Tris-HCl pH 

8.0 supplemented with 0.001 mM CuSO4 (“Buffer_A”) for 1, 3 or 7 days, or alternatively, 

was dialysed extensively against large volumes of 20 mM Tris-HCl, 100 mM NaCl, 50 

mM L-arginine, pH 8.0 supplemented with 0.001 mM CuSO4 (“Buffer_B”) for 7 days.  

Extensive dialysis was performed against 1L of ‘fresh’ buffer every 24 h for 3-4 days at 4 

ºC and then the sample was left at 4 ºC until used.  Dialysis tubing was blocked with 1% 

bovine serum albumin prior to use and dialysis vessels were open to the air (loosely 

covered).   
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3.2.4 Size exclusion chromatography analysis 

The Superdex 200 10/300 GL (“S200”) and HiPrep 16/60 Sephacryl S-100 High 

Resolution (“S100”) columns (GE Healthcare) were used for the separation and molecular 

weight estimation of protein species within heterogeneous samples of oxidized human 

galectin-1.  Calibration of the S200 and S100 columns has been described previously 

(section 2.3.8, chapter 2).  S200 and S100 columns were equilibrated in the appropriate 

Tris buffer, Buffer_A or Buffer_B, and loaded with 0.5 or 2.5 ml samples of oxidized 

human galectin-1 respectively.  Samples were eluted at 0.3 ml/min and the molecular 

weight of peaks was estimated using Kav versus log (molecular weight of protein 

standards) standard curves described previously (section 2.3.8, chapter 2).   

 

3.2.5 Lactosyl Sepharose binding assay 

In order to reduce the oxidized human galectin-1 forms to the dimeric form that is 

observed under full-reducing conditions, oxidized human galectin-1 protein species Peak-

1/Buffer_A, Peak-3/Buffer_A (22 kDa) and Peak-3/Buffer_B (17 kDa) isolated by SEC 

separation were dialysed extensively against 20 mM K, Na phosphate, pH 7.0, 4 mM β-ME 

(“apo buffer”) for 24 h.  1 ml from each of seven different 2 mg/ml protein samples 

[Sample 1: reduced apo human galectin-1; Sample 2: Peak-1/Buffer_A; Sample 3: Peak-

3/Buffer_A; Sample 4: Peak-3/Buffer_B; Sample 5: reduced Peak-1/Buffer_A; Sample 6: 

reduced Peak-3/Buffer_A (22 kDa) and Sample 7: reduced Peak-3/Buffer_B] were tested 

for lectin activity by their ability to bind lactosyl Sepharose.  The 1 ml samples were 

loaded onto 250 μl bed volumes of lactosyl Sepharose equilibrated with apo buffer.  Resin 

was washed with 12 column volumes of apo buffer, and bound protein was eluted with 12 

column volumes of apo buffer supplemented with 50 mM lactose. The protein yield within 

the unbound and eluted fractions was determined using Bradford reagent. Protein yields 

are reported as mean ± SD (n = 2) unless otherwise stated.   

 

3.2.6 Cell growth maintenance conditions for MOLT-4 cells 

MOLT-4 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 

containing 10% fetal bovine serum, 20 mM HEPES (pH 7.4), 1.6 mM L-glutamine, 2 mM 

sodium pyruvate, 50 μM β-ME and 50 IU/ml penicillin streptomycin (maintenance growth 
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media) in an atmosphere of 5 % CO2 in air at 37 °C.  The MOLT-4 cell line was a gift from 

Prof. A. Boyd, Queensland Institute of Medical Research, Brisbane, QLD, Australia.  

 

3.2.7 Hydrogen peroxide-induced apoptosis of MOLT-4 cells 

Hydrogen peroxide (H2O2) is a physiological reactive oxygen species.  Prior to 

treatment with H2O2 (Biotech Pharmaceuticals Pty Ltd.), MOLT-4 cells were washed twice 

with phosphate buffered saline, pH 7.4 (PBS) by centrifugation to remove β-ME.  The cell 

pellet was resuspended in DMEM media containing 10 % fetal bovine serum, 20 mM 

HEPES (pH 7.4), 1.6 mM L-glutamine, 2 mM sodium pyruvate, and 50 IU/mL penicillin 

streptomycin then plated into 4 x 6 well cell culture plates (1.5 x 10
5
 cells per well, 2 ml 

per well).  Final concentrations of 0 – 0.6 mM H2O2 were added to the wells in triplicate 

and incubated for 12 or 24 h within an atmosphere of 5 % CO2 in air at 37 °C.  After 12 

and 24 h incubation periods MOLT-4 cells were pelleted and stained with FITC-

conjugated Annexin V and propidium iodide (PI) (both from BD Pharmingen).  Stained 

cells were analysed by flow cytometry using a FACSCalibur
TM

 instrument (Becton 

Dickinson, Mountain View, CA, USA) to determine the percentage of viable cells 

(Annexin V and PI negative).  Mean Fluorescence Intensity (MFI) was obtained using 

histogram statistical analysis software Cell Quest Pro© (Becton Dickinson). 

 

3.2.8 Treatment of MOLT-4 cells with reduced and oxidized human galectin-1 

MOLT-4 cells were washed from maintenance growth media with PBS, resuspended 

and plated as described (section 3.2.7).  Final concentrations of 0, 2.5, 5 and 10 μM of 

oxidized human galectin-1 protein species Peak-1/Buffer_A, Peak-3/Buffer_A (22 kDa) 

and Peak-3/Buffer_B (17 kDa) and 0, 2.5 and 5 μM of reduced apo human galectin-1 were 

added to wells in triplicate.  MOLT-4 cells were incubated in the presence of oxidized 

human galectin-1 for 15 h and reduced apo human galectin-1 for 4 h within an atmosphere 

of 5 % CO2 in air at 37 °C.  Following reduced apo human galectin-1 treatment, MOLT-4 

cells were stained and FACS analysed as described (section 3.2.7).  Following 15 h 

pretreatment with oxidized human galectin-1 protein species, H2O2 was added to a final 

concentration of 0.2 mM to each well and cells were incubated for a further 24 h before 

staining and FACS analysis (as described in section 3.2.7). 
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3.2.9 Hydrogen peroxide consumption assay 

The coupled horseradish peroxidase (HRP) and Amplex
® 

Ultrared reagent (The 

Amplex
®
 ELISA Development Kit for Rabbit IgG, Molecular Probes) assay system is a 

stable and sensitive method for measuring H2O2 concentration.  A standard curve was 

generated via incubation of 0-781.25 nM H2O2 with 50 ng/ml HRP and 50 µM Amplex
®
 

Ultrared reagent (in PBS) at room temperature and protected from light.  After 30 minutes 

incubation the fluorescence (excitation/emission 544/590 nm) was recorded in the 

FLUOstar Omega plate reader (BMG LABTECH).  The standard curve was linear over the 

concentration range.  Rather than incubating 5 µM oxidized human galectin-1 with 0.2 mM 

H2O2 and assaying for H2O2 consumption, alternatively, 0 or 0.0195 µM of oxidized 

human galectin-1 protein species Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_B (17 

kDa) were diluted in DMEM medium containing 10% fetal bovine serum, 20 mM HEPES 

(pH 7.4), 1.6 mM L-glutamine, 2 mM sodium pyruvate before adding 781.25 nM H2O2 (a 

256-fold dilution).  The reaction mixtures were set up in triplicate and incubated at 37 °C 

for 24 h (to mimic the cell culture experiment of section 3.2.8), protected from light and 

shaking.  For comparison, a similar reaction mixture was set up using 0 or 0.0195 µM of 

apo reduced human galectin-1 and 781.25 nM H2O2 (in the presence of 50 µM β-ME).  

After 24 h, reaction mixtures were pipetted into a COSTAR 96-well black plate (Corning 

Incorporated) and final concentrations of 50 ng/ml HRP and 50 μM Amplex
®
 Ultrared 

reagent (in PBS) were added to each well and the fluorescence was analysed. 

 

3.2.10 Statistical analysis 

Unless otherwise stated, values are reported as means ± SD (n = 2).  Significance (*, P 

≤ 0.05) was determined with a two-way ANOVA, followed by Turkey’s multiple 

comparison test using GraphPad Prism software (version 3.0, GraphPad Software Inc., 

USA).  

 

3.2.11 Crystallisation of Peak-3/Buffer_B (17 kDa) oxidized human galectin-1 

protein species 

 A crystallisation screen was initially set up with the Peak-3/Buffer_B (17 kDa) 

oxidized human galectin-1 species and the crystallisation conditions of Hampton Research 

crystal screens (original and #2).  The hanging-drop vapour-diffusion method (McPherson 

1990) at room temperature in 24-well plates (0.5 ml reservoir solution) was used.  
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Essentially, each drop of these initial screens consisted of 2 μl of solution containing 20 

mM Tris-HCl, 100 mM NaCl, 50 mM L-arginine, pH 8.0, 4 mg/ml of Peak-3/Buffer_B (17 

kDa) oxidized human galectin-1; and 2 μl of a Hampton Research crystallisation condition.  

After one week of incubation up until several months later the drops yielded only light-to-

heavy precipitate or remained clear.  The Hampton Research crystallisation conditions 

yielding clear drops were optimized in attempt to induce nucleation of crystals.  

Optimisation involved the screening of Peak-3/Buffer_B (17 kDa) protein with 

crystallisation conditions comprising different pH and salt and precipitant concentrations, 

and also the microseeding of microcrystals into ‘fresh’ equilibrated drops. 
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3.3 Results 

3.3.1 Native PAGE analysis of oxidized human galectin-1 

Previously it was reported that oxidation of human galectin-1 via an air oxidation 

method induced dissociation of the dimer to form monomeric species (14.5 kDa) 

containing intramolecular disulphide bonds (Inagaki et al. 2000; Kadoya and Horie 2005).  

This method involves dilution of human galectin-1 by 20-fold with buffer comprising 20 

mM Tris-HCl (pH 8.0), 0.0001 % (0.004 mM) CuSO4 and overnight incubation at 4 ºC to 

allow disulphide bonds to form (Inagaki et al. 2000).  CuSO4 catalyses disulphide bond 

formation.  With respect to reproducibility, this protocol failed to specify two important 

details, 1) the final protein concentration post 20-fold dilution and 2) the constituents of the 

protein buffer prior to dilution.  Despite the lack of detail, I attempted to generate oxidized 

human galectin-1 using the published protocol as a guide.  Firstly, excess β-ME was 

removed from a sample of apo human galectin-1 (10 mg/ml) by buffer exchange against 20 

mM Tris-HCl (pH 8.0) using an Amicon concentrator (Millipore).  Specifically, 1 ml of 

protein sample (10 mg/ml) was loaded into an Amicon concentrator (1% BSA blocked), 

which was then filled to capacity with the Tris buffer described (15 ml), then the 

concentrator was centrifuged to again hold only ~ 1ml.  The latter two steps were repeated 

another two times.  The 1 ml volume of the 10 mg/ml buffer exchanged protein sample 

was not diluted 20-fold to 0.5 mg/ml, but instead the sample was supplemented with 

0.0001 % CuSO4 (final concentration) and allowed to oxidize overnight at 4 ºC (flask top 

open with gentle stirring).  However, overnight oxidation of the 10 mg/ml human galectin-

1 protein sample resulted in significant formation of insoluble aggregates. 

 

Repeat oxidation attempts involving dilution of apo human galectin-1 (first buffer 

exchanged into 20 mM Tris-HCl pH 8.0) to 1 mg/ml using buffer comprising 20 mM Tris-

HCl (pH 8.0) and supplemented with either 0, 0.001, 0.005, 0.01, 0.05 or 0.1 mM CuSO4 

almost completely eradicated insoluble aggregate formation.  To determine which of the 

six combinations of the protein and CuSO4 concentration induced formation of the 

monomer, samples were analysed by native PAGE.  Protein migration through a non-

denaturing native PAGE gel depends on both the protein's charge and Rh (size and shape).  

If a monomeric species were to form we would expect to observe separation of a highly 

mobile protein band representative of a smaller protein species.  The 

acrylamide/bisacrylamide percentage (%T) is critical to success of separation.  Too high 
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%T can lead to exclusion of proteins from the gel and too low %T can decrease the 

‘sieving’ of proteins (Davey and Lord 2003).  In considering the importance of %T, a 

range was tested (7-16 %).  The protein pI and pH of the native PAGE gel and running 

buffer is also important.  The pH must be far enough away from the pI value of the 14.5 

kDa subunit so that human galectin-1 will carry enough net charge to migrate through the 

gel (Davey and Lord 2003).  The theoretical pI of the human galectin-1 subunit protein 

sequence is 5.34 (ExPASy, http://au.expasy.org/tools/pi_tool.html) and hence, the pH of 

the gel and running buffer was chosen to be pH 8.0. 

 

Figure 3.1 shows human galectin-1 oxidized in the presence of CuSO4 at concentrations 

from 0 to 0.1 mM.  In the presence of 0, 0.05 and 0.1 mM CuSO4, oxidized human 

galectin-1 protein is present at the top of the loading well for 10 and 16%T native PAGE 

gels (Figure 3.1B-C, lanes 1, 5 and 6 respectively), whereas only at 0 and 0.1 mM CuSO4 

for 7%T native PAGE gels (Figure 3.1A, lanes 1 and 6 respectively).  A lack of migration 

into the gel is indicative of oligomers unable to move through the pores of the gel due to 

their large size.  Aggregation at the loading well progressively worsens as %T increases, 

until the 16%T gel shows only faint or no migration of protein into the gel for samples 

oxidized with 0 or greater than 0.01 mM CuSO4 (Figure 3.1C, lanes 1, 5 and 6 

respectively).  The human galectin-1 oxidation protocol previously published by Inagaki et 

al (2000) makes no mention of oligomer formation (Inagaki et al. 2000).  However, human 

galectin-1 oxidation by Hirabayashi et al (1991) does provide evidence of covalent 

oligomer formation by SDS-PAGE analysis (performed under non-reducing conditions) 

(Hirabayashi and Kasai 1991).   

 

Conclusions drawn from the proportion of protein samples that effectively migrate 

through the gels of Figure 3.1 are ambiguous.  Firstly, The 7%T gel does not separate 

multiple protein bands, suggesting either there is no dimer:monomer mixture within the 

oxidized samples or that 7%T may be too low for separation of such a putative mixture 

(Figure 3.1A).  The 10%T gel exhibits double banding, possibly representative of 

dimer:monomer formation for all CuSO4 concentrations (Figure 3.1B).  The 16%T gel also 

exhibits double banding, but only for samples oxidized with 0.001, 0.005 and 0.01 mM 

CuSO4 (Figure 3.1C, lanes 2, 3 and 4 respectively).  The predominant protein band 

migrates similarly for all CuSO4 concentrations through the 16%T gel (Figure 3.1C, band 
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#
1).  For protein samples oxidized with 0.005 and 0.01 mM CuSO4 the 16%T gel separates 

a secondary band, far less predominant, that migrates more slowly though the gel (Figure 

3.1C, lanes 3 and 4, band 
#
2).  Slower migration is typically representative of a larger 

protein.  Within lane 2 of Figure 3.1C a faint band is separated that migrates more quickly 

through the gel (band 
#
3) in addition to band 

#
1.  The faint band 

#
3 may represent initial 

formation of a monomeric species for human galectin-1 oxidized with 0.001 mM CuSO4, 

as faster migration is typically representative of a smaller protein.  The separation between 

monomer and dimer by native PAGE was however expected to be larger, based on the 

large separation seen between residual dimer (~ 30 kDa) and the 14.5 kDa monomeric 

subunit by SDS-PAGE analysis (Figure 2.12, chapter 2).   

 

Figure 3.1: Native PAGE analysis of human galectin-1 oxidized in the presence of 

varying concentrations of CuSO4 

Native PAGE analysis with oxidation carried out using CuSO4 concentrations of 0, 0.001, 

0.005, 0.01, 0.05, 0.1 mM, lanes 1-6 respectively. With A) pH 8.0/7%T. B) pH 8.0/10%T. 

C) pH 8.0/16%T. Arrows indicate proteins of variable size. Band 
#
3 may represent a 

monomeric form of human galectin-1. 
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Although the results from native PAGE analysis are far from conclusive in respect to 

confirmation of generation of an oxidized monomer, two things can be concluded, a) large 

aggregates form both in the absence of CuSO4 and at high CuSO4 concentrations and b) 

oxidation of 1 mg/ml human galectin-1 samples with 0.001 mM CuSO4 for ~ 24 h may 

induce formation of a small species, possibly a monomer.  Considering the latter, it was 

decided to proceed with analysing human galectin-1 incubated in the presence of 0.001 

mM CuSO4 for longer periods of time, via other methods.  Dynamic light scattering 

analysis performed in chapter 2 measured the Rh of reduced dimeric human galectin-1 to be 

1.76 nm and 1.88 nm depending on whether it is in the absence or presence of 5 mM 

lactose respectively.  A shift to a Rh lower than 1.76 nm may then confirm generation of an 

elongated monomeric oxidized human galectin species.   

 

3.3.2 Dynamic light scattering and SDS-PAGE analysis of oxidized human 

galectin-1 

An oxidation experiment involving dilution of apo human galectin-1 (first buffer 

exchanged into 20 mM Tris-HCl pH 8.0) to 1 mg/ml using buffer comprising 20 mM Tris-

HCl pH 8.0, 0.001 mM CuSO4 was incubated at 4 ºC for 12 days (flask top open with 

gentle stirring).  Samples of the mixture were analysed by DLS after 1, 7 and 12 days.  A 

single result for DLS analysis performed after 1, 7 and 12 days oxidation is shown in 

Figure 3.2A-C, and is representative of all 20 experimental repeats performed on the day.  

As can be seen from the size distribution windows of Figure 3.2, formation of two peaks 

occurs within 1 day of oxidation, which persisted up until 12 days of oxidation (the end of 

the experiment).  Mass normalizing the size distribution windows determined that peak 
#
1 

is predominant within the protein sample.  Peak 
#
2 is most probably oxidation induced 

formation of a large soluble oligomer.  The peak 
#
2 oligomer is not of a consistent size 

(ranging between 50-100 nm between experimental repeats), indicating it has an irregular 

and dynamic structure.  It is unlikely that peak 
#
2 represents any contamination as curvettes 

were thoroughly cleaned prior to their use and samples were clarified by centrifugation 

(13,000 rpm, 10 minutes).  

   

Mass normalization is a necessary step in determining the predominant protein species 

because the height of the peaks within the size distribution window is not directly related 

to its proportion of the sample.  The CoolBatch 90T manual states “since the intensity of 
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scattering is proportional to the mass of the particle squared, large particles scatter much 

more than small particles even when they are present in very small concentration”.  Thus, 

reconstruction of the scatter can overestimate the contribution from larger protein species 

(personal communication with Qingye Zhou, Precision Detectors).  Another consequence 

of large soluble oligomers is that the baseline of the correlation function curve can rise, as 

seen in the correlation function panels of Figure 3.2A-B (indicated by the red arrows).  

Adjusting the last channel parameter within the PrecisionDeconvolve32TM software can 

help minimize the scattering contribution from the large soluble oligomers and optimize 

the correlation function curve.  However, last channel adjustment was unable to completely 

remove the effect of large soluble oligomers in this case. 

 

Peak 
#
1 of Figure 3.2A-C revealed that following one day of 0.001 mM CuSO4 

oxidation human galectin-1 has an average Rh of 2.20 nm (21.9 % polydispersity) (Figure 

3.2A, peak 
#
1), which is indicative of the formation of a larger, monodisperse protein 

species.  Following 7 days of 0.001 mM CuSO4 oxidation the average Rh of human 

galectin-1 increased to 3.03 nm (27.3 % polydispersity) (Figure 3.2B, peak 
#
1).  The Rh of 

human galectin-1 continues to increase to 3.14 nm (30.5 % polydispersity) after 12 days 

0.001 mM CuSO4 oxidation (Figure 3.2C, peak 
#
1).  A size distribution peak with 30.5 % 

polydispersity indicated multiple protein species in peak 
#
1 after 12 days of oxidation.   
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Figure 3.2: Dynamic light scattering analysis of human galectin-1 oxidized with 

0.001 mM CuSO4 for varying periods of time 

DLS analysis of human galectin-1 (1 mg/ml) oxidized with 0.001 mM CuSO4 for A) 1 day, 

B) 7 days, C) 12 days.  Depicted in A-C is the output from one DLS experiment. The 

panels on the left show the correlation function curve, panels on the right show the size 

distribution window. Peaks 
#
1 and 

#
2 within the size distribution windows were 

consistently produced over 20 experimental repeats. A raised baseline in the correlation 

function curve is seen intermittently during each DLS run (red arrows highlight) and is due 

to the presence of a large soluble oligomers in the samples (peak 
#
2). 

 

 

Simultaneous SDS-PAGE analysis (under non-reducing conditions) of the oxidized 

protein sample shows that after 1 day there is hint of covalent oligomer formation (Figure 
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3.3A, indicated by arrows).  However, the uppermost band may represent residual reduced 

dimer (~ 30 kDa).  Covalent oligomer formation increased with oxidation period, as 

indicated by the appearance of several bands > 20 kDa in size after 7 and 12 days oxidation 

(Figure 3.3B-C).  The unresolved protein smear at the higher molecular weight range may 

represent large poorly folded intermediates and/or heat induced aggregation. 
 

 
 

Figure 3.3: SDS-PAGE analysis of human galectin-1 oxidized with 0.001 mM 

CuSO4  

SDS-PAGE analysis (under non-reducing conditions) of human galectin-1 (1 mg/ml) 

oxidized with 0.001 mM CuSO4 for A) 1 day. Lane 1: ladder; lane 2: protein sample. B) 7 

days. Lane 1: ladder; lane 2: protein sample. C) 12 days. Lane 1: ladder; lane 2: protein 

sample.  Arrows indicate covalent oligomer formation. 

 

 

Native PAGE, DLS and SDS-PAGE analysis leads to the conclusion that oxidation of 1 

mg/ml apo human galectin-1 (first buffer exchanged into 20 mM Tris-HCl pH 8.0) with 

0.001 mM CuSO4 induces formation of large aggregate species, irrespective of the period 

of oxidation.  Separation of a faint band that exhibits faster migration through native 

PAGE suggests potential monomer formation after 1 day of 0.001 mM CuSO4 oxidation.  

In contrast, DLS analysis on a similar sample suggests a protein species larger (Rh 2.2 nm) 

than the human galectin-1 dimer (Rh 1.76-1.88 nm) is formed after 1 day of oxidation.  

SDS-PAGE confirms that the larger protein is a covalent oligomer (containing 

intermolecular disulphide bonds).  As discussed above, the previously published protocol 

for human galectin-1 oxidation did not specify final protein concentrations for overnight 

oxidation or buffer constituents prior to oxidation.  One possibility I have considered to 

explain these findings is that residual β-ME in the sample prior to CuSO4 oxidation 

induced aggregate formation rather than generation of the desired monomeric form.  The 
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buffer exchange of 1 ml of protein sample against Tris (3x 15 ml) using Amicon 

concentrators dilutes 4 mM β-ME to approximately 1.2 μM.  As trace amounts of β-ME 

(1.2 μM) persist, hence, buffer exchange using Amicon concentrators (Millipore) is an 

ineffective method for removing β-ME. 

 

3.3.3 Size exclusion chromatography characterisation of heterogeneous 

oxidized human galectin-1 protein samples 

To ensure the effective removal of β-ME from the apo human galectin-1 sample, a new 

oxidation strategy incorporating extensive dialysis against large volumes of 20 mM Tris-

HCl (pH 8.0), 0.001 mM CuSO4 (“Buffer_A”) was implemented.  Daily changes of 1L 

volumes of Buffer_A constituted “extensive dialysis”.  Dialysis based oxidation was 

coupled with size exclusion chromatography (SEC) analysis using high resolution AKTA 

FPLC columns.  To test whether the starting protein concentration was also a factor 

inhibiting monomer formation, the dialysis method of oxidation was carried out with 1 and 

5 mg/ml samples of apo human galectin-1.   

 

SEC analysis of 1 and 5 mg/ml samples of reduced apo human galectin-1 extensively 

dialysed against Buffer_A over 1, 3 or 7 days showed formation of a dynamic 

heterogeneous protein sample.  Separation using the Superdex 200 10/300 GL (S200) 

column (GE Healthcare) showed that after 24 h dialysis of 5 mg/ml reduced apo human 

galectin-1 against Buffer_A, a protein species 44 kDa in size was generated (Figure 3.4A, 

solid line). Extensive dialysis against Buffer_A for a further 3 days resulted in the 

formation of an additional protein species greater than 600 kDa in size (600 kDa is the 

resolution limit of the S200 column).  Formation of the > 600 kDa species can be seen to 

form after 24 h in the shoulder peak eluted prior to the 44 kDa species (Figure 3.4A, solid 

line).  One week of extensive dialysis against Buffer_A yields a third protein species 30 

kDa in size to produce a consistent three-peak elution profile after 7 days dialysis.  Arrows 

indicate the elution time of Peak-1 (> 600kDa), Peak-2 (44 kDa) and Peak-3 (30 kDa) 

(Figure 3.4A, dashed line). 

 

S200 separation revealed dialysis oxidation of 1 mg/ml reduced apo human galectin-1 

against Buffer_A for 7 days increased the proportion of the Peak-3 (30 kDa) oxidized 

species generated (Figure 3.4B, indicated by the arrow).  Figure 3.4B shows that dialysis 

oxidation of higher starting concentrations of human galectin-1 favoured the generation of 
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larger aggregate species.  Separation of the oxidized 1 mg/ml protein sample using the 

HiPrep 16/60 Sephacryl S-100 High Resolution (S100) column (GE Healthcare) enabled 

improved separation of the three peak profile.  These peaks have been coined Peak-

1/Buffer_A, Peak-2/Buffer_A and Peak-3/Buffer_A and the standard curve for the S100 

column estimates these peaks to be 68 kDa, 44 kDa and 22 kDa in size respectively (peaks 

indicated by arrows in Figure 3.4C).  Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_A (22 

kDa) oxidized human galectin-1 species were successfully isolated by S100 separation 

(Figure 3.4D).   

 

The S100 column resolves a 30 kDa protein peak when reduced human galectin-1 is in 

the presence of 5 mM lactose (Figure 3.4D, black line).  The elution peak of isolated Peak-

3/Buffer_A (22 kDa) is positioned to the right of the 30 kDa dimer, suggesting that the 

Peak-3/Buffer_A (22 kDa) oxidized human galectin-1 species is of a lower molecular 

weight (Figure 3.4D, grey line). The elution point of Peak-3/Buffer_A (22 kDa) is earlier 

than that expected for an oxidized monomeric species of human galectin-1 (14.5 kDa).  A 

discrepancy such as this occurs when proteins contain increased amounts of random coil 

within their structure.  If a protein is largely random coil it will be extended and less dense 

than properly folded proteins and so will elute from a SEC column earlier than that of a 

globular protein of equivalent mass (Fredenburg et al. 2007; Robson et al. 2002).  

Considering this, one might instantly assume that dialysis oxidation against Buffer_A has 

generated an unfolded, inactive heterogeneous oxidized human galectin-1 protein sample.  

However, previous circular dichroism analysis indicated a similar random coil secondary 

structure for oxidized rat galectin-1 (Clerch et al. 1988), although the activity of oxidized 

rat galectin-1 was not investigated at the time to confirm whether or not the unfolded 

protein was functional.   

 

There are many examples of proteins that exhibit biochemical properties consistent with 

a fully unfolded molecule, but are also functional proteins.  These proteins have been 

coined ‘natively unfolded proteins’ (Shojania and O’Neil 2006).  Only assay of activity can 

determine whether the Peak-3/Buffer_A (22 kDa) species of oxidized human galectin-1 is 

indeed an active, natively unfolded protein.  Activity tests are discussed in later sections of 

this chapter. 
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Figure 3.4: Elution profiles of oxidized human galectin-1 protein species from 

Superdex 200 and Sephacryl 100 size exclusion chromatography columns 

A) Superdex 200 column separation of 5 mg/ml reduced apo human galectin-1 dialysed 

against Buffer_A for 1 (continuous line) and 7 (dashed line) days. Arrows indicate a 

consistent elution profile of three oxidized human galectin-1 protein peaks after 7 days: 

Peak-1 (> 600 kDa), Peak-2 (44 kDa) and Peak-3 (30 kDa). B) Superdex 200 column 

separation of 1 mg/ml reduced apo human galectin-1 dialysed against Buffer_A for 7 days. 

A similar three peak elution profile as (A) is produced but with a greater proportion of 

Peak-3 compared to oxidation of the 5 mg/ml sample. An arrow indicates Peak-3. C) 

Sephacryl 100 column separation of 1 mg/ml reduced apo human galectin-1 dialysed 

against Buffer_A for 7 days. Arrows indicate a consistent elution profile of three oxidized 

human galectin-1 protein peaks: Peak-1/Buffer_A (68 kDa), Peak-2/Buffer_A (44 kDa) 

and Peak-3/Buffer_A (22 kDa). D) Peak-1/Buffer_A (68 kDa) (continuous line) and Peak-

3/Buffer_A (22 kDa) (dashed line) are isolatable from the SEC separation of a 

heterogeneous oxidized human galectin-1 sample. E) Elution profiles from the Sephacryl 

100 column (GE Healthcare) of reduced human galectin-1 in the presence of 5 mM lactose 

(black line) and isolated Peak-3/Buffer_A (22 kDa) (grey line). 
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3.3.4 Oxidized human galectin-1 does not possess lectin activity 

Loss of haemaglutinin activity is an established feature of oxidized human galectin-1 

(Inagaki et al. 2000). Isolated Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_A (22 kDa) 

oxidized human galectin-1 species both demonstrated a loss of lectin ability, as determined 

by an inability to bind to lactosyl Sepharose resin (no elution peaks, like that of Figure 2.9, 

are observed). The loss of lectin ability for these two forms of oxidized human galectin-1 

was ascertained to be irreversible since extensive dialysis of Peak-1/Buffer_A (68 kDa) 

and Peak-3/Buffer_A (22 kDa) against apo buffer (20 mM K, Na phosphate, pH 7.0, 4 mM 

β-ME) for 24 h was not able to restore binding ability to the lactosyl Sepharose resin 

(Figure 3.5, as indicated by significant decrease in the eluted protein).  However, the 

oxidized species are not entirely resistant to the newly reductive environment.  Dialysis of 

Peak-1/Buffer_A (68 kDa) against the reducing apo buffer for 24 h produced a broad 

protein peak representative of multiple protein species up to 400 kDa in size (Figure 3.6, 

continuous line).  Similar attempts to reduce Peak-3/Buffer_A (22 kDa) back to the dimer 

resulted in the production of a heterogeneous protein sample 15-200 kDa in size (Figure 

3.6, dashed trace).  The lower molecular weight species may represent residual oxidized 

Peak-3/Buffer_A (22 kDa).   

 

If human galectin-1 does cycle back and forth between the reduced dimer and oxidized 

form within the body, then Figure 3.6 suggests reduction back to the dimeric form is 

mediated by a mechanism other than a change in redox status, possibly via the activity of 

enzymes.  It is well established that enzymes such as thioredoxin facilitate the reduction of 

disulphide bonds in proteins (Georgiou and Masip 2003; Woo et al. 2003).  The assay of 

oxidized human galectin-1 against such enzymes is an interesting direction to consider for 

future experiments.   
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Figure 3.5: The loss of lectin function for oxidized human galectin-1 is not reversed 

by a reducing environment 

Unbound and eluted protein yields (black and grey bars respectively) of reduced apo 

human galectin-1 passed through lactosyl Sepharose are comparable. Dialysis of Peak-

1/Buffer_A (68 kDa) and Peak-3/Buffer_A (22 kDa) oxidized human galectin-1 species 

against a reducing environment for 24 h does not restore lectin activity, as evidenced by a 

significant decrease in the eluted protein yield (grey bars) from lactosyl Sepharose (* 

indicates assessment of lectin activity was performed only once).  

 

 

 

Figure 3.6: Elution profiles of reduced Peak-1/Buffer_A (68 kDa) and Peak-

3/Buffer_A (22 kDa)  

The broad reduced Peak-1/Buffer_A (68 kDa) peak is representative of multiple species up 

to 400 kDa in size (continuous line).  The elution profile of reduced Peak-3/Buffer_A (22 

kDa) is broad, indicating the peak is representative of multiple species between 200 kDa 

and 15 kDa in size (dashed line). The lower molecular weight species may represent 

residual oxidized Peak-3/Buffer_A (22 kDa). 
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3.3.5 Assessment of oxidation-induced disulphide bond formation 

The non-covalently bound human galectin-1 homodimer (when in the presence of 5 mM 

lactose or apo) disassociates under SDS-PAGE analysis to migrate through the gel as a 

single 14.5 kDa band (Figure 3.7, lane 2 and 3 respectively). Bands that are ~30 kDa in 

size within lanes 2 and 3 of Figure 3.7 represent residual dimer.  Previous SDS-PAGE 

analysis of oxidized human galectin-1, under non-reducing conditions, showed formation 

of intermolecular disulphide bonds (covalent oligomer formation) (Hirabayashi and Kasai 

1991) and intramolecular disulphide bonds (Inagaki et al. 2000; Kadoya and Horie 2005; 

Kadoya et al. 2005).  Intramolecular disulphide bonding compacts the 14.5 kDa subunit 

structure and therefore results in faster migration of the 14.5 kDa subunit through the gel.  

Faster migration, hence formation of intramolecular disulphide bonds, is assessed by a shift 

to an apparent lower molecular weight (Draskovic and Dubnau 2005; Leichert and Jakob 

2006).  SDS-PAGE analysis (under non-reducing conditions) of Peak-1/Buffer_A (68 kDa) 

and Peak-3/Buffer_A (22 kDa) shows that the 14.5 kDa subunit for both oxidized protein 

species (Figure 3.7, lanes 4 and 5 respectively) appears to be of lower molecular weight 

than that exhibited by the dissociated subunits of reduced dimeric human galectin-1 

(Figure 3.7, lanes 2 and 3), which strongly indicates that the oxidized proteins contained 

intramolecular disulphide bonds.  

 

SEC analysis in section 3.3.3 shows that dialysis based oxidation did not induce 

degradation to an oxidized protein species less than 14.5 kDa in size (Figure 3.4C).  

Therefore the gel shift phenomenon of Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_A 

(22 kDa) 14.5 kDa bands is representative of subunits containing intramolecular disulphide 

bonds.  SEC analysis has determined Peak-3/Buffer_A (22 kDa) is 22 kDa in size, which is 

neither dimeric (~ 30 kDa) nor monomeric (~ 14.5 kDa).  The lack of a residual dimer 

band for Peak-3/Buffer_A (22 kDa) (Figure 3.7, lane 5) suggests this form of oxidized 

human galection-1 is monomeric.  However, SDS-PAGE analysis does not eliminate the 

possibly of weak non-covalent dimeric association between Peak-3/Buffer_A (22 kDa) 

monomers.  Multiple covalent oligomer bands for Peak-1/Buffer_A (68 kDa) (as indicated 

by arrows Figure 3.7, lane 4) confirms the additional formation of intermolecular 

disulphide bonds linking between 14.5 kDa subunits to produce a 68 kDa protein.  Protein 

smearing at the top of the gel may represent large poorly folded intermediates and/or heat 
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induced aggregation for the Peak-1/Buffer_A (68 kDa) sample.  Lane 6 of Figure 3.7 is 

discussed in section 3.3.7. 

 

Figure 3.7: SDS-PAGE analysis of reduced and oxidized human galectin-1 under 

reduced and non-reducing conditions respectively  

Lane 1: ladder (kDa); lane 2: reduced human galectin-1 in the presence of lactose; lane 3: 

reduced human galectin-1 in the absence of lactose. Lanes 4-6: oxidized human galectin-1 

protein species. Lane 4: Peak-1/Buffer_A (68 kDa); lane 5: Peak-3/Buffer_A (22 kDa); 

lane 6: Peak-3/Buffer_B (17 kDa) (discussed in section 3.3.6). 

 

 

3.3.6 Dynamic light scattering analysis of oxidized human galectin-1 

The hydrodynamic radius (Rh) of 3 mg/ml samples of Peak-1/Buffer_A (68 kDa) and 

Peak-3/Buffer_A (22 kDa) was investigated using dynamic light scattering (DLS).  For 

Peak-1/Buffer_A (68 kDa) an optimal correlation function curve was obtained and a 

reproducible data peak (peak 
#
1) is observed across 20 experimental repeats.  The average 

Rh of peak #1 for Peak-1/Buffer_A (68 kDa) is 3.65 nm (Figure 3.6A) and has an average 

polydispersity of 30.9 %.  Since a polydispersity value ≥ 30 % is indicative of a 

heterogeneous protein sample, DLS analysis suggests that concentration of SEC isolated 

Peak-1/Buffer_A (68 kDa) induces structural heterogeneity.  Peak 
#
2 of the Peak-

1/Buffer_A (68 kDa) sample is estimated to be 20-60 nm across 20 experimental repeats 

(Figure 3.6A).  Peak 
#
2 most probably represents minor contamination from a larger 

soluble aggregate.  
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Figure 3.8: Dynamic light scattering analysis of Peak-1/Buffer_A (68 kDa) and 

Peak-3/Buffer_A (22 kDa) 

DLS analysis of concentrated oxidized human galectin-1 (3 mg/ml samples). A) Peak-

1/Buffer_A (68 kDa). B) Peak-3/Buffer_A (22 kDa). Depicted in A-B is the output from 

one experimental repeat. The panels on the left show the correlation function curve, panels 

on the right show the size distribution window. Peak 
#
1 of the Peak-1/Buffer_A (68 kDa) 

sample (A) is consistently produced over 20 experimental repeats, whereas peaks 
#
1-3 of 

the Peak-3/Buffer_A (22 kDa) sample (B) are not.  

 

 

DLS analysis of Peak-3/Buffer_A (22 kDa) at 3 mg/ml revealed a fluctuating trimodal 

distribution where data peaks all represented protein species with Rh values larger than 20 

nm (Figure 3.6B).  Formation of a trimodal size distribution following concentration of a 

single Peak-3/Buffer_A (22 kDa) SEC peak is indicative of concentration-induced 

formation of a structurally heterogeneous protein sample.  The fluctuating nature of the 

peaks is also typically undesirable in a DLS experiment as it is representative of highly 

flexible protein, and in this case, large floppy soluble aggregate structures.  Prior to 

crystallisation it is most optimal for a protein sample to be as biochemically pure and as 

conformationally homogeneous as possible (Jancarik et al. 2004).  DLS analysis has 

revealed that the trimodal sample of concentrated Peak-3/Buffer_A (22 kDa) most 

definitely does not meet the latter qualification.  Screening protein samples against various 
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buffers in an effort to improve monodispersity and lower the Rh is a rational pre-

crystallisation step.  A number of buffers were subsequently screened against 3 mg/ml 

Peak-3/Buffer_A (22 kDa) protein samples via button dialysis (Table 3.1).  L-arginine 

appears frequently within the buffers of Table 3.1 because the addition of this charged 

amino acid to solubility buffers has been found to improve protein solubility in many cases 

(Das et al. 2007; Golovanov et al. 2004).  Experiments conducted by Das et al (2007) 

showed that arginine forms clusters in aqueous solutions which display a hydrophobic 

surface.  The authors of this study proposed that the hydrophobic surface of arginine 

clusters interacts with the hydrophobic surfaces present on proteins, essentially masking 

hydrophobic proteins surfaces and preventing aggregation (Das et al. 2007).   

 

 

Table 3.1: Solubility buffers 
Solubility buffers screened against concentrated Peak-3/Buffer_A (22 kDa) oxidized 

human galectin-1 species for 24 h via button dialysis 
 

Buffer 1 100 mM K, Na phosphate, pH 6.0 

Buffer 2 100 mM K, Na phosphate, pH 5.0 

Buffer 3 100 mM Na HEPES, pH 7.5 

Buffer 4 100 mM MES, pH 6.2 

Buffer 5 100 mM Citric acid, pH 4.0 

Buffer 6 20 mM K, Na phosphate, 100 mM NaCl, 10 mM L-arginine, pH 7.0 

Buffer 7 100 mM Na HEPES, 100 mM NaCl, 10 mM L-arginine, pH 7.5 

Buffer 8 100 mM K, Na phosphate, 100 mM NaCl, 10 mM L-arginine, pH 6.0 

Buffer 9 20 mM Tris-HCl, 100 mM NaCl, 10 mM L-arginine, pH 8.0 

Buffer 10 20 mM Tris-HCl, 100 mM NaCl, 50 mM L-arginine, pH 8.0 

 

 

Following 24 h dialysis against the ten buffers listed in Table 3.1 the concentrated Peak-

3/Buffer_A (22 kDa) protein samples continued to exhibit a multimodal size distribution 

representative of large soluble aggregates (DLS analysis for Buffer 1-5 and 10 in Appendix 

D).  However, one buffer did produce a distinct result.  Dialysis against a buffer 

comprising 20 mM Tris-HCl, 100 mM NaCl, 50 mM L-arginine, pH 8.0 (Table 3.1, Buffer 

10) for 24 h produced a protein species with the lowest Rh (~ 14 nm) (Appendix D).  Buffer 

10 obviously contained the necessary components required for breaking up the large 

soluble aggregates present in a sample of concentrated Peak-3/Buffer_A (22 kDa). 
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3.3.7 Analysis of Peak-3 oxidized human galectin-1 at greater solubility 

Extensive dialysis of 1 mg/ml reduced apo human galectin-1 against Buffer 10 

supplemented with 0.001 mM CuSO4 (“Buffer_B”) for 7 days resulted predominantly in 

the production of a Peak-3-like oxidized human galectin-1 protein species.  The Peak-3 

species has been coined Peak-3/Buffer_B and SEC analysis has determined it to be 17 kDa 

in size (Figure 3.9A, indicated by arrow).  The methods section 3.2.3 specifies that 10-15 

ml of reduced apo human galectin-1 be dialysed against 1L of ‘fresh’ Buffer_B every 24 h 

for 3-4 days then left to sit.  It is important that the dialysis method be strictly adhered to 

because samples of reduced apo human galectin-1 greater than 15 ml that are dialysed 

daily against volumes of Buffer_B less than 1L will produce a protein species equivalent to 

Peak-1/Buffer_A (68 kDa) after 7 days.   

 

Like the Peak-3/Buffer_A (22 kDa) species, Peak-3/Buffer_B (17 kDa) also eluted 

earlier than that expected for monomeric oxidized human galectin-1 (14.5 kDa).  The 

higher than expected molecular weight estimate indicates that Peak-3/Buffer_B (17 kDa) 

also contains random coil structure, but the longer retention time of Peak-3/Buffer_B (17 

kDa) compared to Peak-3/Buffer_A (22 kDa) could indicate that Peak-3/Buffer_B (17 

kDa) is more properly folded.  If so, Peak-3/Buffer_B (17 kDa) may be more active than 

Peak-3/Buffer_A (22 kDa).  A difference in activity for the two proteins, specifically lower 

activity exhibited by Peak-3/Buffer_A (22 kDa) compared to Peak-3/Buffer_B (17 kDa) 

would support this suggestion. 

   

The 14.5 kDa subunit of Peak-3/Buffer_B (17 kDa) exhibited a similar mobility on 

SDS-PAGE (under non-reducing conditions) as that of Peak-3/Buffer_A (22 kDa) (Figure 

3.7, lane 6), confirming Buffer_B induced formation of intramolecular disulphide bonds.  

Also, SDS-PAGE showed no evidence of covalent oligomer formation for Peak-

3/Buffer_B (17 kDa) (Figure 3.7, lane 6).  Like that of Peak-1/Buffer_A (68 kDa) and 

Peak-3/Buffer_B (17 kDa) (22 kDa) oxidized human galectin-1 species, Peak-3/Buffer_B 

(17 kDa) was also found to be devoid of lectin activity, before and after 24 h dialysis 

against a reducing buffer, and did not reverse to the dimeric form after 24 h in a reducing 

environment (Appendix E).  DLS analysis also showed that the constituents of Buffer_B 

largely prevented concentration-induced aggregation of the Peak-3/Buffer_B (17 kDa) 

protein species, yielding predominantly a monodisperse sample.  An average Rh of 1.96 nm 
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(26.8 % polydispersity) was measured for the predominant DLS peak of a 3 mg/ml Peak-

3/Buffer_B (17 kDa) protein sample (Figure 3.9B, peak 
#
1).  Peak 

#
2 for the 3 mg/ml Peak-

3/Buffer_B (17 kDa) protein sample confirmed that some contamination of larger soluble 

aggregates persisted (Figure 3.9B, peak 
#
2) and these aggregates most likely elevated the 

baseline of the correlation function curve (Figure 3.9B, left panel).  The baseline is raised 

more than that previously, and may be representative of a more significant amount of 

aggregate. 

 

Figure 3.9: SEC and DLS analysis of human galectin-1 oxidized with Buffer_B  

A)  The elution profile of oxidized Peak-3/Buffer_B (17 kDa) from the Sephacryl 100 

column (GE Healthcare). B) One experimental repeat from the DLS analysis of 

concentrated Peak-3/Buffer_B (17 kDa) (3 mg/ml). The panel on the left shows the 

correlation function curve, the panel on the right shows the size distribution window. Peak 
#
1 is the predominant protein species and was consistently obtained over 20 experimental 

repeats. The baseline of the correlation function curve was raised because of peak 
#
2 

aggregates.  

 

 

The standard proteins bovine serum albumin, lysozyme and ovalbumin used to calibrate 

the S200 and S100 SEC columns are globular and DLS analysis of these proteins produces 
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optimal correlation function curves and a non-fluctuating predominant size distribution 

peak (Figure 3.10A-C, data peak 
#
1).  When the Rh of Peak-3/Buffer_B (17 kDa) (1.96 nm) 

is compared to a plot of measured Rh versus known molecular weight for these globular 

proteins [bovine serum albumin (2.84 nm, 67 kDa); ovalbumin (2.37 nm, 43 kDa); and 

lysozyme (1.37 nm, 14.5 kDa)], the molecular weight of Peak-3/Buffer_B (17 kDa) was 

estimated to be approximately 30 kDa in size, based on the assumption Peak-3/Buffer_B 

(17 kDa) was also a globular protein (Figure 3.10D, black dashed line).  However, 

preceding SEC analysis estimates the molecular weight of Peak-3/Buffer_B to be 17 kDa, 

which is approximately half the molecular weight estimated by the Rh versus molecular 

weight plot.  The Rh of Peak-3/Buffer_B (17 kDa) (1.96 nm) was significantly higher than 

that of 14.5 kDa lysozyme (1.37 nm), a globular protein of similar molecular weight.  A 

lack of agreement with standard proteins suggests Peak-3/Buffer_B (17 kDa) is an 

elongated structure or an extended structure due to the amount of random coil within the 

protein structure, as was also indicated by SEC analysis.  Despite the evidence supporting 

that Peak-3/Buffer_B (17 kDa) is elongated, whether Peak-3/Buffer_B (17 kDa) is a dimer 

of two elongated subunits, or an elongated monomer still eludes us.   
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Figure 3.10: Comparison of Peak-3/Buffer_B (17 kDa) with a Rh versus molecular 

weight plot for globular standard proteins 

A-C) DLS analysis of globular standard proteins. A) bovine serum albumin, B) ovalbumin 

and C) lysozyme. These proteins were used to calibrate SEC columns S200 and S100. 

Depicted in A-C is the output from one experimental repeat. The panels on the left show 

the correlation function curve, panels on the right show the size distribution window. The 

peaks within the size distribution windows are consistently produced over 20 experimental 

repeats. D) A plot of measured Rh versus known molecular weight of standard proteins. 

The plot estimates the molecular weight of Peak 3/Buffer_B (Rh = 1.96 nm) to be 30 kDa 

(dashed line), assuming Peak-3/Buffer_B (17 kDa) is globular. 

 

 

3.3.8 Oxidized human galectin-1 protects MOLT-4 leukemia cells from 

hydrogen peroxide-induced apoptosis 

MOLT-4 cells are an acute T lymphoblastic leukaemia cell line derived from peripheral 

blood.  The apoptotic affect of reduced human galectin-1 on MOLT-4 cells has been well 

characterised (Brandt et al. 2008; Dias-Baruffi et al. 2003; Stowell et al. 2007), therefore it 

was decided to test the activity of the oxidized human galectin-1 forms on MOLT-4 cells 

and to compare activity of the reduced and oxidized forms of human galectin-1.   
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The addition of reduced apo human galectin-1 (5 μM) to cultures of MOLT-4 cells 

resulted in significant loss of MOLT-4 cell viability (cells Annexin V and propidium 

iodide negative) after 4 h (Figure 3.11A, * indicates P-value < 0.001).  Annexin V binds to 

phosphatidylserine (PS) exposed on the cell surface, a feature of cells in the early stages of 

apoptosis, or dying cells (product information, Invitrogen).  Propidium iodide (PI) binds to 

DNA and RNA of dead or dying cells.  PI is membrane impermeant to live cells such that 

nucleic acids are only made accessable to PI when the plasma membrane permeability is 

compromised (product information, Invitrogen).  Figure 3.11B shows FACS data from one 

experiment with reduced apo human galectin-1-treated MOLT-4 cells.  The percentage of 

PI positive MOLT-4 cells in the 4
th

 quadrant increases (31.2 - 70.4 %) with increasing 

concentration of reduced apo human galectin-1 (“apo gal-1”) (Figure 3.11B).  In contrast, 

previous treatments of MOLT-4 cells with 3 - 20 µM reduced human galectin-1 detected 

only cells staining positive for Annexin V (Brandt et al. 2008; Dias-Baruffi et al. 2003; 

Stowell et al. 2007).  These previous studies also detected no DNA fragmentation, cell 

shrinkage or membrane blebbing of galectin-1-treated MOLT-4 cells and cells continued to 

grow normally.  In conjunction with significant PI staining, galectin-1-treated MOLT-4 

cells were observed to undergo an obvious shift to dead cell morphology (visually checked 

by microscopy).  The reducing agent dithiothreitol (DTT) has been shown to induce PI 

staining, DNA fragmentation and cell shrinkage of MOLT-4 cells at a concentration of 3 

mM (Stowell et al. 2007).  In our case, the loss of cell viability was most definitely 

induced by reduced human galectin-1, not a reducing environment (50 µM β-ME), because 

the cell viability of MOLT-4 cells grown in the presence of 50 µM β-ME is significantly 

higher (68.5 %) compared to cells grown in the absence of reducing agent (62.1 %) for 24 

h (Figure 3.11C, * indicates P-value < 0.05).   

 

A loss of cell viability also occurs when MOLT-4 cells are exposed to high levels of 

oxidative stress, such as that induced by H2O2.  When MOLT-4 cells were incubated in the 

presence of 0.1 – 0.6 mM H2O2 for 12 or 24 h, the increased dying and/or dead state was 

found to be dose- and time-dependent (Figure 3.11D).  However, addition of oxidized 

human galectin-1 was found to protect MOLT-4 cells from H2O2-induced apoptosis.  

MOLT-4 cells pretreated with 2.5, 5 and 10 μM of Peak-1/Buffer_A (68 kDa) (Figure 

3.11E, solid grey bars) and Peak-3/Buffer_B (17 kDa) (Figure 3.11E, checkered bars) for 

15 h prior to the addition of 0.2 mM H2O2, and further incubation for 24 h after the 

addition of H2O2, exhibited greater survival in the presence of oxidative stress than that of 
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their corresponding buffer controls, Buffer_A+/Gal-1-/H2O2+ and Buffer_B+/Gal-1-

/H2O2+ respectively (Figure 3.11E, 
ω
 indicates P-values < 0.05 compared to respective 

control, * indicates P-values < 0.01 compared to respective control, 
φ
 indicates P-values < 

0.001 compared to respective control).  MOLT-4 cells pretreated with 2.5, 5 and 10 µM 

Peak-1/Buffer_A (68 kDa) retain 47.5 % ± 5.5 %, 52.0 % ± 6.5 % and 53.4 % ± 2.8 % cell 

viability respectively after H2O2 assault compared to 35.4 % ± 3.8 % for the control 

(Buffer_A +/Gal-1 -/H2O2 +).  MOLT-4 cells pretreated with similar concentrations of 

Peak-3/Buffer_B (17 kDa) retain 41.1 % ± 5.9 %, 46.8 % ± 6.5 % and 45.0 % ± 1.2 % cell 

viability after H2O2 assault compared to 27.4 % ± 3.6 % for the control (Buffer_B+/Gal-1-

/H2O2+).  Although the increased survival of Peak-1/Buffer_A (68 kDa) and Peak-

3/Buffer_B (17 kDa) pretreated MOLT-4 cells is statistically significantly compared to the 

controls, the protective effect is not dose-dependent (Figure 3.11E, 
#
 indicates P-values > 

0.05 when concentrations are compared).  To determine which species of oxidized human 

galectin-1 exhibits the greatest protective affect above the control, the data across the 2.5-

10 µM range was averaged for each oxidized protein species.  Peak-1/Buffer_A (68 kDa) 

treated MOLT-4 cells exhibit an average of 15.6 % (range 43.1-60.2 %) greater cell 

viability than the control (35.4 % ± 3.8 %), whereas Peak-3/Buffer_B (17 kDa) treated 

MOLT-4 cells exhibit an average 16.9 % (range 35.8-53.2%) greater cell viability than the 

control (27.4 % ± 3.6 %).  The black bar of Figure 3.11E (Buffer-/Gal-1-/H2O2-) shows 

that the starting culture of MOLT-4 cells exhibited approximately only 70 % cell viability 

before commencing the experiment.  The protective affect afforded by incubation with 

Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_B (17 kDa) for 15 h prior to toxic oxidative 

assault may have been compromised by using MOLT-4 cells with less than optimal 

viability prior to the experiment.   

 

In contrast to a protective affect, pretreatment of MOLT-4 cells with 2.5-10 μM of 

Peak-3/Buffer_A (22 kDa) (Figure 3.11E, grey dotted bars) exhibits lower cell viability 

than that of the Buffer_A+/Gal-1-/H2O2+ buffer control, suggesting Peak-3/Buffer_A (22 

kDa) enhances the necrotic affect of 0.2 mM H2O2.  Peak-3/Buffer_A (22 kDa) is 

concentrated to 3 mg/ml for assay with MOLT-4 cells.  DLS analysis determined 

concentrated Peak-3/Buffer_A (22 kDa) to be a heterogeneous mix of large soluble 

aggregates (Figure 3.8B).  The formation of large particulates may conceal protein active 

sites and/or the settling of large particulates onto MOLT-4 cells may have adversely 

affected cell survival.   
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A MOLT-4 assay such as this is unprecedented for the analysis of oxidized human 

galectin-1 activity.  Inspiration for this assay however came from reading Jiang et al 

(2003) and their study on the protective effect puerarin has on rat PC12 carcinoma cells 

from H2O2-induced apoptosis.  Puerarin is a flavonoid derived from the plant species 

Pueraria lobata.  Jiang et al (2003) preincubated PC12 cells with peurarin (50 and 100 

µM) for 12 h before exposing the cells to a toxic concentration of H2O2 (0.5 mM) for an 

additional 12 h (Jiang et al. 2003).  Simultaneously analysing the expression of apoptosis 

regulatory proteins Bcl-2 and Bax most definitely should be considered for future cell 

culture assays of oxidized human galectin-1 activity. 
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Figure 3.11: The effect of human galectin-1 on MOLT-4 cells is redox dependent  

A) Reduced apo human galectin-1 (5 µM) induces significant loss of MOLT-4 cell 

viability compared to no galectin-1 (* indicates P-value < 0.001). B) PI positive MOLT-4 

cells in the 4
th

 quadrant increases (31.2 - 70.4 %) with increasing concentration of reduced 

apo human galectin-1. PI % values for one experiment are bolded. C) Reducing conditions 

(+50 µM β-ME) for 24 h affects MOLT-4 cell viability more favourably than non-reducing 

conditions for a similar period of time (* indicates P-value < 0.05). D) Incubation of 

MOLT-4 cells with 0.2, 0.4 and 0.6 mM H2O2 for 12 or 24 h adversely affects MOLT-4 

cell survival. Data represent the mean and ± SD from three different analyses. E) The pre-

treatment of MOLT-4 cells with Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_B (17 kDa) 

for 15 h (solid grey and black checkered bars respectively), prior to oxidative stress 

(induced with 0.2 mM H2O2 exposure), significantly protects from H2O2-induced loss of 

cell viability compared to controls (Buffer_A+/Gal-1-/H2O2+ and Buffer_B+/Gal-1-

/H2O2+ respectively) (
ω
 indicates P-values < 0.05 compared to respective control, * 

indicates P-values < 0.01 compared to respective control, 
φ
 indicates P-values < 0.001 

compared to respective control).  Data are presented as mean ± SD (n = 4). The protective 

effect is not dose-dependent (
#
 indicates P-value > 0.05).  Significance was determined 

with a two-way ANOVA, followed by Turkey’s multiple comparison test using GraphPad 

Prism software (version 3.0). 
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3.3.9 Oxidized human galectin-1 does not possess peroxiredoxin-like activity 

Mammalian peroxiredoxins (Prxs) are located both intra- and extracellularly and are 

able to reduce H2O2 and organic hydroperoxides via oxidation of their redox-reactive 

cysteines (Chen et al. 2007; Georgiou and Masip 2003; Jönsson and Lowther 2007; Wood 

et al. 2003).  H2O2 scavenging ability like that of Prxs might be a possible mechanism 

underlying Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_B (17 kDa) protection of 

MOLT-4 cells from H2O2-induced apoptosis.  To explore the possibility of oxidized 

galectin-1 having a peroxiredoxin-like H2O2 scavenging role, Peak-1/Buffer_A (68 kDa) 

and Peak-3/Buffer_B (17 kDa) were incubated with H2O2 in media for 24 h.  The 

remaining concentration of H2O2 within reaction mixtures post-24 h incubation was 

determined by the Amplex
®
 Ultrared assay (Molecular Probes).  The extreme sensitivity of 

the Amplex Ultrared assay is shown by the standard curve which was linear up to 781.25 

nM H2O2 (Figure 3.12A).  Hence, incubation of oxidized human galectin-1 protein species 

with H2O2 was performed with much lower H2O2 concentrations than those used for the 

MOLT-4 experiments.  Using the same ratio as 5 µM oxidized human galectin-1/0.2 mM 

H2O2, 781.25 nM of H2O2 was incubated with 0.0195 μM of Peak-1/Buffer_A (68 kDa) 

and Peak-3/Buffer_B (17 kDa) in media for 24 h at 37 ºC.  Functionally active Peak-

1/Buffer_A (68 kDa) and Peak-3/Buffer_B (17 kDa) species exhibited no ability to reduce 

H2O2 beyond that of their respective controls, Buffer_A and Buffer_B respectively (Figure 

3.12B and C respectively).   

 

The fluorescent Amplex
®
 Ultrared assay is a coupled reaction that utilizes horseradish 

peroxidase (HRP) reduction of H2O2 by simultaneously oxidizing the Amplex
®
 Ultrared 

dye (the oxidized form fluoresces red).  The significant increase in fluorescence for the 

Peak-3/Buffer_B (17 kDa) species (Figure 3.12C, * indicates P-value < 0.05) suggests this 

form either enhances the HRP/H2O2 reaction or produces H2O2.  To test the latter, samples 

of 0 or 0.0195 μM of Peak-3/Buffer_B (17 kDa) in media were incubated for 24 h at 37 ºC 

then mixed with HRP and the Amplex
®
 Ultrared dye to test for H2O2 production.  No red 

fluorescence was detected (Figure 3.12D, fluorescence emission ~ 400-500). 

 

In contrast to oxidized human galectin-1, reduced apo human galectin-1 does 

significantly lower H2O2 levels after 24 h in media (in the presence of 50 µM β-ME) 

compared to no galectin-1 (Figure 3.12E, * indicates P-value < 0.05).  When the Amplex
®
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Ultrared assay is conducted in the absence of HRP there is no signal (Figure 3.12F, 

fluorescence emission ~ 400-500), which indicates reduced apo human galectin-1 does not 

function as a peroxidase.  Reduced human galectin-1 has likely consumed H2O2 via 

oxidation of the free thiol cysteines.  Oxidized human galectin-1 forms, Peak-1/Buffer_A 

(68 kDa) and Peak-3/Buffer_B, are likely unable to consume H2O2 because the cysteines 

are in a stable state of oxidation. 
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Figure 3.12: Oxidized human galectin-1 does not consume hydrogen peroxide 

A) A standard curve showing the Amplex Ultrared assay is able to detect nM amounts of 

H2O2. B-C) Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_B (17 kDa) do not decrease 

H2O2 levels compared with the reactions without oxidized human galectin-1 (controls 

Buffer_A and Buffer_B respectively) after 24 h. The Peak-3/Buffer_B (17 kDa) species 

increases H2O2 concentration after 24 h compared to the buffer control (* indicates P-value 

< 0.05). D) The Peak-3/Buffer_B (17 kDa) species does not produce H2O2 (fluorescence 

emission between 400-500 indicates no signal). E) Reduced apo human galectin-1 reduces 

H2O2 levels beyond that of the buffer control (* indicates P-value < 0.05) after 24 h. F) In 

the absence of HRP there is no signal (fluorescence emission between 400-500), indicating 

reduced apo human galectin-1 is not a peroxidase. 

 

 

3.3.10 Crystallisation of the Peak-3/Buffer_B (17 kDa) oxidized human 

galectin-1 form 

The drops of crystallisation trials set up using 4 mg/ml Peak-3/Buffer_B (17 kDa) and 

the crystallisation conditions of Hampton Reseach crystal screens (original and #2) 

produced microcrystals, light-to-heavy precipitate, salt crystals (as determined by X-ray 

diffraction analysis) or remained clear just days after the crystal screens were prepared and 

up until several months of incubation later.  Of the drops that remained clear, the pH and 

salt and precipitant concentrations of fourteen were extensively optimized in attempt to 

induce the nucleation of crystals, however, no crystalline material was generated.  Shown 

in Figure 3.13A-B are two shapes born from two screens which were optimization of two 
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Hampton Research crystallisation conditions that originally produced clear drops (Figure 

3.13A-B).  The shapes appear crystalline but are actually thin fibre-like structures.  The 

protein nature of these shapes was not verified.  Further optimization experiments involved 

the transfer of microcrystals which grew in drops from eighteen different Hampton 

Research crystallisation conditions into “fresh” 24 h equilibrated drops comprised of: 2 μl 

of protein solution containing 20 mM Tris-HCl, 100 mM NaCl, 50 mM L-arginine, pH 8.0, 

15 % v/v glycerol, 7.5 mg/ml of Peak-3/Buffer_B (17 kDa) oxidized human galectin-1; 

and 2 μl of the respective Hampton Research crystallisation condition.  The addition of 

glycerol to the protein solution allowed Peak-3/Buffer_B (17 kDa) to be concentrated to 

7.5 mg/ml.  Four drops into which microcrystals were seeded grew the irregular shapes 

shown in Figure 3.13C-F.  The pictures shown in Figure 3.12C-F appear deceptively like 

crystals, unfortunately, when the drops were opened the shapes were confirmed to be 

irregularly shaped fibre-like structures.  Again, the protein nature of these shapes was not 

verified. 

 

Amelogenin is a ~ 20 kDa protein postulated to have a structural role in enamel 

mineralization.  The crystallisation of amelogenin via hanging-drop vapour-diffusion is 

well characterised to produce microribbon structures.  The microribbons do not produce 

periodic X-ray diffraction, but do give birefringent X-ray diffraction
3
 (Du et al. 2005; 

Moradian-Oldak et al. 2006).  The irregular fibre-like shape shown in Figure 3.13C 

produces no X-ray diffraction of any kind (data not shown). 

 

                                                 
3
 Birefringement is the decomposition of a ray of light into two rays (the ordinary ray and the extraordinary 

ray) when it passes through certain types of material. 
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Figure 3.13: A-F) Irregularly shaped fibre-like structures which grew from vapour-

diffusion hanging drops containing different crystallisation conditions and Peak-

3/Buffer_B (17 kDa) protein  

 D                                       E                                        F                                                                                   

 A                                       B                                        C                                                                                   
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3.4 Discussion 

Disease, infection and injury disrupt the healthy reductive redox potential of the body as 

these conditions are associated with oxidative stress (Christen 2000; Ding et al. 2007; Friis 

2005; Giles 2006; Horton 2003; Huber and Parzefall 2007; Ljubuncic et al. 2000; Rana et 

al. 2006; Singal et al. 1998; Winterbourn et al. 2000).  If an oxidizing environment persists 

for too long, serious damage can be afflicted upon the surrounding tissue.  Those cells 

resilient under oxidative assault are immune cells.  Oxidative stress, particularly increased 

reactive oxygen species (ROS) production, stimulates immune cells to remove injurious 

stimuli and to initiate the healing process (Elahi and Matata 2008; Ortona et al. 2008).  

Galectin-1 is a protein that is ubiquitously expressed throughout the body and its function 

in regards to the immune system is well established.  In a reducing environment galectin-1 

is a homodimer with β-galactoside binding specificity, and via a lectin-dependent 

interaction with the cell surface of activated T cells, galectin-1 induces death-receptor 

pathways (Brandt et al. 2008; Dias-Baruffi et al. 2003; Stowell et al. 2007).  Apoptosis is 

crucial to maintaining T cell homeostasis and galectin-1 is thought to be involved in this 

process.  In contrast, a cell surface interaction between oxidized monomeric galectin-1 and 

macrophages stimulates the release of an axonal regenerating factor(s) from macrophages 

at sites of axotomy (Horie et al. 2004).  The involvement of oxidized human galectin-1 in 

other oxidative stress associated conditions, such as cancer, remains unanswered and is the 

reason for the structural and functional investigation of the oxidized form of human 

galectin-1 during my Ph.D project. 

 

During this Ph.D project a dialysis oxidation method using a simple Tris buffer, 

“Buffer_A”, generated a heterogeneous sample of oxidized human galectin-1 from the 

reduced apo form.  From the heterogenous sample a single 68 kDa protein peak could be 

isolated following SEC separation.  However, subsequent SDS-PAGE analysis suggested 

Peak-1/Buffer_A (68 kDa), as it was coined, was comprised of multiple covalent 

oligomers.  The formation of covalent oligomers upon oxidation of human galectin-1 has 

previously been reported by Hirabayashi et al (1991).  The SDS-PAGE result suggests 

Peak-1/Buffer_A (68 kDa) is a composite of 14.5 kDa subunits that interact via disulphide 

bonds (inter- and intramolecular) and possibly hydrophobic interactions to form an 

oligomer with an apparent molecular weight of 68 kDa.  Additionally, DLS revealed that 
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concentrated Peak-1/Buffer_A (68 kDa) is a polydisperse protein sample, which indicates 

the sample contains multiple protein species.      

 

In contrast to the formation of covalent oligomer species upon oxidation of human 

galectin-1, Inagaki et al (2000) reported on the generation of a monomeric species that 

contained intramolecular disulphide bonds.  The successful generation of an anticipated 

oxidized monomeric form from dialysis oxidation was not so straightforward.  From the 

heterogeneous oxidized human galectin-1 sample generated by Buffer_A, a single 22 kDa 

protein peak, “Peak-3/Buffer_B” could also be isolated following SEC separation.  

Dialysis oxidation using a more complex Tris buffer, “Buffer_B”, generated a smaller 

species of oxidized human galectin-1, “Peak-3/Buffer_B”, which SEC estimated to be 17 

kDa in size.  SDS-PAGE confirmed the Peak-3/Buffer_A (22 kDa) and Peak-3/Buffer_B 

(17 kDa) oxidized species contained intramolecular disulphide bonds.  As the SEC 

standard curve calculated molecular weights imply, both these oxidized forms eluted from 

SEC columns after reduced dimeric human galectin-1 (estimated to be 30 kDa in size in 

the presence of lactose), which suggested these oxidized forms may be monomeric.  

However, the results presented in this chapter further describe that Peak-3/Buffer_A (22 

kDa) and Peak-3/Buffer_B (17 kDa) elute earlier than would be expected for a monomeric 

species (14.5 kDa), suggesting the Peak-3 form deviates from a globular shape.  This 

phenomenon indicates oxidized species Peak-3/Buffer_A (22 kDa) and Peak-3/Buffer_B 

(17 kDa) contain a degree of random coil within their structure.  Random coil reduces 

structural density and so protein structures become larger because they are less compact 

and elongated, resulting in elution with an apparent larger molecular weight (Fredenburg et 

al. 2007; Robson et al. 2002).   

 

Dynamic light scattering analysis of Peak-3/Buffer_A (22 kDa) and Peak-3/Buffer_B 

(17 kDa) species of oxidized human galectin-1 at 3 mg/ml revealed that only the protein 

concentrated in Buffer_B, Peak-3/Buffer_B (17 kDa), remains largely structurally mono-

disperse.  The predominant species of the concentrated Peak-3/Buffer_B (17 kDa) protein 

sample exhibits a hydrodynamic radius (1.96 nm) greater than that measured for reduced 

dimeric human galectin-1 (Rh = 1.88 nm in the presence of lactose).  The Rh of Peak-

3/Buffer_B (17 kDa) is also much larger than that expected for a globular protein, as 

revealed by comparison with 14.5 kDa lysozyme (Rh = 1.37 nm), and with 18 kDa 
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monomeric rotavirus VP8* protein that has a galectin-like -sandwich fold (Rh = 1.42 nm) 

(Yu et al. 2008).  Large amounts of random coil within the Peak-3/Buffer_B (17 kDa) 

protein structure may be reason for the large increase in Rh compared to proteins of similar 

molecular weight (lysozyme and rotavirus VP8* protein).  Alternatively, Peak-3/Buffer_B 

(17 kDa) may dimerise upon concentration, and so Peak-3/Buffer_B (17 kDa) may be a 

dimer comprised of two oxidized subunits slightly more elongated (Rh = 1.96 nm) than that 

of two reduced subunits (Rh = 1.88 nm).  At mg/ml concentrations the phenomenon of 

artificial dimerisation has been observed with N- and C-terminus mutants specifically 

generated to disrupt the galectin-1 dimeric interface (Cho and Cummings 1996).  The SEC, 

DLS and SDS-PAGE techniques are limited in their extent of analysis.  A 3D structure of 

Peak-3/Buffer_B (17 kDa) would provide many answers, but attempts to obtain a crystal 

structure of this protein remain ongoing. 

 

Assay against the MOLT-4 lymphoblastic leukaemia cell line is well established for 

reduced galectin-1, and was used herein to compare the activity of reduced and oxidized 

forms of human galectin-1.  Reduced human galectin-1 is known to induce the exposure of 

PS on the cell surface of activated T cells (measured by Annexin V staining), which may 

prime activated lymphocytes for their phagocytic removal by macrophages (Dias-Baruffi et 

al. 2003).  In addition to Annexin V staining, galectin-1 treated MOLT-4 cells in this 

report also exhibited PI staining, which indicates lysed cells.  PI staining has not been 

reported for similar experiments performed by other studies (Brandt et al. 2008; Dias-

Baruffi et al. 2003; Stowell et al. 2007).  Contradictory results could not have arisen from 

the use of 5 µM reduced apo human galectin-1 herein because 3-20 µM was used by other 

groups.  The health of the MOLT-4 cells prior to galectin-1 treatment was not 100 %, so it 

is conceivable that galectin-1 in this less than healthy state binds to different receptors and 

induces the activation of different cell death signaling cascades.   

 

In contrast, Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_B (17 kDa) forms of 

oxidized human galectin-1 were shown to have a protective effect against H2O2-induced 

apoptosis of MOLT-4 cells.  The protective effect upon the leukaemia cell line is mediated 

by neither a lectin-dependent interaction or via H2O2 scavenging activity.  It is well 

established that the cysteine residues of oxidized human galectin-1 are engaged in 

disulphide bonds (Inagaki et al. 2000; Kadoya and Horie 2005; Kadoya et al. 2005), and so 
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an inability by Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_B (17 kDa) to reduce H2O2 

confirms the cysteines are all indeed in a stable oxidized state.  Also, it was determined by 

SDS-PAGE analysis that these oxidized states are intra- and/or intermolecular disulphide 

bonds.  In the context of injured axons it is known that oxidized galectin-1 interacts with 

the cell surface of intraperitoneal macrophages that are recruited to the injured area (Horie 

et al. 2004).  MOLT-4 cells are T lymphoblasts, and as T lymphoblasts and macrophages 

are both immune cells it is rational to speculate that Peak-1/Buffer_A (68 kDa) and Peak-

3/Buffer_B (17 kDa) might interact with MOLT-4 cells via a similar cell surface receptor.  

Further, Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_B (17 kDa) do not exhibit a dose-

dependent protective effect on MOLT-4 cells against excess H2O2-induced apoptosis, 

which suggests an interaction between these two oxidized forms and a MOLT-4 cell 

surface receptor has been saturated.  

 

Although significant, the protective effect for both forms is low (< 20 % more cell 

viability above controls).  The low level protective effect might be due to H2O2 toxicity 

overwhelming oxidized human galectin-1 activity, or because the conformation of Peak-

1/Buffer_A (68 kDa) and Peak-3/Buffer_B (17 kDa) is not optimal.  Peak-1/Buffer_A (68 

kDa) may represent a non-physiological aggregate form whereby the active sites are 

partially sterically hindered by protein bulk, and Peak-3/Buffer_B (17 kDa) may not be 

folded correctly due to the presence of random coil.  The inclusion of L-arginine in 

Buffer_B is unlikely to have interfered with the folding and/or activity of Peak-3/Buffer_B 

(17 kDa) because previous use of L-arginine has not altered the structure of other proteins, 

nor has it prevented specific protein-protein and protein-RNA interactions (Golovanov et 

al. 2004).  Although unfolding is a possible explanation for low activity, one needs to keep 

in mind that Peak-3/Buffer_B (17 kDa) may represent an active, unfolded form of protein. 

 

Future directions for further investigation of the Peak-3/Buffer_B (17 kDa) oxidized 

human galectin-1 species are 2-fold, a) to study the activity of Peak-3/Buffer_B (17 kDa) 

in the tumour environment and b) to determine the X-ray crystallographic structure of 

Peak-3/Buffer_B.  The latter is ongoing and being undertaken in the Blanchard group, and 

future cell culture experiments will be conducted in collaboration with Dr. Steve Ralph.  

The cell culture experiments in the first instance will involve treating endothelial cells with 

Peak-3/Buffer_B (17 kDa).  As described in chapter 1 (section 1.5), the growth of new 
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blood vessels (angiogenesis) is an important process during tumourigenesis, and 

endothelial cell adhesion and migration is an important process during angiogenesis.  

Oxidative stress induced by H2O2 stimulates angiogenesis in cultured endothelial cells 

(Sihvo et al. 2003).  Considering galectin-1 is over-expressed by many cancers, it may be 

the case that oxidized human galectin-1 protects endothelial cells from toxic oxidative 

stress as it does for MOLT-4 cells.  Alternatively, oxidized human galectin-1 may play a 

role(s) in stimulating angiogenesis activity in endothelial cells.  Another possible direction 

would be to test the affect of Peak-3/Buffer_B (17 kDa) on solid tumour cancer cells.  The 

protective affect of oxidized human galectin-1 was observed on a cancerous cell line from 

the immune cell lineage, but cancer cells do become less differentiated as their 

aggressiveness increases (Pelengaris and Khan 2006), which is rationale for testing 

whether Peak-3/Buffer_B (17 kDa) exerts a protective affect on solid tumour cancer cells 

such as breast, melanoma, prostate and colon cancer cells.  
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Chapter 4 – Crystallisation, X-ray diffraction analysis and X-

ray crystallographic structure determination of recombinant 

human galectin-1 

 

4.1 Introduction 

Besides disaccharide β-galactosides, galectin-1 also binds to larger poly-N-

acetyllactosamine and branched complex-type N-glycan ligands (Figure 1.5, chapter 1).  

Asialofetuin, a large endogenous ligand of galectin-1, is a glycoprotein containing terminal 

triantennary β-galactosides that demonstrates variation in binding affinity to galectin-1 

across a pH range (Ahmed et al. 1990; Ahmed et al. 1996).  Changes in pH can affect the 

energetic and structural properties of proteins, which in turn affects protein activity.  

However, it has not yet been established for galectin-1 whether pH-induced structural 

rearrangements occur in the carbohydrate-binding site (Figure 1.4A, binding subsites C 

and D) and/or adjacent regions (Figure 1.4A, binding subsites A, B and E and surrounding 

loops) that could be responsible for variation in asialofetuin binding affinity.   

 

The crystal structures of bovine galectin-1 bound to biantennary complex-type 

saccharides were obtained under reducing conditions and within the pH range 5.0-6.0 by 

Bourne et al (1994) (pdb codes: 1SLC; 1SLB and 1SLA) (Bourne et al. 1994).  The sole 

X-ray crystallographic structure of wild-type human galectin-1 bound to lactose was 

obtained under reducing conditions at pH 5.6 by Lopez-Lucendo et al (2004) (pdb code: 

1GZW) (Lopez-Lucendo et al. 2004).  Both groups collected data on galectin-1 at low 

temperatures.  Data were collected at cryo temperatures to a resolution of 1.7 Å for the 

human galectin-1 crystal structure and at 4 ºC to resolutions of 2.15 Å, 2.3 Å and 2.45 Å 

for 1SLC, 1SLB and 1SLA bovine galectin-1 crystal structures (Bourne et al. 1994; Lopez-

Lucendo et al. 2004).  In silico investigations of human and bovine galectin-1 and their 

interactions with aglycon, trisaccharides and tetrasaccharides have been performed using 

these crystal structures, and predict that part of these ligands extend outside the 

characterized galectin-1 carbohydrate-binding site (Ford et al. 2003; Giguere et al. 2006).  

These preliminary in silico investigations suggest that regions adjacent to the traditionally 

defined carbohydrate-binding site are important to ligand binding and could possibly 

provide additional and/or alternative areas to be targeted in the advancement of the design 
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of more potent and specific galectin-1 therapeutics, particularly utilizing modifications of 

ligands larger than glycoside disaccharides.  In situ experimental data in support of these in 

silico investigations has been provided recently by NMR analysis of the interaction 

between human galectin-1 and a large GRG (galactorhamnogalacturonate) complex glycan 

with a weight-average molecular weight of 120 kDa.  Exact structural details for GRG are 

not available, but it is known that the backbone of the GRG polymer is mainly comprised 

of α-(1→2)-L-rhamnosyl-α-(1→4)-D-galacturonosyl residues and galactose moieties are 

randomly distributed via β(1→4) linkages within the side chains (many are at terminal 

positions).  NMR identified that GRG interacts with a larger area on the human galectin-1 

binding face that runs from the carbohydrate-binding site towards the dimeric interface 

(Miller et al. 2009). 

 

Chapter 2 details the structural differences between the liganded and the apo form of 

both bovine and human galectin-1.  These differences were determined by protease assay 

and SANS analysis by other groups, and via size exclusion chromatography and dynamic 

light scattering analyses during this Ph.D.  To date, structural differences have not been 

analysed via comparison of X-ray crystallographic structures or NMR structures that 

would give atomic detail of such differences.  Figure 2.11 and 2.13 in chapter 2 of this 

thesis show that compared to the lactose-liganded form, apo human galectin-1 exhibits a 

longer retention time on size exclusion chromatography columns, which suggests the 

structure is elongated, and has a smaller hydrodynamic radius.  SANS analysis performed 

by He et al (2003) shows that apo human galectin-1 has a larger radius of gyration than the 

liganded dimer (He et al. 2003).  Additionally, in the presence of protease Abbott et al 

(1991) has shown that liganded bovine galectin-1 is more resistant to proteolysis than the 

apo form (Abbott and Feizi 1991).  Despite the structural differences between the liganded 

and the apo form of galectin-1 reported by Abbott et al (1991) and He et al (2003) known 

prior (Abbott and Feizi 1991; He et al. 2003), in silico investigations using the crystal 

structures of dimeric galectin-1 originally complexed with ligand were nevertheless 

performed.  Using protein structures originally complexed with ligand for in silico drug 

design may not be optimal since ligand binding can induce conformational changes that 

might obscure areas that are more appropriate targets for inhibitors.  For future in silico 

investigations an X-ray crystal structure of apo human galectin-1 would be valuable so that 

comparison between liganded and apo forms can be made at the atomic level.   
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The X-ray crystal structures of C2S and R111H mutant human galectin-1 proteins have 

been solved in the apo form by Lopez-Lucendo et al (2004) (Lopez-Lucendo et al. 2004), 

and so one could argue that these additional crystal structures are adequate representatives 

of apo structures.  However, the authors determined that both mutants exhibited decreased 

ability to bind lactose and LacNAc compared to apo wild-type human galectin-1 (as 

determined by isothermal titration calorimetry).  The crystal structures of the two mutants 

show that the Cys2 → Ser and Arg111 → His mutations have triggered a series of 

displacements that affect the F1-S2, F2-S3, S6-F3 loops (Figure 1.4B, loops coloured 

black, blue and green respectively).  Additionally, for the R111H mutant there is 

movement of the S5–S6a and S4–S5 loops (Figure 1.4B, loops coloured magenta and 

yellow respectively), and as a consequence, residues His52 and Trp68 known to be 

involved in ligand binding are shifted from their original position.  These structural 

changes induced by the mutations may be the cause of reduced β-galactoside binding 

ability.   

 

Besides obtaining a crystal structure of wild-type human galectin-1, an aim of this Ph.D 

project was to solve additional structures of human galectin-1 from crystals grown under 

different crystallisation conditions, and/or different crystal forms.  The comparison of these 

novel crystal structures with the published structure and each other has potential to provide 

novel and useful structural information for in silico investigations of the interaction of 

human galectin-1 with various carbohydrate scaffolds.  Such structures will enable 

assessment of putative pH and/or osmolarity induced structural differences that may affect 

interaction with carbohydrates.  The significance of any structural difference based on the 

comparison of independently solved crystal structures however depends critically on 

knowing the accuracy of each atomic position within those structures.  One factor that 

affects the accuracy of a crystal structure is the ratio of observations-to-refineable 

parameters.  Atomic coordinates (x, y, z) as well as isotropic temperature (B-factors) are 

generally included as refinable parameters for medium to high data resolution.  The 

number of observations increases with observed resolution of diffraction.  If resolutions of 

2.5-2.0 Å are attainable the observations-to-refineable parameters ratio increases, which 

can improve the accuracy of the crystal structure and help to avoid over-fitting (Merritt 

1999; Stroud and Fauman 1995).  In the interests of structural comparison, an aim of this 

Ph.D was to obtain novel crystal structures of human galectin-1 at a resolution comparable 
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to that of the published structure (1.7 Å), so that greater resolution data might positively 

impact on the accuracy of protein atom positioning. 

 

Hampton Research crystal screens (original and #2) were used to obtain initial crystals 

of human galectin-1.  Most drops produced precipitate, small microcrystals or remained 

clear, but various crystal forms did grow from approximately 10-15 different crystallisation 

conditions.  In many instances the Hampton Research crystallisation conditions yielding 

crystals were optimized by way of screening human galectin-1 protein with crystallisation 

conditions comprised of various combinations of pH and salt and precipitant 

concentrations in attempt to produce more single, larger and better diffracting crystals.  

This chapter describes the crystallisation and X-ray diffraction data collected from human 

galectin-1 crystals grown in the presence of reducing agent and under eight novel 

crystallisation conditions; seven in the presence of lactose; one in the absence of lactose.  

Additonally, the steps performed to solve and refine two crystal structures of human 

galectin-1 bound to lactose (“complex-1” and “complex-2”) and one crystal structure of 

apo human galectin-1 (“apo”) are described.  In brief, complex-1 and -2 were solved in 

space group P21 and were obtained from crystals grown at different pH.  The crystal 

structure of apo wild-type human galectin-1 was solved in space group P212121.  Obtaining 

a crystal structure of the apo form is most significant particularly as at the time of printing 

this thesis (September 2009) this report showcases the first apo wild-type human galectin-1 

crystal structure.  

 

Parts of this chapter have been published in our paper ‘Stacy A. Scott, Ken Scott and 

Helen Blanchard. Crystallization and preliminary crystallographic analysis of recombinant 

human galectin-1. Acta Crystallographica Section F, 2005, F63, 967-971.’ (Appendix H).   
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4.2 Methods 

4.2.1 Crystallisation of recombinant human galectin-1 in the presence and 

absence of lactose 

Protocols for the preparation of human galectin-1 protein in the presence and absence of 

lactose are detailed in chapter 2 sections 2.3.6-2.3.7.  A crystallisation screen was set up 

with recombinant human galectin-1 and the crystallisation conditions of Hampton 

Research crystal screens (original and #2).  The hanging-drop vapour-diffusion method 

(McPherson 1990) was used at room temperature in 24-well plates (0.5 ml reservoir 

solution).  Essentially, each drop of these initial screens consisted of 1 μl of solution 

containing 20 mM K, Na phosphate, pH 7.0, 4 mM -ME, with or without 5 mM lactose, 

10 mg/ml of recombinant human galectin-1; and 1 μl of a Hampton Research 

crystallisation condition supplemented with β-ME (to a final concentration of 1 % within 

the reservoir solution).  The screens did yield crystalline material of protein nature, as 

assessed by X-ray diffraction analysis.  In some instances Hampton Research 

crystallisation conditions were optimized in attempt to yield better diffracting crystals.  

Optimization involved the screening of human galectin-1 protein with crystallisation 

conditions comprised of various combinations of pH (5.0-9.0) and salt and precipitant 

concentrations.   

 

4.2.2 X-ray diffraction data collected in-house 

Crystals were mounted in quartz capillaries (0.7-1.0 mm in diameter) and X-ray 

diffraction data were collected at 295 K using a ProteumR (Bruker AXS, Madison, WI, 

USA) diffractometer with MacScience M06X
CE

 rotating anode generator (CuKα λ 

=1.5418Å) and equipped with a SMART6000 CCD detector.  

 

4.2.3 Synchrotron X-ray diffraction data collection 

Two sources of synchrotron light were utilized; beamline 8.3.1 at the Advanced Light 

Source synchrotron (ALS, California, USA; wavelength 1.1159 Å at 100 K) using an 

ADSC CCD detector and beamline BL9-2 at the Stanford Synchrotron Radiation 

Laboratory (SSRL, California, USA; wavelength 0.97946 Å) using a MAR325 CCD 

detector.  Crystals were dipped into a cryoprotectant solution (details of the solutions’ 
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contents are in the results section) and flash frozen using liquid N2 prior to X-ray 

diffraction analysis at the synchrotron.   

 

4.2.4 X-ray diffraction analysis, crystal structure determination and 

refinement 

A number of X-ray crystallographic programs were utilized for X-ray diffraction analysis, 

crystal structure determination and refinement.  PROTEUM (Bruker AXS, Madison, WI, 

USA) was used to determine the unit-cell parameters and crystal system associated with 

the particular crystal.  Data sets collected in-house were integrated using SAINT (Bruker 

AXS, Madison, WI, USA), synchrotron data sets were integrated using MOSFLM (Leslie 

1992).  All of the programs used to analyse the integrated data sets are incorporated within 

the CCP4 suite (Collaborative Computational Project 1994) (http://www.ccp4.ac.uk).  Data 

that were scaled using SCALA (Evans 1993) were used to determine the crystal structure 

using AMoRe (Navaza 1994).  Refinement and model building was performed using 

Refmac5 (Murshudov et al. 1997) and COOT (Emsley and Cowtan 2004) respectively.  

The addition of waters was checked manually and the geometry of the structures was 

checked using PROCHECK (Laskowski et al. 1993).  Surface electrostatic potentials were 

calculated in PyMOL using the vacuum electrostatics method.  Specially, local protein 

contact potentials (amino acid charges) are computed with the Assisted Model Building 

and Energy Refinement (AMBER 99) force field in PyMOL and projected onto the protein 

surface.  Red patches of colour denote negatively charged surface, whereas blue patches of 

colour denote positively charged surface.  PyMOL’s built-in electrostatic potential 

calculation tool provides qualitative information only (no units of surface electrostatic 

potential can be supplied). Figures were also created using PyMOL (DeLanoScientific 

2002).  

http://www.ccp4.ac.uk/
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4.3 Results  

4.3.1 Crystallisation of recombinant human galectin-1 in the presence of 

lactose and analysis of resulting crystals  

Table 4.1 lists the components of the seven different reservoir solutions from which 

seven crystals of human galectin-1 grew (crystals also grown in the presence of β-ME and 

lactose) (Figure 4.1, crystals A-G).  Crystals A, C, D and G were derived from Hampton 

Research crystallisation conditions.  Crystals B, E and F were derived from optimized 

Hampton Research crystallisation conditions.  Crystals A-E were obtained within days of 

the drops being set up, whereas crystal F and G did not appear until three months after the 

drops were set up.  The crystals are of various shapes and sizes, and the protein nature of 

the crystals grown under the seven new crystallisation conditions was demonstrated via X-

ray diffraction analysis. 

 

Table 4.1: Crystallisation conditions (reservoir solutions), crystal dimensions and 

maximum observed diffraction resolution for crystals A-G 
 

Crystal Reservoir solution 

Crystal 

dimensions 

(mm) 

Maximum 

diffraction 

observed 

(Å) 

A 
20% 2-propanol, 0.1 M sodium citrate pH 

5.6, 20% PEG 4000, 1% β-ME 
1.63 x 0.25 x 0.25 2.4 

B 
1.8 M (NH4)2SO4, 0.1 M sodium citrate 

pH 5.6, 0.2 M sodium tartrate, 1% β-ME 
0.5 x 0.5 x 0.1 3.5 

C 
30% PEG 8000, 0.1 M sodium cacodylate 

pH 6.5, 0.2 M (NH4)2SO4, 1% β-ME 
0.75 x 0.25 x 0.025 3.0 

D 

20% PEG 8000, 0.1 M sodium cacodylate 

pH 6.5, 0.2 M magnesium acetate, 1%  

β-ME 

0.75 x 0.25 x 0.08 2.7 

E 
20% PEG 550, 0.1 M MES pH 6.0, 0.01 

M ZnSO4, 1% β-ME 
0.13 x 0.13 x 0.13 2.8 

F 
30% PEG 4000, 0.1 M Tris–HCl pH 8.0, 

0.2 M Li2SO4, 1% β-ME 

0.35 x 0.063 x 

0.063 
2.0 

G 
30% PEG 4000, 0.1 M sodium citrate pH 

5.6, 0.2 M ammonium acetate, 1% -ME 
0.75 x 0.25 x 0.125 2.0 
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Figure 4.1: Human galectin-1 crystals grown in the presence of β-ME and excess 

lactose  

Crystals A-G shown in A-G were produced via hanging-drop vapour-diffusion at 295 K. 

The scale bar represents 0.5 mm (all photographs are on the same scale). 

 

 

Crystals A and B (Figure 4.1A-B) were tested for X-ray diffraction using our in-house 

X-ray source.  Crystal A (Figure 4.1A) cracked during loading into the capillary; the 

largest fragment diffracted to 2.4 Å but decayed significantly after 20 min. The fragile 

hexagonal shaped crystal B (Figure 4.1B) diffracted to only 3.5 Å, with the diffraction 

pattern indicating internal crystal disorder (Appendix F-1).  Under higher pH conditions 

(pH 6.5) thin plate-like crystals were produced (Figure 4.1C, crystal C).  One crystal was 

dipped in cryoprotectant solution comprising 30 % PEG 8000, 0.1 M sodium cacodylate 

pH 6.5, 0.2 M ammonium sulfate, 1 % β-ME, 15 % glycerol and flash frozen with liquid 

N2 for X-ray diffraction analysis at the ALS synchrotron.  Crystal C diffracted to 3 Å; the 

diffraction data (frames with 1º φ oscillation range and with 1 s exposure) showed high 

mosaicity (Appendix F-2) and the unit-cell parameters and crystal system were ambiguous.  

A                                         B                                         C 

D                                         E                                          F 

G 
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The clustered plate-like crystal D, indicated by an arrow in Figure 4.1D, was dipped in 

cryoprotectant solution comprising 20% PEG 8000, 0.1 M sodium cacodylate pH 6.5, 0.2 

M magnesium acetate, 1% β-ME, 20% glycerol and flash-frozen with liquid N2 for X-ray 

diffraction analysis at the SSRL synchrotron.  Crystal D diffracted to 2.7 Å; the pattern 

was anisotropic, with very weak diffraction exhibited along one axis, and the unit-cell 

parameters could not be determined. 

 

The small cube-like crystal E (Figure 4.1E) was dipped in cryoprotectant solution 

comprising 20 % PEG 550, 0.1 M MES pH 6.0, 0.01 M ZnSO4, 1 % β-ME, 5 % glycerol 

and flash-frozen with liquid N2 before X-ray diffraction analysis at the SSRL synchrotron.  

Crystal E diffracted anisotropically to a maximum resolution of 2.8 Å.  Data were collected 

(frames with 0.5º φ oscillation and 20 s exposure time), indexed and processed using 

MOSFLM and scaled using SCALA to give a data set that was complete to 3.9 Å resolution.  

Crystal E represents a new crystal form of human galectin-1 that belongs to a tetragonal 

crystal system, with unit-cell parameters a = b = 113.5, c = 62.6 Å.  Efforts to increase the 

size of crystal E, in hope of obtaining higher resolution data, were unsuccessful.  Crystal F 

and G (Figure 4.1F-G) diffracted to a maximum resolution of 2.0 Å using our in-house X-

ray source.  Data were collected from both crystals (frames with 0.3º φ oscillation and 60 s 

exposure time), indexed, processed using PROTEUM and scaled using SCALA to give data 

sets that were complete to 2.4 Å resolution.  The data from crystal F and G represent yet 

another new crystal form of human galectin-1 that belongs to a monoclinic crystal system.  

Data from crystal F has the unit-cell parameters a = 43.6, b = 60.3, c = 106.1 Å, β = 93.5º.  

For crystal G the unit-cell parameters are a = 43.7, b = 61.2, c = 106.9, β = 93.8.  The 

diffraction statistics for crystals E, F and G are summarized in Table 4.2. 
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Table 4.2: Diffraction data statistics for crystals E, F and G 
 

 Crystal E  Crystal F
#
  Crystal G

* 

Resolution (Å) 54.9-3.9 (4.1-3.9) 60.3-2.4 (2.5-2.4) 61.2-2.4 (2.53-2.4) 

Total No. of observations 53867 (7586) 79390 (10825) 80399 (10456) 

Total No. of unique observations 7432 (1058) 21146 (3006) 21233 (3004) 

Redundancy 7.2 (7.2) 3.8 (3.6) 3.8 (3.5) 

Completeness (%) 99.7 (100) 97.8 (96.4) 95.7 (93.4) 

I/σ (I) 6.8 (4.9) 8.8 (3.2) 6.3 (2.3) 

Rmerge † (%) 7.9 (11.5) 6.4 (24.2) 9.4 (32.8) 

Crystal system/space group Tetragonal 4/m 

      (Laue group) 

Monoclinic P21 Monoclinic P21 

Unit-cell parameters a = b = 113.5, c = 62.6 a = 43.6, b = 60.3,  

c = 106.1, β = 93.5 

a = 43.7, b = 61.2,  

c = 106.9, β = 93.8 

 

Values in parentheses represent the highest resolution shell 

† Rmerge = hkl i| Ii(hkl) - I(hkl) | / hkl i Ii(hkl)  

# Crystal F yielded the “complex-1” crystal structure 

* Crystal G yielded the “complex-2” crystal structure 
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Optimization of the crystallisation conditions of crystals A-D is required if crystals with 

optimal X-ray diffraction are to be obtained.  For crystal E, despite extensive optimization 

of the crystallisation condition (Table 4.1), and also after attempting micro- and 

macroseeding, a complete dataset (> 90 %) with a resolution limit greater than 3.9 Å could 

not be obtained for crystal E.  In contrast, complete datasets (> 90 %) could be obtained to 

a resolution limit of 2.4 Å for crystals F and G.  Crystals F and G were grown in the 

presence of lactose and β-ME and subsequent sections will refer to crystal structures 

obtained from these crystals as “complex-1” and complex-2” respectively.   

 

 

4.3.2 Complex-1: A crystal structure of human galectin-1 bound to lactose 

The first step in solving a crystal structure is to analyse the unit cell content within the 

crystal structure.  Assuming two dimers in the asymmetric unit, complex-1 has a Matthews 

coefficient (VM) of 2.4 Å
3
 Da

-1
 and is associated with a 48.8 % solvent content.  A solvent 

content of approximately 50% is generally expected for protein crystals, and so two dimers 

in the asymmetric unit is a reasonable expectation for complex-1.  The structure of 

complex-1 was determined by molecular replacement using AMoRe, with dimeric human 

galectin-1 (pdb code: 1GZW) (Lopez-Lucendo et al. 2004) as the search model, and in 

space group P21.  All non-protein atoms were removed from the search model prior to 

molecular replacement.  A rotation function search for the first dimer, calculated at 15.0 to 

3.0 Å resolution, gave six solutions with correlation coefficients (Corr_I) ≥ 35.4 % (Table 

4.3, solutions A-F).  The seventh solution gave a Corr_I of 34.1 %.  Within these six 

solutions, two were not symmetry-related (Table 4.3, solutions A and C with Corr_I values 

of 36.4 % and 36.6 % respectively). 

 

Table 4.3: A rotation-function search for the first dimer of complex-1 
 

Solution Alpha Beta Gamma Corr_I 

A 82.79 86.02 206.45 36.4 

B 83.41 86.18 26.26 36.0 

C 80.06 54.61 29.81 36.6 

D 78.90 54.18 210.53 36.1 

E 79.68 55.54 210.25 35.8 

F 80.24 56.42 29.78 35.4 

 

 

The translation function calculation (calculated at 15.0 to 3.0 Å resolution) for these two 

rotation function solutions described gave peaks with Corr_I values of 39.4 % and 37.4 %.  
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The highest translation function solution of the two (Corr_I, 39.4 %) correlated with the 

top rotation function solution (Table 4.3, Corr_I = 36.6 %).  Fixing the highest solution for 

the first dimer for further refine fitting continued to increase the Corr_I value (44.3 %).  

This refine fitted solution was fixed for a second translation function search (calculated at 

15.0 to 3.0 Å resolution) to find the second dimer.  The Corr_I values continued to increase 

upon finding the second dimer (Table 4.4).  The two top translation function solutions were 

clearly the highest two peaks for a two dimer model (Table 4.4, Corr_I values 59.7 % and 

59.5 %).  As expected, solution F2_1 for the second dimer in Table 4.4 correlated with the 

rotation function solution A from the first rotation function search (Table 4.3, Corr_I = 

36.4 %).  The two top solutions of Table 4.4 are symmetry-related, so it was the two dimer 

solution F1_1/F2_1 that was selected for further refine fitting.  The Corr_I value increased 

to 65.6 %.  A translation function search for a third dimer did not increase the correlation 

coefficient when the refine fitted F1_1/F2_1 solution was fixed for a third translation 

function search at 15.0 to 3.0 Å resolution (data not shown), indicating a third dimer is not 

present in the asymmetric unit of complex-1. 

 

Table 4.4: A translation function search for the second dimer of complex-1 
 

Solution Alpha Beta Gamma x y z Corr_I 

F1_1 80.61 53.69 29.26 0.3467 0.0000 0.1202 0.0 

F2_1 82.78 86.02 206.45 -0.1563 0.2756 0.4154 59.7 

F1_2 80.61 53.69 29.26 0.3467 0.0000 0.1202 0.0 

F2_2 83.41 86.18 26.26 -0.1569 0.2744 0.4160 59.5 

F1_7 80.61 53.69 29.26 0.3467 0.0000 0.1202 0.0 

F2_7 98.11 90.00 206.44 0.1648 -0.2338 -0.4166 52.3 

F1_8 80.61 53.69 29.26 0.3467 0.0000 0.1202 0.0 

F2_8 96.79 90.00 206.19 0.1635 -0.2328 -0.4165 51.6 

F1_6 80.61 53.69 29.26 0.3467 0.0000 0.1202 0.0 

F2_6 97.57 90.00 26.39 0.1623 -0.2328 -0.4158 51.3 

 

 

A model with two dimers in the asymmetric unit was built in AMoRe using the refine fit 

solution (Corr_I, 65.6 %).  Visual examination of the model (using COOT) revealed good 

crystal packing between the two dimers in the asymmetric unit and between the symmetry-

related molecules of the built model (Figure 4.2).  The four 14.5 kDa subunits of the two 

dimers have been labeled subunit A, B, C and D.  Restrained refinement was applied using 

Refmac5 and resulted in an Rfactor of 42.0 % and correlation coefficient 73.9 %.  
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Subsequent cycling between model improvement and restrained refinement using Refmac5 

progressively reduced the Rfactor.   

 

Figure 4.2: Crystal packing in space group P21 for complex-1 

The two dimers in the asymmetric unit of complex-1 (coloured red) do not clash with each 

other, or surrounding symmetry-related molecules (coloured blue).  Lactose is shown as 

stick representation and coloured black. 

 

 

Model improvement involved reducing the difference electron density (contoured at 3.0 

σ) by way of polypeptide adjustment, placement of lactose, waters and β-ME molecules at 

a final resolution of 2.4 Å using COOT.  At an early stage of refinement, electron density 

maps revealed unambiguous electron density for lactose within the carbohydrate-binding 

site for three of the four 14.5 kDa subunits within the asymmetric unit of complex-1 

(subunits A, B and C).  The phenomenon of a ‘lactose-absent’ subunit is discussed in detail 

in chapter 5.  After having fit the lactose molecules, water molecules were first placed into 

remaining difference electron density (contoured at 3.0 σ) automatically using COOT.  

Following refinement, the 2|Fo|– |Fc| c electron density (contoured at 1.0 σ) for each water 

molecule, and length of the hydrogen bond interaction, was manually checked before 

further water molecules were found.  Longer ‘tubes’ of difference electron density 

(contoured at 3.0 σ) near cysteine residues were fitted with β-ME molecules or hydroxyl 

groups.  Ultimately, model improvement dropped the Rfactor to 19.3 % and Rfree to 26.1 % 

for complex-1.  Complete refinement statistics are shown in Table 4.5.  The structural 

geometry of complex-1 was checked at the final stages of refinement via calculation of 

Ramanchandran plots using PROCHECK.  If residues occupied disallowed regions of the  
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Table 4.5: Refinement statistics for complex-1 
 

Resolution (Å) 106-2.4 

No. of reflections 20058 

Rwork/Rfree 0.193/0.261 

No. of atoms  

     Protein/β-ME 4149 

     Ligand 69 

     Water 105 

Average B-factors (Å
2
)*  

     Protein/β-ME (subunits A/B/C/D) 26.2/35.0/23.4/48.5 

     Ligand (bound to subunits A/B/C) 22.1/52.3/21.1 

     Water 33.8 

rms deviations  

     Bond lengths (Å) 0.009 

     Bond angles (º) 1.272 

 

* Average main chain B-factors reported for subunits, average whole chain B-factors 

reported for waters/ligand 

 

 

 

Figure 4.3: The final Ramachandran plot calculated for complex-1 by PROCHECK   

The calculated plot shows most non-glycine, non-proline residues of complex-1 cluster 

together within the preferred or allowed regions of the plot (red and yellow areas 

respectively). The black triangles are glycine and proline residues.  Residue Asn50 within 

subunit B resides within a generously allowed region of the plot (shown as a labeled red 

square). 
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Ramachandran plot, the conformation of such residues was improved.  A final 

Ramachandran plot and statistics calculated using PROCHECK are shown in Figure 4.3 

and Table 4.6, respectively.   

 

Table 4.6: Ramachandran plot statistics calculated for complex-1 by PROCHECK  
 

 Residue No. Residues (%) 

Residues in most favoured regions 397 87.1 

Residues in additional allowed regions 58 12.7 

Residues in generously allowed regions 1  0.2  

Residues in disallowed regions 0 0.0 

Number of non-glycine and non-proline residues 456 100 

Number of end-residues (excl. Gly and Pro) 8  

Number of glycine residues 44  

Number of proline residues 28  

Total number of residues 536  

 

 

4.3.3 Complex-2: A crystal structure of human galectin-1 bound to lactose 

Complex-1 and -2 represent the same crystal form (same unit-cell parameters and space 

group) that has been obtained under different crystallisation conditions.  As they are the 

same crystal form, performing molecular replacement for complex-2 was not necessary, 

but it was carried out anyway as an additional check on structure determination.  As was 

determined for complex-1, two dimers in the asymmetric unit of complex-2 is also 

associated with a solvent content of approximately 50 % (Matthews coefficient (VM) of 

2.46 Å
3
 Da

-1
).  The structure of complex-2 was determined using AMoRe, a dimer from 

complex-1 (comprised of subunits C and D, and with non-protein atoms removed) as the 

search model and in space group P21.  Calculated at 15.0 to 3.0 Å resolution, a rotation 

function search for the first dimer gave the highest rotation peak with a Corr_I value of 

35.7 %, which is clearly higher than the next highest, distinct rotation function solution 

that gave a Corr_I value of 32 % (Table 4.7). 

 

Table 4.7: A rotation function search for the first dimer of complex-2 
 

Alpha Beta Gamma Corr_I 

85.25 84.38 204.97 35.7 

81.78 85.49 25.62 26.1 

81.89 53.78 208.52 28.3 

82.48 55.54 207.79 32.0 

77.22 55.34 30.99 26.9 
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A translation function calculation (at 15.0 to 3.0 Å resolution) for the top rotation 

function solution gave a Corr_I of 49.2 %.  Fixing this translation function solution for 

further refine fitting gave a Corr_I of 54.1 %.  The rotation and fit function solutions for 

the highest peak were fixed and a translation function search for the second dimer was 

conducted at 15.0 to 3.0 Å resolution.  Again, one top solution for the second dimer, with a 

Corr_I value of 71.3 %, was clearly higher than all others (Table 4.8).  A refine-fit of the 

F1_2/F2_2 two dimer solution yielded a final Corr_I value of 75.3 %. 

 

Table 4.8: A translation function search for the second dimer of complex-2 
 

Solution Alpha Beta Gamma x y z Corr_I 

F1_2 85.14 83.07 205.09 0.3448 0.0000 0.4156 0.0 

F2_2 81.89 53.78 208.52 -0.1566 -0.2796 0.1196 71.3 

F1_4 85.14 83.07 205.09 0.3448 0.0000 0.4156 0.0 

F2_4 77.22 53.34 30.99 -0.1576 -0.2777 0.1199 67.8 

F1_3 85.14 83.07 205.09 0.3448 0.0000 0.4156 0.0 

F2_3 82.48 55.54 207.79 -0.1573 -0.2825 0.1190 67.8 

F1_6 85.14 83.07 205.09 0.3448 0.0000 0.4156 0.0 

F2_6 77.65 57.42 30.73 -0.1593 -0.2801 0.1197 64.5 

 

 

Visual examination of the two dimer model (using COOT) revealed good crystal 

packing between the two dimers in the asymmetric unit and between the symmetry-related 

molecules of the built model (Figure 4.4).  Restrained refinement of the two dimers of the 

asymmetric unit yielded an Rfactor of 30.8 % and correlation coefficient of 86.6 %.  

Subsequent cycling between restrained refinement and model improvement using Refmac5 

and COOT respectively, in much the same way as described above for complex-1, 

ultimately reduced the Rfactor to 19.2 % and Rfree to 25.7 % at a final resolution of 2.4 Å 

(Table 4.9).  Again, lactose is only present within the carbohydrate-binding site for three of 

the four 14.5 kDa subunits of complex-2 (subunits A, B and C).  A final Ramanchandran 

plot for complex-2 is shown in Figure 4.5, together with Ramachandran plot statistics in 

Table 4.10.   
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Figure 4.4: Crystal packing in space group P21 for complex-2 

The two dimers in the asymmetric unit of complex-2 (coloured red) do not clash with each 

other, or surrounding symmetry-related molecules (coloured green). Lactose is shown as 

stick representation and coloured black. 

   

 

 

Table 4.9: Refinement statistics for complex-2 
 

Resolution (Å) 106.6-2.4 

No. of reflections 20134 

Rwork/Rfree 0.192/0.257 

No. of atoms  

     Protein/β-ME 4143 

     Ligand 69 

     Water 125 

Average B-factors (Å
2
)*  

     Protein/β-ME (subunits A/B/C/D) 22.8/35.1/25.7/46.1 

     Ligand (bound to subunits A/B/C) 18.6/51.1/22.2 

     Water 33.2 

rms deviations  

     Bond lengths (Å) 0.009 

     Bond angles (º) 1.28 

 

*Average main-chain B-factors reported for subunits, whole chain B-factors reported for 

waters/ligand 
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Figure 4.5: The final Ramachandran plot calculated for complex-2 by PROCHECK  

The calculated plot shows most non-glycine, non-proline residues of complex-2 cluster 

together within the preferred or allowed regions of the plot (red and yellow areas 

respectively). The black triangles are glycine and proline residues.  Residues Cys2 and 

Asn50 within subunit D reside in generously allowed regions of the plot (shown as labeled 

red squares). 

 

 

 

Table 4.10: Ramachandran plot statistics calculated for complex-2 by PROCHECK 
 

 Residue No. Residues (%) 

Residues in most favoured regions 391 85.7 

Residues in additional allowed regions 63 13.8 

Residues in generously allowed regions 2  0.4  

Residues in disallowed regions 0 0.0 

Number of non-glycine and non-proline residues 456 100 

Number of end-residues (excl. Gly and Pro) 8  

Number of glycine residues 44  

Number of proline residues 28  

Total number of residues 536  

 

 

4.3.4 Crystallisation of human galectin-1 in the absence of lactose 

From Hampton Research crystal screens (original and #2) used to obtain initial crystals 

of reduced apo human galectin-1, a crystal grown from a crystallization condition 

comprised of 1.4 M sodium citrate, 0.1 M sodium HEPES pH 7.5, 1 % -ME was selected 
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for X-ray diffraction analysis (Figure 4.6).  The crystal produced optimal X-ray diffraction 

data (Table 4.11) for subsequent structure determination by molecular replacement.  The 

following sections refer to the structure obtained from the crystal as the “apo structure”.   

 

 

Figure 4.6: A human galectin-1 crystal grown in the presence of β-ME and the 

absence of lactose. Crystal dimensions are 0.6 x 0.25 x 0.125 mm.  

 

 

Table 4.11: Diffraction data statistics for a crystal grown in the absence of lactose 
 

Resolution (Å) 55.05-2.6 (2.74-2.6)  

Total No. of observations 58584 (5917) 

Total No. of unique observations 8834 (1190) 

Redundancy 6.6 (5.0) 

Completeness (%) 96.7 (93.3) 

I/σ (I) 8.4 (3.9) 

Rmerge † (%) 7.4 (18.8) 

Crystal system/space group Orthorhombic P212121 

Unit-cell parameters a = 44.2, b = 57.9, c = 110.1 

 

Values in parentheses represent the highest resolution shell 

† Rmerge = hkl i| Ii(hkl) - I(hkl) | / hkl i Ii(hkl)  

 

 

4.3.5 The crystal structure of apo human galectin-1 

Assuming one dimer in the asymmetric unit, the apo structure has a Matthews 

coefficient (VM) of 2.43 Å
3
 Da

-1
 and associated solvent content of 49.3 %.  The structure 

was determined by molecular replacement using AMoRe and a dimer from complex-1 

(comprised of subunits C and D, and with non-protein atoms removed) as the search 

model.  A rotation function search (calculated at 15.0 to 3.0 Å resolution) in space group 

P212121 gave one distinct solution with a top Corr_I value of 33.9 % (Table 4.12).  The 

translation function solution for the first rotation solution was subsequently calculated at 

15.0 to 3.0 Å resolution and gave a Corr_I of 54.7 %.  Fixing this solution for the first 

dimer for further refine fitting gave a Corr_I of 68.3 %.   
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Table 4.12: A rotation function search for the first dimer of the apo structure 
 

Alpha Beta Gamma Corr_I 

9.82 36.90 85.88 33.90 

10.97 32.30 264.95 32.80 

133.50 19.26 146.50 14.30 

169.61 33.17 111.38 25.00 

75.09 13.23 24.79 26.90 

 

 

To assess the possibility of a second dimer, the refine fitted solution was fixed for a 

translation function search (at 15.0 to 3.0 Å resolution) to find a second dimer.  However, 

the Corr_I values did not increase above 68.3 % (data not shown).  A single dimer model 

was then built and visual examination of the model (using COOT) revealed good crystal 

packing between the symmetry-related molecules and the dimer in the asymmetric unit 

(Figure 4.7).  Much like the complex-1 and -2 crystal structures solved before-hand, 

several rounds of refinement and model improvement using Refmac5 and COOT 

respectively ensued.  Ultimately an Rfactor of 18.7 % and Rfree of 26.1 % were obtained for 

the apo structure at a final resolution of 2.6 Å (Table 4.13).  A final Ramanchandran plot 

for the apo structure is shown in Figure 4.8, together with Ramachandran plot statistics in 

Table 4.14.  

 

 

Figure 4.7: Crystal packing in space group P212121 for the apo structure 

The single dimer in the asymmetric unit of the apo structure (coloured red) does not clash 

with surrounding symmetry-related molecules (coloured blue). Lactose is shown as stick 

representation and coloured magenta. 
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Table 4.13: Refinement statistics for apo human galectin-1 crystal structure 
 

Resolution (Å) 55.048-2.6 

No. of reflections 8391 

Rwork/Rfree 0.187/0.261 

No. of atoms  

     Protein/β-ME 2068 

     Water 49 

Average B-factors (Å
2
)*  

     Protein (subunits A/B) 21.6/20.3 

     Water 24.4 

rms deviations  

     Bond lengths (Å) 0.01 

     Bond angles (º) 1.302 

 

*Average main-chain B-factors are reported for subunits, whole chain B-factors are 

reported for waters 

 

 

Figure 4.8: The final Ramachandran plot calculated for the apo structure by 

PROCHECK 

The calculated plot shows most non-glycine, non-proline residues of the apo structure 

cluster together within the preferred or allowed regions of the plot (red and yellow areas 

respectively). The black triangles are glycine and proline residues. Residues Asn56 within 

subunit A resides in a generously allowed regions of the plot (shown as a labeled red 

square). 
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Table 4.14: Ramachandran plot statistics calculated for the apo structure by 

PROCHECK 
 

 Residue No. Residues (%) 

Residues in most favoured regions 201 88.2 

Residues in additional allowed regions 26 11.4 

Residues in generously allowed regions 1  0.4  

Residues in disallowed regions 0 0.0 

Number of non-glycine and non-proline residues 228 100 

Number of end-residues (excl. Gly and Pro) 4  

Number of glycine residues 22  

Number of proline residues 14  

Total number of residues 268  
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4.4 Discussion 

As the link between galectin-1 lectin activity and cancer becomes more certain, there is 

an ever-increasing need for the development of more potent specific inhibitors of galectin-

1.  In silico investigations of galectin-1 and its interactions with aglycon, trisaccharides and 

tetrasaccharides have been performed and predict that part of these ligands extend outside 

the characterized galectin-1 carbohydrate-binding site (Ford et al. 2003; Giguere et al. 

2006), which suggests regions adjacent to the carbohydrate-binding site could be targeted 

in the advancement of galectin-1 inhibitor design.   

 

A direct aim of my Ph.D project was to provide new human galectin-1 crystal structures 

for future in silico drug-design.  Consequently, this chapter has described the steps 

undertaken to obtain three new X-ray crystallographic structures of human galectin-1, 

notably, one of the crystal structures is the first apo human galectin-1 crystal structure to 

ever be reported.  With that said, the contact electrostatic potential of the carbohydrate-

binding site and surrounding regions of complex-1, -2 and the apo crystal structure is 

briefly commented on here in the discussion, along with suggestions regarding the 

derivatization of the lactose scaffold in effort to design potent inhibitors of human galectin-

1 lectin activity.  

 

Shown in Figure 4.9 is the contact electrostatic potential (local) of the human galectin-1 

binding face for the two 14.5 kDa subunits of the apo crystal structure (Figure 4.9A-B) and 

for the three lactose-bound subunits of complex-1 (Figure 4.9C-E) and complex-2 (Figure 

4.9F-H) (calculated using PyMOL and shown as surface representations contoured to 

equivalent levels).  The lactose-absent subunits of complex-1 and -2 have been omitted 

here and the existence of these subunits is discussed in detail in chapter 5.  Negative charge 

is coloured red, and positive charge is coloured blue.  Superficially, the contact 

electrostatic potential exhibited by the subunits in Figure 4.9 appears highly similar within 

and in the vicinity of the carbohydrate-binding site (this region is indicated by His52 and 

Trp68 or bound lactose).  However, subtle charge differences between the subunits occurs 

at various positions on the protein surface.  An area where such difference exists is in the 

region of a positively charged cavity in close proximity to the 3-OH of the galactose 

moiety (highlighted by a yellow arrow in Figure 4.9A-H).  Besides charge differences, 

approximately 1-5 water molecules bind in the vicinity of this cavity for the subunits 
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depicted in Figure 4.9.  Derivatization at the 3-OH of the galactose moiety is not 

detrimental to galectin-1 recognition of β-galactosides, hence, further investigation of the 

regions which might accommodate future 3-OH galactose derivatives, such as the said 

cavity, is required. 

 

 

 

Figure 4.9: Contact electrostatic potential (local) of the carbohydrate-binding site 

and surrounding regions for subunits of complex-1, -2 and the apo crystal structure 

The contact electrostatic potential (local) shown displays charge as an overlap and as a 

colour graded 2D surface representation. Negative charge is coloured red and positive 

charge is coloured blue. Positive and negative charges of each subunits’ surface are 

contoured to the same level within PyMOL. A-B) subunits A and B of the apo crystal 

structure. C-E) Lactose-bound subunits of complex-1, subunits A-C respectively. F-H) 

Lactose-bound subunits of complex-2, subunits A-C respectively. Lactose is shown in stick 

representation (carbon atoms are green, oxygen atoms are red). Waters are shown as red 

spheres. The yellow arrow indicates a positively charged cavity. The black arrow indicates 

a hydrophobic region. 
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Residues Ala1, Asn33, Lys63 and Tp68 are in the vicinity of the positively charged 

cavity, and their main chain and side chain nitrogen atoms likely make up this cavity 

(Figure 4.10B).  Superimposition of the subunits of the apo crystal structure and the 

lactose-bound subunits of complex-1 and -2 shows that the position of residue Ala1 is not 

fixed (Figure 4.10C).  This is not surprising as due to its terminal location it could be 

anticipated that this residue would be associated with flexibility in its positioning.  The 

2|Fo|– |Fc| c electron density (contoured at 1.0 σ) for Ala1 was not clearly defined in all of 

the crystal structures, indicating increased flexibility in this small region.  Additionally, the 

side chain conformation of Lys63 is also seen to differ between subunits (Figure 4.10C).   

 

 

Figure 4.10: The atomic structure of a positively charged cavity close to the 

carbohydrate-binding site of human galectin-1 

A) The contact electrostatic potential for the positively charged cavity of subunit B within 

the apo structure. B) Residues Ala1, Asn33, Lys63 and Trp68 form the surface of the 

cavity shown in (A) (the surface transparency has been adjusted). C) Superimposition of 

residues Ala1, Asn33, Lys63 and Trp68 within subunits A-B of the apo structure and 

subunits A-C of complex-1 and -2. 
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The positively charged cavity described suggests future derivatization might focus on 

screening lactose derivatives with a negatively charged group(s), such as phosphate or 

carboxylate groups, at the C3 position of the galactose moiety.  Negatively charged groups 

might displace the trail of water molecules positioned within this cavity and exploit the 

positive charge.  The structural variation that the cavity residues exhibit within complex-1, 

-2 and the apo crystal structure (Figure 4.10C) may allow negatively charged groups of 

various size to be accomodated.  Screening lactose derivatives against the X-ray crystal 

structures described herein using in silico techniques will allow for greater validation of 

the most promising inhibitor scaffolds. 

 

NMR analysis of human galectin-1 interaction with the complex glycan GRG 

highlighted ‘hot spots’ for binding that are in regions adjacent to the carbohydrate-binding 

site (Miller et al. 2009).  These hot spots were highlighted red and orange upon the surface 

of the human galectin-1 crystal structure published by Lopez-Lucendo et al (2004) (pdb 

code: 1GZW) (Lopez-Lucendo et al. 2004) (Figure 4.11).  The positively charged cavity 

described is one of these hot spot areas (indicated by black circles, Figure 4.11), which 

provides further support for derivativatisation of the lactose scaffold to be directed in the 

direction of this cavity. 

 

Additionally, the surface extending from the anomeric hydroxyl of lactose is largely 

hydrophobic (highlighted by a black arrow in Figure 4.9A-H) and consequently phenyl 

substitutions at the anomeric hydroxyl of the lactose scaffold exhibit increased galectin-1 

binding affinity (Giguere et al. 2006).  As the phenyl derivatization results in a significant 

increase in galectin-1 ligand potency, we suggest that galactose moiety derivatization at the 

C3 position be combined with those made at the anomeric position of lactose.   
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Figure 4.11: GRG binding sites on human galectin-1 

A surface representation of the dimeric human galectin-1 X-ray crystallographic structure 

published by Lopez-Lucendo et al (2004) (pdb code: 1GZW). Lactose is shown in stick 

representation and coloured blue. Residues most affected by binding to GRG, as 

determined by NMR spectroscopy (Miller et al. 2009), are coloured red. The next most 

affected residues are coloured orange. The positive cavity per 14.5 kDa subunit is indicated 

by black circles.  
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Chapter 5 – An investigation into the transition from a reduced 

form of human galectin-1 to an oxidized form  

 

5.1 Introduction 

In chapter 4, the crystallisation, data processing, structure determination and refinement 

of three novel human galectin-1 X-ray crystallographic structures was described.  Chapter 

4 also briefly discussed the contact electrostatic potential each crystal structure exhibits 

near the carbohydrate-binding site, specifically two areas of interest, which may prove 

useful in the in silico drug design of more potent and specific human galectin-1 inhibitors.  

One area is a positively charged cavity in the region of the 3-OH group of the galactose 

moiety of bound lactose, the other a hydrophobic region extending from the anomeric 

position of lactose.  Herein, the novel structural features of the three human galectin-1 X-

ray crystal structures are discussed in more detail.   

 

As was first mentioned in chapter 4, complex-1 and -2 are comprised of two dimers in 

the asymmetric unit.  For both crystal structures one of the 14.5 kDa subunits within each 

dimer is not bound to lactose, despite the structures being obtained from crystals grown in 

the presence of excess lactose.  Besides the loss of bound lactose, these “lactose-absent” 

subunits within complex-1 and -2 also exhibit a loss of β-strand secondary structure and 

increased structural flexibility.  For human galectin-1 the loss of lectin ability and change 

in secondary structure are oxidized-like features (Inagaki et al. 2000; Kadoya and Horie 

2005), yet the lactose-absent subunits do not contain the disulphide bonds generally 

expected for oxidized human galectin-1 forms.  We then assess the structural features of 

the lactose-absent subunits to correlate with mild-oxidative stress exposure, and speculate 

that the structures represent an intermediate structure formed en route to fully oxidized 

forms of human galectin-1.   

 

The 14.5 kDa human galectin-1 subunit contains six cysteine residues.  In contrast to 

the subunits of the apo crystal structure and the “lactose-bound” subunits of complex-1 and 

-2, the lactose-absent subunits do not contain cysteines bound to β-ME molecules (Figure 

5.1B) and exhibit a unique pattern of sulphenic acid (Cys-SOH) formation (Figure 5.1C).  

Sulphenic acid is often abbreviated to ‘CSO’.   
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Figure 5.1: Various chemical states of human galectin-1 cysteine residues  

A) A stick representation of and A’) the chemical structure of free thiol cysteine. B) A 

stick representation of cysteine bound to β-ME. The sulphur atoms of the cysteine and β-

ME molecule are bonded 2 Å apart via a disulphide bond (shown as a black solid line). B’) 

the chemical structure of cysteine bound to β-ME. C) A stick representation of and C’) the 

chemical structure of hydroxylated cysteine, or sulphenic acid (CSO). Nitrogen atoms are 

coloured blue, carbon atoms green, oxygen atoms red and sulphur atoms yellow.   

 

 

  We believe that the structural features that are unique to the lactose-absent subunits are 

linked to the loss of bound β-ME molecules and formation of a specific pattern of 

chemically unstable CSO residues.  One might argue that CSO formation may only be an 

artifact of the protein expression, purification or crystallisation process, and that it is 

unrelated to a change in human galectin-1 lectin activity and structure.  However, just as it 

is well established that post-translational changes such as phosphorylation, methylation 

and glycosylation result in a diverse array of functional consequences in vivo, cysteine 

oxidation too is involved in signal transduction and enzymatic pathways, particularly 

reversible cysteine oxidation to CSO (Giles 2006; Na and Surh 2006).  For example, CSO 

formation at residue Cys315 of BCAT proteins (branched chain aminotransferases) 

followed by reversible disulphide bonding with residue Cys318 inhibits transamination 

activity, but prevents irreversible over-oxidation to sulphinic (Cys-SO2H) and/or sulphonic 

acid (Cys-SO3H).  The formation of CSO permits reversible, redox-sensitive regulation of 

BCAT enzyme activity (Conway et al. 2004).  Reversible CSO formation has also been 

found to be important for ERK1/2 (extracellular signal-regulated kinase 1/2) 
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phosphorylation, calcium flux, cell growth, and proliferation of naive CD8
+
 and CD4

+
 T 

cells (Michalek et al. 2007).  In my case, structural analysis of complex-1 and -2 and the 

apo structure hints to the importance of CSO formation in regards to the movement 

between fully reduced and oxidized forms of human galectin-1.  To add weight to the 

putative link between CSO formation and change in human galectin-1 lectin activity and 

structure as suggested by the crystal structures, additional biophysical and biochemical 

analysis in support of CSO formation within the human galectin-1 protein structure has 

been undertaken.   

 

The dimedone reagent is a specific probe for CSO, it binds to CSO to form a stable 

thioether adduct (Figure 5.2) (Charles et al. 2007; Willett and Copley 1996).  CSO 

formation within BCAT enzymes and naive CD8
+
 and CD4

+
 T cells described above was 

determined using dimedone.  When Buffer_A and Buffer_B oxidation dialysis buffers 

(refer chapter 3) are supplemented with dimedone the generation of functional oxidized 

human galectin-1 protein species Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_B (17 

kDa) from reduced apo human galectin-1 is disrupted, as determined by size exclusion 

chromatography and SDS-PAGE analysis.  This disruption suggests disulphide bond 

formation cannot occur within the human galectin-1 protein structure because dimedone 

has trapped human galectin-1 in an intermediate state that incorporates CSO residues.   

 

 
 

Figure 5.2: Treatment of CSO (-S-OH) with dimedone forms a stable thioether 

adduct (Charles et al. 2007; Willett and Copley 1996) 

 

 

CSO formation in proteins is typically associated with redox-reactive cysteines that 

consume reactive oxygen species (ROS).  For peroxiredoxin (Prx) proteins redox-reactive 

cysteines specifically scavenge the reactive oxygen species, hydrogen peroxide (H2O2).  

Select Prx cysteine residues reduce H2O2 to water, whereby they themselves are oxidized 

to CSO.  Oxidation may cease at CSO formation, or the CSO may be further oxidized to 

form a disulphide bond with a proximal CSO or free thiol cysteine, or be irreversibly over-
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oxidized to sulphinic and/or sulphonic acid in the presence of excess H2O2 (Chen et al. 

2007; Georgiou and Masip 2003; Jönsson and Lowther 2007; Wood et al. 2003).  If human 

galectin-1 does form CSO residues upon oxidation, then questions are raised about whether 

reduced dimeric human galectin-1 has peroxiredoxin-like activity.  Ensuing investigation 

did further reveal that human galectin-1 does indeed consume H2O2.  Additionally, the 

lectin activity of human galectin-1 was found to be adversely affected prior to inducement 

of disulphide bridges at mild H2O2 concentrations, a phenomenon which is consistent with 

the lactose-absent subunits of complex-1 and -2.   

 

When considering all the data presented in this chapter we speculate on the possibility 

that an intermediate human galectin-1 structure, incorporating CSO, is a product of H2O2 

scavenging and representative of a form of human galectin-1 en route to fully oxidised 

forms. 
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5.2 Methods 

5.2.1 Structural analysis of complex-1, -2 and apo human galectin-1 crystal 

structures 

Secondary structure assignment for complex-1, -2 and the apo human galectin-1 crystal 

structure was performed using DSSP (Kabsch and Sander 1983), the standard method for 

assigning secondary structure given the PDB atomic coordinates of a protein.  The CSO 

residues within the protein structures required mutation back to cysteines prior to DSSP 

assignment.  The DSSP secondary structure recognition algorithm is based mainly on 

hydrogen bond patterns between the carbonyl oxygen and amide nitrogen in the backbone 

of adjacent amino acid sequence.  An ideal hydrogen bond has a distance (d) of 2.9 Å, 

bond angle (θ) of 0º and bond energy (E) of -3.0 kcal/mol.  DSSP assumes a hydrogen 

bond for E up to -0.5 kcal/mol, misalignment of up to 63º is allowed at the ideal length (d 

= 2.9 Å), and a length of up to 5.2 Å is allowed for perfect alignment (θ = 0º) (Kabsch and 

Sander 1983).  SSM (Krissinel and Henrick 2004) in COOT was used to superimpose the 

Cα trace of the refined structures and obtain root mean square deviation (RMSD) values.  

The B-factor for each residue of the protein structures was calculated using BAVERAGE 

(from the CCP4 program package by Eleanor Dodson, York, 1991) (Collaborative 

Computational Project 1994).  Crystal contacts (< 4 Å) between dimers of the asymmetric 

unit and symmetry-related molecules were calculated with the program CONTACT (from 

the CCP4 program package by Tadeusz Skarzynski, Imperial College, London, 1.12.88) 

(Collaborative Computational Project 1994).  The VMD (Visual Molecular Dynamics) 

program (version 1.8.6) (Dalke and Schulten 1996) was used to calculate the radius of 

gyration (Rg) of each 14.5 kDa subunit within the asymmetric unit of complex-1, -2 and the 

apo human galectin-1 crystal structure.  COOT (Emsley and Cowtan 2004) and PyMOL 

(DeLanoScientific 2002) were used for visual inspection of the structures.  PyMOL was 

used to make the structural figures. 

 

5.2.2 Dialysis oxidation of human galectin-1 in the presence of dimedone 

2 ml of reduced apo human galectin-1 was dialysed extensively against large volumes 

of 20 mM Tris-HCl pH 8.0 supplemented with 0.001 mM CuSO4 and 10 mM dimedone 

(“Buffer_A_dimedone”) for 7 days, or alternatively, was dialysed extensively against large 

volumes of 20 mM Tris-HCl, 100 mM NaCl, 50 mM L-arginine, pH 8.0 supplemented 

with 0.001 mM CuSO4 and 10 mM dimedone (“Buffer_B_dimedone”) for 7 days.  
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Extensive dialysis involved dialysis against 500 ml of ‘fresh’ buffer every 24 h up until 3-4 

days then the sample is left to sit for the remaining days.  The use of dimedone at 10 mM is 

in keeping with previous investigations which have used a concentration range of 1-20 mM 

(Charles et al. 2007; Conway et al. 2004; Cross and Templeton 2004; Michalek et al. 

2007).  Dialysis tubing was blocked with 1% bovine serum albumin prior to use.  Dialysis 

was performed at 4 ºC, gentle stirring, vessels were open to the air (loosely covered) and 

protected from light (dimedone is sensitive to light).   

 

5.2.3 Hydrogen peroxide consumption assay 

Similar to the H2O2 scavenging assay described in section 3.2.9 in chapter 3, apo human 

galectin-1 (0, 0.039, 0.078 or 0.156 μM) was incubated in buffer comprised of 20 mM K, 

Na phosphate, pH 7.0, 50 μM β-ME, 6.25 µM H2O2 for 24 h at 37 ºC, protected from light 

and shaking.  The reaction mixtures were set up in duplicate.  Remaining H2O2 after 24 h 

was quantified via the method described in section 3.2.9 in chapter 3.  Fluorescence values 

representative of remaining H2O2 are reported as means ± SD (n = 2). 

 

5.2.4 Assessment of disulphide bond formation for human galectin-1 treated 

with hydrogen peroxide  

Apo human galectin-1 (27.59 µM) was incubated in buffer comprised of 20 mM K, Na 

phosphate, pH 7.0, 50 μM β-ME and 0, 147, 10
3
, 10

4
 or 10

5
 µM H2O2 in 20 µl reaction 

volumes for 3 h at 37 °C (protected from light and shaking).  Reactions were analysed by 

SDS-PAGE under non-reducing conditions (15 % acrylamide/bisacrylamide, 120 V for 2 

h).  Gels were stained with silver stain. 

 

5.2.5 Lectin activity of human galectin-1 treated with hydrogen peroxide 

The incubation of 27.59 µM apo human galectin-1 with a mild concentration of H2O2 

(147 µM) from section 5.2.4 was up-scaled 3.75-fold and repeated for lectin activity assay.  

The lectin activity assay: apo human galectin-1 (103.45 µM) was incubated with buffer 

comprised of 20 mM K, Na phosphate, pH 7.0, 50 μM β-ME and 0 or 551.25 µM H2O2 in 

100 µl reaction volumes for 1, 2 and 3 h at 37 °C (protected from light and shaking).  The 

reaction mixtures were set up in duplicate.  After the specified time reaction mixtures were 

tested for lectin activity via their ability to bind lactosyl Sepharose resin.  The 100 µl 

reaction samples were loaded onto 100 µl of lactosyl Sepharose resin equilibrated with 20 
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mM K, Na phosphate, pH 7.0.  Resin was washed with 2 bed volumes of 20 mM K, Na 

phosphate, pH 7.0 by centrifugation and bound protein was eluted with 2 bed volumes of 

20 mM K, Na phosphate, pH 7.0 supplemented with 50 mM lactose.  The protein yield of 

the elution fraction was determined using the micro BCA (biocinchoninic acid) protein 

assay and is reported as means ± SD (n = 2).   

 

5.2.6 Statistical analysis 

Values are reported as means ± SD (n = 2).  Significance (*, P ≤ 0.05) was determined 

with a two-way ANOVA, followed by Turkey’s multiple comparison test using GraphPad 

Prism software (version 3.0, GraphPad Software Inc., USA).  
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5.3 Results  

5.3.1 Lactose-absent subunits exhibit un-ravelling of secondary structure 

As has already been discussed, the carbohydrate-binding site of one 14.5 kDa subunit of 

one of the dimers in the asymmetric unit of complex-1 and -2 is unexpectedly not bound to 

lactose (Figure 5.3, subunit D).  The existence of the “lactose-absent” subunits is 

unexpected as the crystals from which complex-1 and -2 were obtained were grown in the 

presence of excess lactose.  In the “lactose-bound” subunits of complex-1 and -2 there are 

extensive hydrogen-bonding and hydrophobic interactions that help lodge the lactose 

within the shallow carbohydrate-binding site cleft, as has also been previously observed 

(Bourne et al. 1994; Lopez-Lucendo et al. 2004).  Critical hydrogen-bonding interactions 

occur involving the 4- and 6-OH of the galactose portion, and the 3-OH of the glucose 

moiety with His44, Asn46, Arg48, Asn61, Glu71 and Arg73 (Figure 5.4A).  C-H/π and van 

der Waals stacking interactions between the aromatic side chain of Trp68, which borders 

the carbohydrate-binding cleft, and the galactose moiety of lactose are also essential for 

ligand binding.  His52, that opposes the Trp68 in the cleft, aids orientation of the ligand.  

Interactions amongst the amino acids that stabilise the carbohydrate-binding site include 

salt-bridge interactions exemplified by side chains of Glu71 and Arg73, residues that are 

also involved in direct interaction with the ligand (Figure 5.4A).  

 

Figure 5.3: The asymmetric unit of complex-1 

The asymmetric unit of complex-1 contains two dimers. The figure is representative of the 

asymmetric unit of complex-2 also. The four 14.5 kDa subunits are labeled A, B, C and D. 

Subunit D has no lactose bound at the carbohydrate-binding site and has been coined the 

“lactose-absent” subunit. Subunits A, B and C are the “lactose-bound” subunits. Lactose is 

shown in a stick representation and is coloured magenta. 
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Figure 5.4: The carbohydrate-binding site of lactose-bound and lactose-absent 

subunits within the asymmetric unit of complex-1 and -2 

A) The carbohydrate-binding site region (incorporating β-strands S4, S5 and S6a/b; 

residues crucial to lactose binding are shown (oxygen atoms: red, carbon atoms: green)) of 

one lactose-bound subunit of complex-1 (Representative also of the lactose-bound subunits 

of complex-2). Dashed lines represent hydrogen bonds (< 3.6 Å) between the lactose and 

protein residues. Hydroxyl groups crucial to lactose binding are numbered in red. B) The 

same region of the lactose-absent subunit from complex-1 (representative also of the 

equivalent subunit from complex-2). A clear partial loss of the β-strand structure is 

apparent in the proximity of Arg48 (indicated by the arrow). Of note is that the protein 

structure that forms the carbohydrate-binding region of the apo crystal shares most 

similarity with that of the lactose-bound subunits of complex-1 and -2 (depicted in Figure 

5.4A).  
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Superficially, the -sandwich fold of complex-1, -2 and the apo X-ray crystal structure 

are comparable.  Lactose-bound subunits from complex-1 and -2 exhibit conservation of 

side chain positions for the carbohydrate-binding site residues, and the superimposition of 

main chain atoms gives an average root mean square deviation (RMSD) of 0.53 Å.  

Superimposition of the lactose-absent with the lactose-bound subunits gave a higher RMSD 

of 0.68 Å, and comparison of lactose-absent with apo subunits gives an RMSD that is 

higher still (0.74 Å).  The local protein structure of the carbohydrate-binding region reveals 

significant differentiation between lactose-absent subunit structure compared to the apo 

and to the lactose-bound subunit structures.  Secondary structure assignment for the apo 

subunits, the lactose-bound subunits of complex-1 and -2 and also the subunits of the 

reported X-ray crystal structure of human galectin-1 bound to lactose (pdb code: 1GZW 

(Lopez-Lucendo et al. 2004)), denotes sequences Asn40 - Ala51 and Asp54 -Asp64 as -

strands.  These β-strands are S4 and S5 respectively, and line the floor of the carbohydrate-

binding cleft (Figure 5.4A).  In contrast, the lactose-absent subunits of complex-1 and -2 

show segments comprising Phe49, Asn50 and Ala51 and also Asp54, Ala55 and Asn56 

that respectively would form the end of -strand S4, and the initial part of S5, are instead 

assigned as turns or random coil structure, essentially exhibiting a partial loss of the 

secondary structure (Figure 5.4B).  The main chain of segments Asn40 - Ala51 and Asp54 

- Asp64 within the lactose-absent subunits can be traced unambiguously in the 2|Fo|– |Fc| 

c electron density (contoured at 1.0 σ).  Side chain density in some instances is partly 

truncated indicating increased flexibility, but does not significantly hinder placement.   

 

Besides loss of lectin ability and disulphide bond formation, human galectin-1 oxidation 

is also associated with a significant change in secondary structure, as determined by 

circular dichroism (CD) analysis (Kadoya and Horie 2005).  Whether partial loss of -

strands S4 and S5 to random coil (shown in Figure 5.4B) is detectable by CD is not known.  

It remains unknown as to exactly how much β-strand structure is lost within the human 

galectin-1 protein structure upon oxidation, and exactly what type of secondary structure is 

gained.  An earlier study by Clerch et al (1988) however does comment that CD spectral 

change seen upon oxidation of rat galectin-1 is consistent with “the disruption of regular 

secondary structure to a random coil structure” (Clerch et al. 1988), yet a more recent 

study does show by CD analysis that rat galectin-1 does maintain large components of β-

strand structure upon oxidation (Miura et al. 2004).  Loss of secondary structure to random 
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coil is in accord with the effects of dialysis oxidation using Buffer_B.  Size exclusion 

chromatography and dynamic light scattering analysis performed on the active Peak-

3/Buffer_B (17 kDa) species of oxidized human galectin-1 determined that the protein 

structure contained more random coil (refer chapter 3). 

 

5.3.2 Lactose-absent subunits are intrinsically flexible structures 

The average main chain B-factors for lactose-bound subunits of both complexes ranges 

between 22.8 Å
2
 – 35.1 Å

2
, whereas the lactose-absent subunits of complex-1 and -2 

exhibit higher average main chain B-factors of 48.5 Å
2
 and 46.1 Å

2
 respectively (Table 4.5 

and 4.9 in chapter 4).  In fact, more than one third of lactose-absent subunit residues (42 % 

for complex-1 and 35 % for complex-2) have main chain B-factors above 50 Å
2
, which is 

indicative of high conformational instability (Figure 5.5).  Residues Asn50 and Ala51 of 

the lactose-absent subunit from both complexes reside in the sections of β-strands S4 and 

S5 that have become random coil, and exhibit main chain B-factors above 50 Å
2
.  Loss of 

β-strand structure and high conformational instability within the residue sequences of β-

strand S4 and S5 has effectively created a larger and more flexible loop/random coil region 

connecting these two β-strands (Figure 5.4B, the loop is indicated). 

 

 
 

Figure 5.5: A main chain B-factor plot for the residues of the 14.5 kDa subunits 

within complex-1, -2 and the apo human galectin-1 crystal structure   
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Black traces denote the main chain B-factor values for residues of the lactose-bound 

subunits of complex-1 and -2 and the subunits of the apo human galectin-1 structure. Pink 

and blue traces denote lactose-absent subunits of complex-1 and -2 respectively. The black 

horizontal line marks a high level of conformational instability (B-factor, 50 Å
2
). 

 

 

High B-factor values are indicative of increased structural flexibility.  The crystal 

environment, particularly any contact with neighbouring protein molecules, can influence 

the flexibility of the protein structure.  To understand the packing effects on tertiary 

structure, the number of crystal contacts that the protein and β-ME atoms of each subunit 

from complex-1, -2 and the apo structure make with other nearby protein and β-ME atoms 

is listed in Table 5.1.  Atom-to-atom crystal contacts are assessed here as inter-atomic 

contacts between dimers within the asymmetric unit along with symmetry-related contacts 

that are within 4 Å of the reference subunit (Norrman and Schluckebier 2007), and have 

been listed separately in Table 5.1.  Table 5.1 shows that the total number of atom-to-atom 

crystal contacts made by the lactose-absent subunits of complex-1 and -2 (subunit D) is not 

in excess of those made by lactose-bound subunits, eliminating contact compression as a 

plausible reason for lost lactose.  The lactose-absent subunits (“D”) actually make 

relatively few crystal contacts compared to lactose-bound subunits (Table 5.1).  There is 

however an exception, that of lactose-bound subunit B of complex-2, which makes a 

comparable number of crystal contacts (66 total atom-to-atom contacts) to the lactose-

absent subunit D of complex-1 (67 total atom-to-atom contacts).  Implication is that an 

alternative factor(s) beyond lack of extensive crystal contacts leads to the partial loss of the 

S4 and S5 β-strands, and loss of lactose within the lactose-absent subunits.  Support for 

this argument comes from comparison of the immediate crystal contacts local to the 

carbohydrate-binding site (Figure 5.6).  Figure 5.6 clearly shows that the lactose-bound 

subunit B of complex-1 and -2 (Figure 5.6D and H respectively) makes less crystal 

contacts in the vicinity of the carbohydrate-binding site than the lactose-absent subunit D 

of complex-1 and -2 (Figure 5.6F and J respectively). 
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Table 5.1: Inter-dimer and symmetry-related atom-to-atom crystal contacts made 

within complex-1, -2 and the apo human galectin-1 crystal structure 
 

 Crystal contacts within 4 Å 

Structure/Subunit Inter-dimer 

protein/β-ME 

atom-to-atom 

contacts 

Symmetry-related 

protein/β-ME 

atom-to-atom 

contacts 

Total no. of crystal 

contacts 

Apo/A N/A 135 135 

Apo/B N/A 140 140 

Complex-1/A 81 129 210 

Complex-1/B 60 18 78 

Complex-1/C 140 135 275 

Complex-1/D 1 66 67 

Complex-2/A 0 158 158 

Complex-2/B 57 9 66 

Complex-2/C 56 107 163 

Complex-2/D 1 34 35 
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Figure 5.6: A surface representation of residues in the region of the carbohydrate-

binding site of complex-1, -2 and the apo structure that make crystal contacts 

Residues within a 10 Å radius of the carbohydrate-binding site were calculated from His44 

and Val59 that form part of the floor of the binding site. The surface of the residues that 

make crystal contacts (< 4 Å) within the 10 Å radius are coloured blue. A-B) apo subunits 

A and B of the apo structure, respectively. C-F) subunits A, B, C and D of complex-1 

respectively. G-J) subunits A, B, C and D of complex-2 respectively. Lactose is shown in a 

stick representation (oxygen atoms: red, carbon atoms: yellow). 
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Increased structural flexibility for the lactose-absent subunits is also reflected by their 

radius of gyration measurements.  The radius of gyration (Rg) is a measure of compactness, 

and Table 5.2 shows that the flexible lactose-absent subunits (‘complex-1/D’ and 

‘complex-2/D’) consistently exhibit a slightly larger Rg value (13.68 and 13.79 Å for 

subunit D of complex-1 and -2 respectively) than that of the lactose-bound subunits within 

the same asymmetric unit (13.61-13.65 Å for complex-1 and 13.70-13.76 Å for complex-2) 

and the subunits of the apo structure (13.66 and 13.62 Å) (Table 5.2).  The increase in the 

Rg value for the lactose-absent subunits is small, but an increase in size is consistent with 

the dynamic light scattering results reported for the Peak-3/Buffer_B (17 kDa) oxidized 

human galectin-1 species (refer chapter 3).  Dynamic light scattering measures 

hydrodynamic radius (Rh), which is another measure of protein shape.  Dynamic light 

scattering measured the Rh of Peak-3/Buffer_B (17 kDa) to be of larger size (Rh = 1.96 nm) 

than the reduced dimeric form of human galectin-1 (Rh = 1.76 or 1.88 nm depending on 

whether the protein is apo or bound to lactose, respectively).  The larger Rh value for Peak-

3/Buffer_B (17 kDa) is due to the protein species containing more random coil structure.  

 

 

Table 5.2: The Rg for the 14.5 kDa subunits within the asymmetric unit of 

complex-1, -2 and the apo crystal structure was calculated using the VMD (Visual 

Molecular Dynamics) program 
 

Structure/Subunit Rg (Å)  

apo/A 13.66 

apo/B 13.62 

complex-1/A 13.62 

complex-1/B 13.65 

complex-1/C 13.61 

complex-1/D 13.68 

complex-2/A 13.73 

complex-2/B 13.76 

complex-2/C 13.70 

complex-2/D 13.79 

 

HETATOMS (lactose, β-ME and water molecules) are removed before calculations are 

performed. 

 

 

5.3.3 The position of residues within the lactose-absent subunits are disrupted 

Within the carbohydrate-binding cleft the residue His52 borders one side and may play 

a role in orientating the ligand (Figure 5.4A).  Within the lactose-bound subunits of 
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complex-1 and -2 continuous 2|Fo|– |Fc| c electron density (contoured at 1.0 σ) 

unambiguously defined the side chain atom positions of His52.  The apo crystal structure 

also revealed good definition of His52 within both subunits (Figure 5.7A-B shows subunit 

A and B respectively), countering the anticipation that ligand-induced fit would be 

essential for stabilization of this histidine.  This first structure of apo human galectin-1 

clearly proves that the position and orientation of the His52 side chain is already relatively 

well defined when in complete absence of lactose.  In fact, in the carbohydrate-binding site 

there are minimal structural differences between the lactose-bound and the apo atomic 

positions.  It is to be noted that His52 within the subunits of the apo structure does not 

make crystal contacts (Figure 5.6A and B).  Intriguingly, in both of the lactose-absent 

subunits of complex-1 and -2 the His52 side chain 2|Fo|– |Fc| c electron density (contoured 

at 1.0 σ) is poorly defined (Figure 5.7B and C respectively).  Thus there appears to be 

distinction between the lactose-absent subunits from both the apo and the lactose-bound 

subunits.  Our structural analysis suggests His52 may also aid in stabilizing bound lactose, 

not just simply orientating the ligand into the binding site.  The 2|Fo|– |Fc| c electron 

density (contoured at 1.0 σ) for Cβ of His52 is not visible for both lactose-absent subunits 

of complex-1 and -2, and additionally, poor quality 2|Fo|– |Fc| c electron density 

(contoured at 1.0 σ) for the aromatic ring of His52 inhibits confident side chain placement 

(Figure 5.7B and C respectively).   

 

It appears that the increased flexibility of His52 within the lactose-absent subunits has 

resulted in a loss of His52 stabilization forces upon bound lactose, and so might have 

contributed to the loss of bound lactose for these subunits. 
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Figure 5.7: The 2|Fo|– |Fc| αc electron density (contoured at 1.0 σ) associated with 

the residue sequence Phe46 – Asn56 within the carbohydrate-binding site of the apo 

subunits and the lactose-absent subunits of complex-1 and -2 

The 2|Fo|– |Fc| c electron density (contoured at 1.0 σ) is represented by a blue mesh. The 

residue sequence is shown in stick representation (carbon atoms are coloured green, 

oxygen atoms red and nitrogen atoms blue). A-B) Subunits A and B of the apo crystal 

structure respectively. The 2|Fo|– |Fc| c electron density (contoured at 1.0 σ) for His52 

within both apo subunits is well defined. Note: His52 does not make any direct crystal 

contacts in the apo structure (as shown in Figure 5.6A-B). C) The lactose-absent subunit of 

complex-1. D) The lactose-absent subunit of complex-2. The 2|Fo|– |Fc| c electron density 

(contoured at 1.0 σ) of His52 within the lactose-absent subunits of complex-1 and -2 is 

poorly defined. The Cβ 2|Fo|– |Fc| c electron density (contoured at 1.0 σ) is not visible and 
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poor quality 2|Fo|– |Fc| c electron density (contoured at 1.0 σ) for the aromatic ring of 

His52 inhibits confident side chain placement. 

 

 

A salt-bridge network engaging Arg48, Asp54, Arg73 and Glu71 assists correct 

orientation of the side chains of the two arginines and the glutamic acid that are involved in 

ligand binding (Figure 5.8).  If the integrity of the salt-bridge network were compromised 

in the lactose-absent subunits, then it could be expected to contribute to driving the loss of 

bound lactose.  A salt-bridge has been defined as an interaction between oppositely 

charged groups at a distance of 3.2-4.0 Å apart.  The atoms OD1, OD2, NH1, NH2, NE, 

OE1 and OE2 are the charged N
+
 and O

-
 side chain atoms of residues Arg48, Asp54, 

Arg73 and Glu71 (Figure 5.8).  If charged groups are within closer proximity of each other 

(< 3.2 Å) then the interaction has been defined as an ion pair (Karshikoff and Jelesarov 

2008).  From examination of charge-charge interactions for each subunit of complex-1, -2 

and the apo structure using CONTACT, it is apparent that for the lactose-absent subunits 

the separation between atoms engaged in salt-bridges in some instances are greater in 

distance, and consequently would be associated with weaker interaction forces.  Within the 

lactose-absent subunit these weaker salt-bridge interactions in combination with a highly 

flexible His52 can only act to destabilize bound lactose that would be anticipated to have 

been present initially.  

 

When contact profiles are compared for all subunits analysed, with exception of the 

lactose-absent subunits, the contact between atoms OD2 and NH2 of residues Asp54 and 

Arg73 respectively (indicated by arrow 
#
1, Figure 5.8) is < 3.2 Å apart, for the lactose-

absent subunits of complex-1 and -2 this distance is > 3.2 Å (3.91 and 3.43 Å respectively, 

Table 5.3).  A similar contact profile occurs for the interaction between atoms OE2 and 

NH1 of residues Glu71 and Arg73 respectively (indicated by arrow 
#
2, Figure 5.8).  For all 

subunits analysed, again with exception of the lactose-absent subunits, the latter interaction 

is < 3.2 Å, whereas for the lactose-absent subunit of complex-1 a distance > 4.0 Å is 

observed (4.06 Å) and for the lactose-absent subunit of complex-2 a distance at the upper 

distal limit of an ion pair interaction occurs, 3.18 Å (Table 5.3).  Additionally, the subunits 

of the complexes exhibit a salt-bridge interaction (3.2-4 Å) between atoms OD2 and NE of 

residues Asp54 and Arg73b respectively, with the exception of subunit B of complex-1 

(2.74 Å) (indicated by arrow 
#
3, Table 5.8).  For the lactose-absent subunits however this 

contact is at least 0.3 Å further apart than in the lactose-bound subunits. 
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Figure 5.8: A salt-bridge network exists between residues Arg48, Asp54, Glu71 and 

Arg73 within the carbohydrate-binding site of human galectin-1 

Salt-bridge contacts (contacts 3.2-4.0 Å apart) and ion pair contacts (contacts < 3.2 Å) 

occur between side chain atoms N
+
 and O

-
 of residues Arg48, Asp54, Glu71 and Arg73 

within the carbohydrate-binding site of human galectin-1. The arrows indicate which salt 

bridge interactions between residues Asp54, Arg73 and Glu71 of the lactose-absent 

subunits have weakened. 
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Table 5.3: Atom-to-atom contact distances between residues Arg48, Asp54, Glu71 and Arg73 of the salt-bridge network within the 

subunits of complex-1, -2 and the apo crystal structure 
 

 Structure/Subunit 

Atom-atom contacts between Arg48, Asp54, 

Glu71 and Arg73 (< 4 Å) 

Apo/A Apo/B C-1/A C-1/B C-1/C C-1/D C-2/A C-2/B C-2/C C-2/D 

/1/A/  48(ARG). / NE [ N]:            

                             /1/A/  54(ASP). / OD2[ O] 3.94 3.68   3.95 3.81   3.97  

                             /1/A/  54(ASP). / OD1[ O]  3.75 2.78        

/1/A/  48(ARG). / NH1[ N]:             

                             /1/A/  54(ASP). / OD2[ O] 2.73 2.17 2.76 3.51 2.47 2.56 2.85 2.81 2.56 2.76 

                            /1/A/  73(ARG). / NH2[ N] 3.8 3.51 3.66 3.56 3.46 4.42 3.52 3.66 3.69 3.71 

/1/B/  48(ARG). / NH2[ N]:             

                             /1/B/  71(GLU). / OE1[ O]   3.82 3.99 3.91      

/1/A/  54(ASP). / OD1[ O]:             

                             /1/A/  73(ARG). / NE [ N]    2.78 3.65 2.85 3.28 2.99 3.63 2.88 2.77 

                            /1/A/  73(ARG). / NH2[ N] 2.78 2.36 3.71  3.75  3.84  3.66 3.62 

/1/A/  54(ASP). / OD2[ O]:             

                            /1/A/  73(ARG). / NH2[ N] 2.48 2.38 2.8 2.79 3 3.91 3 3.11 3 3.43 

                             /1/A/  73(ARG). / NE [ N]   3.23 2.74 3.41 3.81 3.4 3.48 3.49 3.91 

/1/A/  71(GLU). / OE2[ O]:            

                            /1/A/  73(ARG). / NH1[ N] 3.01 3.09 2.92 2.45 2.91 4.06 2.9 2.42 2.83 3.18 

                            /1/A/  73(ARG). / NH2[ N]   3.21 2.9 3.25 2.8 3.32 2.99 3.23 3.03 

/1/C/  71(GLU). / OE1[ O]:             

                            /1/C/  73(ARG). / NH2[ N]     3.92 3.67 3.78    

 

* Salt-bridge:  3.2-4 Å 

* Ion pair:  < 3.2 Å 

* Weak interaction: > 4Å 
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5.3.4 The chemical state of cysteine residues within the lactose-absent 

subunits 

The structural analysis discussed so far suggests the scenario that increased flexibility of 

His52 and weakening of salt-bridge interactions in the lactose-absent subunits of complex-

1 and -2 resulted in a loss of stabilizing interactions between these subunits and an initially 

bound lactose, leading to loss of bound lactose.  These findings support the concept that 

the lactose-absent subunits are representative of protein that has been altered such that it 

has become lectin in-active, rather than existing as an apo form that would be able to 

function as a lectin when in the presence of β-galactosides.  It appears that the observed 

features are intrinsic characteristics of the lactose-absent subunits and not simply due to 

crystal contacts.  The question that remains then is what exactly causes the destabilisation 

of the protein structure of the lactose-absent subunit?  

 

There is a difference in acidity/basicity of the crystallization conditions from which the 

complex structures were determined, complex-1 being obtained at pH 8 and complex-2 at 

pH 5.6, but both exhibited the same crystal form (refer chapter 4).  The apo structure was 

determined at pH 7.5 and adopted a different crystal system.  Biochemical investigations 

have shown human galectin-1 is able to bind -galactosides across a wide pH range (4.5-

9.5) and within different buffers (citrate-phosphate, phosphate and carbonate-phosphate 

buffers) (Ahmed et al. 1990).  Complex-1 and -2 crystal structures have the same crystal 

system and unit-cell parameters, yet were determined from crystals grown under different 

crystallisation conditions in the presence of excess lactose and β-ME, specifically, under 

different pH (section 4.3.1, chapter 4).  Considering this, osmolarity and pH seem unlikely 

explanations for the phenomemon of lactose-absent subunits seen within complex-1 and -2.   

 

Prior to crystallisation, the protein solution was in the presence of excess lactose and the 

protein and reservoir solutions were in the presence of an effective reducing environment 

(4 mM -ME).  β-ME is used to prevent the formation of disulphide bonds that render 

human galectin-1 devoid of lectin activity.  The crystals from which the two complex 

structures were obtained did however only appear after several months incubation, which 

given the instability of -ME (ineffective after only 2-3 days in aqueous mixes, 

information obtained from the Hampton Research website) leads to the likelihood that 

there was a change in redox state to mild-oxidative conditions.  Conversely, X-ray 
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diffraction data for the apo structure were collected from a crystal that appeared after only 

2 days.  Effective reducing conditions would be anticipated to be retained during those 2 

days.  Loss of lectin ability for human galectin-1 is due to oxidation of cysteine residues, 

which in turn is synonymous with the formation of inter- and intracellular disulphide bonds 

(Abbott and Feizi 1991; Clerch et al. 1988; Hirabayashi and Kasai 1991; Inagaki et al. 

2000; Kadoya and Horie 2005; Tracey et al. 1992; Whitney et al. 1986), significant 

changes to the -strand secondary structure and monomer formation (Inagaki et al. 2000; 

Kadoya and Horie 2005; Tracey et al. 1992).  Hence, we believe that the observed features 

are intrinsic characteristics of the lactose-absent subunits and are potentially induced by the 

protein’s specific redox state.   

 

Cysteines within proteins can, besides engagement in disulphide bridges, be converted 

to a number of other physiologically relevant oxidation states, such as CSO (Carballal et 

al. 2007).  The redox state of the cysteines within the subunits of complex-1, -2 and the 

apo crystal structure includes, 1) the reduced free thiol state, 2) bound to -ME state and 3) 

the hydroxylated, or oxidized CSO state (coloured green, pink and blue respectively within 

Table 5.4).  All the lactose-bound subunits of complex-1 and -2 (“A, B and C”) and the apo 

subunits possess at least two cysteines bound to -ME molecules, whereas those cysteines 

within the lactose-absent subunits (“D”) do not bind -ME at all (Table 5.4).  Further, 

although the subunits within the three crystal structures do contain at least one CSO 

residue, the lactose-absent subunits exhibit a specific pattern of CSO formation for Cys16, 

Cys60 and Cys88 (Table 5.4).  It is then an intriguing possibility that the loss of bound β-

ME molecules and specific pattern of CSO formation, induced by mild oxidative 

conditions, affects the lectin activity of human galectin-1.   
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Table 5.4: Differential patterns of cysteine redox state within the subunits of 

complex-1, -2 and the apo crystal structure  
 

 Complex-1 subunits Complex-2 subunits Apo subunits 

Cysteine A B C D A B C D A B 

2 Cys Cys CSO Cys Cys Cys Cys Cys Cys Cys 

16 CSO CSO CSO CSO -ME CSO -ME CSO CSO CSO 

42 -ME -ME -ME Cys Cys Cys -ME Cys Cys Cys 

60 -ME -ME CSO CSO CSO -ME -ME CSO Cys Cys 

88 -ME CSO -ME CSO CSO CSO -ME CSO -ME -ME 

130 -ME -ME -ME Cys -ME -ME -ME Cys -ME -ME 

 

Cys = Reduced cysteine  

CSO = Sulphenic acid/ hydroxylated cysteine 

-ME = cysteine bound to -ME molecule 

D subunits of complex-1 and complex-2 are not bound to lactose (“lactose-absent” 

subunits) 

 

 

As discussed in the introduction of this chapter, CSO formation has been implicated in 

signal transduction and enzymatic pathways (Giles 2006; Na and Surh 2006).  CSO 

formation within proteins has all of the key features of a regulatory system, including 

sensitivity, specificity, and reversibility (Biteau et al. 2003; Carballal et al. 2007; Saurin et 

al. 2004).   CSO is an unstable form of oxidized cysteine, it can be reduced back to the free 

thiol cysteine, oxidized further or can form a stable disulphide bond with another cysteine 

(Biteau et al. 2003; Carballal et al. 2007; Saurin et al. 2004).  Yet within the context of a 

protein molecule CSO integrity can be stabilized via association with apolar elements 

(Claiborne et al. 1993), electrostatic forces and/or hydrogen bonding within its immediate 

vicinity, limited solvent exposure and absence of other sulfhydryl groups in its vicinity 

(Biteau et al. 2003; Claiborne et al. 1993; Woo et al. 2003).   

 

Horie et al (2004) suggests reduced galectin-1 is secreted from injured axons and 

oxidized in the extracellular matrix of the injured region to an active growth transforming 

oxidized form (Horie et al. 2004).  Horie et al (2004) investigations then support transition 

between the reduced and oxidized states of galectin-1, which is in support of the putative 

existence of a physiological relevant intermediate structure(s).  To add weight to the 

phenomenon of lactose-absent subunits being putative CSO incorporating intermediate 

structures formed en route to full oxidation (i.e. disulphide containing), not just simply 
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artifacts of crystallisation, requires further analysis by alternative techniques.  An alternate 

technique is utilized in the next section, 5.3.5. 

 

5.3.5 Dimedone disrupts the formation of oxidized human galectin-1 

Dimedone is a specific probe for CSO (Willett and Copley 1996).  CSO conjugated to 

dimedone cannot be identified by spectrophotometry means.  Dimedone incorporation into 

protein can be established using mass spectrometry, or alternatively, the use of dimedone 

analogues that are chemically conjugated to fluorescent or biotin tags enables detection of 

incorporated dimedone via Western blot analysis (Charles et al. 2007; Conway et al. 2004; 

Michalek et al. 2007).  Tryptic peptide fragments cannot be analysed by mass spectrometry 

here at the Institute for Glycomics, and unfortunately the dimedone derivative probes 

mentioned are not commercially available.  As this investigation has recently been initiated 

and is at a preliminary stage, then dimedone incorporation during this Ph.D project was 

assessed by differences seen in the SEC elution profiles of human galectin-1 oxidized in 

the absence and presence of dimedone, and via the disruption of disulphide bond formation 

as determined by SDS-PAGE analysis (under non-reducing conditions).  SEC and SDS-

PAGE analysis are not typical techniques used to assess dimedone incorporation, but they 

are in keeping with previous analysis of oxidized human galectin-1 (refer chapter 3). 

 

The oxidation buffer, “Buffer_A”, was described in chapter 3 and is used to generate 

oxidized human galectin-1 protein species Peak-1/Buffer_A (68 kDa) and Peak-

3/Buffer_A (22 kDa) (chapter 3, Figure 3.4C).  When reduced apo human galectin-1 is 

oxidized in the presence of Buffer_A supplemented with dimedone 

(“Buffer_A_dimedone”), after one week of dialysis oxidation there is formation of only 

one protein peak representative of a form of human galectin-1 that is 29 kDa in size 

(Figure 5.9A, solid line).  Dimedone has disrupted the formation of Peak-1/Buffer_A (68 

kDa) and Peak-3/Buffer_A (22 kDa) proteins species that are usually generated by 

Buffer_A (Figure 5.9, peaks 
#
1 and 

#
3 of the dashed line respectively).  Disruption of Peak-

1/Buffer_A (68 kDa) generation is particularly significant as this form of oxidized human 

galectin-1 has been shown to exhibit a protective affect against H2O2-induced apoptosis of 

MOLT-4 cells (Figure 3.11, chapter 3).   
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Both the Peak-1/Buffer_A (68 kDa) and Peak-3/Buffer_A (22 kDa) protein species 

contain intramolecular disulphide bonds, as determined by SDS-PAGE (chapter 3, Figure 

3.7).  SDS-PAGE analysis (under non-reducing conditions) of the 29 kDa protein species 

generated in the presence of dimedone shows that intramolecular disulphide bond 

formation, when compared to that of Peak-3/Buffer_A (22 kDa), is disrupted.  The 14.5 

kDa subunit band of Peak-3/Buffer_A (22 kDa) migrates through the SDS-PAGE gel more 

quickly because the intramolecular disulphide bonds that it contains compacts the protein 

structure (Figure 5.9, lanes 2 and 6).  For the 29 kDa protein species, SDS-PAGE analysis 

of a serially diluted sample resolves two bands with molecular weight < 15 kDa (indicated 

by arrows 
#
1 and 

#
2, Figure 5.9B).  Arrow 

#
2 is representative of a band that migrates at a 

similar speed as Peak-3/Buffer_A (22 kDa), whereas arrow 
#
1 is representative of a 

predominant protein species that migrates more slowly through the gel.  Slower migration 

suggests the protein band indicated by arrow 
#
1 does not contain intramolecular disulphide 

bonds and/or may be of a larger molecular weight.  The formation of dimedone adducts 

would add at least 140 Da to the molecular weight of the protein if incorporated into the 

protein structure.  Dimedone binds specifically to CSO residues, and so dimedone 

incorporation due to CSO formation is a rational explanation for the disruption of 

disulphide bond formation, and consequently Peak-1/Buffer_A (68 kDa) and Peak-

3/Buffer_A (22 kDa) formation.   

 

If dimedone incorporation has occurred, the presence of the band indicated by arrow 
#
2 

(Figure 5.9) suggests
 
dimedone was not able to trap all of the CSO residues as thioether 

adducts before they reacted to form disulphide bonds.  Conway et al (2004) comments that 

disulphide bond formation occurs faster than the reaction between CSO residues and 

dimedone (Conway et al. 2004), this might be why partial intramolecular disulphide bond 

formation within the 29 kDa protein species is seen by SDS-PAGE analysis.  SEC and 

SDS-PAGE analysis strongly suggest that dimedone has been incorportated into the 

protein.  For future analysis I recommend that mass spectrometry techniques be used in 

parallel to simply provide unrefuted confirmation of dimedone incorporation. 
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Figure 5.9: Analysis of human galectin-1 oxidized in the presence of Buffer_A 

supplemented with dimedone 

A) The SEC elution profile of reduced apo human galectin-1 dialysed against Buffer_A in 

the absence and presence of dimedone. Three oxidized human galectin-1 protein species 

are generated by Buffer_A (dashed line), peak 
#
1: Peak-1/Buffer_A (68 kDa); peak 

#
2: 

Peak-2/Buffer_A (44 kDa) and peak 
#
3: Peak-3/Buffer_A (22 kDa). In the presence of 

dimedone a protein species 29 kDa in size is generated (solid line). B) SDS-PAGE analysis 

(under non-reducing conditions) of reduced apo human galectin-1 dialysed against 

Buffer_A_dimedone. Lane 1: ladder; lane 2: Peak-3/Buffer_A (22 kDa); lanes 3-5: a serial 

dilution of the 29 kDa protein peak shown in Figure 5.9A (solid line); lane 6: Peak-

3/Buffer_A (22 kDa). Arrow 
#
2 indicates that only partial intramolecular disulphide bond 

formation occurs. The 29 kDa protein species also contains intermolecular disulphide 

bonds (as indicated by colvalent oligomers > 25 kDa).  
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The 29 kDa protein peak of Figure 5.9A (solid line) also contains intermolecular 

disulphide bonding as indicated by protein bands ≥ 25 kDa in size (Figure 5.9B, lanes 3-5).  

The band approximately 30 kDa in size however may represent residual dimer.  SDS-

PAGE analysis of the Peak-1/Buffer_B (68 kDa) oxidized species also previously 

confirmed the presence of intermolecular disulphide bonds within the 68 kDa protein 

structure (chapter 3, Figure 3.7).  The SDS-PAGE bands and unresolved smear 

representative of larger oligomers that comprise the Peak-1/Buffer_A (68 kDa) species are 

however more prominent than those shown in Figure 5.9B (lanes 3-5) for the 29 kDa 

protein species, suggesting only partial formation of the Peak-1/Buffer_B (68 kDa) 

oxidized species in the presence of dimedone.  The shoulder peak ≥ 29 kDa in size that 

flanks the 29 kDa peak of Figure 5.9A (solid trace) may represent partial formation of the 

Peak-1/Buffer_B (68 kDa) species. 

 

When reduced apo human galectin-1 is oxidized by Buffer_B supplemented with 

dimedone (“Buffer_B_dimedone”), after one week of dialysis oxidation a protein species 

16.6 kDa in size is formed (Figure 5.10A, solid line).  The 16.6 kDa protein peak is very 

similar in size to that of the Peak-3/Buffer_B (17 kDa) oxidized human galectin-1 protein 

species that is generated by simply Buffer_B after one week (Figure 5.10A, dashed line).  

The formation of similarly sized protein species suggests dimedone does not disrupt the 

formation of the functionally active Peak-3/Buffer_B (17 kDa) form.  SDS-PAGE analysis 

suggests otherwise.  A similar double banding effect to that seen in Figure 5.9B (lane 5) is 

also seen for the 16.6 kDa protein species (Figure 5.10B, lane 5, bands < 15 kDa in size).  

As described before, arrow 
#
2 of Figure 5.10B is also representative of partial 

intramolecular disulphide bond formation in the presence of dimedone.  The 16.6 kDa 

protein species also contains intermolecular disulphide bonds (Figure 5.10B, lanes 3-5, 

indicated by protein bands ≥ 25 kDa).  A unique combination of changed hydrodynamic 

radius (due to secondary and tertiary structural changes), and possibly resin interaction 

may account for the 16.6 kDa peak having a similar retention time as that of the Peak-

3/Buffer_B (17 kDa) oxidized species.    
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Figure 5.10: Analysis of human galectin-1 oxidized in the presence of Buffer_B 

supplemented with dimedone 

A) The SEC elution profile of reduced apo human galectin-1 dialysed against Buffer_B in 

the absence and presence of dimedone. One oxidized human galectin-1 protein species is 

generated by Buffer_B (dashed line): Peak-3/Buffer_B. In the presence of dimedone a 

protein species 16.6 kDa in size is generated (solid line). B) SDS-PAGE analysis (under 

non-reducing conditions) of reduced apo human galectin-1 dialysed against 

Buffer_B_dimedone. Lane 1: ladder; lane 2: Peak-3/Buffer_B; lanes 3-5: a serial dilution 

of the 16.6 kDa protein peak shown in Figure 5.10A (solid line); lane 6: Peak-3/Buffer_B. 

Arrow 
#
2 indicates that only partial intramolecular disulphide bond formation occurs. The 

16.6 kDa protein species also contains intermolecular disulphide bonds (as indicated by the 

covalent oligomers > 25 kDa).  
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environment.  CSO formation in proteins is typically associated with redox-reactive 

cysteines that consume reactive oxygen species (ROS).  For peroxiredoxin (Prx) proteins 

the redox-reactive cysteines specifically scavenge the reactive oxygen species, H2O2 (the 

mechanism of Prx H2O2 consumption was described earlier in the introduction section of 

this chapter).  Considering ROS can be generated in aerated aqueous solutions by 

absorption of heat or light (Bruskov et al. 2002; Miolo et al. 2005; Shtarkman et al. 2008), 

might human galectin-1 have consumed the H2O2 generated in the crystallisation drops that 

yielded crystal structures complex-1 and -2, and that was generated within the oxidation 

buffers Buffer_A and Buffer_B?  If so, human galectin-1 may exhibit peroxiredoxin-like 

H2O2 scavenging activity.  This activity is assessed in the next section, 5.3.6.   

 

5.3.6 Human galectin-1 consumes hydrogen peroxide 

Figure 5.11A shows that over 24 h at 37 ºC, apo human galectin-1 in the presence of 50 

µM β-ME significantly consumes H2O2 in a dose-dependent manner (* indicates P-value < 

0.001 when compared to the 0 µM human galectin-1 control).  To assess whether H2O2 

consumption by human galectin-1 induces disulphide bond formation, 27.59 µM of apo 

human galectin-1 was incubated with various concentrations of H2O2 (0, 147, 10
3
, 10

4
 or 

10
5
 µM) in the presence of 50 µM β-ME.  After incubation for 3 h at 37 ºC no 

concentration of H2O2 induces the formation of intermolecular disulphide bonds, as 

assessed by a lack of covalent oligomer formation (Figure 5.11B shows that no bands ≥ 25 

kDa are generated).  When 27.59 µM of apo human galectin-1 in a reducing environment 

is incubated with mild concentrations of H2O2 (147 µM) for 3 h at 37 ºC, no intramolecular 

disulphide bond formation occurs within the 14.5 kDa band (Figure 5.11C, lane 4), as 

assessed by slower migration of the 14.5 kDa subunit compared to that of the Peak-

3/Buffer_B (17 kDa) oxidized human galectin-1 species (Figure 5.11C, lanes 2 and 8).  

SDS-PAGE analysis after similar incubation of human galectin-1 with a higher 

concentration of H2O2 (10
3
 µM) revealed a slight double banding effect for proteins < 15 

kDa in size (bands indicated by arrows 
#
1 and 

#
2, Figure 5.11C, lane 5).  The gel shift to an 

apparent lower molecular weight for the band indicated by arrow 
#
2 is most probably 

representative of only partial intramolecular disulphide bonds formation after 3 h.  Excess 

H2O2 (10
4
 and 10

5
 µM) failed to further enhance the band indicated by arrow 

#
2, 

suggesting excess H2O2 has over-oxidized the cysteines to sulphinic (Cys-SO2H) and 

sulphonic acid (Cys-SO3H) residues (Figure 5.11C, lanes 6 and 7 respectively).  The over-
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oxidation of the cysteines would experience no compaction of structure, hence no gel shift 

to an apparent lower molecular weight. 

 

The oxidation of mammalian galectin-1 is synonymous with cysteine oxidation to 

disulphide bonds, yet Figure 5.11B-C suggests disulphide bond formation in the presence 

of H2O2 is dependent upon both the level and length of oxidative exposure.  The lack of 

intra- and intermolecular disulphide bond formation for human galectin-1 in the presence 

of mild and excess H2O2 concentration suggests that oxidation of cysteines to CSO may 

occur at mild H2O2 concentrations after 3 h, whereas an over-oxidation of cysteines to 

sulphinic (Cys-SO2H) and sulphonic acid (Cys-SO3H) may occur at excess concentrations 

of H2O2 after 3 h.   

 

 

 

Figure 5.11: Human galectin-1 consumes hydrogen peroxide 

A) Human galectin-1 consumes H2O2 in a dose-dependent manner. Data represents the 

mean and ± SD (n =2) (* indicates P-values < 0.001). B-C) SDS-PAGE assessment (under 

non-reducing conditions) of H2O2-induced inter- and intramolecular disulphide bond 

formation after 3 h incubation. Lane 1, ladder; lane 2 and 8, Peak-3/Buffer_B (17 kDa) 
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oxidized human galectin-1 species; lane 3, human galectin-1 incubated without H2O2 for 3 

h; lanes 4-7, human galectin-1 incubated with 147, 10
3
, 10

4
, 10

5
 µM H2O2 respectively for 

3 h.  

 

 

SDS-PAGE analysis has determined that no disulphide bond formation within or 

between human galectin-1 subunits occurs when in the presence of a mild H2O2 

concentration (147 µM) after 3 h.  However, might the lectin activity of human galectin-1 

be affected under these conditions?  The incubation of 27.59 µM apo human galectin-1 

with 147 µM H2O2 was up-scaled 3.75-fold to assess lectin binding ability.  Apo human 

galectin-1 (103.45 µM) in the presence of 50 µM β-ME was incubated with 0 and 551.25 

μM H2O2 for 1, 2 or 3 h at 37 ºC.  The reaction samples post-1, 2 or 3 h incubation at 37 ºC 

were tested for their ability to bind to lactosyl Sepharose resin.  Figure 5.12 shows the 

amount of protein eluted from the lactosyl Sepharose resin for human galectin-1 protein 

samples incubated in the absence (black bars) and presence of 551.25 μM H2O2 (grey 

bars).  After 1 h there is no significant difference in the amount of eluted protein for human 

galectin-1 protein samples incubated in the absence and presence of 551.25 μM H2O2 

(Figure 5.12, * indicates P-value > 0.05).  Conversely, the amount of protein that is eluted 

for the H2O2 treated protein sample after 2 h incubation is significantly less than the 

untreated buffer control (Figure 5.12, 
#
 indicates P-value < 0.05).  Similarly, after 3 h 

incubation the amount of protein that is eluted for the H2O2 treated protein sample is also 

significantly less than the untreated buffer control (Figure 5.12, 
φ
 indicates P-value < 0.01).  

The amount of protein eluted for the human galectin-1 samples incubated at 37 ºC in the 

absence of H2O2 for 1, 2 and 3 h (black bars) are not significant from each other (P-values 

> 0.05 when compared with each other), which confirms heating at 37 ºC for 1-3 h has no 

negative affect on human galectin-1 lectin activity. 
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Figure 5.12: Mild concentrations of H2O2 affect the lectin activity of human galectin-

1 

The incubation of human galectin-1 (in the presence of 50 µM β-ME) with 147 µM H2O2 

for 1 h at 37 ºC does not reduce lectin activity, as evidenced by no significant difference in 

the eluted protein yield of the untreated protein sample (black bars) compared to H2O2 

treated human galectin-1 (grey bars) from lactosyl Sepharose resin (* indicates P-value > 

0.05). In contrast, the incubation of human galectin-1 (in the presence of 50 µM β-ME) 

with 147 µM H2O2 for 2 and 3 h at 37 ºC does significantly reduce lactosyl Sepharose 

binding ability (grey bars) compared to the respective controls (black bars) (# indicates P-

value < 0.05, φ indicates P-value < 0.01). Data represents the mean and ± SD (n = 2). 

Significance was determined with a two-way ANOVA followed by Turkey’s multiple 

comparison test using GraphPad Prism software.   
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5.4 Discussion 

X-ray crystallographic structures of mammalian galectin-1 have been obtained by three 

independent studies, Bourne et al (1994), Lopez-Lucendo et al (2004) and by myself 

during this Ph.D project (2005-2009).  The bovine and human crystal structures solved by 

Bourne et al (1994) and Lopez-Lucendo et al (2004) both contain one homodimeric 

galectin-1 molecule bound to ligand at both of the two available carbohydrate-binding 

sites.  A ligand bound at both binding sites confirms that these two research groups 

obtained crystal structures of fully lectin active galectin-1 protein.  During this Ph.D 

project, two human galectin-1 crystal structures obtained from crystals grown in the 

presence of lactose (complex-1 and -2) were both solved with two homodimeric molecules 

in the asymmetric unit.  Within the asymmetric unit of both complexes, one dimer is a fully 

lectin active galectin-1 molecule whereas the other is only bound to one lactose ligand 

(Figure 5.3).  The 14.5 kDa subunit of the latter homodimer that has no lactose bound has 

been coined the “lactose-absent” subunit.  Lactose-absent subunits were unexpected from 

crystals yielding complex-1 and -2 since their respective crystallisation conditions 

contained excess lactose.  Rather than ignore lactose-absent subunits as simply anomalies, 

detailed structural analysis was performed on these structures together with lactose-bound 

subunits of complex-1 and -2, and the subunits of the apo crystal structure to identify 

unique feature intrinsic to the lactose-absent subunits.  Such a feature might explain the 

phenomenon of a homodimer that has effectively appeared to become partially in-active. 

  

Many independent studies have investigated the loss of lectin activity upon oxidation of 

mammalian galectin-1, and all are unanimous in their analysis that loss of lectin activity is 

synonymous with inter- and/or intramolecular disulphide bond formation (Abbott and Feizi 

1991; Clerch et al. 1988; Hirabayashi and Kasai 1991; Inagaki et al. 2000; Kadoya and 

Horie 2005; Tracey et al. 1992; Whitney et al. 1986).  In contrast, the lactose-absent 

subunits of complex-1 and -2 interact non-covalently with a lactose-bound subunit to form 

a homodimer, and no disulphide bonds are present within (intra) the lactose-absent 

subunits or between (inter) the two homodimers within the asymmetric units of both 

complexes.  However, the lactose-absent subunits do exhibit other oxidized-like structural 

features that distinguish them from both the subunits of the apo crystal structure and the 

lactose-bound subunits of complex-1 and -2.  Besides the loss of bound lactose, lactose-

absent subunits exhibit partial loss of β-strand secondary structure at the carbohydrate-
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binding site.  Similar loss of secondary structure is not seen in the subunits of the apo 

structure, rather the apo subunits display identical secondary structure to that of the 

lactose-bound subunits of complex-1 and -2, which suggests the lactose-absent subunits are 

not true apo structures but rather represent lectin in-active subunits.  The loss of β-strand 

structure is consistent with previous reports of the rat (Clerch et al. 1988) and human 

(chapter 3) galectin-1 protein structure containing more random coil structure upon 

oxidation.  Also in contrast to the lactose-bound and apo subunits, the lactose-absent 

subunits exhibit: 1) high temperature factors (B-factor > 50 Å
2
) for more than one third of 

their residues; 2) poor quality 2|Fo|– |Fc| c electron density (contoured at 1.0 σ) at His52, 

hence difficulty in positioning this residue thought important to ligand binding; and 3) 

weaker salt bridge interactions between residues that make ligand contacts.  A protein 

structure that contains more random coil would be expected to have higher structural 

flexibility.  Collectively, these structural differences are most likely the cause of lactose-

absent subunits having lost bound lactose.  Crystal contacts, specifically a lack thereof, did 

not on their own provide an unequivocal explanation for these unique features, rather we 

suspect they are intrinsic to the lactose-absent subunit structure.   

 

Galectin-1 will bind to asialofetuin across a wide pH range and within different buffers 

(Ahmed et al. 1990; Ahmed et al. 1996).  Considering this, osmolarity and pH seem 

unlikely explanations for the phenomenon of lactose-absent subunits present within 

complex-1 and -2.  The crystallisation drops from which the crystals yielding complex-1 

and -2 were grown were set up in the presence of excess reducing agent -ME (4 mM) and 

lactose (5 mM), however, the crystals did only appear after several months’ incubation.  β-

ME is used to prevent the formation of disulphide bonds that render human galectin-1 

devoid of lectin activity, but the reducing power of -ME is only effective for 2-3 days in 

aqueous mixes, not months.  Again, the lactose-absent subunits do not contain disulphide 

bonds or partake in covalent disulphide bonding across the dimeric interface, but the 

chemical state of the six cysteine residues within the subunit is distinct.  The subunits of 

the apo structure and lactose-bound subunits all contain at least two cysteine residues that 

are bound to β-ME molecules.  In contrast, the lactose-absent subunits are not bound with 

β-ME at any cysteine residue.  Additionally, all subunits from the three crystal structures 

contain CSO residues, yet only the lactose-absent subunits exhibit a specific pattern of 

CSO formation at Cys16, Cys60 and Cys88.  CSO residues are an oxidized form of 
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cysteine and are unstable.  It is intriguing to contemplate if a loss of bound β-ME 

molecules and subsequent formation of a specific pattern of CSO residues is responsible 

for the unique structural features of the lactose-absent subunits.  Dimedone is a specific 

probe for CSO residues and was utilized to further investigate the importance of CSO 

residues to human galectin-1.  When the Buffer_A dialysis oxidation buffer was 

supplemented with dimedone, SEC analysis detected that the usual generation of Peak-

1/Buffer_A (68 kDa) and Peak-3/Buffer_A (22 kDa) oxidized species was disrupted.  Also, 

SDS-PAGE analysis detected disruption of intramolecular disulphide bond formation 

within protein species generated by Buffer_A and Buffer_B dialysis oxidation buffers 

supplemented with dimedone.  Mass spectroscopy techniques are required to confirm, but 

dimedone incorporation into the protein structure due to CSO formation is a rational 

explanation for the disrupted generation of expected oxidized human galectin-1 species. 

 

CSO residues are typically associated with H2O2 consumption.  In light of the support 

for CSO formation within human galectin-1 by SEC and SDS-PAGE analysis in the 

presence of dimedone, I asked, does human galectin-1 scavenge H2O2?  Indeed it does so 

significantly over a 24 h period.  H2O2 consumption involves its reduction to water by a 

target, in this case the target is human galectin-1.  The target is itself oxidized in the 

process of H2O2 reduction to water.  A signature feature of oxidized mammalian galectin-1 

is disulphide bond formation (Abbott and Feizi 1991; Clerch et al. 1988; Hirabayashi and 

Kasai 1991; Inagaki et al. 2000; Kadoya and Horie 2005; Tracey et al. 1992; Whitney et 

al. 1986), yet SDS-PAGE analysis performed herein shows that inter- and/or 

intramolecular disulphide bond formation does not occur when human galectin-1 is 

incubated with mild and toxic concentrations of H2O2.  Lectin activity nevertheless is 

adversely affected prior to inducement of disulphide bridges in the presence of mild 

concentrations of H2O2, which is consistent with the lactose-absent subunits of complex-1 

and -2.  Might these results spur researchers to start to consider the other forms of oxidized 

cysteine, such as CSO, as being relevant to human galectin-1 biological function just as 

much as disulphide bonds are?  

 

The cysteines of H2O2 scavenging peroxiredoxins can take various chemical states (such 

as CSO, Cys-SO2H and Cys-SO3H) depending on the level of H2O2 exposure (Chen et al. 

2007; Georgiou and Masip 2003; Jönsson and Lowther 2007; Wood et al. 2003).  H2O2 is a 
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reactive oxygen species that can be generated within aqueous buffers and so I speculate on 

the intriguing possibly of the lactose-absent subunits representing a H2O2 scavenging, CSO 

incorporating intermediate structure en route to a fully oxidized form of human galectin-1.  

Much more biochemical analysis is required to test the peroxiredoxin-like activity of 

human galectin-1, such as coupling human galectin-1 H2O2 consumption to the 

NADPH/reductase system.  To enable peroxiredoxins to continually reduce H2O2 to water 

(Figure 5.13, 1), the peroxiredoxin catalytic cycle is coupled to secondary reductase (RSH) 

reactions (Figure 5.13, 2) that reduce the disulphide bonds of oxidized peroxiredoxin 

proteins (Prx/S-S) back to the free thiol state (Prx/SH).  The reductase, often thioredoxin 

reductase, is oxidized in the process (RSSH) of Prx-SH production, but is reduced back to 

repeat the cycle via oxidiation of excess NADPH to NADP
+
.  Conveniently, NADP

+
 

generation can be measured by spectrophotometry means (Fernando et al. 2006; Georgiou 

and Masip 2003).  

 

 
Figure 5.13: The catalytic cycle of peroxiredoxin H2O2 scavenging activity coupled 

with the NADPH/reductase system (Fernando et al. 2006; Georgiou and Masip 2003) 

The free thiol cysteines of Prxs (Prx/SH) are oxidized to CSO residues (Prx/SOH) by 

H2O2. CSO residues can form disulphide bonds with other cysteine residues (Prx/S-S). 

Reductase enzymes, such as thioredoxin reductase, reduce Prx disulphide bonds back to 

the free thiol state so that the catalytic cycle may continue. 

 

 

From X-ray crystallographic structures and in vitro biophysical and biochemical 

analysis the molecular function of a protein can be determined.  Analysis of this sort 

performed herein has put forward a case for the importance of CSO to human galectin-1.  

Future directions however must include relating the findings of this chapter back to in vivo 

H2O                              H2O2                              

Inactive                      

H2O                              1                             
 Prx/S-S                                     

 Prx/SOH                                     

 Prx/SH                                     

RSH                                     

RSSH                                     

NADPH                                     

NADP
+
                                     Prx/SO2H 

 

Prx/SO3H 

H2O2                              

H2O                              1                             

2                             

Catalytic 

cycle 



163 

 

cellular biology.  Many cancers over-express Prxs as a means of protection against cancer 

associated oxidative stress (Karihtala et al. 2003; Smith-Pearson et al. 2008).  Considering 

this, might the lactose-absent subunit represent a putative structure formed due to human 

galectin-1 performing a detoxifiying peroxiredoxin-like function in the pathophysiological 

environment of a tumour?  Plans are in place for cell biology experiments to be conducted 

in collaboration with Dr. Steve Ralph via cell culture experiments using endothelial cells.  

As was first discussed in chapter 3, endothelial cells are stimulated into angiogenesis 

activity by H2O2 (Sihvo et al. 2003).  Endothelial cells also over-express and secrete 

galectin-1 into the extracellular matrix (He and Baum 2006; Hsieh et al. 2008).  

Considering this, it might be the case that human galectin-1 is secreted as the reduced 

dimeric form from endothelial cells to scavenge increasing H2O2 levels generated by the 

pathophysiological tumour environment, thus protecting endothelial cells from oxidative 

stress.  Specifically, to test for such putative activity a series of experiments will be 

performed, 1) endothelial cells will be generated to over-express human galectin-1 and/or 

human galectin-1 will be added exogenously to culture to determine whether cells 

experience increased survival in the presence of toxic H2O2 concentrations, 2) galectin-1 

knock-out endothelial cells will be generated to determine whether cell survival is reduced 

under similar oxidative assault, and 3) block putative H2O2 scavenging activity by 

supplementing cell culture media with dimedone.  Putative CSO incorporation into the 

human galectin-1 protein structure may provide a major opportunity to selectively target 

pathophysiological systems (such as cancer) that require the oxidation of reduced human 

galectin-1 to a disulphide bond containing or over-oxidized form by utilising dimedone or 

dimedone derivatives as inhibitors. 
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Chapter 6 – An investigation into the farnesyl binding ability of 

human galectin-1 

 

6.1 Introduction 

Transformation is an important event in tumourigenesis, particularly as cancerous 

tumours move from a benign to metastatic phenotype.  N-, K- and H-Ras proteins are small 

intracellular proteins that regulate cell transformation by cycling between active GTP- and 

inactive GDP-bound states.  Specifically, GTP loaded H-Ras (H-Ras.GTP) interacts with 

binding partners at the intracellular face of the plasma membrane to initiate cell 

transformation signaling cascades, such as the Raf kinase/extracellular signal regulated 

kinase (ERK)/mitogen-activated protein kinase (MAPK) pathway (Campbell and Der 

2004; Paz et al. 2001).  Mutant Ras proteins which promote malignant transformation, 

many of which are constitutively active, are expressed by 30 % of all human cancers 

(Campbell and Der 2004).  Targeting Ras function, or the function of its effector proteins 

are rational cancer therapies.   

 

Galectin-1 has a scaffolding role in cytosolic H-Ras-signaling pathways.  Specifically, 

galectin-1 regulates the duration of H-Ras.GTP activity by stabilizing H-Ras.GTP 

association with the intracellular face of the plasma membrane (Belanis et al. 2008; Paz et 

al. 2001).  The interaction between galectin-1 and H-Ras.GTP at the plasma membrane is 

crucial as H-Ras mislocalizes to the cytosol if galectin-1 is downregulated in cells (Paz et 

al. 2001).  The farnesyl fatty acid moiety (Figure 6.1, 1) that is added post-translationally 

to the C-terminus of H-Ras is essential to the galectin-1-H-Ras.GTP interaction.  

Modification of H-Ras with myristate (Figure 6.1, 2) instead of farnesyl abolishes any 

interaction with galectin-1, and the farnesylthiosalicylic acid (FTS) derivative (Figure 6.1, 

3) disrupts the galectin-1-H-Ras.GTP complex (Paz et al. 2001).  The GTP-bound H-Ras 

conformation and the hypervariable (HVR) domain of H-Ras are also crucial to the 

galectin-1-H-Ras.GTP interaction, but are thought to contribute to correct presentation of 

the farnesyl moiety rather than directly interacting with galectin-1.  Belanis et al (2008) 

speculates galectin-1 favours GTP-bound H-Ras because the farnesyl moiety is less deeply 

embedded into the lipid bilayer of the plasma membrane in this conformation (Belanis et 

al. 2008).  These same authors also show that removal of the HVR domain from H-Ras 
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abolishes the galectin-1-H-Ras.GTP interaction, but not alanine mutations within the HVR 

domain.  This suggests the integrity of HVR domain length is crucial to farnesyl 

presentation, thus galectin-1-H-Ras.GTP interaction, not a particular amino acid(s) within 

the HVR domain (Belanis et al. 2008).   

 

 

 

Figure 6.1: Farnesyl (1), myristate (2), farnesylthiosalicylic acid (FTS) (3) and 

farnesyl disphosphate (FPP) (4) 

 

 

Experimentally, it is not known whether it is the reduced dimer or an oxidized form of 

human galectin-1 that interacts with H-Ras.GTP, or whether both forms interact.  

Molecular modeling conducted by Rotblat et al (2004) has shown that the farnesyl binding 

site of galectin-1 may be a hydrophobic cavity within each 14.5 kDa subunit of the reduced 

human galectin-1 dimer (chapter 1, Figure 1.9B) (Rotblat et al. 2004).  Additionally, 

within my Ph.D a preliminary isothermal calorimetry (ITC) experiment that I performed 

during my participation in a workshop (EMBO Practical Course on Protein Expression, 

Purification and Crystallisation) at the European Molecular Biology Laboratories (EMBL) 

in Hamburg, Germany provided some evidence for an endothermic interaction between 

oxidized human galectin-1 and farnesyl disphosphate (FPP) (Figure 6.1, 3).  FPP is a water 
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soluble derivative of farnesyl.  Figure 6.2 shows data from the calorimetric titration of 10 

µl aliquots of 461 µM FPP into an oxidized human galectin-1 protein sample (10 µM) 

every 3 minutes.  The titration was performed at 25 ºC, and both the protein and FPP fatty 

acid were in the same buffer solution (20 mM K, Na phosphate, pH 7.0).  The ITC binding 

curve is not optimal, but the first 3 titrations of FPP do suggest an endothermic interaction 

occurs between oxidized human galectin-1 and FPP (Figure 6.2, titrations are indicated).  

The plateau region of the plot over the next 18 titrations of FPP may represent a protein-

ligand interaction that has reached product/reactant equilibrium after 10 minutes, or a 

protein/ligand interaction that has ceased to occur.   

 
Figure 6.2: Calorimetric titration of a heterogeneous oxidized human galectin-1 

sample with farnesyl disphosphate 

The experimental data obtained from the addition of 10 µl aliquots of 461 µM FPP into a 

10 µM heterogeneous sample of oxidized human galectin-1 every 3 minutes at 25 ºC. The 

first three spikes in the plot represent 9 minutes of an endothermic interaction between 

oxidized human galectin-1 and FPP.  

 

 

The ITC experiment was not performed using Peak-1/Buffer_A (68 kDa) or Peak-

3/Buffer_B (17 kDa) oxidized human galectin-1.  The oxidized sample used was generated 

by way of 20-fold dilution of reduced apo human galectin-1 to < 1 mg/ml with buffer 

comprised of 20 mM Tris-HCl, pH 8.0, 0.0001 % (0.004 mM) CuSO4, followed by 

overnight incubation at 4 ºC to allow disulphide bonds to form (Inagaki et al. 2000).  This 

sample was then shipped to Germany where it was tested for FPP binding ability using ITC 

approximately 2-3 weeks later.  Dynamic light scattering and SDS-PAGE analysis of such 

an oxidized sample has shown that after 12 days the sample becomes heterogeneous in 

nature (chapter 3, Figure 3.2 and 3.3 respectively).  If an optimal ITC result is to be 

First 3 FPP titrations 
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obtained, a range of temperatures and a homogeneous sample of oxidized human galectin-

1 need to be screened against FPP. 

 

Understanding the mode of binding between the farnesyl moiety and human galectin-1 

will invaluably aid in the design of potent inhibitors against the galectin-1-H-Ras.GTP 

complex, which has enormous cancer therapy potential.  As the farnesyl moiety of H-

Ras.GTP is crucial to the galectin-1-H-Ras.GTP interaction, it was an aim of my Ph.D to 

provide atomic information of the complex by determination of the human galectin-1 X-

ray crystallographic structure bound to farnesyl.  As a continuation of the molecular 

modeling conducted by Rotblat et al (2004), this chapter describes the crystallisation 

experiments performed using reduced dimeric human galectin-1 and FPP.  Also in this 

chapter, STD NMR spectroscopy was employed to determine whether an interaction 

occurs specifically between oxidized human galectin-1 (Peak-3/Buffer_B (17 kDa)) and 

FPP.  Extensive crystallisation trials were also set up in parallel using this form of oxidized 

human galectin-1 and FPP.     
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6.2 Methods 

6.2.1 Soaking farnesyl diphosphate into preformed human galectin-1 crystals 

grown in the presence of lactose and β-mercaptoethanol 

The crystallisation drop from which the crystal yielding complex-2 grew consisted of 1 

μl of solution containing 20 mM K, Na phosphate, pH 7.0, 4 mM -ME, 5 mM lactose, 10 

mg/ml of recombinant human galectin-1; and 1 µl of reservoir solution containing 30% 

PEG 4000, 0.1 M sodium citrate pH 5.6, 0.2 M ammonium acetate, 1% -ME using the 

hanging-drop vapour-diffusion method (McPherson 1990) in 24-well plates (0.5 ml 

reservoir solution) at room temperature.  Optimization within a tight range of the reservoir 

solution (20-30% PEG 4000, 0.1 M sodium citrate pH 5.0-6.0, 0.1-0.2 M ammonium 

acetate and 1% β-ME) yielded reproducible crystals after approximately 1-2 months 

incubation.  These reproducible crystals were transferred into 1) a 2 µl hanging drop 

containing 2 µg of FPP resuspended in 100 % methanol, or 2) equilibrated hanging-drops 

(24 h equilibration) that contained 1 µl of solution containing 20 mM K, Na phosphate, pH 

7.0, 4 mM -ME, 5 mM lactose, 2 µg FPP; and 1 μl of the reservoir solution the 

transferred crystal was originally grown in.  FPP was stored in 100% methanol at a 1 µg/µl 

concentration.  Preparation of solid FPP for resuspension into aqueous solutions involved 

evaporating the methanol off a desired amount of FPP at 37 ºC.    

 

6.2.2 Co-crystallisation of reduced human galectin-1 and farnesyl diphosphate 

In light of the structural differences exhibited by apo and lactose-liganded human 

galectin-1, co-crystallisation experiments using reduced human galectin-1 protein samples 

and FPP were performed in the absence and presence of 5 mM lactose.  The hanging-drop 

vapour-diffusion method (McPherson 1990) in 24-well plates (0.5 ml reservoir solution) at 

room temperature was used.  Co-crystallisation experiments using human galectin-1 

protein samples in the presence of lactose: Each hanging drop consisted of 1 μl of 

solution containing 20 mM K, Na phosphate, pH 7.0, 4 mM -ME, 5 mM lactose, 10 

mg/ml of recombinant human galectin-1, 2 or 10 µg of FPP; and 1 μl of a Hampton 

Research crystal screen crystallisation condition supplemented with β-ME (to a final 

concentration of 1 % within the reservoir solution).  The final protein/FPP millimolar ratio 

within the 2 µl drops was either 1:6.8 or 1:34.  Co-crystallisation experiments using apo 

human galectin-1 protein samples: Each crystallisation drop consisted of 1 μl of solution 
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containing 20 mM K, Na phosphate, pH 7.0, 4 mM -ME, 10 mg/ml of recombinant 

human galectin-1, 2 µg of FPP; and 1 μl of a Hampton Research crystal screen 

crystallisation condition supplemented with β-ME (to a final concentration of 1 % within 

the reservoir solution).  The final apo protein/FPP millimolar ratio within the 2 µl drops 

was 1:6.8.  Larger 6 µl drops were set up for some Hampton Research crystallisation 

conditions in attempt to yield larger crystals for X-ray diffraction analysis. 

 

6.2.3 Preliminary STD NMR spectroscopic investigation of Peak-3/Buffer_B 

(17 kDa) interaction with farnesyl diphosphate 

Sample preparation: FPP (Echelon Biosciences Inc.) was stored in 100 % methanol (1 

µg/µl).  Methanol was evaporated from the desired amount of FPP at 37 ºC before 

resuspension into D2O.  STD NMR samples were prepared by dissolving 100 µM Peak-

3/Buffer_B (17 kDa) oxidized human galectin-1 with FPP, giving a molar ratio of 1:50 in 

600 l of NMR buffer (20 mM Tris-HCl, 100 mM NaCl, pH 8.0 in deuterium oxide (99.9 

%, deuterium) (D2O)). NMR experiments: Proton Nuclear Magnetic Resonance (
1
H NMR) 

and Saturation Transfer Difference Nuclear Magnetic Resonance (STD NMR) spectra were 

acquired on a Bruker 600 MHz Avance spectrometer using a conventional 
1
H/

13
C/

15
N 

gradient cryoprobe system at 288 K.  The protein was saturated at -1 ppm and off-

resonance was at 33 ppm.  Data were obtained with an interspersed acquisition of pseudo-

two-dimensional on-resonance and off-resonance spectra.  On- and off-resonance spectra 

were processed separately to obtain the final STD NMR spectrum by subtracting individual 

on- and off- resonance spectra. 

 

6.2.4 Co-crystallisation of Peak-3/Buffer_B (17 kDa) and farnesyl diphosphate  

 A crystallisation screen was initially set up with the Peak-3/Buffer_B (17 kDa) 

oxidized human galectin-1 species, FPP and the crystallisation conditions of Hampton 

Research crystal screens (original and #2).  Again, the hanging-drop vapour-diffusion 

method (McPherson 1990) at room temperature in 24-well plates (0.5 ml reservoir 

solution) was used.  Each hanging drop of these initial screens consisted of 1 μl of solution 

containing 20 mM Tris-HCl, 100 mM NaCl, 50 mM L-arginine, pH 8.0, 3.5 mg/ml of 

Peak-3/Buffer_B (17 kDa) oxidized human galectin-1, 2.1 µg FPP; and 1 μl of a Hampton 

Research crystallisation condition.  The final Peak-3/Buffer_B/FPP millimolar ratio within 

the 2 µl drops was 1:20.  Three separate drops from the screens yielded crystalline 
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material.  In effort of obtaining crystals large enough to test for X-ray diffraction, 6.6 

mg/ml of Peak-3/Buffer_B (17 kDa) in the presence of FPP (the 1:20 mM protein/FPP 

ratio was maintained) was screened against optimized reservoir solutions and a larger drop 

size was used (6 µl).  Reservoir optimization involved combining different pH and salt and 

precipitant concentrations. 

 

6.2.5 in-house X-ray data collection, X-ray diffraction analysis and crystal 

structure determination and refinement 

In attempt to elucidate a crystal structure of galectin-1 in complex with FPP a number of 

crystallisation experiments were undertaken, some of which are outlined in the following 

sections.  X-ray diffraction data from the resultant crystals were collected using a 

ProteumR (Bruker AXS, Madison, WI, USA) diffractometer (for more details refer section 

4.2.2, chapter 4).  The programs used to process the diffraction data, determine the crystal 

structure and refine the model have been described previously in section 4.2.4, chapter 4.  
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6.3 Results  

6.3.1 Soaking experiments performed using preformed lactose-liganded 

human galectin-1 crystals and drops containing farnesyl diphosphate  

Narrowly optimising around the crystallisation condition that yielded complex-2 (refer 

chapter 4 and 5) produced reproducible crystals for soaking experiments after 

approximately 1-2 months incubation (optimisation range: 20-30 % PEG 4000, 0.1 M 

sodium citrate pH 5.0-6.0, 0.1-0.2 M ammonium acetate).  Incubation of one preformed 

human galectin-1 protein crystal in a 2 µl drop of 100 % methanol that contained 2 µg of 

FPP induced immediate crystal cracking (Figure 6.3A).  Although the crystal cracked into 

pieces (Figure 6.3B), X-ray diffraction data could be collected from these pieces after 

approximately one and a half weeks incubation in the methanol/FPP drops.  The diffraction 

pattern indicated internal crystal disorder (Appendix F-3), and the dataset could not be 

indexed.  Disorder, hence possibly formation of a second crystal lattice, might have been 

induced by FPP binding to human galectin-1.  In contrast, the transfer of a preformed 

crystal into an equilibrated aqueous drop (24 h equilibration) that contained 1 µl 

crystallisation buffer (20 mM K, Na phosphate, pH 7.0, 4 mM -ME, 5 mM lactose) and 2 

µg FPP; and 1.0 µl of the original crystallisation buffer from which the crystal was grown 

induced severe crystal degradation.  The crystal cracked after one day in the aqueous drop 

(Figure 6.3C).  After 2 months incubation, the crystal had become a thin brown shell of 

protein precipitate that could be broken up using a cryo loop (Figure 6.3D and E).   

 

If the FPP ligand does bind to the human galectin-1 dimers that form the soaking 

crystals, then the X-ray diffraction disorder, cracking and dissolution may be due to the 

human galectin-1 protein structure accommodating FPP.  Interaction between FPP and a 

putative hydrophobic binding cavity within each 14.5 kDa subunit may have induced 

conformational changes that induce formation of a second crystal lattice and/or disrupt 

crystal packing.  Co-crystallisation is an alternate method that can be used to obtain 

crystals of protein-ligand complexes.  In this case co-crystallisation is identical to a regular 

crystallisation experiment but the ligand, the putative FPP ligand, is added to the protein 

solution.  Crystal screens set up using protein samples containing ligand essentially enables 

the packing of a protein-ligand complex into a unique stable crystal lattice, thus 

circumventing the issues of soaking where ligand binding can induce conformational 

changes that disrupt the packing of preformed crystals.   
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Figure 6.3: Soaking preformed human galectin-1 crystals in drops that contain 

farnesyl disphosphate induces crystal cracking 

A) Soaking a preformed human galectin-1 crystal in a drop containing 100 % methanol and 

2 µg FPP induced crystal cracking after one day. B) Crystal pieces after one and a half 

weeks in the methanol/FPP drops produced X-ray diffraction of protein nature. C) Soaking 

a preformed human galectin-1 crystal into an aqueous drop that contained crystallisation 

buffer, 2 µg FPP and reservoir solution induced severe crystal cracking after one day. After 

2 months the crystal in the aqueous drop is a precipitate shell (D-E). 

 

 

6.3.2 Co-crystallisation experiments performed using reduced human 

galectin-1, lactose and farnesyl diphosphate 

Co-crystallisation experiments using 10 mg/ml human galectin-1 protein samples in the 

presence of 4 mM β-ME, 5 mM lactose, FPP (protein/FPP ratio 1:6.8 mM) and Hampton 

Research crystal screen crystallisation conditions (supplemented with 1 % β-ME) yielded 

four crystals that produced X-ray diffraction of protein nature (Figure 6.4A-C).  Crystal A 

(Figure 6.4A) grew from a reservoir solution comprised of 20 % PEG 8000, 0.1 M sodium 

cacodylate pH 6.5, 0.2 M magnesium acetate, 1 % β-ME; crystal B (Figure 6.4B) grew 

from the same reservoir solution as that of complex-2 (30 % PEG 4000, 0.1 M sodium 

citrate pH 5.6, 0.2 M ammonium acetate. 1 % β-ME); crystal C (Figure 6.4C) grew under 

lower pH conditions (25 % PEG 4000, 0.1 M sodium acetate pH 4.6, 0.2 M ammonium 

sulphate, 1 % β-ME); whereas crystal D grew under higher pH conditions (30 % PEG 

4000, 0.1 M Tris-HCl pH 8.5, 0.2 M sodium acetate, 1 % β-ME). 

 

D                                       E                        

A                                       B                                       C                                 
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Crystal A (Figure 6.4A) produced low resolution and weak X-ray diffraction.  Few 

frames of diffraction data were collected before crystal A “died” in the X-ray beam.  In 

contrast, datasets could be collected from crystals B, C and D depicted in Figure 6.4B-D 

respectively (frames with 0.3º φ oscillation and 60 s exposure time).  Indexing the dataset 

collected from crystal C (Figure 6.4C) using PROTEUM failed.  The crystal system for 

crystal C was monoclinic, but there was confusion with one crystallographic axis, which 

suggested the crystal may contain a second crystal lattice.  It can clearly be seen in Figure 

6.4C that crystal C appears multiple, which supports the possible occurrence of a second 

crystal lattice.  Crystal B and D (Figure 6.4B and D) were indexed and then scaled using 

SCALA to give datasets that were complete to 2.6 Å and 2.8 Å resolution respectively.  

Crystal B demonstrates a similar morphology to that of the crystal that yielded complex-2 

(chapter 4, Figure 4.1G).  The data from crystal B represented a crystal form of human 

galectin-1 that belongs to a monoclinic crystal system with unit-cell parameters a = 43.3, b 

= 60.2, c = 107.5 Å, β = 93.80º (similar to complex-2).  The data from crystal D was also a 

monoclinic crystal system, and possessed unit-cell parameters a = 43.52, b = 61.50, c = 

106.90 Å, β = 93.57º.  The diffraction data statistics for crystal B and D are summarized in 

Appendix G.   

 

 

Figure 6.4: The crystals grown from co-crystallisation experiments of reduced 

human galectin-1 with lactose and farnesyl disphosphate  

Crystals A-D shown in A-D were produced via hanging-drop vapour-diffusion at 295 K.  

 

 

 A                                        B                                        C 

  D 
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Crystal structures were determined from the data collected from crystal B and D using 

AMoRe and complex-2 (chapter 4) as a search model.  All non-protein atoms were 

removed from the 2 dimer search model prior to molecular replacement.  A clear structure 

solution was determined for both datasets by AMoRe and subsequent refinement using 

Refmac5 produced well defined electron density maps for the two crystal structures.  

Subsequent cycling between refinement and model improvement using Refmac5 and 

COOT respectively reduced the Rwork/Rfree values for the crystal structure obtained from 

crystal B to 21.24 %/29.31 %, and to 18.36 %/27.69 % for the crystal structure obtained 

from crystal D (refinement statistics for the crystal structures obtained from crystals B and 

D is summarized in Appendix G).  Model improvement involved fitting lactose and water 

molecules into the difference electron density (contoured at 3.0 σ).  For both crystal 

structures, at this stage of refinement, there was no remaining difference electron density 

(contoured at 3.0 σ) that suggested a long chain fatty acid such as FPP might be bound to 

human galectin-1, particularly not within the proposed FPP binding cavity of each 14.5 

kDa subunit (Figure 6.5 shows the difference electron density for the crystal structure 

obtained from crystal B).   

 

Optimisation of crystal D involved setting up a similar co-crystallisation drop that 

contained a higher human galectin-1/FPP millimolar ratio (1:34 mM).  Crystal E grew 

from the optimised drop (Figure 6.6), and again data were collected, indexed, scaled and 

the crystal structure was determined and refined (diffraction data and refinement statistics 

for the crystal structure obtained from crystal E are summarised in Appendix G).  Despite 

the higher protein/FPP ratio used, no large blobs of difference electron density (contoured 

at 3.0 σ) that might indicate bound FPP were seen in the refined crystal structure (data not 

shown). 
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Figure 6.5: Remaining difference electron density (contoured at 3.0 σ) for the 

refined crystal structure obtained from crystal B (the crystal depicted in Figure 6.4B) 

No ‘blob’ of red difference density (contoured at 3.0 σ) within the asymmetric unit of the 

refined crystal structure obtained from crystal B (Figure 6.4B) is large enough to indicate 

bound FPP, particularly no blob within the region of the proposed farnesyl binding cavity 

(indicated). The crystal structure obtained from crystal D and E (crystals depicted in Figure 

6.4D and Figure 6.6) exhibit a similar result.  The two human galectin-1 homodimers 

within the ASU are coloured green.  Lactose is coloured purple. 

 

 

 

Figure 6.6: Crystal E grown from the co-crystallisation of a higher human galectin-

1/farnesyl diphosphate ratio  

Protein/FPP ratio was 1:34 mM ratio 

 

 

Proposed farnesyl 
binding cavity 
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6.3.3 Co-crystallisation experiments performed using reduced apo human 

galectin-1 and farnesyl diphosphate 

The structural differences exhibited by apo and liganded dimeric human galectin-1 have 

been well established by data reported in this thesis and by other groups.  Considering this, 

it is intriguing to wonder whether lactose binding may adversely affect FPP binding by 

disrupting the conformation of a putative FPP binding site on or within reduced dimeric 

human galectin-1.  The co-crystallisation of apo human galectin-1 with FPP (millimolar 

ratio 1:6.8) using Hampton Reserach crystal screens yielded crystals F-I (Figure 6.7A-D) 

within four separate drops (Table 6.1 lists the reservoir solutions).  Crystals F-I were 

multiple shapes (Figure 6.7A-D).  X-ray diffraction produced by crystal H (Figure 6.7C) 

was weak (Appendix F-4) and that from crystal I (Figure 6.7D) was disordered (Appendix 

F-5).  In effort of obtaining a larger more singular crystal form, the drop that grew crystal I 

was increased to 6 µl.  A ‘thicker’ crystal, crystal J, did grow from the larger drop and X-

ray diffraction data were collected (picture of crystal not shown).  The data obtained from 

crystal J was indexed, scaled and a crystal structure was determined using the apo crystal 

structure as a search model (chapter 4).  As was the case for crystal structures determined 

and refined in preceding sections of this chapter, the refined crystal structure obtained from 

crystal J also did not contain appropriate difference electron density (contoured at 3.0 σ) 

that suggested FPP might be bound (diffraction data and refinement statistics for the 

crystal structure obtained from crystal J are summarised in Appendix G). 

 

 
Figure 6.7: Co-crystallisation of reduced apo human galectin-1 with farnesyl 

diphosphate 

Protein/FPP ratio was 1:6.8 mM ratio. A-D) Crystals F-I were grown from 2 µl drops. 

 A                                        B                                         C 

 D                                                      
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Table 6.1: Hampton Research crystallisation conditions (reservoir solutions) for 

crystals F-I depicted in Figure 6.7A-D respectively 
 

Crystal Reservoir solution 

F 30 % MPD, 0.1 M sodium acetate pH 4.6, 0.02 M calcium chloride 

G 30 % PEG 4000, 0.1 M Tris-HCl pH 8.5, 0.2 M magnesium chloride 

H 30 % PEG 4000, 0.1 M sodium citrate pH 5.6, 0.2 M ammonium acetate 

I 30 % PEG 4000, 0.1 M Tris-HCl pH 8.5, 0.2 M lithium sulphate 

 

 

6.3.4 STD NMR spectroscopic investigation of Peak-3/Buffer_B (17 kDa) 

interaction with farnesyl diphosphate 

The ITC experiment described in the introduction of this chapter is the first report of 

oxidized human galectin-1 exhibiting an ability to interact with farnesyl diphosphate, the 

water soluble derivative of the farnesyl moiety.  However, the protein sample used for the 

ITC experiment was heterogeneous in nature, hence, STD NMR spectroscopy was 

employed to identify whether a specific form of oxidized human galectin-1, Peak-

3/Buffer_B (17 kDa), interacted with farnesyl diphosphate.    

 

The STD NMR spectra of FPP in the absence (control) and presence of Peak-

3/Buffer_B (17 kDa) oxidized human galectin-1 are shown in Figure 6.8B and C, 

respectively.  The STD NMR spectrum of FPP in the presence of Peak-3/Buffer_B (17 

kDa) oxidized human galectin-1 (Figure 6.8C) shows the same signals at approximately 

1.6 ppm as the 
1
H NMR spectrum for FPP (Figure 6.8A).  Shared signals in these two 

spectra is confirmation of an interaction between Peak-3/Buffer_B (17 kDa) and the atoms 

of FPP that are represented by signals at approximately 1.6 ppm in the 
1
H NMR spectrum 

(Figure 6.8A).  Hence, STD NMR work discussed herein is the first experiment that has 

identified a ligand for a specific form of oxidized human galectin-1.  At this stage the 

signals at approximately 1.2, 1.6, 2.0 and 3.2 ppm in the 
1
H NMR spectrum for FPP 

(Figure 6.8A) have not been characterised, and so the FPP binding epitope (signals at 

approximately 1.6 ppm) can not be identified.   



178 

 

 

 

Figure 6.8: STD NMR investigation of Peak-3/Buffer_B (17 kDa) interaction with 

farnesyl diphosphate 

A) 
1
H NMR spectrum of FPP. B) Control STD NMR spectrum of (A). C) STD NMR 

spectrum of 100 µM of Peak-3/Buffer_B (17 kDa) with FPP at a mole ratio of 1:50. All 

spectra were acquired in 20 mM Tris-HCl, pH 8.0, 100 mM NaCl, at 288 K and 600 MHz. 

 

 

6.3.5 Co-crystallisation experiments performed using Peak-3/Buffer_B (17 

kDa) and farnesyl diphosphate 

The drops of crystallisation trials using the Peak-3/Buffer_B (17 kDa) oxidized human 

galectin-1 species and the crystallisation conditions of the Hampton Research crystal 

screens (original and #2) did not yield crystals (as discussed in chapter 3).  Those 

crystallisation conditions that remained clear drops were extensively optimised, but all 

efforts to induce nucleation of apo Peak-3/Buffer_B (17 kDa) crystals were unsuccessful.  

Biophysical characterisation analysis performed on Peak-3/Buffer_B (17 kDa) (chapter 3) 

determined that this protein species contained a certain amount of random coil structure.  

Random coil is unstructured and flexible, and may adversely affect crystallisation of Peak-

3/Buffer_B (17 kDa).  Co-crystallisation of Peak-3/Buffer_B (17 kDa) with its FPP ligand 

may increase structural rigidity by way of ligand induced fit.  Consequently, co-

crystallisation experiments using Peak-3/Bufer_B, FPP and the Hampton Research crystal 

screens were set up. 

 

 C  

 

 

B 

 

 

 

 

A                                   
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Three drops from the crystal screens did produce small crystalline shapes (Figure 6.9, 

crystals A-C).  Table 6.2 lists the components of the reservoir solutions from which the 

three crystalline shapes were obtained.  The protein nature of the crystals was not 

confirmed by X-ray crystallography as each shape was too small (roughly 0.0025-0.005 

mm across) to analyse using the Institute’s in-house diffractometer.  Attempts were made 

to obtain larger crystals for X-ray diffraction analysis.  The reservoir solutions of crystal A 

and C were optimized, which involved combining different pH and salt and precipitant 

concentrations within a short range of the original Hampton Research crystallisation 

conditions, and the drop size for crystal B was increased to 6 µl.  However, as can be seen 

in Figure 6.9D-F, all attempts to obtain bigger crystals were unsuccessful (Figure 6.9, 

crystals D-F).  Crystal A (Figure 6.9A) was reproducible, however the crystals in the 

optimisation drop were much smaller and could not be resolved with the microscope 

camera, this is why the Figure 6.9D panel was left blank.  

 

 

Table 6.2: Hampton Research crystallisation conditions (reservoir solutions) for 

crystals A-C and optimized crystallisation conditions (reservoir solutions) for crystals 

D-F 
 

Crystal Reservoir solution 

A 30 % PEG 4000, 0.1 M Tris-HCl pH 8.5, 0.2 M sodium acetate 

B 30 % isopropanol, 0.1M sodium cacodylate pH 6.5, 0.2 M sodium citrate 

C 1 M lithium sulphate, 0.1 M sodium citrate pH 5.6, 0.5 M ammonium sulphate 

D 20 % PEG 4000, 0.1 M Tris-HCl pH 7.5, 0.2 M sodium acetate 

E Reservoir solution same as crystal B. Drop size 6 µl 

F 0.5 M lithium sulphate, 0.1 M sodium citrate pH 6.2, 0.1 M ammonium sulphate 
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Figure 6.9: Co-crystallisation of Peak-3/Buffer_B (17 kDa) oxidized human 

galectin-1 with farnesyl diphosphate 

A-C) Crystals grown from Hampton Research crystal screens. D-F) Optimization of 

crystals A-C respectively did not produce larger crystals. D) Crystal A is reproducible, 

however the crystals are much smaller in the optimisation drop and can not be resolved by 

the microscope camera, this is why the Figure 6.9D panel was left blank. The protein/FPP 

millimolar ratio within each drop was 1:20. 

 

 

 

 A                                          B                                           C 

D                                           E                                          F 
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6.4 Discussion 

Many galectin-1 induced affects are thought to be mediated via interactions between 

extracellular galectin-1 and cell surface glycoconjugates (chapter 1, sections 1.4.1 and 1.5).  

The interaction between human galectin-1 and GTP loaded H-Ras however unequivocally 

places galectin-1 within the cell cytosol because H-Ras is an intracellular protein.  

Galectin-1 functions as an important structural component of the H-Ras.GTP signaling 

platform that initiates cell transformation events at the cytosolic face of the plasma 

membrane.  Specifically, galectin-1 interacts with the farnesyl moiety of H-Ras.GTP to 

stabilize H-Ras.GTP at the plasma membrane.  Based on the molecular modeling work 

performed by Rotblat et al (2004), it is thought that dimeric galectin-1 can sequester the 

farnesyl group of H-Ras.GTP within a hydrophobic cavity located within each 14.5 kDa 

subunit (Rotblat et al., 2004).  Rotblat et al (2004) presented convincing in silico work that 

suggested such a cavity exists, however these authors did not confirm the interaction using 

in situ techniques such as ELISA, ITC, STD NMR or protein X-ray crystallography. 

 

Disrupting the galectin-1/H-Ras.GTP complex using farnesyl derivatives is potentially a 

potent cancer therapy because mutant Ras proteins are expressed in many cancers, 

indicating their role(s) in tumourigenesis (Campbell and Der 2004).  Hence, in light of the 

urgency for atomic information regarding the galectin-1/farnesyl complex, I decided to 

move forward with crystallisation trials using reduced human galectin-1 and FPP (a water 

soluble form of farnesyl) based on the molecular modeling work of Rotblat et al (2004).  

Soaking FPP into preformed crystals comprising reduced dimeric protein, and co-

crystallisation using protein/FPP millimolar ratios of 1:6.8 and 1:34, were techniques 

utilised in effort to obtain a crystal structure of the putative complex.  Soaking a preformed 

crystal into an aqueous drop that contained FPP was detrimental, as complete dissolution 

of the crystal occurred.  A result such as this is either due to insufficient drop equilibration 

performed prior to the crystal soak (24 h not enough), or because FPP binding has 

disrupted crystal packing.  To circumvent these issues associated with soaking preformed 

crystals, co-crystallisation was performed in attempt to obtain a stable crystal form 

comprised of protein-ligand complexes.  A number of different reservoir solutions 

produced human galectin-1 protein crystals grown in the presence of FPP.  However, four 

crystal structures that could be determined from four different crystals did not indicate that 

FPP binds to reduced dimeric human galectin-1. 
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Seeing a lack of in situ experiment data in regards to reduced dimeric human galectin-1 

sequestering the farnesyl fatty chain exists, there is nothing to suggest why oxidized human 

galectin-1 might not be the farnesyl binding form.  Indeed, ITC and STD NMR 

experiments performed in this report provide evidence for an interaction between oxidized 

human galectin-1 and FPP.  The introduction section of this chapter shows that 

approximately 10 minutes of an ITC experiment indicated an endothermic interaction 

occurs between oxidized human galectin-1 and FPP.  However, the sample of oxidized 

human galectin-1 used was confirmed in chapter 3 to be heterogeneous in nature.  Hence to 

establish whether an interaction between a specific form of oxidized human galectin-1 and 

FPP exists, STD NMR was utilised.  Indeed, STD NMR determined that a monodisperse 

sample of Peak-3/Buffer_B (17 kDa) oxidized human galectin-1 interacted with FPP.  

Characterisation of the signals within the 
1
H NMR spectrum for FPP is a work in progress, 

and so the FPP binding epitope from STD NMR analysis at this stage has not been 

determined.  Possible binding epitopes are either the two phosphate ions and/or the long 

chain fatty acid that make up the FPP structure (Figure 6.1, 4).  However, the fatty acid 

chain of FPP is the most plausible binding epitope because the phosphate groups of FPP 

are a synthetic component only conjugated to the native farnesyl moiety to enable its 

solubility in aqueous solutions.  Also, phosphate ions are a common component of many 

standard laboratory buffers, such as phosphate buffered saline (PBS).   

 

The positive STD NMR result then led this Ph.D project toward the direction of 

extensive crystallisation trials set up using Peak-3/Buffer_B (17 kDa) and FPP.  In contrast 

to the crystallisation trials set up in chapter 3 which used apo Peak-3/Buffer_B (17 kDa), 

co-crystallisation using Peak-3/Buffer_B (17 kDa) and FPP induced the growth of small 

crystalline shapes from three different Hampton Research crystallisation conditions.  

Optimisation of these crystal forms has not yet led to crystals of suitable size for testing 

their X-ray diffraction quality.  Further optimisation is in progress and once slightly larger 

crystals are produced then a synchrotron source, possibly the Australian Synchrotron 

(Melbourne, Australia), will be utilised to characterise the nature of these crystals. 
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Chapter 7 – Conclusions and Future Directions 

 

Many investigations into galectin-1 function, such as T cell apoptosis; cell adhesion; 

growth-inhibition; and H-Ras.GTP binding ability, identify the homodimeric conformation 

of galectin-1 as having mediated these functions.  Galectin-1 only assumes this dimeric 

conformation that comprises two 14.5 kDa subunits when it is in a reducing environment.  

The dimer conformation exhibits cross-linking lectin activity because one carbohydrate-

binding site is located at each end of the dimer, and it is this activity that mediates galectin-

1 induced T cell apoptosis and cell adhesion.  Alternatively, molecular modeling predicts a 

putative hydrophobic cavity within each subunit of the dimer which is thought to house the 

H-Ras.GTP lectin-independent binding site.  The lectin-independent growth inhibitory site 

has been roughly mapped to a location that is in the region of the dimeric interface.  The 

healthy adult body is conducive to a reduced redox state, and so it is rational to assume that 

the dimeric conformation of galectin-1 mediates many of its cellular processes in the body.  

However, the body is not always in a healthy reductive state, rather, it is under the constant 

threat of disease, infection and injury, and these pathophysiological states are associated 

with oxidative stress.  Hence, the rationale for why this Ph.D project for the most part 

focused on the activity and structure of human galectin-1 within an oxidizing environment.   

 

Investigations performed by others in 2005 or earlier (before I commenced my Ph.D 

studies) had shown that in the presence of an oxidizing environment, galectin-1 would loss 

its lectin activity due to the formation of inter- and intramolecular disulphide bonds to form 

oligomeric and monomeric protein species, respectively.  Healing biological activity for 

the 14.5 kDa monomeric species had also been identified at sites of axotomy and motor 

neuron disease.  As galectin-1 is over-expressed by many cancers that are associated with 

oxidative stress, an aim of my research was to test the activity of oxidized human galectin-

1 in the context of cancer, as it might be a rational drug target.  This aim was achieved by: 

a) testing the affect of oxidized human galectin-1 on an acute T lymphoblastic leukaemia 

(MOLT-4) cell line under oxidative stress conditions; and b) investigating in situ whether 

the oxidized form of human galectin-1 interacted with human galectin-1’s intracellular 

binding partner, H-Ras.GTP.  H-Ras.GTP is a cell transforming protein that is linked to 

tumourigenesis when mutated to a constitutively active form.   
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Unreported dialysis oxidation methods formulated during this Ph.D were used to 

generate two unreported forms of oxidized human galectin-1, an oligomer 68 kDa in size, 

and a smaller protein species of apparent molecular weight 17 kDa.  The 68 kDa protein 

species was determined to contain inter- and intramolecular disulphide bonds, whereas the 

17 kDa species contained only intramolecular disulphide bonds.  Both of these forms 

exhibited an ability to protect MOLT-4 cells from hydrogen peroxide induced apoptosis 

with approximately 15 % greater ability than the control.  The addition of the reactive 

oxygen species, H2O2, simulated a toxic oxidizing environment.  The protective effect was 

not mediated by lectin-dependent activity, as these forms are devoid of an ability to bind 

lactose, nor H2O2 scavenging activity.  Protection from H2O2 is suspected to be mediated 

via interaction with a receptor on the MOLT-4 cancer cell surface, which I assume up-

regulates cell survival pathways.   

 

The 17 kDa oxidized protein species was the most monodisperse of the two forms at 

milligram/ml concentrations, and so was selected for crystallisation trials.  Extensive 

crystallisation trials using the apo form of the 17 kDa oxidized species did not produce 

crystalline material of protein nature during this Ph.D.  Biophysical characterisation using 

size exclusion chromatography and dynamic light scattering techniques determined that the 

17 kDa species contains random coil within its protein structure, which may be the reason 

for the lack of crystallisation success.  An STD NMR experiment conducted during this 

Ph.D identified farnesyl disphosphate as the first reported ligand of the 17 kDa oxidized 

species.  Farnesyl diphosphate binding may increase the structural rigidity of the 17 kDa 

oxidized form by way of ligand induced fit, consequently, soaking and co-crystallisation 

trials were set up using the two.  Farnesyl diphosphate is the water soluble form of 

farnesyl, a fatty acid added post-translationally to the H-Ras.GTP protein and which is 

crucial to the galectin-1/H-Ras.GTP interaction.  Co-crystallisation trials using the 17 kDa 

oxidized form of human galectin-1 and farnesyl disphosphate did successfully produce 

crystalline material.  However, optimisation is ongoing in attempt to obtain larger crystals 

so that the nature of these crystals might be determined by X-ray diffraction and a crystal 

structure be determined. 

 

Besides investigation into oxidized human galectin-1 structure and function, this Ph.D 

project also investigated the structure and function of reduced dimeric human galectin-1 as 
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it enters an oxidizing environment.  Particular attention was paid to the putative existence 

of an intermediate structure formed en route to a fully oxidized form of human galectin-1.  

The first piece of evidence in regards to reduced dimeric galectin-1 possibly forming an 

intermediate structure, before full oxidation, was provided by crystal structures that were 

obtained from crystals that grew after only several months incubation in vapour-diffusion 

hanging drops.  The asymmetric unit of these crystal structures contained two dimeric 

human galectin-1 protein molecules, one bound to two possible lactose molecules, whereas 

the other dimer was bound to only one.  Hence, the latter dimer has essentially become 

partially in-active.  The 14.5 kDa subunit of the partially in-active dimer that had lost 

bound lactose was coined the “lactose-absent” subunit.  Extensive structural analysis 

performed on these subunits identified unique features such as a loss of secondary structure 

to random coil, an increase in size, increased flexibility, and weaker salt bridge interactions 

between residues crucial to binding lactose.  The loss of lectin activity and loss of 

secondary structure to random coil are characteristic features of oxidized human galectin-1, 

a form of human galectin-1 anticipated to contain disulphide bonds.  However, the lactose-

absent subunit does not contain disulphide bonds.  Crystal contacts do not provide an 

alternate explanation for these unique features, rather, the loss of all reducing agent 

molecules bound to cysteine residues within the lactose-absent subunit, and the specific 

pattern of sulphenic acid formation (hydroxylated cysteines) that it exhibits, is suspected to 

induce these features.   

 

To test the concept of an intermediate structure of human galectin-1 that incorporates 

sulphenic acid, dialysis oxidation buffers used to oxidize human galectin-1 to the 68 kDa 

and 17 kDa oxidized forms were supplemented with dimedone, a specific probe for 

sulphenic acid.  SDS-PAGE banding profiles that indicate inter- and intramolecular 

disulphide bond formation within the 68 kDa oxidized form, and only intramolecular 

disulphide bonding within the 17 kDa oxidized form, were disrupted in the presence of 

dimedone.  The disruption of specific disulphide bonding is most probably because 

dimedone had trapped the dimeric protein en route to oxidation in an intermediate state 

that incorporates sulphenic acid residues.  Sulphenic acid formation is typically associated 

with hydrogen peroxide scavenging proteins, and this thesis details the first report 

providing evidence that dimeric human galectin-1 does indeed possess the ability to 

consume hydrogen peroxide.  Additionally, this thesis shows that human galectin-1 lectin 

activity is adversely affected prior to inducement of disulphide bridge formation when in 
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the presence of mild concentrations of hydrogen peroxide, which is consistent with the 

lactose-absent subunit crystal structure phenomenon. 

 

When considering the protection oxidized human galectin-1 exhibits upon MOLT-4 

cancer cells under oxidative assault, and the hydrogen peroxide scavenging activity of the 

reduced form, it is intriguing to contemplate whether human galectin-1 mediates protection 

from oxidative stress via similar activities within the solid human tumour.  I recommend 

that future work should focus on providing biological evidence for the mechanistic 

pathway outlined in Figure 7.1.   

   

It is known that solid tumour cancer cells such as prostate, colon, ovarian and pancreatic 

cancer cells stimulate tumour associated endothelial cells and fibroblasts (Figure 7.1, 1) to 

secrete human galectin-1 (Figure 7.1, 2).  The reduced dimeric form of human galectin-1 

that is secreted may scavenge reactive oxygen species (ROS) such as H2O2 that are 

generated by cancer in the extracellular matrix (Figrue 7.1, 3).  ROS scavenging in the 

extracellular matrix may protect endothelial cells from toxic cancer associated oxidative 

stress (Figure 7.1, 4).  Currently, galectin-1 knock-out endothelial cell lines are being 

generated by Dr Steve Ralph’s research group to provide proof of concept.  The hypothesis 

is that galectin-1 knock-out endothelial cell cultures will exhibit reduced cell viability in 

the presence of H2O2 compared with wild-type cultures, presumably because galectin-1 

secreted by the wild-type cell line protects the cells from oxidative stress by scavenging 

H2O2.  Hence, the addition of reduced human galectin-1 to the media of galectin-1 knock-

out endothelial cell cultures would be expected to maintain similar cell viability levels as 

the control.  Additionally, the generation of oxidized forms of human galectin-1 in the 

oxidizing extracellular matrix of solid tumour cancer (Figure 7.1, 5) may stimulate 

endothelial cells to perform angiogenesis (Figure 7.1, 6), and/or protect cancer cells from 

oxidative assault via a cell surface interaction (Figure 7.1, 7). 
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Figure 7.1: A schematic of the postulated roles human galectin-1 has as a protector 

from oxidative stress within the cancerous tumour 

(1) The cancerous cells within a tumour stimulate the endothelial and fibroblast stromal 

cells to (2) secrete reduced dimeric human galectin-1. (3) The free thiol cysteines of 

dimeric human galectin-1 scavenge reactive oxygen species (ROS), such as H2O2, that are 

generated as a consequence of tumourigenesis. (4) ROS scavenging activity may protect 

endothelial cells from oxidative assault so that these cells might continue to perform 

angiogenesis, and may also generate oxidized forms of human galectin-1 (shown in green) 

that contain intra- and/or intermolecular disulphide bonds (indicated by S-S). (5) 

Generation of oxidized human galectin-1 may (6) stimulate endothelial cells to perform 

angiogenesis, and/or (7) protect cancer cells from oxidative assault via a cell surface 

interaction. 

 

 

  Finally, I believe the key to understanding galectin-1 function in disease is best 

achieved by first accurately identifying the form of galectin-1 that is functioning in the 

specific pathophysiological environment, whether it be the reduced form, an oxidized 

form, or an intermediate form that incorporates sulphenic acid.  Detection might be 

achieved by developing monoclonal antibodies specific to the unique topological epitopes 

of reduced, oxidized and intermediate human galectin-1 protein structures.  Once the 

specific form is identified, only then can the appropriate inhibitor be administered.     

 

 

endothelial 
cells 

fibroblast cells 

2 

2 

1 

+ ROS (i.e. H2O2) 

protects from toxic [ROS] 

4 

7 

6 

oxidized human galectin-1 

cancer cells 

3 

5 



188 

 

References 

 

Abbott, W. M. and Feizi, T. (1991)."Soluble 14-kDa beta-galactoside-specific bovine 

lectin. Evidence from mutagenesis and proteolysis that almost the complete polypeptide 

chain is necessary for integrity of the carbohydrate recognition domain." The Journal of 

Biological Chemistry, 266(9), 5552-5557. 

Adams, L., Scott, G. K. and Weinberg, C. S. (1996)."Biphasic modulation of cell growth 

by recombinant human galectin-1." Biochimica et Biophysica Acta, 1312(2), 137-44. 

Ahmad, N., Gabius, H.-J., Andre´, S., Kaltner, H., Sabesan, S., Roy, R., Liu, B., Macaluso, 

F. and Brewer, C. F. (2004)."Galectin-3 Precipitates as a Pentamer with Synthetic 

Multivalent Carbohydrates and Forms Heterogeneous Cross-linked Complexes." The 

Journal of Biological Chemistry, 279(12), 10841-10847. 

Ahmed, H., Allen, H. J., Sharma, A. and Matta, K. L. (1990)."Human Splenic Galaptin: 

Carbohydrate-Binding Specificity and Characterization of the Combining Site." 

Biochemistry, 29(22), 5315-9. 

Ahmed, H., Fink, N. E., Pohl, J. and Vasta, G. R. (1996)."Galectin-1 from Bovine Spleen: 

Biochemical Characterization, Carbohydrate Specificity and Tissue-Specific Isoform 

Profiles." The Journal of Biochemistry, 120(5), 1007-1019. 

Ahmed, H. and Vasta, G. R. (2008)."Unlike mammalian GRIFIN, the zebrafish homologue 

(DrGRIFIN) represents a functional carbohydrate-binding galectin." Biochemical and 

Biophysical Research Communications, 371(3), 350-355. 

Andre, S., Arnusch, C. J., Kuwabara, I., Russwurm, R., Kaltner, H., Gabius, H. and Pieters, 

R. J. (2005)."Identification of peptide ligands for malignancy- and growth-regulating 

galectins using random phage-display and designed combinatorial peptide libraries." 

Bioorganic and Medicinal Chemistry, 13(2), 563-573. 

Andre, S., Kojima, S., Gundel, G., Russwurm, R., Schratt, X., Unverzagt, C. and Gabius, 

H.-J. (2006)."Branching mode in complex-type triantennary N-glycans as regulatory 

element of their ligand properties." Biochimica et Biophysica Acta (BBA) - General 

Subjects, 1760(5), 768-82. 

Andre, S., Maljaars, C. E. P., Halkes, K. M., Gabius, H.-J. and Kamerling, J. P. 

(2007)."Discovery of galectin ligands in fully randomized combinatorial one-bead-one-

compound (glyco)peptide libraries." Bioorganic & Medicinal Chemistry Letters, 17(3), 

793-798. 

Andre, S., Ortega, P. J., Perez, M. A., Roy, R. and Gabius, H.-J. (1999)."Lactose-

containing starburst dendrimers: influence of dendrimer generation and binding-site 

orientation of receptors (plant/animal lectins and immunoglobulins) on binding 

properties." Glycobiology, 9(11), 1253-1261. 

André, S., Pieters, R. J., Vrasidas, I., Kaltner, H., Kuwabara, I., Liu, F., Liskamp, R. M. J. 

and Gabius, H. (2001)."Wedgelike Glycodendrimers as Inhibitors of Binding of 

Mammalian Galectins to Glycoproteins, Lactose Maxiclusters, and Cell Surface 

Glycoconjugates." ChemBioChem, 2(11), 822-830. 

Andre, S., Unverzagt, C., Kojima, S., Dong, X., Fink, C., Kayser, K. and Gabius, H. 

(1997)."Neoglycoproteins with the Synthetic Complex Biantennary Nonasaccharide or 



189 

 

Its α2,3/α2,6-Sialylated Derivatives: Their Preparation, Assessment of Their Ligand 

Properties for Purified Lectins, for Tumor Cells in Vitro, and in Tissue Sections, and 

Their Biodistribution in Tumor-Bearing Mice." Bioconjugate Chemistry, 8(6), 845-855. 

Andre, S., Unverzagt, C., Kojima, S., Frank, M., Seifert, J., Fink, C., Kayser, K., von der 

Lieth, C.-W. and Gabius, H.-J. (2004)."Determination of modulation of ligand 

properties of synthetic complex-type biantennary N-glycans by introduction of bisecting 

GlcNAc in silico, in vitro and in vivo." European Journal of Biochemistry, 271(1), 118-

134. 

Barondes, S. H. (1988)."Bifunctional properties of lectins: lectins redefined." TRENDS in 

Biochemical Sciences, 13(12), 480-482. 

Barondes, S. H., Cooper, D. N., Gitt, M. A. and Leffler, H. (1994)."Galectins. Structure 

and function of a large family of animal lectins." The Journal of Biochemistry, 269(33), 

20807-20810. 

Belanis, L., Plowman, S. J., Rotblat, B., Hancock, J. F. and Kloog, Y. (2008)."Galectin-1 

Is a Novel Structural Component and a Major Regulator of H-Ras Nanoclusters." 

Molecular Biology of the Cell, 19(4), 1404-1414. 

Berberat, P. O., Friess, H., Wang, L., Zhu, Z., Bley, T., Frigeri, L., Zimmermann, A. and 

Buchler, M. W. (2001)."Comparative Analysis of Galectins in Primary Tumors and 

Tumor Metastasis in Human Pancreatic Cancer." Journal of Histochemistry and 

Cytochemistry, 49(4), 539-549. 

Biswas, S., Chida, A. S. and Rahman, I. (2006)."Redox modifications of protein–thiols: 

Emerging roles in cell signaling." Biochemical Pharmacology, 71(5), 551-564. 

Biteau, B., Labarre, J. and Toledano, M. B. (2003)."ATP-dependent reduction of cysteine–

sulphinic acid by S. cerevisiae sulphiredoxin." Nature, 425(6961), 980-984. 

Bourne, Y., Bolgiano, B. and Liao, D. (1994)."Crosslinking of mammalian lectin (galectin-

1) by complex biantennary saccharides." Nature structural biology, 1(12), 863-70. 

Brandt, B., Büchse, T., Abou-Eladab, E. F., Tiedge, M., Krause, E., Jeschke, U. and 

Walzel, H. (2008)."Galectin-1 induced activation of the apoptotic death-receptor 

pathway in human Jurkat T lymphocytes." Histochemistry and Cell Biology, 129(5), 

599-609. 

Brewer, C. F. (2002)."Binding and cross-linking properties of galectins." Biochimica et 

Biophysica Acta, 1572(2), 255-262. 

Bruskov, V. I., Malakhova, L. V., Masalimov, Z. K. and Chernikov, A. V. (2002)."Heat-

induced formation of reactive oxygen species and 8-oxoguanine, a biomarker of damage 

to DNA." Nucleic Acids Research, 30(6), 1354-1363. 

Camby, I., Decaestecker, C. and Lefranc, F. (2005)."Galectin-1 knocking down in human 

U87 glioblastoma cells alters their gene expression pattern." Biochemical and 

Biophysical Research Communications, 335(1), 27-35. 

Camby, I., Mercier, M. L., Lefranc, F. and Kiss, R. (2006)."Galectin-1: A Small Protein 

with Major Functions." Glycobiology, 16(11), 137R-157R. 

Campbell, P. M. and Der, C. J. (2004)."Oncogenic Ras and its role in tumor cell invasion 

and metastasis." Seminars in Cancer Biology, 14(2), 105-114. 

Carballal, S., Alvarez, B., Turell, L., Botti, H., Freeman, B. A. and Radi, R. 

(2007)."Sulfenic acid in human serum albumin." Amino Acids, 32(4), 543-551. 



190 

 

Chang-Hong, R., Wada, M., Koyama, S., Kimura, H., Arawaka, S., Kawanami, T., Kurita, 

K., Kadoya, T., Aoki, M., Itoyama, Y. and Kato, T. (2005)."Neuroprotective effect of 

oxidized galectin-1 in a transgenic mouse model of amyotrophic lateral sclerosis." 

Experimental Neurology, 194(1), 203-211. 

Charles, R. L., Schroder, E., May, G., Free, P., Gaffney, P. R. J., Wait, R., Begum, S., 

Heads, R. J. and Eaton, P. (2007)."Protein Sulfenation as a Redox Sensor." Molecular & 

Cellular Proteomics, 6(9), 1473-1484. 

Chen, H.-M., Lee, Y.-C., Huang, C.-L., Liu, H.-K., Liao, W.-C., Lai, W.-L., Lin, Y.-R. and 

Huang, N.-K. (2007)."Methamphetamine downregulates peroxiredoxins in rat 

pheochromocytoma cells." Biochemical and Biophysical Research Communications, 

354(1), 96-101. 

Cho, M. and Cummings, R. D. (1996)."Characterization of Monomeric Forms of Galectin-

1 Generated by Site-Directed Mutagenesis." Biochemistry, 35(40), 13081-13088. 

Christen, Y. (2000)."Oxidative stress and Alzheimer disease." American Journal of 

Clinical Nutrition, 71(2), 621S-629S. 

Claiborne, A., Miller, H., Parsonage, D. and Ross, R. P. (1993)."Protein-sulfenic acid 

stabilization and function in enzyme catalysis and gene regulation." The Federation of 

American Societies for Experimental Biology Journal, 7(15), 1483-1490. 

Clausse, N., van den Brule, F., Waltregny, D., Garnier, F. and Castronovo, V. 

(1999)."Galectin-1 expression in prostate tumor-associated capillary endothelial cells is 

increased by prostate carcinoma cells and modulates heterotypic cell-cell adhesion." 

Angiogenesis, 3(4), 317-325. 

Clerch, L. B., Whitney, P., Hass, M., Brew, K., Miller, T., Werner, R. and Massaro, D. 

(1988)."Sequence of a Full-Length cDNA for  Rat Lung β-Galactoside-Binding Protein: 

Primary and Secondary Structure of the Lectin." Biochemistry, 27(2), 692-699. 

Collaborative Computational Project, Number 4 (1994)."The CCP4 Suite: Programs for 

Protein Crystallography." Acta Crystallographica Section D, 50(Pt 5), 760-763. 

Collins, P. M., Hidari, K. I. P. J. and Blanchard, H. (2007)."Slow diffusion of lactose out 

of galectin-3 crystals monitored by X-ray crystallography: possible implications for 

ligand-exchange protocols." Acta Crystallographica Section D, 63(3), 415-419. 

Conway, M. E., Poole, L. B. and Hutson, S. M. (2004)."Roles for Cysteine Residues in the 

Regulatory CXXC Motif of Human Mitochondrial Branched Chain Aminotransferase 

Enzyme." Biochemistry, 43(23), 7356-7364. 

Cooper, D. N. and Barondes, S. H. (1999)."God must love galectins; he made so many of 

them." Glycobiology, 9(10), 979-984. 

Cross, J. V. and Templeton, D. J. (2004)."Oxidative stress inhibits MEKK1 by site-specific 

glutathionylation in the ATP-binding domain." Biochemical Journal, 381(Pt 3), 675-

683. 

Dagher, S. F., Wang, J. L. and Patterson, R. J. (1995)."Identification of galectin-3 as a 

factor in pre-mRNA splicing." Proceedings of the National Academy of Sciences, 92(4), 

1213-1217. 

Dalke, H. W. and Schulten, K. (1996)."VMD - Visual Molecular Dynamics." Journal of 

Molecular Dynamics, 14(1), 33-38. 



191 

 

Das, U., Hariprasad, G., Ethayathulla, A. S., Manral, P., Das, T. K., Pasha, S., Mann, A., 

Ganguli, M., Verma, A. K., Bhat, R., Chandrayan, S. K., Ahmed, S., Sharma, S., Kaur, 

P., Singh, T. P. and Srinivasan, A. (2007)."Inhibition of Protein Aggregation: 

Supramolecular Assemblies of Arginine Hold the Key." Public Library of Science ONE, 

2(11), e1176. 

Davey, J. and Lord, M. (2003). Essential Cell Biology: Cell structure. 

DeLanoScientific (2002). The PyMOL Molecular Graphics System (2002) DeLano 

Scientific, Palo Alto, CA, USA. 

Di Lella, S., Ma, L., Dı´az Ricci, J. C., Rabinovich, G. A., Asher, S. A. and lvarez, R. M. 

S. A. (2009)."Critical Role of the Solvent Environment in Galectin-1 Binding to the 

Disaccharide Lactose." Biochemistry: including biophysical chemistry and molecular 

biology, 48(4), 786-91. 

Di Lella, S., Marti, M. A., Alvarez, M. S., Estrin, D. A. and Diaz Ricci, J. C. 

(2007)."Characterization of the Galectin-1 Carbohydrate Recognition Domain in Terms 

of Solvent Occupancy." Journal of Physical Chemistry B, 111(25), 7360-7366. 

Dias-Baruffi, M., Zhu, H., Cho, M., Karmakar, S., McEver, R. P. and Cummings, R. D. 

(2003)."Dimeric Galectin-1 Induces Surface Exposure of Phosphatidylserine and 

Phagocytic Recognition of Leukocytes without Inducing Apoptosis." The Journal of 

Biological Chemistry, 278(42), 41282-41293. 

Ding, S.-Z., Minohara, Y., Fan, X. J., Wang, J., Reyes, V. E., Patel, J., Dirden-Kramer, B., 

Boldogh, I., Ernst, P. B. and Crowe, S. E. (2007)."Helicobacter pylori Infection Induces 

Oxidative Stress and Programmed Cell Death in Human Gastric Epithelial Cells." 

INFECTION AND IMMUNITY, 75(8), 4030–4039. 

Draskovic, I. and Dubnau, D. (2005)."Biogenesis of a putative channel protein, ComEC, 

required for DNA uptake: membrane topology, oligomerization and formation of 

disulphide bonds." Molecular Microbiology, 55(3), 881-896. 

Drickamer, K. (1995)."Increasing diversity of animal lectin structures." Current Opinion in 

Structural Biology, 5(5), 612-616. 

Du, C., Falini, G., Fermani, S., Abbott, C. and Moradian-Oldak, J. (2005)."Supramolecular 

Assembly of Amelogenin Nanospheres into Birefringent Microribbons." Science, 

307(5714), 1450-1454. 

Dworski, R., Murray, J. J., Roberts, L. J., Oates, J. A., Morrow, J. D., Fisher, L. and 

Sheller, J. R. (1999)."Allergen-induced Synthesis of F2-Isoprostanes in Atopic 

Asthmatics." American Journal of Respiratory and Critical Care Medicine, 160(6), 

1947-1951. 

DynaPro (2002). DynaPro Data Interpretation Guide: Understanding Results Obtained 

from the DynaPro Light Scattering Instrument Operated in Batch Mode. 

Elahi, M. M. and Matata, B. M. (2008)."Functional adaptation to oxidative stress by 

memory T cells: An analysis of the role in the cardiovascular disease process." 

Biochemical and Biophysical Research Communications, 376(3), 445-447. 

Emsley, P. and Cowtan, K. (2004)."Coot: model-building tools for molecular graphics." 

Acta Crystallographica Section D, 60(12-1), 2126-2132. 

Evans, P. R. (1993)."Data reduction." Proceedings of CCP4 Study Weekend. Data 

Collection and Processing, 114–122. 



192 

 

Everly, G. S. and Lating, J. M. (2002). A clinical guide to the treatment of the human stress 

response, Springer. 

Fernando, M. R., Lechner, J. M., Lofgren, S., Gladyshev, V. N. and Lou, M. F. 

(2006)."Mitochondrial thioltransferase (glutaredoxin 2) has GSH-dependent and 

thioredoxin reductase-dependent peroxidase activities in vitro and in lens epithelial 

cells." The Federation of American Societies for Experimental Biology Journal, 20, 

E2240-E2248. 

Ford, M. G., Weimar, T., Kohli, T. and Woods, R. J. (2003)."Molecular Dynamics 

Simulations of Galectin-1-oligosaccharide Complexes Reveal the Molecular Basis for 

Ligand Diversity." PROTEINS: Structure, Function, and Genetics, 53(2), 229-240. 

Fredenburg, R. A., Rospigliosi, C., Meray, R. K., Kessler, J. C., Lashuel, H. A., Eliezer, D. 

and Lansbury, P. T. (2007)."The Impact of the E46K Mutation on the Properties of R-

Synuclein in its Monomeric and Oligomeric States." Biochemistry, 46(24), 7107-7118. 

Friis, H. (2005). Micronutrients and HIV infection: a review of current evidence. Durban, 

South Africa, World Health Organization: Department of Nutrition for Health and 

Development. 

Fukushima, K. and Yamashita, K. (2001)."Interleukin-2 Carbohydrate Recognition 

Modulates CTLL-2 Cell Proliferation." The Journal of Biological Chemistry, 276(10), 

7351-7356. 

Gabius, H.-J., Andre, S., Kaltner, H. and Siebert, H.-C. (2002)."The sugar code: functional 

lectinomics." Biochimica et Biophysica Acta - General Subjects, 1572(2-3), 165-177. 

Gabius, H.-J., Siebert, H.-C., André, S., Jiménez-Barbero, J. and Rüdiger, H. 

(2004)."Chemical Biology of the Sugar Code." ChemBioChem, 5(6), 740-764. 

Georgiou, G. and Masip, L. (2003)."An Overoxidation Journey with a Return Ticket." 

Science, 300(5619), 592-594. 

Giguere, D., Patnam, R., Bellefleur, M. A., St-Pierre, C., Sato, S. and Roy, R. 

(2006)."Carbohydrate trizoles and isoxazoles as inhibitors of galectins-1 and -3." 

Chemical Communications, 22, 2379-2381. 

Giguere, D., Sato, S., St-Pierre, C., Sirois, S. and Roy, R. (2006)."Aryl O- and S-

galactosides and lactosides as specific inhibitors of human galectins-1 and -3: Role of 

electrostatic potential at O-3." Bioorganic & Medicinal Chemistry Letters, 16(6), 1668-

1672. 

Giles, G. I. (2006)."The Redox Regulation of Thiol Dependent Signaling Pathways in 

Cancer." Current Pharmaceutical Design, 12(34), 4427-4443. 

Giudicelli, V., Lutomski, D., Levi-Strauss, M., Bladier, D., Joubert-Caron, R. and Caron, 

M. (1997)."Is human galectin-1 activity modulated by monomer/dimer equilibrium?" 

Glycobiology, 7(3), viii-x. 

Goldring, K., Jones, G. E., Thiagarajah, R. and Watt, D. J. (2002)."The effect of galectin-1 

on the differentiation of fibroblasts and myoblasts in vitro." Journal of Cell Science, 

115(2), 355-366. 

Golovanov, A. P., Hautbergue, G. M., Wilson, S. A. and Lian, L.-Y. (2004)."A Simple 

Method for Improving Protein Solubility and Long-Term Stability." Journal of the 

American Chemical Society, 126(29), 8933-8939. 



193 

 

Hadari, Y. R., Paz, K., Dekel, R., Mestrovic, T., Accili, D. and Zick, Y. (1995)."Galectin-

8: a new rat lectin, related to galectin-4." The Journal of Biological Chemistry, 270(7), 

3447-3453. 

He, J. and Baum, L. G. (2006)."Endothelial cell expression of galectin-1 induced by 

prostate cancer cells inhibits T-cell transendothelial migration." Laboratory 

Investigation, 86(6), 578-590. 

He, L., Andre, S. and Siebert, H. (2003)."Detection of Ligand- and Solvent-Induced Shape 

Alterations of Cell-Growth-Regulatory Human Lectin Galectin-1 in Solution by Small 

Angle Neutron and X-Ray Scattering." Biophysical Journal, 85(1), 511-524. 

Hernandez, J. D. and Baum, L. G. (2002)."Ah, sweet mystery of death! Galectins and 

control of cell fate." Glycobiology, 12(10), 127R-136. 

Hirabayashi, J., Hashidate, T., Arata, Y., Nishi, N., Nakamura, T., Hirashima, M., 

Urashima, T., Oka, T., Futai, M., Muller, W. E. G., Yagi, F. and Kasai, K.-I. 

(2002)."Oligosaccharide specificity of galectins: a search by frontal affinity 

chromatography." Biochimica et Biophysica Acta, 1572(2-3), 232-254. 

Hirabayashi, J. and Kasai, K. (1991)."Effect of amino acid substitution by sited-directed 

mutagenesis on the carbohydrate recognition and stability of human 14-kDa beta-

galactoside- binding lectin." The Journal of Biological Chemistry, 266(35), 23648-

23653. 

Hoffman, G. R., Nassar, N. and Cerione, R. A. (2000)."Structure of the Rho Family GTP-

Binding Protein Cdc42 in Complex with the Multifunctional Regulator RhoGDI." Cell, 

100(3), 345-356. 

Horie, H., Kadoya, T., Hikawa, N., Sango, K., Inoue, H., Takeshita, K., Asawa, R., Hiroi, 

T., Sato, M., Yoshioka, T. and Ishikawa, Y. (2004)."Oxidized Galectin-1 Stimulates 

Macrophages to Promote Axonal Regeneration in Peripheral Nerves after Axotomy." 

Journal of Neuroscience, 24(8), 1873-1880. 

Horiguchi, N., Arimoto, K.-i., Mizutani, A., Endo-Ichikawa, Y., Nakada, H. and Taketani, 

S. (2003)."Galectin-1 Induces Cell Adhesion to the Extracellular Matrix and Apoptosis 

of Non-Adherent Human Colon Cancer Colo201 Cells." Journal of Biochemistry, 

134(6), 869-874. 

Horton, J. W. (2003)."Free radicals and lipid peroxidation mediated injury in burn trauma: 

the role of antioxidant therapy." Toxicology, 189(1-2), 75-88. 

Houzelstein, D., Gonçalves, I. R., Fadden, A. J., Sidhu, S. S., Cooper, D. N. W., 

Drickamer, K., Leffler, H. and Poirier, F. (2004)."Phylogenetic Analysis of the 

Vertebrate Galectin Family." Molecular Biology and Evolution, 21(7), 1177-1187. 

Hsieh, S. H., Ying, N. W., Wu, M. H., Chiang, W. F., Hsu, C. L., Wong, T. Y., Jin, Y. T., 

Hong, T. M. and Chen, Y. L. (2008)."Galectin-1, a novel ligand of neuropilin-1, 

activates VEGFR-2 signaling and modulates the migration of vascular endothelial 

cells." Oncogene, 27(26), 3746-3753. 

Huber, W. W. and Parzefall, W. (2007)."Thiols and the chemoprevention of cancer." 

Current Opinion in Pharmacology, 7(4), 404-409. 

Hughes, R. C. (2001)."Galectins as modulators of cell adhesion." Biochimie, 83(7), 667-

676. 



194 

 

Ideo, H., Seko, A. and Yamashita, K. (2005)."Galectin-4 Binds to Sulphated 

Glycophingolipids and Carcinoembryonic Antigen in Patches on the Cell Surface of 

Human Colon Adenocarcinoma Cells." The Journal of Biological Chemistry, 280(6), 

4730-4737. 

Inagaki, Y., Sohma, Y., Horie, H., Nozawa, R. and Kadoya, T. (2000)."Oxidized galectin-1 

promotes axonal regeneration in peripheral nerves but does not possess lectin 

properties." European Journal of Biochemistry, 267(10), 2955. 

Jacobs, P. P., Geysens, S., Vervecken, W., Contreras, R. and Callewaert, N. 

(2009)."Engineering complex-type N-glycosylation in Pichia pastoris using 

GlycoSwitch technology." Nature Protocols, 4(1), 58-70. 

Jancarik, J., Pufan, R., Hong, C., Kim, S.-H. and Kim, R. (2004)."Optimum solubility (OS) 

screening: an efficient method to optimize buffer conditions for homogeneity and 

crystallization of proteins." Acta Crystallographica Section D, D60(Pt 6), 1670-1673. 

Jeschke, U., Karsten, U., Wiest, I., Schulze, S., Kuhn, C., Friese, K. and Walzel, H. 

(2006)."Binding of galectin-1 (gal-1) to the Thomsen-Friedenreich (TF) antigen on 

trophoblast cells and inhibition of proliferation of trophoblast tumor cells in vitro by 

gal-1 or an anti-TF antibody." Histochemistry and Cell Biology, 126(4), 437-444. 

Jiang, B., Liu, J. H., Bao, Y. M. and An, L. J. (2003)."Hydrogen peroxide-induced 

apoptosis in pc12 cells and the protective effect of puerarin." Cell Biology International, 

27(12), 1025-1031. 

Jönsson, T. J. and Lowther, W. T. (2007)."The Peroxiredoxin Repair Proteins." Subcellular 

Biochemistry, 44, 115-141. 

Kabsch, W. and Sander, C. (1983)."Dictionary of protein secondary structure: pattern 

recognition of hydrogen-bonded and geometrical features." Biopolymers, 22(12), 2577-

637. 

Kadoya, T. and Horie, H. (2005)."Structural and Functional Studies of Galectin-1: A Novel 

Axonal Regeneration-Promoting Activity for Oxidized Galectin-1." Current Drug 

Targets, 6(4), 375-383. 

Kadoya, T., Oyanagi, K. and Kawakami, E. (2005)."Oxidized galectin-1 advances the 

functional recovery after peripheral nerve injury." Neuroscience Letters, 380(3), 284-

288. 

Karihtala, P., Mantyniemi, A., Kang, A. W., Kinnula, V. L. and Soini, Y. 

(2003)."Peroxiredoxins in Breast Carcinoma." Clinical Cancer Research, 9(9), 3418-

3424. 

Karshikoff, A. and Jelesarov, I. (2008)."Salt bridges and conformational flexibility: effect 

on protein stability." Biotechnology and Biotechnological Equipment, 22(1), 606-611. 

Kilpatrick, D. C. (2002)."Animal lectins: a historical introduction and overview." 

Biochimica et Biophysica Acta, 1572(2), 187-197. 

Kohlstadt, I. (2006). Scientific Evidence for Musculoskeletal, Bariatric, and Sports 

Nutrition, CRC Press. 

Krissinel, E. and Henrick, K. (2004)."Secondary-structure matching (SSM), a new tool for 

fast protein structure alignment in three dimensions." Acta Crystallographica Section D, 

60(12-1), 2256-2268. 



195 

 

Kvansakul, M., Adams, J. C. and Hohenester, E. (2004)."Structure of a thrombospondin C-

terminal fragment reveals a novel calcium core in the type 3 repeats." The EMBO 

Journal, 23(6), 1223-1233. 

Laskowski, R. A., MacArther, M. W., Moss, D. S. and Thornton, J. M. 

(1993)."PROCHECK: a program to check the stereochemical quality of protein 

structures." Journal of Applied Crystallography, 26(Pt 2), 283-291. 

Leffler, H. and Barondes, S. H. (1986)."Specificity of Binding of Three Soluble Rat Lung 

Lectins to Substituted and Unsubstituted Mammalian β-Galactosides." The Journal of 

Biological Chemistry, 261(22), 10119-10126. 

Leffler, H., Carlsson, S., Hedlund, M., Qian, Y. and Poirier, F. (2004)."Introduction to 

galectins." Glycoconjugate Journal, 19(7-9), 433-440. 

Leichert, L. I. and Jakob, U. (2006)."Global Methods to Monitor the Thiol–Disulfide State 

of Proteins In Vivo." ANTIOXIDANTS & REDOX SIGNALING, 8(5 and 6), 763-772. 

Leppanen, S., Stowell, S., Blixt, O. and Cummings, R. D. (2005)."Dimeric Galectin-1 

Binds with High Affinity to α2,3-Sialylated and Non-sialylated Terminal N-

Acetyllactosamine Units on Surface-bound Extended Glycans." The Journal of 

Biological Chemistry, 280(7), 5549-5562. 

Leslie, A. G. W. (1992)."Recent changes to the MOSFLM package for processing film and 

image plate data." Joint CCP4 and ESF-EACBM Newsletter on Protein 

Crystallography, 26 

Levi, G. and Teichberg, V. I. (1981)."Isolation and physicochemical characterization of 

electrolectin, a β-D-galactoside binding lectin from the electric organ of Electrophorus 

electricus." The Journal of Biological Chemistry, 256(11), 5735-5740. 

Liao, D., Kapadia, G., Ahmed, H., Vasta, G. R. and Herzberg, O. (1994)."Structure of S-

Lectin, a developmentally regulated vertebrate β-galactoside-binding protein." 

Proceedings of the National Academy of Sciences, 91(4), 1428-1432. 

Ljubuncic, P., Tanne, Z. and Bomzon, A. (2000)."Evidence of a systemic phenomenon for 

oxidative stress in cholestatic liver disease." Gut, 47(5), 710-716. 

Lopez-Lucendo, M. F., Solis, D., Andre, S., Hirabayashi, J., Kasai, K., Kaltner, H., Gabius, 

H. and Romero, A. (2004)."Growth-regulatory Human Galectin-1: Crystallographic 

Characterisation of the Structural Changes Induced by Single-site Mutations and their 

Impact on the Thermodynamics of Ligand Binding." Journal of Molecular Biology, 

343(4), 957-970. 

MacNee, W. (2001)."Oxidative stress and lung inflammation in airways disease." 

European Journal of Pharmacology, 429(1-3), 195-207. 

Manilal, S. B., Scott, G. K. and Tse, C. A. (1993)."Inhibition of an endogenous growth-

related proteinase enhances the recovery of a negative growth regulator from cultured 

human cells." Cell Biology International, 17(3), 317-323. 

Matarrese, P., Tinari, A., Mormone, E., Bianco, G. A., Toscano, M. A., Ascione, B., 

Rabinovich, G. A. and Malorni, W. (2005)."Galectin-1 Sensitizes Resting Human T 

Lymphocytes to Fas (CD95)-mediated Cell Death via Mitochondrial Hyperpolarization, 

Budding, and Fission." The Journal of Biological Chemistry, 280(8), 6969-6985. 



196 

 

Mazor, D., Abucoider, A., Meyerstein, N. and Kapelushnik, J. (2008)."Antioxidant Status 

in Pediatric Acute Lymphocytic Leukemia (ALL) and Solid Tumors: The Impact of 

Oxidative Stress." Pediatric Blood and Cancer, 51(5), 613-615. 

McEligot, A. J., Yang, S. and Meyskens, F. L. J. (2005)."Redox Regulation by Intrinsic 

Species and Extrinsic Nutrients in Normal and Cancer Cells." Annual Review of 

Nutrition, 25, 261-95. 

McPherson, A. (1990)."Current approaches to macromolecular crystallization." European 

Journal of Biochemistry, 189(1), 1-23. 

Merritt, E. A. (1999)."Expanding the model: anisotropic displacement parameters in 

protein structure refinement." Acta Crystallographica Section D, D55(Pt 6), 1109-1117. 

Michalek, R. D., Nelson, K. J., Holbrook, B. C., Yi, J. S., Stridiron, D., Daniel, L. W., 

Fetrow, J. S., King, S. B., Poole, L. B. and Grayson, J. M. (2007)."The Requirement of 

Reversible Cysteine Sulfenic Acid Formation for T Cell Activation and Function." The 

Journal of Immunology, 179(10), 6456-6467. 

Miller, M. C., Nesmelova, I. V., Platt, D., Klyosov, A. and Mayo, K. H. (2009)."The 

carbohydrate-binding domain on galectin-1 is more extensive for a complex glycan than 

for simple saccharides: implications for galectin–glycan interactions at the cell surface." 

Biochemical Journal, 421(2), 211-221. 

Miolo, G., Caffieri, S., Dalzoppo, D., Ricci, A., Fasani, E. and Albini, A. 

(2005)."Photochemistry and Phototoxicity of Fluocinolone 16,17-Acetonide " 

Photochemistry and Photobiology, 81(2), 291-298. 

Miura, T., Takahashi, M. and Horie, H. (2004)."Galectin-1β, a natural monomeric form of 

galectin-1 lacking its six amino-terminal residues promotes axonal regeneration but not 

cell death." Cell Death and Differentiation, 11(10), 1076-1083. 

Moodley, D., Mody, G., Patel, N. and Chuturgoon, A. A. (2008)."Mitochondrial 

depolarisation and oxidative stress in rheumatoid arthritis patients." Clinical 

Biochemistry, 41(16-17), 1396-1401. 

Moradian-Oldak, J., Du, C. and Falini, G. (2006)."On the formation of amelogenin 

microribbons." European Journal of Oral Sciences, 114(s1), 289-296. 

Murshudov, G. N., Vagin, A. A. and Dodson, E. J. (1997)."Refinement of macromolecular 

structures by the maximum-likelihood method." Acta Crystallographica Section D, 

53(Pt 3), 240-255. 

Na, H.-K. and Surh, Y.-J. (2006)."Transcriptional Regulation via Cysteine Thiol 

Modification: A Novel Molecular Strategy for Chemoprevention and Cytoprotection." 

Molecular Carcinogenesis, 45(6), 368-380. 

Nagae, M., Nishi, N., Murata, T., Usui, T., Nakamura, T., Wakatsuki, S. and Kato, R. 

(2009)."Structural analysis of the recognition mechanism of poly-N-acetyllactosamine 

by the human galectin-9 N-terminal carbohydrate recognition domain." Glycobiology, 

19(2), 112-117. 

Nagae, M., Nishi, N., Nakamura-Tsuruta, S., Hirabayashi, J., Wakatsuki, S. and Kato, R. 

(2008)."Structural Analysis of the Human Galectin-9 N-terminal Carbohydrate 

Recognition Domain Reveals Unexpected Properties that Differ from the Mouse 

Orthologue." Journal of Molecular Biology, 375(1), 119-135. 



197 

 

Nagy, N., Legendre, H. and Engels, O. (2003)."Refined Prognostic Evaluation in Colon 

Carcinoma Using Immunohistochemical Galectin Fingerprinting." Cancer, 97(8), 1849-

1858. 

Navaza, J. (1994)."AMoRe: an automated package for molecular replacement." Acta 

Crystallographica Section A, 50(2), 157-163. 

Nguyen, J. T., Evans, D. P., Galvan, M., Pace, K. E., Leitenberg, D., Bui, T. N. and Baum, 

L. G. (2001)."CD45 Modulates Galectin-1-Induced T Cell Death: Regulation by 

Expression of Core 2 O-Glycans." The Journal of Immunology, 167(10), 5697-5707. 

Nishi, N., Shoji, H., Seki, M., Itoh, A., Miyanaka, H., Yuube, K., Hirashima, M. and 

Nakamura, T. (2003)."Galectin-8 modulates neutrophil function via interaction with 

integrin αM." Glycobiology, 13(11), 755-763. 

Norrman, M. and Schluckebier, G. (2007)."Crystallographic characterization of two novel 

crystal forms of human insulin induced by chaotropic agents and a shift in pH." BMC 

Structural Biology, 7, 83-96. 

Ortona, E., Margutti, P., Matarrese, P., Franconi, F. and Malorni, W. (2008)."Redox state, 

cell death and autoimmune diseases: A gender perspective." Autoimmunity Reviews, 

7(7), 579-584. 

Pace, K. E., Lee, C., Stewart, P. L. and Baum, L. G. (1999)."Restricted Receptor 

Segregation into Membrane Microdomains Occurs on Human T Cells During Apoptosis 

Induced by Galectin-1." The Journal of Immunology, 163(7), 3801-3811. 

Paclik, D., Danese, S., Berndt, U., Wiedenmann, B., Dignass, A. and Sturm, A. 

(2008)."Galectin-4 Controls Intestinal Inflammation by Selective Regulation of 

Peripheral and Mucosal T Cell Apoptosis and Cell Cycle." Public Library of Science 

ONE, 3(7), e2629. 

Paz, A., Haklai, R., Elad-Sfadia, G., Ballan, E. and Kloog, Y. (2001)."Galectin-1 binds 

oncogenic H-Ras to mediate Ras membrane anchorage and cell transformation." 

Oncogene, 20(51), 7486-93. 

Pelengaris, S. and Khan, M. (2006). The Molecular Biology of Cancer, Blackwell 

Publishing. 

Perillo, N. L., Pace, K. E., Seilhamer, J. J. and Baum, L. G. (1995)."Apoptosis of T cells 

mediated by galectin-1." Nature, 378(6558), 736-739. 

Perillo, N. L., Uittenbogaart, C. H., Nguyen, J. T. and Baum, L. G. (1997)."Galectin-1, an 

Endogenous Lectin Produced by Thymic Epithelial Cells, Induces Apoptosis of Human 

Thymocytes." The Journal of Experimental Medicine, 185(10), 1851-1858. 

Poirier, F. and Robertson, E. J. (1993)."Normal development of mice carrying a null 

mutation in the gene encoding the L14 S-type lectin." Development, 119(4), 1229-1236. 

Precision Detectors, Inc. PDDLS Batch/CoolBatch User Manual. 

Prior, I. A., Harding, A. and Yan, J. (2001)."GTP-dependent segregation of H-ras from 

lipid rafts is required for biological activity." Nature Cell Biology, 3(8), 368-375. 

Prior, I. A., Muncke, C., Parton, R. G. and Hancock, J. F. (2003)."Direct visualization of 

Ras proteins in spatially distinct cell surface microdomains." Journal of Cell Biology, 

160(2), 165-170. 



198 

 

Rabinovich, G. A., Cumashi, A., Bianco, G. A., Ciavardelli, D., Iurisci, I., D'Egidio, M., 

Piccolo, E., Tinari, N., Nifantiev, N. and Iacobelli, S. (2006)."Synthetic lactulose 

amines: novel class of anticancer agents that induce tumor-cell apoptosis and inhibit 

galectin-mediated homotypic cell aggregation and endothelial cell morphogenesis." 

Glycobiology, 16(3), 210-220. 

Rabinovich, G. A., Iglesias, M. M., Modesti, N. M., Castagna, L. F., Wolfenstein-Todel, 

C., Riera, C. M. and Sotomayor, C. E. (1998)."Activated Rat Macrophages Produce a 

Galectin-1-Like Protein That Induces Apoptosis of T Cells: Biochemical and Functional 

Characterization." The Journal of Immunology, 160(10), 4831-4840. 

Rana, S. V., Kashinath, D., Singh, G., Pal, R. and Singh, R. (2006)."Study on oxidative 

stress in patients with abdominal trauma." Molecular and Cellular Biochemistry, 291(1-

2), 161-166. 

Robson, S. A., Michie, K. A., Mackay, J. P., Harry, E. and King, G. F. (2002)."The 

Bacillus subtilis cell division proteins FtsL and DivIC are intrinsically unstable and do 

not interact with one another in the absence of other septasomal components." 

Molecular Microbiology, 44(3), 663-674. 

Rotblat, B., Niv, H., Andre, S., Kaltner, H., Gabius, H.-J. and Kloog, Y. (2004)."Galectin-

1(L11A) Predicted from a Computed Galectin-1 Farnesyl-Binding Pocket Selectively 

Inhibits Ras-GTP." Cancer Research, 64(9), 3112-3118. 

Rubinstein, N., Alvarez, M. and Zwirner, N. W. (2004)."Targeted inhibition of galectin-1 

gene expression in tumour cells results in heightened T cell-mediated rejection: A 

potential mechanism of tumour-immune privilege." Cancer Cell, 5(3), 241-51. 

Saurin, A. T., Neubert, H., Brennan, J. P. and Eaton, P. (2004)."Widespread sulfenic acid 

formation in tissues in response to hydrogen peroxide." Proceedings of the National 

Academy of Sciences, 101(52), 17982-17987. 

Scott, K. and Weinberg, C. (2002)."Galectin-1: A bifunctional regulator of cellular 

proliferation." Glycoconjugate Journal, 19(7-9), 467-477. 

Scott, K. and Zhang, J. (2002)."Partial identification by site-directed mutagenesis of a cell 

growth inhibitory site on the human galectin-1 molecule." BMC Cell Biology, 3(1), 1-

10. 

Shojania, S. and O’Neil, J. D. (2006)."HIV-1 Tat Is a Natively Unfolded Protein." The 

Journal of Biological Chemistry, 281(13), 8347-8356. 

Shtarkman, I. N., Gudkov, S. V., Chernikov, A. V. and Bruskov, V. I. (2008)."Formation 

of hydrogen peroxide and hydroxyl radicals in aqueous solutions of L-amino acids by 

the action of X-rays and heat." Biophysics (Biofizika), 53(1), 1-7. 

Shukla, S. N. (2001)."Oxidative Mechanisms in Haematological Malignancies." Indian 

Journal of Medical and Paediatric Oncology, 22(3-4), 21-23. 

Sihvo, E. I. T., Ruohtula, T., Auvinen, M. I., Koivistoinen, A., Harjula, A. L. and Salo, J. 

A. (2003)."Simultaneous progression of oxidative stress and angiogenesis in malignant 

transformation of Barrett esophagus." The Journal of Thoracic and Cardiovascular 

Surgery, 126(6), 1952-1957. 

Singal, P. K., Khapera, N., Palacea, V. and Kumara, D. (1998)."The role of oxidative stress 

in the genesis of heart disease." Cardiovascular Research, 40(3), 426-432. 



199 

 

Smith-Pearson, P. S., Kooshki, M., Spitz, D. R., Poole, L. B., Zhao, W. and Robbins, M. E. 

(2008)."Decreasing peroxiredoxin II expression decreases glutathione, alters cell cycle 

distribution, and sensitizes glioma cells to ionizing radiation and H2O2." Free Radical 

Biology & Medicine, 45(8), 1178-1189. 

Sparrow, C. P., Leffler, H. and Barondes, S. H. (1987)."Multiple Soluble β-Galactoside-

binding Lectins from Human Lung." The Journal of Biological Chemistry, 262(15), 

7383-7390. 

Stowell, S., Karmakar, S., Stowell, C., Dias-Baruffi, M., McEver, R. P. and Cummings, R. 

D. (2007)."Human galectins-1, -2, and -4 induce surface exposure of phosphatidylserine 

in activated human neutrophils but not activated T cells." Blood, 109(1), 219-227. 

Stroud, R. M. and Fauman, E. B. (1995)."Significance of structural changes in proteins: 

expected errors in refined protein structures." Protein Science, 4(11), 2392-2404. 

Sturm, A., Lensch, M., Andre, S., Kaltner, H., Wiedenmann, B., Rosewicz, S., Dignass, A. 

U. and Gabius, H.-J. (2004)."Human Galectin-2: Novel Inducer of T Cell Apoptosis 

with Distinct Profile of Caspase Activation." The Journal of Immunology, 173(Pt 6), 

3825-3837. 

Svergun, D. I., Richard, S., Koch, M. H. J., Sayers, Z., Kuprin, S. and Zaccai, G. 

(1998)."Protein hydration in solution: Experimental observation by x-ray and neutron 

scattering." Proceedings of the National Academy of Sciences, 95(5), 2267-2272. 

Swaminathan, G. J., Leonidas, D. D., Savage, M. P., Ackerman, S. J. and Acharya, K. R. 

(1999)."Selective Recognition of Mannose by the Human Eosinophil Charcot-Leyden 

Crystal Protein (Galectin-10): A Crystallographic Study at 1.8 Å Resolution." 

Biochemistry, 38(42), 13837-13843. 

Tejler, J., Tullberg, E., Frejd, T., Leffler, H. and Nilsson, U. J. (2006)."Synthesis of 

multivalent lactose derivatives by 1,3-dipolar cycloadditions: selective galectin-1 

inhibition." Carbohydrate Research, 341(10), 1353-1362. 

Tracey, B. M., Feizi, T., Abbott, W. M., Carruthers, R. A., Green, B. N. and Lawson, A. 

M. (1992)."Subunit molecular mass assignment of 14,654 Da to the soluble β-

galactoside-binding lectin from bovine heart muscle and demonstration of 

intramolecular disulfide bonding associated with oxidative inactivation." The Journal of 

Biological Chemistry, 267(15), 10342-10347. 

Unverzagt, C., Andre, S. and Seifert, J. (2002)."Structure-Activity Profiles of Complex 

Biantennary Glycans with Core Fucosylation and with/without Additional α2,3/α2,6 

Sialylation: Synthesis of Neoglycoproteins and Their Properties in Lectin Assays, Cell 

Binding, and Organ Uptake." Journal of Medicinal Chemistry, 45(2), 478-491. 

van der Brule, F., Califice, S. and Castronovo, V. (2004)."Expression of galectins in 

cancer: A critical review." Glycoconjugate Journal, 19(7-9), 537-542. 

van der Brule, F., Califice, S. and F., G. (2003)."Galectin-1 Accumulation in the Ovary 

Carcinoma Peritumoral Stroma is Induced by Ovary Carcinoma Cells and Affects Both 

Cancer Cell Proliferation and Adhesion to Laminin-1 and Fibronectin." Laboratory 

Investigation, 83(3), 377-86. 

van der Brule, F. A., Waltregny, D. and Castronovo, V. (2001)."Increased expression of 

galectin-1 in carcinoma-associated stroma predicts poor outcome in prostate carcinoma 

patients." Journal of Pathology, 193(1), 80-87. 



200 

 

Vas, V., Fajka-Boja, R., Ion, G., Dudics, V., Monostori, E. and Uher, F. (2005)."Biphasic 

Effect of Recombinant Galectin-1 on the Growth and Death of Early Hematopoietic 

Cells." Stem Cells, 23(2), 279-287. 

Vasta, G. R. and Ahmed, H. (2008). Animal Lectins: A Functional View, CRC Press. 

Vyakarnam, A., Dagher, S. F., Wang, J. L. and Patterson, R. J. (1997)."Evidence for a Role 

for Galectin-1 in Pre-mRNA Splicing." Molecular and Cellular Biochemistry, 17(8), 

4730-4737. 

Whitney, P. L., Powell, J. T. and Sanford, G. L. (1986)."Oxidation and chemical 

modification of lung beta-galactoside-specific lectin." Biochemical Journal, 238(3), 

638-689. 

Willett, W. S. and Copley, S. D. (1996)."Identification and localization of a stable sulfenic 

acid in peroxide-treated tetrachlorohydroquinone dehalogenase using electrospray mass 

spectrometry." Chemistry & Biology, 3(10), 851-857. 

Winterbourn, C. C., Buss, I. H. and Chan, T. P. (2000)."Protein carbonyl measurements 

show evidence of early oxidative stress in critically ill patients." Critical Care 

Medicine, 28(1), 143-149. 

Woo, H. A., Chae, H. Z., Hwang, S. C., Yang, K., Kang, S. W., Kim, K. and Rhee, S. G. 

(2003)."Reversing the Inactivation of Peroxiredoxins Caused by Cysteine Sulfinic Acid 

Formation." Science, 300(5619), 653-656. 

Wood, Z. A., Schroder, E., Harris, J. R. and Poole, L. B. (2003)."Structure, mechanism and 

regulation of peroxiredoxins." TRENDS in Biochemical Sciences, 28(1), 32-40. 

Wu, M.-H., Hong, T.-M., Cheng, H.-W., Pan, S.-H., Liang, Y.-R., Hong, H.-C., Chiang, 

W.-F., Wong, T.-Y., Shieh, D.-B., Shiau, A.-L., Jin, Y.-T. and -L., C. Y. 

(2009)."Galectin-1-Mediated Tumor Invasion and Metastasis, Up-Regulated Matrix 

Metalloproteinase Expression, and Reorganized Actin Cytoskeletons " Molecular 

Cancer Research, 7(3), 311-318. 

Yang, R.-Y., Hsu, D. K., Yu, L., Chen, H.-Y. and Liu, F.-T. (2004)."Galectin-12 Is 

Required for Adipogenic Signaling and Adipocyte Differentiation." The Journal of 

Biological Chemistry, 279(28), 29761-29766. 

Yang, R. Y. and Liu, F. T. (2003)."Galectins in cell growth apoptosis." Cellular and 

Molecular Life Sciences, 60(2), 267-276. 

Yoshii, T., Fukumori, T., Honjo, Y., Inohara, H., Choi Kim, H.-R. and Raz, A. 

(2002)."Galectin-3 Phosphorylation Is Required for Its Anti-apoptotic Function and Cell 

Cycle Arrest." The Journal of Biological Chemistry, 277(9), 6852-6857. 

Yu, X., Guillon, A., Szyczew, A. J., Kiefel, M. J., Coulson, B. S., von Itzstein, M. and 

Blanchard, H. (2008)."Crystallization and preliminary X-ray diffraction analysis of the 

carbohydrate-recognizing domain (VP8*) of bovine rotavirus strain NCDV." Acta 

Crystallographica Section F, 64(6), 509-5-11. 

Zelensky, A. N. and Gready, J. E. (2005)."The C-type lectin-like domain superfamily." The 

Federation of European Biochemical Sciences Journal, 272(24), 6179-6217. 

 

 

 



201 

 

Appendix 

 

Appendix A – An alignment of galectin carbohydrate recognition domain 

amino acid sequences 

 

 β-strand structure 

 Conserved residues 

 Seven conserved residues at the carbohydrate-binding site, the “7-motif” 
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Appendix B – Vectors 

 

B-1 pProEX HTb 

 

 

 

The pProEX HTb vector map (figure from Invitrogen) 

The LGALS1 gene sequence was amplified from human fibroblast cDNA and ligated into 

the multiple cloning site of the pProEX HTb vector (Scott and Zhang 2002). 
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B-2 pCR-Blunt vector 

 

 

 

The pCR-Blunt vector map (figure from Invitrogen) 

The ~ 417 bp PCR fragment incorporating the LGALS1 gene sequence and NdeI and 

BamHI restriction enzyme sites was ligated into the pCR-Blunt vector at the ‘Blunt PCR 

Product’ position.  The BamHI site within the pCR-Blunt vector is approximately 40 base 

pairs from the ‘Blunt PCR Product’ position (indicated by the red circle).   

 

~ 335                                 295                           ~ 335       
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B-3 pET-3a 

 

 
 

A         

B         
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Appendix C – Sequencing results 

 

Sequencing pCR-Blunt-gal-1 plasmid clones 1, 2 and 6 (Appendix C-1, C-2 and C-3) 

revealed LGALS1 was mutated at two nucleotide positions (indicated by two red circles).  

The mutations would result in amino acid changes Glycine124 → Serine and 

Isoleucine128 → Valine within the 14.5 kDa subunit.  The sequencing result for the 

original pProEX HTb-h-gal-1 plasmid (Appendix C-4) shows that LGALS1 is mutated in 

three positions (indicated by three red circles).  This is not consistent with the sequencing 

results of pCR-Blunt-gal-1 plasmid clones 1, 2 and 6, and so was ignored. 

 

 

C-1 Sequencing of clone 1: pCR-Blunt-gal-1 plasmid 

 

Query gi|85815826|ref|NM_002305.3|Homo sapiens lectin, 

galactoside-binding, soluble, 1 (LGALS1), mRNA 

Query length 408 bp 

Subject 030805 F wt sequence exported from chromatogram file 

Subject length 1101 bp 

Program BLASTN 2.2.20+ 

 

Query  1    ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  60 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  493  ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  434 

 

Query  61   CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  120 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  433  CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  374 

 

Query  121  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  180 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  373  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  314 

 

Query  181  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  240 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  313  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  254 

 

Query  241  CAGCCTGGAAGTGTTGCAGAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  300 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  253  CAGCCTGGAAGTGTTGCAGAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  194 

 

Query  301  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  360 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  193  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  134 

 

Query  361  ATGGCAGCTGACGGTGACTTCAAGATCAAATGTGTGGCCTTTGACTGA  408 

            |||||||||||| ||||||||||| ||||||||||||||||||||||| 

Sbjct  133  ATGGCAGCTGACAGTGACTTCAAGGTCAAATGTGTGGCCTTTGACTGA  86 
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C-2 Sequencing of clone 2: pCR-Blunt-gal-1 plasmid 

 

Query gi|85815826|ref|NM_002305.3|Homo sapiens lectin, 

galactoside-binding, soluble, 1 (LGALS1), mRNA 

Query length 408 bp 

Subject S2F_034 sequence exported from chromatogram file 

Subject length 1212 bp 

Program BLASTN 2.2.20+ 

 

Query  1    ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  60 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  493  ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  434 

 

Query  61   CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  120 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  433  CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  374 

 

Query  121  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  180 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  373  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  314 

 

Query  181  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  240 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  313  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  254 

 

Query  241  CAGCCTGGAAGTGTTGCAGAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  300 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  253  CAGCCTGGAAGTGTTGCAGAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  194 

 

Query  301  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  360 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  193  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  134 

 

Query  361  ATGGCAGCTGACGGTGACTTCAAGATCAAATGTGTGGCCTTTGACTGA  408 

            |||||||||||| ||||||||||| ||||||||||||||||||||||| 

Sbjct  133  ATGGCAGCTGACAGTGACTTCAAGGTCAAATGTGTGGCCTTTGACTGA  86 

 

 

C-3 Sequencing of clone 6: pCR-Blunt-gal-1 plasmid 

 

Query gi|85815826|ref|NM_002305.3|Homo sapiens lectin, 

galactoside-binding, soluble, 1 (LGALS1), mRNA 

Query length 408 bp 

Subject S6F_050 sequence exported from chromatogram file 

Subject length 1243 bp 

Program BLASTN 2.2.20+ 

 

Query  1    ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  60 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  493  ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  434 

 

Query  61   CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  120 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  433  CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  374 

 

Query  121  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  180 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  373  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  314 

 

Query  181  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  240 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  313  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  254 
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Query  241  CAGCCTGGAAGTGTTGCAGAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  300 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  253  CAGCCTGGAAGTGTTGCAGAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  194 

 

Query  301  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  360 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  193  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  134 

 

Query  361  ATGGCAGCTGACGGTGACTTCAAGATCAAATGTGTGGCCTTTGACTGA  408 

            |||||||||||| ||||||||||| ||||||||||||||||||||||| 

Sbjct  133  ATGGCAGCTGACAGTGACTTCAAGGTCAAATGTGTGGCCTTTGACTGA  86 

 

 

 

C-4 Sequencing of the pProEX HTb-h-gal-1 plasmid 

 

Query gi|85815826|ref|NM_002305.3|Homo sapiens lectin, 

galactoside-binding, soluble, 1 (LGALS1), mRNA 

Query length 408 bp 

Subject ProEXHTb_030 sequence exported from chromatogram 

file 

Subject length 1233 bp 

Program BLASTN 2.2.20+ 

 

Query  1    ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  60 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  89   ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  148 

 

Query  61   CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  120 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  149  CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  208 

 

Query  121  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  180 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  209  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  268 

 

Query  181  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  240 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  269  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  328 

 

Query  241  CAGCCTGGAAGTGTTGCAGAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  300 

            |||||||||||||||||| ||||||||||||||||||||||||||||||||||||||||| 

Sbjct  329  CAGCCTGGAAGTGTTGCAAAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  388 

 

Query  301  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  360 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  389  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  448 

 

Query  361  ATGGCAGCTGACGGTGACTTCAAGATCAAATGTGTGGCCTTTGACTGA  408 

            |||||||||||| ||||||||||| ||||||||||||||||||||||| 

Sbjct  449  ATGGCAGCTGACAGTGACTTCAAGGTCAAATGTGTGGCCTTTGACTGA  496 
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C-5 Sequencing of the wild-type pCR-Blunt-gal-1 plasmid 

 

Query gi|85815826|ref|NM_002305.3|Homo sapiens lectin, 

galactoside-binding, soluble, 1 (LGALS1), mRNA 

Query length 408 bp 

Subject Colony1wtBlunt_092 sequence exported from 

chromatogram file 

Subject length 959 bp 

Program BLASTN 2.2.20+ 

 

Query  1    ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  60 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  495  ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  436 

 

Query  61   CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  120 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  435  CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  376 

 

Query  121  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  180 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  375  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  316 

 

Query  181  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  240 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  315  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  256 

 

Query  241  CAGCCTGGAAGTGTTGCAGAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  300 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  255  CAGCCTGGAAGTGTTGCAGAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  196 

 

Query  301  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  360 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  195  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  136 

 

Query  361  ATGGCAGCTGACGGTGACTTCAAGATCAAATGTGTGGCCTTTGACTGA  408 

            |||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  135  ATGGCAGCTGACGGTGACTTCAAGATCAAATGTGTGGCCTTTGACTGA  88 

 

 

C-6 Sequencing of the pET-3a-gal-1 plasmid 

 

Query gi|85815826|ref|NM_002305.3|Homo sapiens lectin, 

galactoside-binding, soluble, 1 (LGALS1), mRNA 

Query length 408 bp 

Subject 20_3a_E03 sequence exported from chromatogram file 

Subject length 855 bp 

Program BLASTN 2.2.20+ 

 

Query  1    ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  60 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  40   ATGGCTTGTGGTCTGGTCGCCAGCAACCTGAATCTCAAACCTGGAGAGTGCCTTCGAGTG  99 

 

Query  61   CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  120 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  100  CGAGGCGAGGTGGCTCCTGACGCTAAGAGCTTCGTGCTGAACCTGGGCAAAGACAGCAAC  159 

 

Query  121  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  180 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  160  AACCTGTGCCTGCACTTCAACCCTCGCTTCAACGCCCACGGCGACGCCAACACCATCGTG  219 

 

Query  181  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  240 
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            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  220  TGCAACAGCAAGGACGGCGGGGCCTGGGGGACCGAGCAGCGGGAGGCTGTCTTTCCCTTC  279 

 

Query  241  CAGCCTGGAAGTGTTGCAGAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  300 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  280  CAGCCTGGAAGTGTTGCAGAGGTGTGCATCACCTTCGACCAGGCCAACCTGACCGTCAAG  339 

 

Query  301  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  360 

            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  340  CTGCCAGATGGATACGAATTCAAGTTCCCCAACCGCCTCAACCTGGAGGCCATCAACTAC  399 

 

Query  361  ATGGCAGCTGACGGTGACTTCAAGATCAAATGTGTGGCCTTTGACTGA  408 

            |||||||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  400  ATGGCAGCTGACGGTGACTTCAAGATCAAATGTGTGGCCTTTGACTGA  447 
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Appendix D – Dynamic light scattering analysis of button dialysis 

solubility screening 

 

Buffer 1 
 
 
 
 
 
 
 
 
 
 
Buffer 2 
 
 
 
 
 
 
 
 
 
 
 
Buffer 3 
 
 
 
 
 
 
 
 
 
 
 
Buffer 4 

Correlation function Size distribution  

Correlation function Size distribution 

Correlation function Size distribution 

Correlation function Size distribution  
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DLS analysis of the concentrated oxidized human galectin-1 species Peak-3/Buffer_A (22 

kDa) (3 mg/ml samples) dialysed against solubility buffers 1-10 for 24 h. Depicted is the 

output of one experimental repeat for solubility buffers 1-5 and 10 (Buffer 1-5 and 10). 

The panels on the left show the correlation function curve, panels on the right show the 

size distribution window. The peaks in the size distribution window fluctuated for all 

solubility buffers. The lowest Rh, 14 nm, generated was by dialysis against solubility buffer 

10 (depicted by the arrow). 

 

Buffer 5 
 
 
 
 
 
 
 
 
 
 
 
Buffer 10 

Correlation function Size distribution 

Correlation function Size distribution 

14 nm 
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Appendix E – Analysis of Peak-3/Buffer_B (17 kDa) post-24 h within a 

reducing environment 

 

 

The loss of lectin function for Peak-3/Buffer_B (17 kDa) oxidized human galectin-1 is 

not reversed by reducing environment 

Dialysis of Peak-3/Buffer_B (17 kDa) oxidized human galectin-1 species against a 

reducing environment for 24 h does not restore lectin activity, as evidenced by a significant 

decrease in the eluted protein yield (grey bars) from lactosyl Sepharose (* indicates 

assessment of lectin activity was performed only once).  
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Unbound 
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Elution profile of reduced Peak-

3/Buffer_B (17 kDa)  

The largest peak of reduced Peak-

3/Buffer_A (22 kDa) is beyond 

the molecular weight range of the 

column (peak 
#
1). Peak 

#
2 is 20 

kDa in size and likely residual 

oxidized Peak-3/Buffer_B (17 

kDa) species. 
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Appendix F – X-ray diffraction  

 

F-1 X-ray diffraction from the crystal depicted in Figure 4.1B 

 

 

 

The diffraction image above is from a data set collected at the Institute for Glycomics 

(Griffith University) using a ProteumR (Bruker AXS, Madison, WI, USA) diffractometer 

with MacScience M06X
CE

 rotating anode generator (CuKα λ =1.5418Å) and equipped 

with a SMART6000 CCD detector. The detector parameters (2θ and distance) were kept 

constant from image to image. The diffraction pattern of this image indicates internal 

crystal disorder. 
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F-2 X-ray diffraction from the crystal depicted in Figure 4.1C 

 

 

 

The diffraction image above is from a data set collected at beamline 8.3.1 at the Advanced 

Light Source synchrotron (ALS, California, USA; wavelength 1.1159 Å at 100 K) using an 

ADSC CCD detector. The detector parameters (2θ and distance) were kept constant from 

image to image. The diffraction spots of this image exhibit high mosaicity. 
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 F-3 X-ray diffraction from a piece of crystal depicted in Figure 6.3B 

 

 

 

The diffraction image above is from a data set collected at the Institute for Glycomics 

(Griffith University) using a ProteumR (Bruker AXS, Madison, WI, USA) diffractometer 

with MacScience M06X
CE

 rotating anode generator (CuKα λ =1.5418Å) and equipped 

with a SMART6000 CCD detector. The detector parameters (2θ and distance) were kept 

constant from image to image. The diffraction pattern of this image indicates internal 

crystal disorder. 
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 F-4 X-ray diffraction from the crystal depicted in Figure 6.7C 

 

 

 

The diffraction image above is from a data set collected at the Institute for Glycomics 

(Griffith University) using a ProteumR (Bruker AXS, Madison, WI, USA) diffractometer 

with MacScience M06X
CE

 rotating anode generator (CuKα λ =1.5418Å) and equipped 

with a SMART6000 CCD detector. The detector parameters (2θ and distance) were kept 

constant from image to image. This image exhibits weak diffraction. 
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F-5 X-ray diffraction from crystal J (chapter 6, section 6.3.3) 

 

 

 

The diffraction image above is from a data set collected at the Institute for Glycomics 

(Griffith University) using a ProteumR (Bruker AXS, Madison, WI, USA) diffractometer 

with MacScience M06X
CE

 rotating anode generator (CuKα λ =1.5418Å) and equipped 

with a SMART6000 CCD detector. The detector parameters (2θ and distance) were kept 

constant from image to image. The diffraction pattern of this image indicates internal 

crystal disorder. 
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Appendix G – Diffraction data and refinement and ramachandran plot statistics for human galectin-1 crystal 

structures obtained from crystals grown in the presence of farnesyl diphosphate 

 

Diffraction data statistics  Crystal B 

(Figure 6.4B) 

Crystal D 

(Figure 6.4D) 

Crystal E 

(Figure 6.6) 

Crystal J 

(picture of crystal not 

shown) 

Resolution (Å) 53.61-2.6 (2.74-2.6) 61.55-2.8 (2.95-2.8) 53.30-3.18 (3.35-

3.18) 

56.08-2.6 (2.74-2.60) 

Total No. of observations 40980 (5778) 41902 (2136) 34188 (4515) 60343 (5781) 

Total No. of unique observations 14981 (2263) 12646 (1131) 9434 (1245) 9266 (1211) 

Redundancy 2.7 (2.6) 3.3 (1.9) 3.6 (3.6) 6.5 (4.8) 

Completeness (%) 90.2 (87.2) 90.0 (56.8) 97.6 (88.8) 98.4 (90.1) 

I/σ (I) 16.9 (6.5) 7.8 (4.0) 20.4 (8.3) 17.0 (3.5) 

Rmerge † (%) 6.7 (11.8) 12.7 (14.2) 7.1 (13.8) 11.1 (45.0) 

Crystal system/space group Monoclinic P21 Monoclinic P21 Monoclinic P21 Orthorhombic P212121 

Unit-cell parameters a = 43.3, b = 60.2, c 

= 107.5, β = 93.8 

a = 43.5, b = 61.5, c 

= 106.9, β = 93.6 

a = 43.7, b = 61.5, c 

= 107.1, β = 94.3 

a = 44.0, b = 58.4, c = 

112.2 

     

Refinement statistics      

Resolution (Å) 107.21-2.6 106.6-2.8 106.6-3.18 112.51-2.6 

No. of reflections 14216 11983 8980 8823 

Rwork/Rfree 21.24/29.31 18.36/27.69 17.08/26.63 19.96/29.26 

No. of atoms     

     Protein 4112 4112 4112 2092 

     Ligand 69 69 69 N/A 

     Water 31 47 - 24 

Average B-factors (Å
2
)     
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     Protein (subunits A/B/C/D) 17.7/26.9/19.8/41.0 16.6/25.9/18.7/41.4 14.9/27.6/17.9/40.2 24.8/23.7 

     Ligand (avg.) 25.4 27.1 28.5 N/A 

     Water 27.9 21.1 - 30.2 

rms deviations     

     Bond lengths (Å) 0.0101 0.0105 0.0145 0.0107 

     Bond angles (º) 1.420 1.433 1.706 1.382 

 

Values in parentheses represent the highest resolution shell 

† Rmerge = hkl i| Ii(hkl) - I(hkl) | / hkl i Ii(hkl) 
 

Average main-chain B-factors reported, whole chain B-factors for waters/ligand reported 

 

 

Ramachandran plot statistics calculated for crystal structures obtained from crystals B, D, E and J by PROCHECK 
 

 Crystal B Crystal D Crystal E Crystal J 

Residues  

(#) 

Residues 

(%) 

Residues  

(#) 

Residues 

(%) 

Residues  

(#) 

Residues 

(%) 

Residues  

(#) 

Residues 

(%) 

Residues in most favoured regions 392 86.0 381 83.5 368 80.7 199 87.3 

Residues in additional allowed regions 61 13.4 73 16.0 82 18.0 27 11.8 

Residues in generously allowed regions 3 0.7 2 0.4 6 1.3 1 0.4 

Residues in disallowed regions 0 0.0 0 0.0 0 0.0 1 0.4 

Number of non-glycine and non-proline residues 456 100 456  456  228 100 

Number of end-residues (excl. Gly and Pro) 8  8  8  4  

Number of glycine residues 44  44  44  22  

Number of proline residues 28  28  28  14  

Total number of residues 536  536  536  268  
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Ramachandran plot statistics calculated for crystal structures obtained from crystals B, D, E and J by MolProbity 
 

 Crystal B Crystal D Crystal E Crystal J 

Residues  

(#) 

Residues 

(%) 

Residues  

(#) 

Residues 

(%) 

Residues  

(#) 

Residues 

(%) 

Residues  

(#) 

Residues 

(%) 

Residues in favoured regions 499/522 95.6 482/516 93.41 477/516 92.4 244/259 94.2 

Residues in allowed regions 521/522 99.8 514/516 99.6 512/516 99.2 257/259 99.2 

Ramachandran outliers 1/522 0.19 2/516 0.39 4/516 0.78 2/259 0.77 
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Appendix H – Publications 

 

 

“Crystallization and preliminary crystallographic analysis of recombinant human 

galectin-1” 

Stacy A. Scott, Ken Scott and Helen Blanchard. Acta Crystallographica Section F, 2007, 

F63, 967-971.   

 

 

 

“Characterisation of oxidized recombinant human galectin-1” 

Stacy A. Scott, Andrea Bugarcic and Helen Blanchard. Accepted for publication in Protein 

and Peptide Letters, October issue, 2009.   

 

 

 

 

  

 

 

 




