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ABSTRACT 

The galectins are the most ancient and widely expressed family of glycan-binding 

protein, and have been found in all metazoans examined to date. Galectins recognise and 

bind to carbohydrate ligands, specifically those that contain β-galactosides, and it is via 

these interactions, and through direct protein–protein interactions, that the galectins 

perform their highly diverse collection of activities. In humans, the galectins are found in 

both the intracellular and extracellular environments, and have important roles in many 

aspects of cellular homeostasis, cell signalling, and cell adhesion. Of importance for this 

project is that most of the functions of galectins, even those involving direct protein–

protein interactions, are found to be inhibitable by carbohydrate ligands. 

Many galectin functions are related to important aspects of tumour progression 

and cancer, and it has emerged that the galectins are playing many negative roles in 

disease processes. Some galectins are found to be involved in tumour growth, adhesion, 

migration, and immune escape, with galectin expression levels in tumour cells often 

correlating with tumour aggressiveness, metastatic potential, and poor patient prognosis. 

The most extensively studied members of the galectin family, and for which there exists 

the most detailed evidence regarding their roles in disease, are galectins -1 and -3. As 

such, these two proteins have been identified as promising targets for cancer therapy, and 

are under investigation in this project. 

Inhibition of galectin function with the use of small molecule ligands is emerging 

as an attractive means of supressing tumour progression. Indeed, during the course of this 

project there has been a rapid increase in the number of reports detailing the successful 

suppression of various aspects of tumour progression, through both the inhibition of 

galectins using carbohydrate based inhibitors, and by the use of RNA interference. These 

reports are highly encouraging for the design and development of high affinity small 

molecule galectin inhibitors, with such compounds having both the promise of being 

highly useful biochemical tools, and being the potential foundations for future anticancer 

drugs. 
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With the availability of their three dimensional structures, galectins -1 and -3 

represent good candidates for structure-based drug design, which is the major focus of 

this project. The bulk of this thesis describes the analysis of galectin-1 and -3 structures in 

complex with both naturally occurring oligosaccharides and high affinity synthetic 

ligands obtained through X-ray crystallography, with these structures providing the basis 

for the in silico design and evaluation of novel galectin inhibitors.  

Prior to the structural investigations, preparations were made for the analysis of 

the phosphorylated form of full-length human galectin-3 (herein referred to as 

galectin-3-P). This was because, in addition having negative roles in cancer, galectin-3-P 

was reported to be unable to bind to carbohydrate ligands, a property with the potential to 

render this form of the protein an unviable target for structure-based drug design. A 

fluorescent chemical probe was synthesised for solution phase binding assays, and the 

phosphorylated form of the protein was prepared (Chapter 2). Preliminary affinity 

chromatography results revealed that galectin-3-P maintained strong carbohydrate 

binding ability, a finding that was concurrently supported by the results from other 

research groups. Thus, galectin-3-P was discovered to maintain carbohydrate binding, and 

remained a viable target. 

The crystallisation and X-ray structure solution of human galectin-1 and the 

carbohydrate recognition domain (CRD) of human galectin-3 (Chapter 3), paved the way 

for structural analysis of these crystal structures and for the assessment of efficient ligand 

exchange strategies (Chapter 4). Crystal soaking methods enabled the acquisition of 

galectin-1 and galectin-3 CRD structures in complex with five naturally occurring 

oligosaccharides (two complexes were obtained for galectin-1). The oligosaccharide 

complexes revealed interactions within the extended galectin-1 and -3 binding sites that 

have not previously been observed, and combined with the growing number of other 

available galectin structures, provided general insights into galectin functions (Chapter 4). 

With methods for efficient ligand exchange in place, a total of ten different and 

diverse synthetic compounds were analysed by X-ray crystallography with galectin-1 

and -3, resulting in the acquisition of a total of 14 unique galectin–ligand complexes 

(Chapter 5). Some of the compounds analysed (the triazolyl-TDGs) have binding 

affinities that are higher than any other galectin inhibitor reported to date, whereas the 
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taloside compounds provided insights into unexplored areas of the galectin binding sites 

that offer unique areas for the design of selective galectin inhibitors. These complexes 

provided a wealth of structural information on galectin–ligand interactions and formed 

the basis for the design and in silico evaluation of novel galectin inhibitors (Chapter 6), 

some of which are predicted to have interesting and unique binding properties, with high 

affinities for both galectin-1 and galectin-3. 

Overall, the results from this project have contributed significantly to the 

knowledge that is available on the interactions that occur between the galectins and their 

ligands, with this knowledge being invaluable in the design of new galectin inhibitors. 

Many of the ligands investigated represent lead compounds, some of which have already 

been shown to display positive outcomes in inhibiting tumour progression in vivo, 

highlighting the promise of the galectins as targets for cancer therapeutics. 
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Chapter 1. Introduction 

1.1 GLYCOBIOLOGY 

Carbohydrates are one of the four fundamental classes of biomolecule found in all 

living systems, along with lipids, proteins, and nucleic acids.1 Monosaccharides are the 

basic building blocks of carbohydrates and are found in living systems both in their free 

form (e.g. glucose) or linked together via glycosidic bonds to form more complex linear 

or branched oligo and polysaccharides, which in turn can be conjugated to proteins or 

lipids (glycoconjugates).2 The terms; carbohydrate, saccharide, glycan, and sugar are 

often used interchangeably within the literature as general terms to describe any free or 

conjugated monosaccharide, oligosaccharide, or polysaccharide.2,3 In this thesis, the terms 

carbohydrate and saccharide are used as the general overarching terms for these 

molecules, whereas the term glycan is reserved for carbohydrate-containing 

macromolecules (oligosaccharides, polysaccharide, or glycoconjugates), while the term 

sugar residue is used for lower molecular weight mono or disaccharides, and to describe 

such units within a larger glycan (in the same way that amino acid residues are used to 

describe the units within a polypeptide chain). 

Unlike protein and nucleic acid biosynthesis, which is based on a sequence 

template, the biosynthesis of carbohydrates is fundamentally different, being dependent 

on the expression levels and cellular concentrations of various enzymes 

(glycosyltransferases) and the availability of substrates. At the basic building block level, 

carbohydrates have a higher degree of structural complexity compared to proteins and 

nucleic acids. For example, two identical glucose monosaccharides can be joined to form 

a disaccharide in many different ways depending on the position (at which of the five free 

hydroxyls) and anomeric configuration (α or β) of the glycosidic bond. In contrast, there 

is only a single solution for the formation of a dipeptide or dinucleotide with two identical 

amino acids or nucleotides, respectively. Because carbohydrates also have the ability to 

form branched chains, the potential information coding capacity of carbohydrates 

becomes incredibly dense as the number of residues increases. For example, a 
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hexasaccharide has 1.44 × 1015 possible combinations, compared to 64 million and 4096 

possible combinations for hexapeptides and hexanucleotides, respectively.4,5 

The high degree of complexity and lack of a clear template for carbohydrate 

biosynthesis increases the challenges faced in glycobiology, and is one of the reasons why 

this field has traditionally lagged behind other more mature disciplines under the 

molecular biology umbrella. However, with the better understanding and appreciation that 

has emerged regarding the importance of carbohydrates in many cellular processes and 

disease states, the field of glycobiology has now become one of rapid growth in the 

natural sciences.6 

Carbohydrates have many diverse structural and modularity functions, however, 

one of the major roles that glycans have in living systems, and one that is particularly 

relevant to human health and disease, is that of molecular recognition.7 Glycans represent 

one half of the molecular recognition equation, with the other being represented by the 

molecules responsible for deciphering the glycan code; the glycan-binding proteins, and 

in particular, the lectins.8 Lectins recognise and bind to glycans, and together the two 

binding partners are involved in many aspects of cell–cell/cell–matrix interactions, and 

cellular signalling leading to regulation of intracellular pathways and ultimately 

modulation of cellular functions.8 Not surprisingly, given the diversity of their glycan 

ligands, there are many different families of lectin, each with their own spectrum of 

cellular functions, however, the most ancient and widely expressed class of lectin, are the 

galectins.9 An understanding of the many diverse cellular functions of the galectins is still 

emerging, however, it is the roles they play in human disease, particularly cancer, that is 

stimulating interest in these proteins, and is the motivation behind this research project. 

1.2 THE GALECTINS 

The galectins are a family of soluble animal lectin that, by definition, share 

similar amino acid sequence identity and affinity for β-galactoside containing saccharides 

(e.g. lactose).10,11 Galectins are an ancient family of eukaryotic protein, being found in all 

metazoans examined to date, from sponges and fungi, to both invertebrates and 

vertebrates.9 The first galectin was discovered in 1975 in the electric organ of electric eels 

(Electrophorus electricus) and was termed electrolectin.12 Prior to the formal definition of 
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the galectin family in 1994,10,11 galectins were termed S-type lectins, however, individual 

galectins were described under many different names depending on the source (for 

example CBP35, ɛBP, L-29, and L-31 were all names given to what is now called 

galectin-3).9 Advances in molecular genetics and the availability of genomic sequence 

data has now enabled the identification of 15 different mammalian galectins (galectins -1 

to -15),13-15 with 12 galectin genes being found in humans.9 

Structurally, galectins can be divided into three types based on the organisation of 

the carbohydrate recognising domain (CRD): the proto, chimera, and tandem repeat 

types16 (Figure 1.1). The prototype galectins have a single CRD and can exist as 

monomers or homodimers, while tandem repeat galectins have two distinct CRDs, joined 

by a linker domain, and are encoded by a single polypeptide. Galectin-3 is known as a 

chimera type galectin due to the presence of an unusual non-lectin N-terminal domain 

attached to the CRD via a repetitive proline, glycine, and tyrosine rich domain.16,17 In this 

thesis, the N- and C- terminal domains of the tandem-repeat type galectins are referred to, 

using galectin-9 as an example, as: galectin-9N and galectin-9C, respectively. 

   Proto          Chimera          Tandem-repeat 

             

Figure 1.1: Domain organisation of the three types of galectins: proto, chimera, and 
tandem repeat (figure modified with permission from Glycoforum18). 

The globular galectin CRD of about 130 amino acids consists of a beta-sandwich 

fold that is concave on one side forming the carbohydrate binding groove, and convex on 

the other side (see for example the galectin-3 CRD, Figure 3.1 on page 43). To date (up to 

and including 2012), there have been almost 100 galectin structures deposited in the 

protein data bank (PDB). Many of these structures are of the same galectin determined 

using different experimental conditions or with different bound ligands. However, there 

are 9 different human galectin CRDs available, and many others from different species 

(see Chapter 3). These structures have revealed that there are a number of amino acids 

Two identical 
Galectin CRDs 

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

Non-lectin   Galectin 
Domain  CRD 

Galectin-3 

Two distinct 
Galectin CRDs 

Galectin-4,6,8,9,12 
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within the galectin carbohydrate binding site that are highly conserved and are involved 

in binding to the defining β-galactoside moiety of the ligand, while others are more 

variable and contribute to the fine specificity that the galectins have for complex glycan 

chains (discussed further in Chapter 4). For example, the amino acid sequence Trp-Gly-

X-Glu-X-Arg, indicated in the galectin-3 amino acid sequence (Figure 1.6 on page 11), is 

conserved in human galectins -1, -2, -3, -4, -7, -8, and -9.13 The sequence identity of 

different human galectin CRDs is in the range of 20 to 50 % (sequence alignments for 

some galectins are shown in Appendix C), while galectin orthologues (same gene – 

different species19) are also well conserved, with the galectin-3 CRD for example having 

about 87 % amino acid sequence identity between mouse and man.16 

Figure 1.2: A schematic representing some examples of the cellular homeostasis 
functions of the galectins. In particular, the pathways of galectins -1, -3, -7, -8, -9, and -12 
and how they are involved in control of cell cycle and growth, inducing/inhibiting 
apoptosis, and mediation of cellular adhesion (reproduced with permission from Hsu et 
al.20). 

Functionally, the galectin family performs an extremely diverse collection of 

activities in both the intracellular and extracellular environments.16,20-26 Even individual 

galectins perform varied tasks depending on many factors such as the tissue it is 
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expressed in, subcellular location, temporal state of the cell, and the type of glycan or 

binding partner it interacts with. Galectins are known to participate in many aspects of 

cellular homeostasis, including the modulation of cell growth, control of cell cycle 

progression, cellular differentiation, and the induction or inhibition of apoptosis.20,23,24 In 

addition to the homeostasis functions, galectins are also important in cell adhesion, 

chemoattraction, cell migration, and angiogenesis.23,27 

Figure 1.2 shows schematically some examples of the varied cellular homeostasis 

functions for some of the galectins. Highlighting the variable functions of the galectins, it 

can be seen in Figure 1.2 that depending on the glycan binding partner, galectins -1 and -3 

can have either positive (mitogenic) or negative (cytostatic) effects on cell proliferation 

when acting extracellularly.20,23 Galectins -1, -8, and -9 can all induce apoptosis by acting 

extracellularly, whereas galectin-7 acts intracellularly to induce apoptosis. Galectin-3 can 

induce apoptosis when acting extracellularly (not shown), or inhibit apoptosis when 

localised within the cell.20,23 In many cases the exact mechanisms of galectin function are 

unknown, however, it is worth noting that in addition to those functions associated with 

carbohydrate binding, it is clear that galectins also have roles that are independent of 

carbohydrate binding, especially many of the intracellular activities that involve direct 

protein–protein interactions with other proteins.20 For example galectin-1 can inhibit 

growth of certain cell types independent of carbohydrate binding activity,20 while 

galectin-3 is proposed to have many activities that are independent of carbohydrate 

binding (see section 1.4). 

An important extracellular function of galectins is their ability to modulate cell-

cell and cell-matrix adhesion via binding and cross-linking various glycoproteins such as 

integrins, laminin, and fibronectin (Figure 1.3).22 This cross-linking is achieved through 

the bivalent or multivalent nature of many galectins and the multivalent nature of many 

galectin ligands, and can result in the formation of galectin ligand lattices (lattice 

formation is not shown in Figure 1.3).28 Note that, as represented in Figure 1.3, some 

CRDs (blue) are only capable of binding to the terminal residues of the glycan, while 

others (green and red) can bind terminally or internally. This is expanded on in detail 

using results from this project in Chapter 4 (section 4.3.4.4). 
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Figure 1.3: Simplified drawing showing extracellular galectin–glycan interactions. The 
multivalent nature of many galectins enables cross-linking of glycans resulting in 
clustering on the cell surface or adhesion between separate cells or glycoproteins. 
Glycans are shown as simple linear sugar chains attached to the blue regions which 
represent one or many glycoproteins or glycolipids either embedded in the cell membrane 
or as part of the extracellular matrix. Proto, tandem-repeat, and chimera type galectins are 
represented as described in Figure 1.1. 

Binding and cross-linking of cell-surface glycoproteins is a mechanism for 

galectin-mediated signal transduction. One of the better studied examples of galectin 

signalling is that of immune system regulation by the galectins, and in particular, their 

ability to fine-tune T cell activation, differentiation, and survival (see Figure 1.5, next 

section).29 Extracellular cross-linking and clustering of CD45 molecules on the surface of 

T cells is one of the mechanisms by which extracellular galectin-1 is proposed to induce 

apoptosis of activated T cells.22,28 Galectin-3 also has the ability to act extracellularly and 

induce T cell apoptosis by binding a number of T cell glycoproteins such as CD45 and 

CD71.30 Additionally, galectin-3 binding and/or cross-linking of other T cell membrane 

glycoproteins such as TCRβ, CD29, CD43, CD45, and CD71 may antagonise the 

formation of the immune synapse.30 An elegant example comes from a study by Toscano, 

et al.31 which found that recognition of specific cell surface glycans by galectin-1 

regulates certain T helper cells (TH1 and TH17) by induction of apoptosis. Galectin-1-

deficient mice displayed a greater susceptibility to autoimmune neuroinflammation due to 

hyper a TH1 and TH17 response. Interestingly, the study also found that TH2 cells were 

outside of the regulatory control of galectin-1 due to differential glycan sialylation that 

effectively masks the cell surface glycans from galectin-1 recognition and binding 

(discussed further in Chapter 4, section 4.3.4.4). In contrast to initiating signal 

transduction, galectins can also regulate T cell activation by blocking cell surface 
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glycoprotein clustering. For example, galectin-3 binds to specific glycans added by 

Mgat5 (a glycosyltransferase involved in N-glycosylation) on the T cell receptor (TCR) 

resulting in a galectin–glycoprotein lattice that restricts TCR recruitment to the site of 

antigen presentation.32 Either deletion of Mgat5 (Mgat5−/− T cells) or inhibition of 

galectin-3 increases TCR clustering, thus lowering the ease of activation and increasing 

the potential for autoimmune disease. 

Interestingly, although galectins are found in the extracellular environment and 

have many extracellular functions, they do not possess a signal sequence for classical 

ER–Golgi secretion, with the mechanism that galectins use to exit cells being 

unknown.14,33 For galectin-3, it is known that amino acids within the repetitive region are 

critical for secretion34 and that it can directly interact with membrane lipids and 

spontaneously penetrate the lipid bilayer.35 This process can be regulated, and tumour 

cells especially can significantly alter galectin secretion and even rapidly internalise 

galectin molecules.21 Because galectins do not pass through ER–Golgi processing, they 

are not known to undergo many post translational modifications such as glycosylation, 

however, phosphorylation is observed in galectin-3,36,37 and galectin-1 is known to 

undergo disulphide bond formation.38 

1.3 GALECTINS IN DISEASE 

Given the diversity of functions that the galectins have in normal cellular 

processes, it is not surprising that they have also been discovered playing important roles 

in many different disease processes. Interestingly, galectins -1 and -3 are not critical for 

survival, as demonstrated by galectin -1 and -3 null mutant mice, which are able to 

survive, albeit with a number of subtle defects.16,39 Due to their many diverse and 

sometimes subtle roles, the galectins have been termed “optimising molecules”,16 and are 

thus considered to be promising targets for therapeutic agents with the prospect of fine 

tuning cellular homeostasis processes with potentially limited side effects. Since their 

formal definition, the galectins have been gaining increasing levels of interest, largely due 

to their involvement in diseases such as inflammation,40 microbial infections,26 and in 

particular, tumour progression and cancer (Figure 1.4).14 
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Figure 1.4: Plot showing the number of articles published each year on the topics of 
cancer (blue) and galectin (red) relative to the total number of entries in the PubMed 
database of that year (number of entries per 100,000). Data retrieved from the Medline 
trend website.41 Note that early publications describing galectins with alternative names, 
prior to the adoption of the galectin family terminology, are not represented. 

One of the common features of cancer cells is altered glycosylation.42-45 Altered 

glycosylation patterns expressed on the surface of cancer cells affects their interactions 

with other cells, antibodies, and lectins. Different glycosylation patterns are observed for 

cancer cells that originate from different areas of the body and at different stages of 

development. Often it is not known precisely what roles are played by the specific 

structures of altered glycans in the progression of cancer, however, they are frequently 

correlated with metastatic potential and a particular prognosis for the patient. For 

example, increased β1–6 glycan branching is correlated with advanced tumour grade and 

a poor prognosis.42 

On the other side of the lectin–glycan equation, the galectins also have altered 

levels of expression in tumours, and the expression level of certain galectins is correlated 

to the metastatic potential of cancer cells, with galectins -1, -3 and -9 being considered as 

biomarkers of poor prognosis for a variety of cancer types.46,47 Overexpression and 

secretion of galectins into the tumour microenvironment is one of the mechanisms that 

tumour cells utilize in evasion of the immune response. Infiltrating T cells that would 

otherwise kill the tumour cells are themselves subject to galectin-induced apoptosis, via 

signalling through various cell membrane bound glycoproteins (Figure 1.5).47,48 
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Galectins have also been implicated in many other aspects of tumour progression. 

When acting intracellularly within tumour cells galectins are involved in tumour 

transformation (through intracellular interactions with oncogenes such as oncogenic Ras), 

cell-cycle regulation (initiation of arrest at various stages of the cell-cycle), and regulation 

of apoptosis (both pro- and anti-apoptotic functions).14 Extracellularly, galectins are 

known to facilitate various aspects of cancer metastasis, such as modulation of tumour 

cell adhesion (both detachment from the primary tumour and attachment at distal sites), 

the modulation of tumour invasiveness, and promotion of angiogenesis (both at the 

primary tumour and primary metastases).14 

Figure 1.5: The roles of tumour-derived galectins in evasion of the immune response. 
Eosinophils, antibodies, and T cells have the potential to initiate tumour lysis. 
Overexpression and secretion of galectins by the tumour induce apoptosis in T cells, 
which can lead to tumour-immune escape (reproduced with permission from Liu et al.14). 

There has been a recent rise in the number of reports that describe the specific 

in vitro and in vivo targeting of galectins, either via silencing using RNA interference,49-53 

or inhibition using small molecule inhibitors,54-62 with the results showing that galectin-

targeting supresses various aspects of tumour progression in a wide variety of cancer 

models. For example, Dalotto-Moreno et al.51 showed that silencing galectin-1 expression 

in the 4T1 mouse breast cancer model resulted in a reduction of tumour growth and the 

number of lung metastases, with an overall lowering of galectin-1-mediated 
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immunosuppression. Stannard et al.58 also reported a reduction of galectin-1-mediated 

immunosuppression in a mouse breast cancer model (FVB/N MMTV-c-Neu), by targeting 

galectin-1 with the inhibitory disaccharide thiodigalactoside (TDG). The survival 

outcomes of tumour challenged mice were improved by TDG alone, but also by a greater 

amount when the inhibiter was used as an adjuvant in combination with vaccine 

immunotherapy in vivo, with the inhibitor improving the potency of the vaccine. 

Structural results from this project are also included in the report by Stannard et al.58 

(included in Appendix H) and are discussed in Chapter 5 (section 5.3.5). 

The results from studies such as these are very encouraging and indicate that the 

galectins represent a very promising target for future cancer therapies. Galectins -1 and -3 

are by far the most extensively studied members of the galectin family, since it is for 

these two galectins that there exists the most compelling evidence detailing their roles in 

disease processes. As such, it is galectins -1 and -3 that are under investigation in this 

project, with the main focus being on galectin-3. 

1.4 GALECTIN-3 

Structurally, galectin-3 (26.2 kDa) is unique amongst the galectins due to the 

presence of the N-terminal non-lectin domain and the repetitive domain. The primary 

organisation of the galectin-3 domains, with important amino acids highlighted, is shown 

in Figure 1.6. The X-ray crystal structure of the galectin-3 CRD (PDB ID: 1A3K) starts at 

residue Leu114 and is lacking the N-terminal and repetitive domains. The structure shows 

that the CRD has the same beta-sandwich fold as observed in other galectins for which 

structural information is available (discussed further in Chapter 3, see Figure 3.1 on 

page 43).63 

The N-terminal and repetitive domains provide galectin-3 with a number of 

additional properties not observed in other galectins. One of the major differences 

between galectin-3 and other dimeric galectins is that it exists mainly as a monomer at 

concentrations of up to 1 mM, and has the ability to form oligomers under certain 

conditions.64-66 These observations can be accounted for by analysis of the X-ray crystal 

structure of the galectin-3 CRD compared to dimeric galectins. Dimeric galectins such as 

galectin-1 have a nonpolar dimer interface, whereas galectin-3 has a number of more 
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polar residues.63 Additionally, the would-be dimer interface of galectin-3 is obstructed by 

the first few amino acids of the repetitive domain.63 The 18 amino acid N-terminal 

domain of galectin-3 is highly conserved13 and has a number of important functions, 

many resulting from phosphorylation at sites within this domain (discussed further in 

Chapter 2).36,37 

        1 MADNFSLHDA LSGSGNPNPQ GWPGAWGNQP AGAGGYPGAS YPGAYPGQAP 
       51 PGAYPGQAPP GAYPGAPGAY PGAPAPGVYP GPPSGPGAYP SSGQPSATGA 
      101 YPATGPYGAP AGPLIVPYNL PLPGGVVPRM LITILGTVKP NANRIALDFQ 
      151 RGNDVAFHFN PRFNENNRRV IVCNTKLDNN WGREERQSVF PFESGKPFKI 
      201 QVLVEPDHFK VAVNDAHLLQ YNHRVKKLNE ISKLGISGDI DLTSASYTMI 

 
Green = N-terminal domain 
Red = Repetitive Gly, Pro, and Tyr rich domain 
Blue = Carbohydrate binding domain 
S = Phosphorylation sites 
R = Arg144 
GPYGAP = Final site of collagenase digestion distal to N-terminus 
L and I = First and last amino acids in crystal structure (1A3K) 
HFN PR  and WGREER = Amino acids involved in carbohydrate binding 
N WGR = Conserved Bcl-2 family anti-death motif 

 
Figure 1.6: The 250 amino acid sequence of human galectin-3 with important features 
highlighted. 

Multiple galectin-3 molecules are able to self-associate through the repetitive 

domain enabling the protein to form disordered complexes in the presence of divalent 

ligands.64,66,67 This oligomerization is thought to be the mechanism for galectin-3 

mediated cellular adhesion and glycan cross-linking, and is consistent with the fact that 

the repetitive domain resembles domains found in other proteins, such as synexin 

(annexin VII), which in these molecules are also considered to be involved in self-

aggregation.17 Interestingly, as part of a proposed mechanism for the anti-apoptotic 

functions of galectin-3, synexin was found to interact with galectin-3.68 Perhaps these two 

molecules associate through the repetitive domains via non-lectin interactions. The 

repetitive domain of galectin-3 is similar to collagen in that it contains a high proline and 

glycine content, however, it has been speculated that it would not form a collagen triple 

helix structure since it does not possess the same repeating sequences.17 Even so, the 

galectin-3 repetitive domain is sensitive to collagenase digestion,17 a property that is 

employed in the laboratory to prepare CRD fragments of galectin-3 (section 3.3.1).66 

More importantly from a functional perspective is that the repetitive domain is also a 
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substrate for matrix metalloproteinases (MMP) in the extracellular environment, with 

MMP cleavage being an important regulator of galectin-3 function.69,70 MMP cleavage 

produces a CRD fragment with reduced capacity for homo-oligomerization, resulting in a 

loss of cross-linking-dependent activity.48,71 

In addition to forming oligomers through the repetitive domain, galectin-3 has 

also been shown to self-associate through the CRD and in a manner that is independent of 

both ligands and the N-terminal domains.72 Interestingly, this self-association is 

dependent on a NWGR motif, which is highly conserved in both galectin-3 and the well 

characterised repressor of apoptosis Bcl-2.72,73 In Bcl-2, the NWGR motif, known as the 

anti-death motif, is essential for its anti-apoptotic functions and is involved in Bcl-2–

Bcl-2 self-association, and association of Bcl-2 with the pro-apoptotic protein Bax.74 In 

galectin-3, the NWGR motif forms a component of the carbohydrate binding pocket (see 

Figure 1.6) which may explain why galectin-3 ligands such as lactose inhibit this 

mechanism of self-association.72 In addition to allowing self-association, the NWGR 

motif also facilitates carbohydrate independent association of galectin-3 with Bcl-2, and 

may be a mechanism for galectin-3 to perform its intracellular anti-apoptotic functions.73 

The exact molecular mechanism for galectin-3–galectin-3 or galectin-3–Bcl-2 association 

is unknown and analysis of the crystal structure of galectin-3 (PDB ID: 1A3K) and the 

NMR solution structure of Bcl-2 (PDB ID: 1G5M) shows that the NWGR motif is in a 

very different three-dimensional arrangement in the two proteins. 

When secreted from the cell, galectin-3 has roles in cell-cell and cell-matrix 

adhesion and is found to bind to a diverse array of oligosaccharides and glycoproteins.22 

In particular galectin-3 is found to interact strongly with the basement membrane protein 

laminin, human Mac-2 binding protein in the extracellular matrix, and Thy-1, CD45, 

CD71, and CD29 on lymphocytes,22,75,76 and is also known to bind neuronal adhesive 

molecules such as L1,21,33 NCAM21,22,77-79 and MAG.22,80 Galectin-3 has also been found 

to modulate the lifespan of neutrophils at inflammatory sites by activation of intracellular 

signalling pathways81 and to have an intracellular role in promoting macrophage 

phagocytosis39 and chemoattraction.82 

Galectin-3 is consistently found to be involved in many aspects of cancer 

progression.14,27,30,46,81,83-96 Galectin-3 expression is frequently found to be elevated in 
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many types of cancer and often the increased expression parallels tumour aggressiveness, 

metastatic potential, and poor prognosis.47 Galectin-3 has been shown to promote 

angiogenesis (capillary growth), which is required by many tumours to provide nutrients 

for sustained growth,21,55 mediate adhesion of cancer cells to each other and to 

endothelium,55 and to protect cancer cells from the immune system by extracellularly 

inducing apoptosis in T cells.22,30,73,76 

The galectin-3-mediated killing of T cells, which occurs in the extracellular 

environment by binding and cross-linking of CD45 and CD71 molecules on the T cell 

surface (discussed above in section 1.3), is in contrast to the intracellular anti-apoptotic 

functions of galectin-3 that occur through direct protein–protein interactions (such as with 

Bcl-2 also discussed above). Both the pro- and anti-apoptotic functions of galectin-3 

support tumour survival, since overexpression of galectin-3 in the intracellular 

compartment provides cancer cells with protection from apoptotic signals, while the 

elevated levels of secreted galectin-3 provides protection from immune cells. Of note is 

that although the intracellular interactions of galectin-3 are generally direct protein–

protein interactions and occur in a carbohydrate independent manner, many of these 

interactions are still inhibited by carbohydrate ligands such as lactose.97 This suggests that 

the site of protein–protein interactions is within the vicinity of the carbohydrate binding 

site or is in some way perturbed by carbohydrate binding. This is important for structure-

based drug design (section 1.6), since in addition to blocking the extracellular 

(carbohydrate dependent) activities of galectin-3, inhibitors that target the carbohydrate 

binding site may also potentially interfere with the intracellular carbohydrate independent 

activities. 

1.5 GALECTIN-1 

Galectin-1 is encoded as a single carbohydrate recognition domain (14.7 kDa) and 

exists as a homodimer in solution (a prototype galectin). It is bivalent for carbohydrate 

ligands and capable of crosslinking and the formation of galectin–glycan lattices when in 

complex with multivalent glycans.14,98 Like galectin-3 discussed above, it has a wide 

variety of intra- and extracellular functions that are mediated via both its carbohydrate 

binding activities and also some that are mediated via direct protein–protein interactions. 

In their 2006 review, Camby et al.99 listed a total of 30 binding partners that were known 
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at the time to interact with galectin-1. Many of the functions of galectin-1 have been 

alluded to in the earlier sections, with the more intensively studied aspects being related 

to its roles in regulation of cell growth, cell–cell/cell–matrix adhesion, cellular signalling, 

and immune system regulation.99 

It is the roles of galectin-1 in disease processes such as cancer that have sparked 

much recent interest in this protein, and has led to galectin-1 being identified as a 

potential cancer target.100 Many of the roles that galectin-1 play in tumour progression 

parallel those previously discussed for galectin-3, with galectin-1 being involved in 

tumour growth, adhesion, migration, and immune escape, and its expression in tumour 

cells is often found to be correlated with tumour aggressiveness, metastatic potential, and 

poor patient prognosis.100 

Certain functions of galectin-1 are unique among the galectins, while some appear 

to overlap with the functions of other galectins. However, it is important to note that even 

in cases where the roles of two different galectins appear similar, there often exists subtle 

but important functional differences, usually related to the fine specificity and recognition 

of glycan ligands. For example, as mentioned earlier, galectin-1 and galectin-3 both 

regulate T cells via extracellular signalling leading to apoptosis, and both proteins 

recognise the same principal sugar epitope on exposed extracellular glycans (N-

acetyllactosamine), yet the addition of a sialic acid cap on these glycans in some T cell 

subtypes (TH2 cells) masks them from recognition by galectin-1, but not galectin-3.31 The 

functional differences resulting from differential glycan recognition between galectin-1 

and galectin-3, and virtually all the galectins, arises due to differences in key amino acids 

within the carbohydrate binding sites and are discussed in detail in Chapter 4. The 

growing number of available galectin structures, often in complex with naturally 

occurring or synthetic ligands (Chapters 4 and 5), enables the application of structure-

based drug design for the development of selective galectin inhibitors, with the goal of 

blocking galectin function in disease. 

1.6 STRUCTURE-BASED DRUG DESIGN 

After the identification of a protein target that is known to have negative roles in 

disease processes, the acquisition of its three dimensional structure at an atomic level of 
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detail can provide insights into the protein’s mechanism of action and opens the way for a 

targeted approach to blocking its function.101 With the three dimensional structure and 

some knowledge of the active/binding site of the protein, it becomes possible to design 

chemical compounds that bind to the protein and interfere with its function. When the 

ultimate aim is to deliver the compound as a drug to block the negative roles the protein 

plays in disease and to improve patient outcomes, the process is known as structure-based 

drug design.101 

The early stages of this process can be considered more structure-based ligand 

design, since most of the focus at this stage is on identification of an appropriate and 

useful chemical scaffold, exploration of various chemical modifications, and refinement 

of the chemical structure to enhance ligand binding affinities.102 Optimisations of ligand 

properties that improve its drug-likeness (properties such as the bioavailability, metabolic 

half-life, and the minimisation of side effects) usually occur later in the structure-based 

drug design process, and are where the ligand can truly become a drug. Of course, 

considerations can be made about a ligand’s drug-likeness from the earliest stages of the 

structure-based drug design process, however, these are usually not optimised in earnest 

until the later stages. 

 
 

Figure 1.7: An example of the typical cycles of structure-based drug design. 

The process of structure-based drug design loosely follows a cyclic pattern 

through a number of stages, with the results from each stage providing feedback into 

other aspects of the process. For example, following the pattern shown in Figure 1.7, the 

cycle can begin with the three dimensional structure of the target protein, obtained either 

by experimental methods such as X-ray crystallography or NMR spectroscopy, or 

computational methods such as homology modelling, which then allows for ligand 

design. A tremendous diversity of methods are available at the ligand design stage, from 

the intuition of a medicinal chemist, to the computational screening and scoring of vast 

libraries of chemical compounds. Chemical synthesis of promising ligands is then 

performed followed by their evaluation, which could involve anything from simple 

chemical synthesis evaluation structure ligand design 
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binding affinity measurements to in vivo biological evaluations. The results from the 

evaluation stage can provide feedback for any of the preceding stages and refinement of 

the ligand, now a lead compound, can continue. For example, a promising ligand 

identified at the evaluation stage could be co-crystallised with the target protein to 

provide a structure of the protein–ligand complex, with the cycle continuing from that 

point. This example could serve as the starting point for a structure-based drug design 

regime, with the process in general being flexible and dynamic. 

1.7 SUMMARY AND PROJECT OUTLINE 

As discussed, galectin-1 and galectin-3 are promising targets for cancer therapy, 

and with the availability of their three dimensional structures, they represent good 

candidates for structure-based drug design. The phosphorylated form of full-length 

galectin-3 (galectin-3-P), which also plays negative roles in cancer, is reported to have 

reduced binding affinity for carbohydrate ligands, potentially rendering this form of the 

protein insensitive to drugs that target the carbohydrate binding site. Thus, initial 

investigations into human galectin-3-P are reported next in Chapter 2 to determine 

whether this form of the protein remains a relevant target for structure-based drug design. 

Chapter 3 outlines the biochemical production of human galectin-1 and -3, 

followed by their crystallisation and structure determination by X-ray crystallography. 

Methods for ligand exchange in galectin-1 and -3 crystals are reported in Chapter 4, and 

are used to obtain complexes with a number naturally occurring oligosaccharides. The 

oligosaccharides enabled deeper probing into the galectin binding sites and the complexes 

obtained revealed interactions within the extended galectin-1 and -3 binding sites that 

have not previously been observed. In addition to being valuable for structure-based drug 

design purposes, these structures also provided insights into galectin functions in general. 

Reported in Chapter 5 are the binding site interactions observed in complexes of 

galectin-1 and galectin-3 with ten different and diverse synthetic ligands, some of which 

represent very promising galectin inhibitors with exceptionally high binding affinities. 

The structural results obtained provide interesting comparisons to the complexes obtained 

with the naturally occurring oligosaccharides discussed in Chapter 4, and together provide 

a very strong foundation for the design and computational assessment of the novel 
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galectin inhibitors discussed in Chapter 6. The analysis of galectin-1 and galectin-3 in 

parallel throughout this project provide interesting opportunities for comparisons between 

the two proteins, each of which have unique aspects to their carbohydrate binding sites 

that allow for the design of selective galectin inhibitors. 

Of great encouragement to the potential of the ligands identified in this project is 

the recent emergence of many studies that report the successful suppression of various 

aspects of tumour progression through targeting of the galectins, either by inhibition 

using small molecule inhibitors,54-62 or by silencing using RNA interference.49-53 Almost 

all of these studies have been reported during the course of this project, highlighting the 

exciting state of galectin research, and the promise they hold for the future treatment of 

disease through galectin inhibition. 
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Chapter 2. Phosphorylated human galectin-3 

2.1 INTRODUCTION 

The short N-terminal domain of human galectin-3 contains two phosphorylation 

sites, with a major site at Ser6 (90 %) and a minor site at Ser12 (10 %)37,86 (Figure 1.6, 

page 11). Galectin-3 phosphorylation is essential for its intracellular anti-apoptotic 

functions,20,103 and this form of the protein has been found to protect cancer cells from 

apoptosis induced by chemotherapeutic drugs.92,103 Takenaka et al.92 showed that 

transfection of a human breast carcinoma cell line (BT-549) with wild type galectin-3 

protected the cells from apoptosis induced by four different chemotherapeutic anticancer 

drugs, whereas transfection with a mutant form of galectin-3 unable to undergo 

phosphorylation (S6A mutant) failed to protect the cells from drug induced apoptosis. 

These findings highlight galectin-3-P as an interesting potential target for cancer 

therapeutics. Therapeutic compounds that interfere with the galectin-3-P anti-apoptotic 

properties could be of great benefit in the treatment of cancer, either independently, or in 

conjunction with current therapies. 

Of relevance to this project, however, was the report that galectin-3-P has 

significantly reduced binding affinity for carbohydrate ligands,104 and the generally held 

view that phosphorylation acts as the lectin “on/off switch”.83,96,103,104 This is of concern 

for structure-based drug design because any potential drug designed to target the 

carbohydrate binding site may be ineffective against the phosphorylated form of the 

protein. Therefore, in order to design effective therapeutics targeted at phosphorylated 

galectin-3, it was considered important to determine how, and to what extent, 

phosphorylation of galectin-3 modulates binding to carbohydrate ligands. 

The mechanism by which phosphorylation at the distal N-terminal domain could 

affect carbohydrate binding at the CRD is not known. Molecular modelling and NMR 

studies of hamster galectin-3 suggested that residues in the N-terminal and repetitive 

domains may interact with the CRD.105 In order to further assess the potential effects of 

2 
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phosphorylation on galectin-3 structure and function, methods to phosphorylate the 

protein in vitro, and in large enough quantities for protein crystallisation, were 

investigated. For this purpose, expression and purification of both full-length human 

galectin-3 (section 2.3.1) and histidine-tagged rat casein kinase I was performed 

(section 2.3.3). The results of phosphorylation experiments of full-length human 

galectin-3 are reported in section 2.3.4. 

For assessing the effect that phosphorylation has on the binding affinity of 

galectin-3 for carbohydrate ligands, it was determined that a solution phase binding assay 

would be desirable in order to negate the potential confounding effects of protein–protein 

and multivalent interactions that may occur with this particular protein when at high 

concentrations or when immobilised within a matrix. The majority of binding assays that 

have been utilised by different groups for analysing galectin–ligand affinities are solid-

phase assays.67,72,106-113 These are competitive assays that allow estimation of the relative 

affinities (Kd, IC50) of ligands and generally involve three components: the galectin, a 

known binder, and the ligand of interest, one of which is usually immobilised within the 

well of a microtitre plate. Each of the many variants of the assay differ with regard to 

which component is immobilised, how binding is detected (e.g. radiolabelled galectin, 

enzyme reaction), or the type of known binder used (e.g. a glycoprotein, saccharide, 

antibodies). A key drawback of solid phase assays is that the galectin–ligand interactions 

occur at a surface, which increases the potential for confounding non-lectin protein–

protein interactions and multivalent interactions.114 

A binding assay that uses the principal of fluorescence polarisation (FP) has been 

implemented for analysis of galectin–ligand interactions.114-116 FP binding assays are 

rapid solution-phase assays that can be used to screen large numbers of ligands.114 The 

method involves excitation of a specially designed fluorescent probe (which has affinity 

for the protein of interest) with plane-polarised light, and measuring the degree of 

polarisation remaining in the emitted light. The remaining polarisation depends on the 

amount of movement of the probe when in the excited state. When the probe is bound to 

protein, it rotates slower and the remaining fluorescence polarisation is higher 

(Figure 2.1). The assay effectively measures the rotation speed of the probe.117 The 

polarisation is measured as anisotropy (A), and this value is the average of the value for 

bound and free probe (weighted by their relative quantities). For inhibition assays, three 
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compounds are required: protein, probe, and the inhibitor or ligand of interest. 

Fluorescence polarisation is performed in a 96-well microtitre plate using a plate reader 

capable of measuring fluorescence polarisation (e.g. PolStar, BMG). 

 
 

Figure 2.1: The fluorescence polarisation binding assay. The upper system shows the 
rapidly rotating probe free in solution and causing depolarisation of plane polarised light 
(entering from the left and exiting at the right). When bound to protein (lower system), 
slower tumbling of the protein–probe complex results in a higher degree of polarisation 
remaining. 

The major advantages of FP binding assays are that both the galectin and ligand 

do not need to be labelled or immobilised (solution-phase), low (physiological) 

concentrations of ligand and galectin are required, and it allows a direct measurement of 

Kd and IC50 because the concentration of each component is known. The major 

disadvantage is that an appropriate probe must first be designed and chemically 

synthesised. Once a suitable probe is found however, only a small amount is required for 

each assay, with 1 mg of probe being sufficient for 50,000 assays.114 For galectins -1, -3, 

-4, and -8, effective probes have been identified, and detailed methods for their synthesis 

have been published.114-116 The method has also been effectively used to screen libraries 

of synthetic monovalent galectin-3 inhibitors.118 For the assessment of galectin-3-P 

binding affinities, a fluorescent probe (compound 1) based on lactose was designed and 

synthesised (Figure 2.4, discussed in section 2.3.2). 
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2.2 METHODS 

2.2.1 Protein Expression – Full-Length Human Galectin-3 

Full-length human galectin-3 (non-tagged) was expressed from a pET-3a vector 

containing the galectin gene (provided by Dr Kazuya Hidari, University of Shizuoka) in 

E. coli BL21 (DE3) cells. Protein expression was induced in log phase cells with IPTG. 

Cells from glycerol stocks were streaked onto LB agar plates containing 

100 µg/mL ampicillin and allowed to grow overnight at 37 °C. A single colony was 

inoculated to 10 mL of LB media containing 100 µg/mL ampicillin and allowed to grow 

at 37 °C with shaking at 220 rpm until OD600 reached 0.5–1.0. The 10 mL culture was 

then inoculated to 100 mL of fresh media containing antibiotic and the cells were grown 

at 37 °C with shaking at 220 rpm until OD600 reached 0.5–1.0. The culture was then 

inoculated to 1 L of fresh media containing antibiotic and again allowed to grow until 

OD600 reached 0.5–1.0. IPTG was added to a final concentration of 0.4 mM and cells 

were allowed to express for 3–4 hours with shaking at 220 rpm at 37 °C. Cells were 

harvested by centrifugation at 5000 × g for 5 min at 4 °C. 

2.2.2 Protein Purification – Full-Length Human Galectin-3 

The cell pellet from 1 L of culture was suspended in ~10 mL of PBS, pH 7.4 

containing 0.1 mg/mL PMSF. Lysozyme was added to a concentration of 2 mg/mL and 

the digestion was carried out on ice for 45 min with vortexing every 10–15 min. Triton 

X-100 was added to a concentration of 1 % w/v (10 % stock) followed by vortexing. 

DNaseI was added to the viscous lysate to a final concentration of 50 µg/mL and 

incubation performed on ice for 15 min with vortexing every 2–4 min. The lysate was 

sonicated on ice for 20 × 5 second bursts with 10 second pauses at amplitude 40 using a 

Sanyo MSE Soniprep 150 fitted with a microtip. The lysate was clarified by 

centrifugation at 20,000 × g for 30 min at 4 °C. 

The supernatant was collected and applied to a lactosyl-Sepharose affinity column 

(prepared as described in by Levi et al.119) that had been extensively equilibrated with 

PBS, pH 7.4 at 1 mL/min at 4 °C. The column was washed with PBS at 1 mL/min to 

remove non-binding protein. Once absorbance at A280 returned to baseline, bound 

protein was eluted with 0.1 M lactose in PBS at 1 mL/min. The column eluate was 
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analysed by SDS-PAGE with Coomassie blue staining to assess protein purity. Protein 

concentrations were estimated using the Bio-Rad protein assay or the Bio-Rad DC protein 

assay according to manufacturer’s instructions. 

Additional purification was performed by FPLC with a size exclusion Superdex 

200 10/300 GL column (ÄKTA system, GE Healthcare) using PBS buffer, pH 7.4, at a 

flow rate of 0.5 mL/min with collection of 1.0 mL fractions. Buffer exchanges were 

performed by dialysis using 10 kDa molecular weight cut-off dialysis tubing while 

stirring at 4 °C. Protein concentration was performed using Amicon 5 kDa molecular 

weight cut-off concentration devices. 

2.2.3 SDS-PAGE Analysis 

Protein samples for SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) were 

prepared by adding sample loading buffer (4 % SDS, 20 % Glycerol, 10 % βME, 0.004 % 

bromophenol blue in 0.125 M Tris-HCl, pH 6.8) and boiling for 5 minutes at 100 °C. 

SDS-PAGE gels were prepared as described by Laemmli.120 Separating gels containing 

12 % acrylamide (with 4 % acrylamide stacking gels) and were run using a Bio-Rad mini-

Protean system for 45 min at 180 V. Gels were stained overnight with 0.05 % (w/v) 

Coomassie stain in 1∶4∶5, acetic acid∶methanol∶H2O and destained with 1∶4∶5, acetic 

acid∶methanol∶H2O. 

2.2.4 Transformation of E. coli BL21 DE3 with Casein Kinase Iδ-His-pET8c 

A pET8c vector containing rat casein kinase Iδ-His (CSNK1D) was generously 

provided by Dr Peter J. Roach (Indiana University). The DNA was supplied by spotting 

170 ng of DNA onto filter paper and allowing to dry out. The filter paper was soaked in 

20 µL of TE buffer to extract the vector. Electrocompetent BL21 DE3 E. coli cells 

(40 µL) were transformed with 2 µL of the vector containing TE buffer by electroporation 

using an Eppendorf multiporator set at 2,500 V for 5 ms within a 2 mm electroporation 

cuvette. 1 mL of SOC media was added and the cells allowed to grow for 1 hour at 37 °C 

with shaking at 210 rpm. Cells were collected by centrifugation (10 min at 5,000 rpm), 

taken up in 100 µL of SOC media and inoculated to LB agar plates supplemented with 

100 µg/mL ampicillin and allowed to grow overnight at 37 °C. 
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Colonies were screened using PCR by touching a colony with a pipette tip and 

transferring to a PCR reaction mix containing 0.5 µM T7 forward and reverse primers, 

200 µM DNTp’s, and 20 µunits/mL of Taq polymerase (20 mL reaction). The DNA was 

visualised by running the PCR reaction mix in 0.8 % agarose gel (120 V for 20 min). 

Colonies confirmed to contain the vector by PCR were prepared as glycerol stocks by 

inoculating to 3 mL of LB media containing 100 µg/mL ampicillin and grown overnight 

at 37 °C. 700 µL of culture was added to 300 µL of 50 % glycerol and the cells frozen at 

−80 °C. 

2.2.5 Sequencing Preparation of Casein Kinase I δ-His-pET8c Vector 

E. coli BL21 DE3 cells from casein kinase I δ-His glycerol stocks were inoculated 

to 100 mL of LB supplemented with 100 µg/mL ampicillin and grown overnight at 37 °C. 

Qiagen midi-prep kits were used as per manufacturer’s instructions. Isolated plasmid 

DNA was purified initially using sodium acetate precipitation by diluting 17 µL of DNA 

at 2.6 µg/µL to 100 µL total volume with H2O. 3 M sodium acetate was added to a final 

concentration of 0.3 M and 2.5 volumes of cold ethanol added before incubation on ice 

for 20 min. DNA was collected at 10,000 × g for 10 min and the pellet washed with 1 mL 

of 70 % ethanol. The pellet was collected again as above and allowed to air dry before 

taking up in 20 µL H2O. The plasmid DNA was further purified using the phenol-

chloroform extraction by adding 1∶1 with tris-saturated phenol-chloroform, vortexing, and 

collecting by centrifugation at 12,000 rpm for 2 min at 4 °C. The supernatant was added 

to an equal volume of chloroform and the supernatant collected as above. 0.1 volumes of 

3 M sodium acetate was added followed by 2.5 volumes of 100 % ethanol and the 

plasmid DNA allowed to precipitate at −80 °C for 1 hour. The pellet was collected from a 

12,000 rpm, 20 min centrifugation at 4 °C. 1 mL of cold 70 % ethanol was added and the 

pellet collected as above. The pellet was allowed to air dry before finally taking up in 

20 µL of H2O. 

Plasmid DNA was quantitated by spectrophotometric methods and by agarose gel 

estimation after first digesting with EcoR1 (New England Biolabs) for 2 hours at 37 °C. 

PCR products for sequencing were also subjected to the phenol-chloroform extraction 

method described above. A total of 70 ng of PCR products or 800 ng of plasmid DNA, 

with T7 forward and reverse primers, made up in a total volume of 8 µL was used for 

sequencing at the Australian Genome Research Facility (AGRF). 
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2.2.6 Protein Expression – Casein Kinase I δ-His 

2.2.6.1 Expression trials 

Conditions for optimum expression of casein kinase I δ-His from the pET8c 

vector in E. coli BL21 DE3 were explored following the protocols in the “pET System 

Manual” (11th edition, Novagen). Conditions screened were temperature (ranging from 19 

to 37 °C), IPTG concentration for induction (0.4 mM to 1.0 mM), and induction time 

(1 hour to overnight) with uninduced controls. Cells were lysed as described for 

galectin-3 (section 2.2.2) and the soluble and insoluble cell fractions analysed by 

SDS-PAGE and Western blot analysis (section 2.2.7). 

2.2.6.2 Heat shock expression trial 

Heat shock expression trials were performed exactly as described below for the 

final expression trial, with the addition of a step where the culture was placed in a 45 °C 

water bath for 15 min prior to addition of IPTG. 

2.2.6.3 Final expression protocol 

Cells from glycerol stock were streaked onto LB agar plates containing 

100 µg/mL ampicillin and allowed to grow overnight at 37 °C. One colony was 

inoculated to 10 mL of LB media containing 100 µg/mL ampicillin and allowed to grow 

at 37 °C with shaking at 220 rpm until OD600 reaches 0.5–1.0. The 10 mL culture was 

then inoculated to 100 mL of fresh media containing antibiotic and the cells were grown 

at 37 °C with shaking at 220 rpm until OD600 reaches 0.5–1.0. The culture was then 

inoculated to 1 L of fresh media containing antibiotic and again allowed to grown until 

OD600 reached 0.5–1.0. IPTG was added to a final concentration of 1.0 mM and cells 

were allowed to express for overnight with shaking at 220 rpm at 22 °C. Cells were 

harvested by centrifugation at 5000 × g for 5 min at 4 °C. 

2.2.7 Western Blot Analysis 

Western blot analyses were performed by transferring protein separated by 

SDS-PAGE onto a 0.2 µm Fluoro Trans W PVDF membrane using the Bio-Rad Trans-

blot SD transfer cell at 20 V for 45 min. PVDF membranes were washed 3 × 5 min with 

TBST, and blocked for 1 hour at 4 °C with 5 % (w/v) skim milk powder TBST with 

gentle shaking. Membranes were then washed 3 × 5 min with TBST before incubating 
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with 10 mL of blocking solution containing a 1∶10,000 dilution of anti-His-tag mouse 

mAb for 1 hour at room temperature. Membranes were then washed 3 × 5 min TBST 

before incubating with 10 mL of blocking solution containing a 1∶10,000 dilution of goat 

anti-mouse horseradish peroxidase conjugated secondary antibody for 1 hour at room 

temperature. A final 3 × 5 min TBST was performed before incubating for 5 min in 

10 mL of SuperSignal West Pico Chemiluminescent substrate. The membrane was then 

wrapped in cling wrap and exposed to Pierce CL-X Posure film for up to 10 min. 

Exposed film was developed using a 1∶5 dilution of Kodak GBX developer and 

replenisher solution, washed with H2O and then fixed with a 1∶5 dilution of Kodak GBX 

fixer and replenisher solution. 

2.2.8 Protein Purification – Casein Kinase I δ-His 

After expression, cells were harvested and lysed as described for galectin-3 

(section 2.2.2) before purification of the recombinant protein using a His-Select Nickel 

affinity column (Sigma) under native or denaturing conditions. Soluble kinase was finally 

obtained by increasing the amount of sonication described in section 2.2.2 to 

360 × 5 second bursts (30 min total sonication time) with 10 second pauses. 

2.2.8.1 Denatured protein purification and refolding 

The cell lysate pellet was resuspended in 0.1 M sodium phosphate, pH 8.0, with 

8 M urea. An ultrasonicator fitted with a microtip was used to shear the highly viscous 

DNA for 2 min on ice with an amplitude of 15 for 5 second bursts with 5 second rests. 

The His-Select affinity column was equilibrated with 0.1 M sodium phosphate and 8 M 

urea, pH 8.0 at 1 mL/min before loading the re-solubilised cell lysate pellet. The column 

was washed until baseline U.V. was regained and the protein eluted with 0.1 M sodium 

phosphate and 8 M urea, pH 4.5. Refolding of the denatured protein was attempted by 

dialysing the eluate against 50 mM Tris-HCl, 10 mM MgCl, pH 7.5 using 10 kDa 

molecular weight cut-off dialysis tubing. 

2.2.8.2 Denatured protein purification with on-column refolding 

The above procedure for denatured protein purification was followed and the 

denatured protein in 0.1 M sodium phosphate and 8 M urea, pH 8.0 was loaded onto the 

His-select column. The column was then washed at 1 mL/min with decreasing 

concentrations of urea, starting at 8 M and lowering the concentration in 1 M steps until 
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zero urea was present. The column was then washed with 50 mM sodium phosphate 

pH 8.0, 0.3 M NaCl, and 10 mM imidazole before eluting the protein with 50 mM sodium 

phosphate pH 8.0, 0.3 M NaCl, and 250 mM imidazole. 

2.2.8.3 Native protein purification 

For native affinity His-Select chromatography, the column was equilibrated with 

wash buffer consisting of 50 mM sodium phosphate pH 8.0, 0.3 M NaCl, and 10 mM 

imidazole at 1 mL/min before loading the cell lysate supernatant and continuing washing 

until baseline U.V. was regained. The protein was eluted with an elution buffer consisting 

of 50 mM sodium phosphate pH 8.0, 0.3 M NaCl, and 250 mM imidazole at 1 mL/min. 

Fractions from the affinity column were analysed by SDS-PAGE and Western blot 

analysis. 

2.2.9 Galectin-3 N-Terminal Phosphorylation 

Initial phosphorylation experiments were attempted using unpurified clarified cell 

lysate from casein kinase I δ-His expressions. Full-length human galectin-3 was 

exchanged into phosphorylation buffer consisting of 50 mM Tris-HCl, pH 7.5, 10 mM 

MgCl2, 10 mM DTT, and 10 mM ATP and mixed 1∶1 with clarified cell lysate from 

casein kinase I δ-His expressions. The mixture was incubated at 30 °C and the reaction 

monitored by SDS-PAGE. Subsequent phosphorylation reactions were performed using 

His-Select purified casein kinase I δ-His under identical conditions. 

Phosphorylation reactions were also performed using casein kinase I purchased 

from New England Biolabs. Full-length galectin-3 was exchanged into 50 mM Tris-HCl, 

pH 7.5, using 10 kDa molecular weight cut-off dialysis tubing. MgCl2 was added to 

10 mM and DTT was added to 5 mM. The sample was concentrated to 1 mg/mL and ATP 

was added to a 10-fold higher molar concentration to protein. 5,000 units (5 µL) of 

Casein Kinase I (New England Biolabs) were added and the reaction incubated at 30 °C 

with shaking for 48 hours. The progress of the reaction was monitored by SDS-PAGE. 

2.2.10 Synthetic Chemistry – Fluorescent Probe Synthesis 

See Appendix A for 1H NMR and ESI-mass spectra of synthesised compounds. 
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2.2.10.1 Preparation of 5(6)-carboxyfluorescein dipivalate (2) 

 

 
      2 

 
A mixture of 5(6)-carboxyfluorescein (980 mg, Sigma) was refluxed in pivaloyl 

chloride (2 mL) for 2 hours. The reaction mixture was allowed to cool to room 

temperature, diluted with THF (2 mL), H2O (2 mL), and stirred for 18 hours at room 

temp. Et2O (10 mL) was added and the aqueous layer removed. The organic layer was 

washed with H2O (2 × 5 mL), 1 M HCl (10 mL), and brine (10 mL). The organic phase 

was dried over MgSO4, filtered, and the solvent removed in vacuo. TLC was performed 

on the reaction mixture with a solvent system of CH3CN∶MeOH∶H2O, 7∶2∶1, with 

analysis under U.V. light before developing in 5 % sulfuric acid in ethanol and heating on 

a hotplate. 

2.2.10.2 Preparation of 5-carboxyfluorescein dipivalate (3) and 6-carboxyfluorescein 

dipivalate diisopropylamine salt (4) 

 
           3 

 
2          4  

 
5(6)-Carboxyfluorescein dipivalate mixture 2 (yellow syrup) was taken up in 

EtOH (10 mL) and diisopropylamine (1 mL), and cooled to −20 °C. The resulting 

precipitate was collected by filtration and washed with cold (−20 °C) EtOH and acetone. 
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The mother liquor was concentrated in vacuo and the above procedure repeated two 

additional times. 1H NMR (300 MHz, MeOD) of the precipitate (Appendix A.2) indicated 

that it consisted of the 6-carboxyfluorescein dipivalate diisopropylamine salt 4 in 26.4 % 

yield and high purity. 

6-Carboxyfluorescein dipivalate diisopropylamine salt 4 (Appendix A.2): 1H 

NMR (300 MHz, MeOD) δ ppm 8.25 (ddd, J=7.96, 1.27, 0.54 Hz, 1 H), 8.03 (td, J=7.94, 

0.63, 0.63 Hz, 1 H), 7.74 (td, J=1.23, 0.67, 0.67 Hz, 1 H), 7.16 (d, J=2.16 Hz, 2 H), 6.90 

(s, 2 H), 6.88 (dd, J=2.15, 0.46 Hz, 2 H), 3.44 (td, J=13.12, 6.49, 6.49 Hz, 2 H), 1.36 (d, 

J=0.43 Hz, 18 H), 1.30 (d, J=6.72 Hz, 12 H). 

The filtered mother liquor was concentrated then diluted with Et2O (10 mL) and 

washed with H2O (5 mL), HCl (3 × 5 mL), and brine (10 mL). The organic phase was 

dried over MgSO4, filtered, and the solvent removed in vacuo. The resulting orange syrup 

was dissolved in nitromethane (2 mL) and cooled to −20 °C. A precipitate was not 

achieved even after repeated washings. 1H NMR (300 MHz, CDCl3) of the syrup 

(Appendix A.1) did however indicate the presence 5-carboxyfluorescein dipivalate 3 at 

~70 % purity. 

5-Carboxyfluorescein dipivalate 3 (impure) (Appendix A.1): 1H NMR (300 MHz, 

CDCl3) δ ppm 8.75 (s, 1 H), 8.38 (d, J=8.30 Hz, 1 H), 7.08 (s, 2 H), 6.80 (m, 4 H), 1.36 

(s, 20 H), 1.25 (s, 20 H). 

2.2.10.3 Preparation of glycine 6-carboxyfluorescein (5) 

 

 
        4            5 

 
6-Carboxyfluorescein dipivalate diisopropylamine salt 4 (100.0 mg), glycine 

methyl ester hydrochloride (46.1 mg), BOP (97.6 mg), and HOBt (29.9 mg) were 

dissolved in DMSO (1.843 mL) and DIPEA (0.191 mL) in dry glassware and stirred at 

room temperature for 15.5 hours. The reaction was monitored by TLC (CH2Cl2∶MeOH∶ 
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CHOOH, 100∶5∶1). 1 M NaOH (1.84 mL) was slowly added and the reaction stirred for 

30 min before addition of 1 M HCl (1.84 mL) causing precipitation. The reaction mixture 

was diluted 1∶1 with DMSO and loaded onto C18 silica, washed with aqueous 1 % formic 

acid (~200 mL), and the column was eluted with MeOH. MeOH from visibly yellow 

fractions was removed in vacuo and the resulting solids taken up in CH2Cl2 and a 

minimal amount of MeOH. The solution was applied to a silica column and purified by 

flash chromatography using a solvent system of CH2Cl2∶MeOH∶HCOOH, 100∶2∶1 → 

100∶5∶1 → 100∶7.5∶1 → 100∶10∶1. Column fractions were analysed by TLC 

(CH2Cl2∶MeOH∶HCOOH, 100∶10∶1). Column fractions equivalent by TLC were pooled, 

concentrated, and analysed by 1H NMR (Appendix A.3). The desired product 5 was 

recovered in 74.1 % yield. 

Glycine 6-carboxyfluorescein 5 (Appendix A.3): 1H NMR (300 MHz, MeOD) δ 

ppm 8.17 (dd, J=7.96, 0.91 Hz, 1 H), 8.09 (d, J=7.99 Hz, 1 H), 7.67 (s, 1 H), 6.69 (d, 

J=2.24 Hz, 2 H), 6.62 (d, J=8.69 Hz, 2 H), 6.55 (dd, J=8.71, 2.16 Hz, 2 H), 4.01 (s, 1 H). 

2.2.10.4 Preparation of lactosylamine (6) 

 

 
lactose        6  

 
Lactose (500.5 mg, Sigma) was dissolved in 40 mL of H2O and ammonium 

bicarbonate added to saturation. The reaction mixture was stirred in a stoppered flask at 

room temperature for 4 days. The reaction was monitored by TLC (EtOAc∶MeOH∶H2O, 

4∶5∶1). The reaction mixture was concentrated to 1/3 volume and 30–40 mL of H2O 

added. This was repeated a further 3 times to remove excess ammonium bicarbonate. The 

product was then dried to a white powder, taken up in MeOH and heated to boiling 

(~70 °C) for 5 min to further remove ammonium bicarbonate. MeOH was the removed in 

vacuo to give desired product 6 in 93.3 % yield. 

Lactosylamine 6 (Appendix A.4): 1H NMR (300 MHz, D2O) δ ppm 4.40 (d, 

J=7.72 Hz, 1 H), 4.07 (d, J=8.80 Hz, 1 H), 3.89 (dd, J=10.92, 2.89 Hz, 2 H), 3.61 (m, 10 

H). 
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2.2.10.5 Preparation of fluorescent probe (1) 

 
 5            

 
6          1    

 
Glycine 6-carboxyfluorescein 5 (40 mg), lactosylamine 6 (15.5 mg), BOP 

(43.5 mg), and HOBt (13.0 mg), were dissolved in DMSO (900 µL) and DIPEA (39 µL) 

in dry glassware and stirred at room temperature for 21 hours. The reaction was 

monitored by TLC (EtOAc∶MeOH∶H2O, 7∶2∶1). The reaction mixture was applied to a 

C18 silica column and washed with aqueous 1 % acetic acid and eluted with 

CH3CN∶MeOH, 7∶3. Fractions containing the desired product (as indicated by TLC) were 

set aside while fractions requiring further purification were pooled and applied to a flash 

silica column and eluted with CH3CN∶MeOH∶H2O, 8∶2∶1 → 7∶2∶1. TLC indicated 

material to be impure and further purification was required. 

A number of HPLC conditions were explored to attempt further purification of the 

fluorescent probe. The concentrated syrup was diluted 1∶100 in MeOH, brought to pH 7.0 

with 0.1 M NaOH, and applied to a Synergi Polar (Phenomenex) analytical column in 

1 µL injections at 35 °C, with a flow rate of 1 mL/min. Solvent systems explored were 

H2O∶MeOH, 40∶60 → 90∶10, H2O∶CH3CN, 60∶40 → 90∶10. When scaled up on the 

Synergi Polar (Phenomenex) semi-preparative column using H2O∶MeOH, 82∶18, highly 

variable retention times were encountered preventing effective separation. 

A Thermo Hypersil analytical column was also tested in reverse phase with 2 µL 

injections, 1 mL/min flow rate at 35 °C. Solvent systems tested were H2O∶CH3CN∶MeOH 

89.9∶10∶0.1 → 95.9∶4∶0.1. Retention times were highly variable and thus prevented 

effective separation. 
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Further purification of the probe 1 was achieved by applying the concentrated 

sample to a Sephadex LH-20 (Amersham) column (~40 cm path-length) and eluting with 

MeOH∶H2O, 9∶1. Column fractions were monitored by TLC (EtOAc∶MeOH∶H2O, 8∶2∶1). 

Fractions containing the desired product (as indicated by TLC) were pooled and analysed 

by 1H NMR (300 MHz, D2O), which indicated the presence of contaminating DMSO. 

The DMSO was effectively removed by dissolving the compound in a minimal volume of 

H2O and applying to an Alltech C18 Maxi-Clean cartridge and washing with H2O 

followed by MeOH elution. 1H NMR (300 MHz, D2O) indicated that the H2O fraction 

(Appendix A.5) contained the purified fluorescent probe while the MeOH fraction 

contained residual probe with DMSO. After all purification steps 5 mg of product 1 was 

recovered at a yield of 11.5 %. 

Electrospray ionisation mass spectrometry was performed on the probe 1 by 

taking up the compound in MeOH to 0.5 mg/mL and injecting directly into a Bruker 

Esquire 3000 iontrap mass spectrometer at a flow rate of 150 µL/h, in negative ion 

polarity mode, with ICC off and sample stability set to 90 %. Spectra shown in 

Appendix A.6. 

Fluorescent Probe (lactosylamine N linked to glycine 6-carbxyfluorescein) 1 

(Appendix A.5): 1H NMR (300 MHz, MeOD) δ ppm 8.08 (d, J=0.80 Hz, 2 H), 7.75 (dd, 

J=1.45, 0.73 Hz, 1 H), 7.08 (m, 2 H), 6.57 (m, 4 H), 4.95 (d, J=9.12 Hz, 1 H), 4.35 (d, 

J=7.37 Hz, 1 H), 4.08 (s, 2 H), 3.52 (m, 6 H), 3.75 (m, 6 H). 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Full-Length Galectin-3 Expression and Purification 

The majority of recent papers that report expression and purification of human 

galectin-363,90,113-115,118,121-126 for studies involving ligand binding, in vivo studies, NMR, 

or crystallisation, refer back to an original report of Massa et al.66 when describing the 

expression and purification methods. The method involves expression of full-length 

galectin-3 protein in E. coli followed by purification using affinity chromatography on a 

lactosyl-Sepharose column.66 In this project, expression of the protein was achieved from 

a pET-3a vector in BL21 (DE3) E. coli cells and performed using standard methods 

(section 2.2.1). SDS-PAGE analysis of the soluble fraction from cell lysates indicates 

over-expression of soluble full-length galectin-3 by the presence of a large protein band 

with an apparent molecular weight of 31 kDa (Figure 2.2b, lane 1). 

Purification of the protein using affinity chromatography is highly effective, 

resulting in good yields of pure protein (10–20 mg per litre of culture) in a single step 

from cell lysate. The lactosyl-Sepharose column takes advantage of the galectin-3 affinity 

for lactose. When the cell lysate is applied to the column, galectin-3 binds strongly to the 

lactose coated Sepharose beads, while other cellular material and proteins flow through. 

The column can then be extensively washed with buffer without loss of galectin from the 

column. Finally the protein is eluted using buffer supplemented with lactose, which frees 

the protein from the column via simple competition for the binding site. 

An alternate method for galectin-3 purification involves asialofetuin-Sepharose, 

however, it has been reported that lactosyl-Sepharose has better lectin binding capacity, in 

addition to being cheaper, easier to make, and more reusable.127 Use of this form of 

affinity chromatography where the natural protein affinity for ligands is exploited has a 

number of advantages for protein purification. Firstly, the protein does not need to be 

tagged (e.g. His-Tag, GST-Tag), and is therefore in a natural, unmodified form. Secondly, 

only protein that is correctly folded is purified, since denatured protein will have an 

inactive binding site. Finally the method is fast, efficient, and > 95 % protein purity (by 

SDS-PAGE with Coomassie staining) can be achieved in a single purification step. 

Figure 2.2a shows a typical chromatogram recorded during the purification of galectin-3 
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from cell lysate. As can be seen from the second peak, galectin-3 rapidly elutes from the 

column after addition of lactose containing buffer. 

a)  b)

 
 

Figure 2.2: a) Chromatogram from a typical purification of full-length human galectin-3 
using a lactosyl-Sepharose affinity column (detection with UV at 280 nm). b) A 
Coomassie blue stained SDS-PAGE gel (12 % acrylamide) showing the efficiency of the 
lactosyl-Sepharose in extracting galectin-3 from other cellular debris. Lane 1: lysate 
supernatant of induced cells, lane 2: blank, lane 3: unbound material from lactosyl-
Sepharose column, lanes 4 and 5: lactose elution fractions, lane 6: molecular weight 
standard ladder. 

SDS-PAGE shows that prior to purification, the cell lysate contains many cellular 

proteins, in addition to the over-expressed galectin-3, as seen by the larger band at 

~31 kDa in lane 1 of Figure 2.2b. Lane 3 shows the unbound protein fractions that elute 

immediately after sample application and buffer washing showing that the column has 

effectively extracted galectin-3 from the mixture. Lanes 4 and 5 show the protein content 

of column fractions after lactose elution with the large galectin-3 band at ~31 kDa being 

clearly evident. Lane 5 also shows that there are additional protein impurities present in 

low ratio amounts compared with the major galectin-3 band. These impurities can be 

removed by a second step of column chromatography using size exclusion FPLC 

resulting in high purity galectin-3 by SDS-PAGE (Figure 2.3). Typical protein yields 

using this method are 10–20 mg of full-length galectin-3 per litre of culture as determined 

by the Bio-Rad protein or DC assays. 
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a)

   

b)

 
 

Figure 2.3: a) Size exclusion FPLC chromatogram from 4 separate full-length galectin-3 
purifications, and b) Coomassie blue stained SDS-PAGE (12 % acrylamide) analysis of 
the eluted protein. 

These results show that the previously reported protein expression and 

purification methods are very effective in providing sufficient amounts of active full-

length galectin-3 protein. The additional size exclusion FPLC purification step serves to 

provide a highly pure protein sample that can then be used for further experiments such as 

the phosphorylation experiments discussed in this chapter (section 2.3.4) or the 

crystallisation experiments discussed in Chapter 3. 

2.3.2 Chemical Synthesis of the Fluorescent Probe 

Methods section 2.2.10 describes the synthesis of the lactose based fluorescent 

probe (Figure 2.4), which was designed for use in fluorescence polarisation (FP) binding 

assays. Generally, the synthetic procedures followed those outlined by Oberg et al.115 and 

Rossi et al.128 This probe is relatively easy to synthesise and inexpensive owing to the 

straightforward accessibility of lactosylamine from lactose. The method involves 

preparation of lactosylamine from lactose using saturated aqueous ammonium carbonate. 

The fluorescent moiety was obtained from the commercially available mixture of 

5(6)-carboxyfluorescein, which was separated using the methods outlined by Rossi et 

al.128 In this project the 6-carboxyfluorescein derivative 4 was rapidly obtained in high 

purity following protection of the hydroxyl groups to give 2 using the methods in 

section 2.2.10.2. Difficulty was encountered however in purifying the 

5-carboxyfluorescein dipivalate 3. The 6-carboxyfluorescein derivative 4 was conjugated 

to glycine, which serves as a linker, enabling lactosylamine 6 to be conjugated via BOP 
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mediated acylation to 5 resulting in the fluorescent probe 1. See Appendix A for 1H NMR 

and mass spectra. 

 
 

Figure 2.4: The lactose based fluorescent probe 1. 

Generally, the yields for all reactions were comparable, although slightly lower 

than those reported in the literature. For the final acylation step however 

(section 2.2.10.5), the yield achieved was only 11.5 %, compared to 30–60 % reported in 

the literature.115 This is likely due to the difficulties encountered in purifying the product 

and the many purification steps that were performed. Difficulty was encountered in 

purifying the probe using HPLC, with many conditions using two types of column failing 

to give reproducible retention times. This is likely due to the amphiphilic nature of the 

compound. Sephadex LH-20 size exclusion chromatography proved to be crucial in 

separating the larger probe molecule from other contaminating compounds. Removal of 

residual DMSO was achieved using a C18 Maxi-Clean cartridge. The identity of the final 

product was confirmed by 1H NMR spectroscopy and electrospray ionisation mass 

spectrometry (see appendix sections A.5 and A.6 respectively). 

2.3.3 Preparation of Casein Kinase I δ-His 

The small available amounts of commercial casein kinase I were found to be 

insufficient in preparing the mg quantities of galectin-3 required for crystallisation 

experiments (see next section 2.3.4). Thus, attempts were made to express much larger 

quantities of the kinase using biochemical techniques. 

A pET8c vector containing rat casein kinase I δ-His (CSNK1D) was provided by 

Dr Peter J. Roach (Indiana University) and transformed into the BL21/DE3 E. coli 

expression strain. Screening of individual colonies by PCR gave strong bands by agarose 

gel electrophoresis corresponding to the kinase insert (1.4 kb in size), and confirming 
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successful transformation of the cells (Figure 2.5). Many expression trials were 

performed in order to determine optimal conditions for production of the kinase with His 

tag sensitive Western blot analysis for protein detection. Initially in all cases, the protein 

was detected in the insoluble cell fraction indicating that the protein may be misfolded 

and accumulating in inclusion bodies. Protein expression trials were performed at 

temperatures as low as 19 °C as it is known that induction at low temperature can increase 

recovery of soluble protein that tends to form inclusion bodies.129 Another technique that 

can improve the recovery of soluble protein is the use of heat shock step during cell 

culture, which involves heating the culture (up to 45 °C) just prior to induction of protein 

overexpression (section 2.2.6.2).130 The heat shock method may work by causing the 

bacteria to up regulate the expression of heat shock proteins and chaperones that help to 

maintain the solubility of the recombinant protein during overexpression. The mechanism 

is not fully understood however, and, as discussed by Chen et al.,130 is quite possibly 

more complex than this. Unfortunately, neither the low temperature expression nor the 

heat shock method helped to improve solubility of the kinase in these experiments. 

 
 

Figure 2.5: Agarose gel electrophoresis analysis of PCR screening for pET8c-CK1-Iδ-
His transformed BL21 E. coli. Lane 1 and 2: PCR amplification products ~1.5 kb in size. 
Lane 3: ladder. Lane 4 and 5: pET8c-CK1-Iδ-His plasmid DNA from midi prep linearised 
by EcoR1 restriction digest (Lane 4) and uncut plasmid (Lane 5). 

The poor expression solubility of the enzyme was unexpected since it has been 

reported that casein kinase I is very soluble when expressed in E. coli and can accumulate 

to 3–6 % of the total soluble protein.131 The entire 1.4 kb gene was sequenced (from both 

plasmid DNA and PCR products) and revealed that there are 4 nucleotide mutations 

present in the middle of the gene that result in two adjacent point mutations in the 

translated peptide (R221A and K222A) (see Appendix B for sequencing results). It is 
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quite possible that these mutations are the cause of the enzymes poor expression 

solubility compared to that previously reported for casein kinase I. Initially it was unclear 

as to whether this mutant form would be able to fold correctly at all and have any kinase 

activity. The crystal structure of casein kinase I has been reported132 and shows that the 

two alanine mutations are outside of, but close to, the active site of the enzyme. It was 

found that when the level of protein expression was high, the enzyme displayed decreased 

electrophoretic mobility in SDS-PAGE (Figure 2.6). Certain proteins are known to 

display decreased electrophoretic mobility when phosphorylated (such as galectin-3104) 

and this effect has been previously reported for casein kinase I and is attributed to 

autophosphorylation of the enzyme.133 This was an encouraging result as it indicates that 

the enzyme may be active and undergoing autophosphorylation during expression in E. 

coli. 

 
 

Figure 2.6: Western blot analysis of casein kinase I δ-His displaying decreased 
electrophoretic mobility at higher expression levels (lane 3) compared to low expression 
levels (lane 1). The native enzyme has a molecular weight of 49 kDa. Lanes 2, 4, and 5 
are molecular weight ladders (ladder standards below 75 kDa are not sensitive to the 
Western blot). 

Further attempts were made to obtain soluble kinase by performing affinity 

chromatography with a His-Select nickel affinity column under denaturing conditions 

followed by dialyses refolding or on-column refolding methods (section 2.2.8). The 

dialysis refolding methods described in section 2.2.8.1 were unsuccessful and resulted in 

precipitation of the enzyme, however, some soluble casein kinase I was finally recovered 

by using the on-column refolding methods (section 2.2.8.2). This method involves 

binding of the denatured protein to the affinity column matrix followed by gradually 

decreasing the concentration of denaturant (urea). Aggregation of the protein may be 
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reduced during refolding due to isolation of the protein molecules when bound to the 

column matrix.134 Ultimately however, it was discovered that soluble casein kinase I 

could be obtained by simply (and significantly) increasing the amount of sonication used 

during cell lysis. This enabled direct purification of the protein from cell lysate under 

native conditions. 

2.3.4 Galectin-3 Phosphorylation 

As outlined in the introduction, galectin-3 can be phosphorylated in vivo primarily 

at Ser6 within the short N-terminal domain.37 The methods outlined in section 2.2.9 

involve the use of casein kinase I for in vitro phosphorylation of galectin-3 and follow 

those of Mazurek et al.,104 with a number of modifications. Due to the much larger 

amounts of protein required for crystallisation experiments, the method needed to be 

scaled up considerably from those reported, however, the cost of commercial casein 

kinase I was prohibitive. Prior to the use of the recombinant casein kinase I prepared in 

this project (previous section 2.3.3), small quantities of commercial kinase were trialled. 

The New England Biolabs technical information on casein kinase I recommends the use 

of a 5-fold excess of ATP, in addition to increased kinase concentrations, in order to 

phosphorylate a protein to completion. The SDS-PAGE gel shown in Figure 2.7b reveals 

partial phosphorylation was achieved, however, the reaction conditions used did not result 

in complete phosphorylation of the protein. This is indicated by comparison of lanes 3 

and 4 of the gel. Lane 4 shows affinity purified galectin-3 prior to phosphorylation. Lane 

3 shows the reaction mixture after 48 hours at 30 °C. As can be seen in lane 3, a smaller 

band has appeared travelling with a slightly larger apparent molecular weight (indicated 

by an *) in addition to the larger native galectin-3 band below. Phosphorylation is known 

to cause a mobility shift in some proteins when undergoing SDS-PAGE,135 (such as 

casein kinase I discussed in the previous section) and this result is in agreement with that 

reported by Mazurek et al. for galectin-3-P.104 

For purification of galectin-3-P from the non-phosphorylated protein, Mazurek et 

al.104 take advantage of the difference in pI that results from phosphorylation of the 

protein in order to separate small amounts of the two protein forms. The group has shown 

that galectin-3-P has a pI of 7.6, compared to a pI of 8.2 for native galectin-3, and use 

isoelectric focusing followed by excision of the appropriate bands from the gel to isolate 

the different protein forms. In this project, the use of affinity chromatography was  
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a)  

 

b)
  

 
Figure 2.7: a) Chromatogram showing the elution profile of products from a galectin-3 
phosphorylation reaction during elution using a lactose gradient (detection with UV at 
280 nm and collection of 6 fractions (F1–F6)). b) Coomassie blue stained SDS-PAGE gel 
(12 % acrylamide) showing the reaction products (lane 3) of a casein kinase I 
phosphorylation reaction with galectin-3. Lane 4 provides a comparison to native 
galectin-3. Lanes 1 and 2 correspond to fractions F1 and F2, and lanes 6 and 7 correspond 
to fractions F5 and F6 collected during the elution shown in a). The “*” indicates the 
mobility shifted phosphorylated form of galectin-3. 

investigated as a possible large scale method for separation of galectin-3 from 

galectin-3-P. The rationale was that if galectin-3-P did indeed have significantly lowered 

carbohydrate affinity, then it should elute from the lactosyl-Sepharose column earlier than 

native galectin-3, which should stay bound. In order to test this concept, the reaction 

mixture was applied to the affinity column (as described in section 2.2.2), followed by 

washing with PBS, before elution with a steep lactose gradient (0.1–100 mM lactose). 

Figure 2.7a shows the initial elution of unbound U.V. active material (~110–120 minutes) 

during the wash phase, followed by a second peak eluting during the lactose wash (150–

160 minutes). Initially it was thought that the protocol may have worked and that 
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galectin-3-P had eluted from the column first. However, SDS-PAGE (Figure 2.7b) 

revealed that the initial peak, F1 and F2 in lanes 1 and 2 of the gel, did not contain any 

protein, and the material was likely ATP/ADP. Lane 6 of the gel shows that F5 contains 

both forms of the protein as observed in the reaction mixture in lane 3. 

 
 

Figure 2.8: Chromatogram showing the elution profile (blue line) of 
galectin-3/galectin-3-P after reaction with casein kinase I during elution with a lactose 
gradient (red line) (detection with UV at 280 nm). 

Fraction 5 (F5) was collected for re-application to the affinity column using a 

more gradual lactose gradient for protein elution. Figure 2.8 shows that a complex peak 

elutes at lactose concentration ~5–10 mM. Although the technique was unsuccessful in 

separating the two forms of the protein, this result does provide some initial qualitative 

information about the relative binding affinities of galectin-3 and galectin-3-P for lactose 

ligands within the column matrix environment. Contrary to phosphorylation being the 

lectin on/off switch as outlined in the introduction, these results indicate that galectin-3-P 

does maintain a certain level of carbohydrate binding activity. 

Support for the preliminary results described above, which indicated that 

phosphorylation of galectin-3 does not switch off lectin activity, came from the study by 

Kubler et al.,136 which found that galectin-3-P maintained unaltered carbohydrate-

inhibitable binding affinity to asialofetuin, and to the cell surface of a number of tumour 

cell lines. These results, together with the affinity chromatography results obtained in this 

project, were encouraging, as they indicated that inhibitors targeted for the galectin-3 
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carbohydrate binding site may remain effective, regardless of the phosphorylation state of 

the protein. Further support was later provided by Szabo et al.137 who also reported that 

phosphorylation has no detectable impact on carbohydrate binding using sensitive 

isothermal titration calorimetry (ITC) techniques. 

It remains unclear as to why conflicting results exist regarding the carbohydrate 

binding properties of galectin-3-P, however, of note are the different methods used to 

prepare the protein, with the methods of Mazurek et al.104 requiring additional processing 

of the phosphorylated protein by isoelectric focusing and gel elution for purification that 

were not required by the methods of Kubler et al.136 Due to these findings, additional 

investigations into the phosphorylated form of galectin-3 in this project were not 

performed, which meant that ultimately the fluorescent probe and the casein kinase 

discussed in the preceding sections were not used. Florescence polarization assays for 

other ligands were performed in collaboration with the laboratory of Professor Ulf J. 

Nilsson (Organic Chemistry, Lund University) (section 5.3.2 and 5.3.5). 

As discussed in Chapter 1, many of the negative roles of galectin-3 in tumour 

progression involve lectin–carbohydrate recognition when the protein is acting 

extracellularly, and protein–protein (carbohydrate independent) interactions in the 

intracellular compartments. Surprisingly however, the majority of reported intracellular 

interactions of galectin-3 with its ligands are found to be perturbed by saccharide ligands, 

such as lactose (see Table 1 in Haudek et al.)97 This is possibly due to the site of protein–

protein interaction being within the vicinity of the carbohydrate binding site, with the 

presence of a carbohydrate ligand competitively inhibiting the interaction.97 Therefore it 

is hoped that, regardless of how a particular tumour regulates galectin-3 phosphorylation, 

the negative roles of extracellular and intracellular galectin-3 in tumour progression may 

be inhibited by drugs that target the carbohydrate binding site. Thus, the focus of this 

project was shifted entirely towards the galectin carbohydrate binding site, the 

interactions that occur within, and the design of inhibitors for use as potential cancer 

therapeutics. 
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Chapter 3. Human galectin-1 and galectin-3 

crystallisation and structure analysis 

3.1 INTRODUCTION 

Almost all of the 100 galectin structures currently available in the PDB have been 

determined using X-ray crystallography, with just three being determined using NMR 

spectroscopy. To date, X-ray crystal structures have been solved for human galectins -1, 

-2, -7, -8N, -8C, -9N, -9C, -10, and the CRD of human galectin-3, plus NMR solution 

structures of galectin-1, -8C, and 4C.63,138-148 There are also crystal structures available of 

galectins from other species, such as bovine, rat, and toad ovary galectin-1, the 

N-terminal domains of mouse galectin -4 and -9, and a number of chicken, conger eel, 

ball sponge, and fungal galectins.98,149-158 X-ray diffraction from galectin crystals tends to 

be of reasonably high resolution, with galectin structures in the PDB having an average 

resolution of 1.98 Å (the mean resolution for all X-ray crystal structures in entire PDB, 

excluding other techniques such as electron microscopy or neutron diffraction, etc., is 

~2.15 Å). 

The galectin structures show that the globular galectin CRD exists in a beta-

sandwich type fold, with the carbohydrate binding site consisting of a groove running 

across the face of one of the β-sheets (Figure 3.1a and b). The concave sheet that contains 

the carbohydrate binding site is termed the S sheet and is made up of 6 strands (S1–S6 in 

Figure 3.1c), while the convex F sheet, located on the opposite side of the protein, 

contains 5 strands (not shown).16 The inter-strand loop regions that boarder the 

carbohydrate binding site contain amino acids that are important in ligand binding, with 

for example the S5–S6 loop harbouring the galectin binding site tryptophan, which is 

conserved across all galectins and is critical for galactoside binding. Some of the loops, 

however, are variable in length between different galectins, and contribute to the diversity 

observed in recognition of saccharide ligands. Human galectins -7 and -8N for example 

have S3–S4 loops that are longer than those found in other galectins, and provide unique 

oligosaccharide binding characteristics (discussed further in Chapter 4). Another example 

is the galectin-3 binding site, which contains an additional side-pocket in the vicinity of  

3 
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d)    
    Galβ-1-4-Glc 

 
Figure 3.1: Ribbon diagrams with transparent surface showing the structure of a) the 
homodimeric human galectin-1 dimer, and b) the human galectin-3 CRD. The location of 
the carbohydrate binding site running across the face of each of the β sheets is indicated 
by a red arrow (and indicates the orientation of bound saccharides, pointing from the 
reducing to non-reducing end). c) The S1–S6 β-strands on the carbohydrate binding site 
side of galectin-3 with bound lactose shown (yellow bonds with the 3′ position of 
galactose indicated). Also shown are the locations of the A–E subsites, and the 
corresponding primary and extended binding sites. d) The lactose disaccharide with 
important chemical features highlighted and the notation used to describe carbohydrate 
structures below. 
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the S4–S5 loop that is not observed in galectin-1 due to it having a longer histidine-

containing loop. Binding site differences such as these can be taken advantage of in the 

design of selective galectin inhibitors using structure-based drug design as discussed in 

Chapters 5 and 6. 

An X-ray crystal structure of full-length galectin-3, containing the unique 

N-terminal and repetitive domains is not available, however, some structural information 

about these domains has been deduced by nuclear magnetic resonance (NMR), electron 

microscopy,105 and molecular modelling.159 NMR solution studies on hamster galectin-3 

have indicated that isolated N-terminal and repetitive fragments (residues 1–125) exist in 

an unfolded flexible structure. However, structures containing the CRD and only part of 

the repetitive domain (residues 94–245) reveal that the structure of the repetitive domain 

close to the CRD has significantly reduced mobility and interacts with the CRD.105 

Molecular modelling and binding assays have suggested that the repetitive domain may 

even interact with ligands in the CRD and contribute to carbohydrate binding.159 

The defining ligands for the galectins are β-galactosides; a galactose sugar in the 

β configuration at the anomeric position, and usually linked to another sugar such as 

glucose, with lactose being a very common recognition element (Figure 3.1d). A number 

of different classification methods have been used to define different regions within the 

galectin carbohydrate binding site, termed subsites, with the A–E subsite terminology 

used most commonly (Figure 3.1c).16 Knibbs et al.,109 however, initially used a numerical 

system, while other groups have attempted more complex144 or unconventional142 

methods for describing the subsites. This is because the subsites are poorly defined within 

the binding groove, and individual sugar residues within an oligosaccharide ligand do not 

necessarily align within a subsite (as shown in Chapter 4, section 4.3.5). In this thesis, the 

binding groove is more simply divided into two regions, referred to as the primary 

binding site, which corresponds to the location where the galectin defining β-galactosides 

bind (such as lactose), and the extended binding site, which includes the entire binding 

site region beyond the 3′ position of coordinated galactose (Figure 3.1c). 

In the binding site, the galactose residue of bound saccharides forms the strongest 

interactions with the protein and is the most deeply buried, interacting with a number of 

highly conserved binding site amino acids, while the sugar residue linked at the galactose 
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anomeric position (such as glucose in lactose molecules) is less closely bound (see 

section 3.3.5.2, page 70 for more detail). Interactions that occur within the extended 

binding site are more variable between the galectins, with this region of the binding site 

providing much of the fine specificity that the galectins have for complex glycans 

(discussed in Chapter 4). 

The major focus of this project is the structural analysis of human galectins -1 and 

-3, and the binding site interactions that occur for these proteins when in complex with 

both naturally occurring oligosaccharides (Chapter 4) and novel synthetic ligands 

(Chapter 5), with the information obtained providing information about galectin function, 

and facilitating structure based drug design (Chapter 6). Thus, an important early 

objective was to establish methods for obtaining reproducible galectin crystals that would 

be suitable for X-ray diffraction experiments, and that would allow for structural studies 

with the ligands investigated. The crystallisation methods for the human galectin-3 CRD 

were based on those previously reported by Seetharaman et al.,63 while for human 

galectin-1 the experiments followed on from results obtained by Dr Stacy Scott within the 

Blanchard lab.160 The results of the initial crystallisation and structural analysis are 

presented in sections 3.3.4–3.3.7. Another minor objective in this project was to 

investigate the full-length form of human galectin-3 and its suitability for crystallisation 

experiments, since as mentioned above, only limited structural information is available 

about the N-terminal and repetitive domains, which are unique to galectin-3. Because this 

form of the protein is known to undergo degradation, likely through the action of a 

copurifying collagenase,66 experiments were performed to assess the stability of the 

protein under different conditions and when using additional purification techniques. The 

results of the degradation analysis and preliminary crystallisation screening for full-length 

galectin-3 are presented in sections 3.3.2 and 3.3.3. 
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3.2 METHODS 

3.2.1 Production of Galectin-3 CRD Fragment 

Full-length human galectin-3 (expressed and purified as described in sections 

2.2.1 and 2.2.2) was exchanged into collagenase digestion buffer (20 mM Tris-HCl, 

150 mM NaCl, 2 mM CaCl2, pH 7.4) using Amicon 5 kDa molecular weight cut-off 

concentrators (no collagenase enzyme added) followed by incubation overnight at 4 °C. 

Degradation to the CRD fragment was monitored by SDS-PAGE (section 2.2.3). After 

centrifugation (10,000 × g for 20 min at 4 °C) to remove precipitate, the protein could be 

used directly in crystallisation experiments without further purification, or re-purified 

using lactosyl-Sepharose affinity chromatography and/or size exclusion FPLC as 

described in section 2.2.2. 

3.2.2 Expression of Human Galectin-3 CRD 

An E. coli BL21 Star (DE3) strain with plasmid encoding the human galectin-3 

CRD (amino acids 114–250) with kanamycin resistance was kindly provided by Professor 

Hakon Leffler (Lund University). The CRD was expressed and purified as described for 

the full-length protein (sections 2.2.1 and 2.2.2). 

3.2.3 Expression and Purification of Human Galectin-1 

Human galectin-1 (non-tagged) was expressed from a pET-3a vector containing 

the galectin gene (produced by Dr Stacy Scott of the Blanchard group at the Institute for 

Glycomics) in E. coli BL21 (DE3) cells. Initial protein expression and purification using 

lactosyl-Sepharose affinity chromatography was performed exactly as described for 

galectin-3 (sections 2.2.1 and 2.2.2). Following affinity chromatography, additional 

purification was performed using size exclusion chromatography. 

Initial galectin-1 purifications were performed using an S70 column with 

Sephacryl 100-HR media (Sigma) by first concentrating the lactosyl-Sepharose eluate to 

1–2 mL and applying to the equilibrated column with PBS pH 7.4, 4 mM βME, and 

5 mM lactose at 0.4 mL/min. Use of the S70 column was superseded in subsequent 

galectin-1 purifications by FPLC using a Superdex 200 10/300 GL column (GE 

46 



 

Healthcare) with PBS buffer, pH 7.4, and 4 mM βME at a flow rate of 0.5 mL/min and 

collection of 1.0 mL fractions. 

Following size exclusion chromatography the recovered protein was dialysed 

against 5 × 1 litres of a 20 mM sodium potassium phosphate buffer (40∶60, 20 mM 

KH2PO4∶20 mM Na2HPO4, pH 7.0) with 4 mM βME (the apo buffer) to remove lactose. 

Buffer exchanges were performed by dialysis using 10 kDa molecular weight cut-off 

dialysis tubing while stirring at 4 °C. Protein concentrations were performed using 

Amicon 5 kDa molecular weight cut-off concentration devices and SDS-PAGE 

performed as described in section 2.2.3. 

3.2.4 Dynamic Light Scattering 

Dynamic light scattering (DLS) experiments were performed using a CoolBatch 

90T dynamic light scattering instrument (Precision Detectors). Protein samples were 

prepared in the corresponding crystallisation buffer prior to centrifugation at 10,000 × g 

for 20 min at 4 °C to remove any particulate matter before loading 20 µL into a DLS 

cuvette and allowing to equilibrate to 20 °C for 30 minutes within the instrument. 

Measurements were performed with an intensity setting of 1×106 counts/sec, viscosity of 

0.01002, refractive index of 1.333, with averages over 10 points. Each measurement 

consisted of 60 × 1 second runs, with > 15 repeats per sample (error bars calculated from 

the standard deviation of the mean of all repeats). Measurements that contained large 

spikes or unevenness in the intensity trace (indicating dust particles) were excluded from 

the sample set. The sample time (µs) and delay time of the last channel were optimised 

for each sample in order to produce an acceptable correlation function curve. 

3.2.5 Degradation Analysis of Full-Length Galectin-3 

Degradation analysis was performed on full-length human galectin-3 in order to 

assess the effect of temperature, protein concentration, EDTA, and further purification by 

FLPC size exclusion chromatography on protein stability. Full-length protein obtained 

from lactosyl-Sepharose affinity column was dialysed into Tris-HCl, pH 7.5, concentrated 

to 10 or 20 mg/mL and left at room temperature or 4 °C. The effect of EDTA was 

analysed by dialysing the protein into Tris-HCl, pH 7.5 supplemented with 2.5 mM 

EDTA and again left at room temperature or 4 °C. FLPC size exclusion chromatography 
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was performed as described in section 2.2.2. The various conditions were analysed for 

degradation by SDS-PAGE at specific time points. 

3.2.6 Crystallisation Screening of Full-Length Galectin-3 

Crystallisation screening of full-length human galectin-3 was performed using the 

hanging drop vapour diffusion method161 with Hampton Research crystal screens 

(original crystal screen and crystal screen 2). Full-length human galectin-3 was prepared 

with and without lactose in a number of buffers for crystallisation. Protein buffers trialled 

included: 

- H2O only 

- PBS, pH 7.4 

- PBS, pH 7.4, 100 mM lactose 

- Tris-HCl, pH 7.5, 25 mM lactose 

- Tris-HCl, pH 7.5, 2.5 mM EDTA 

- Tris-HCl, pH 7.5, 25 mM lactose, 2.5 mM EDTA 

- Tris-HCl, pH 7.5, 20 mM CaCl2 

Hampton Research crystal screens were performed using 4 µL drops consisting of 

equal volumes of protein at 3–10 mg/mL plus reservoir solution at 4 °C or 20 °C. 

3.2.7 Galectin-3 CRD Crystallisation 

The galectin-3 CRD was initially crystallised from a 10 mg/mL solution of CRD 

fragment derived from degradation of the full-length protein (section 3.2.1) in PBS, 

pH 7.4 with 100 mM lactose using the hanging drop vapour diffusion method, with 2 

drops per reservoir of 4 µL in volume containing either 1∶1 or 1∶2 volumes of reservoir 

solution and protein solution. Initial screens were setup covering a small range of 

conditions similar to those reported in the literature.63,118 All reservoirs were 1 mL in 

volume and contain 100 mM Tris-HCl at a range of pH (pH 7.0–8.5), PEG 4000 or 6000 

at varied concentrations (21–35 %), 100 mM MgCl2 and 8 mM βME. 

The conditions used for the production of the majority of galectin-3 CRD crystals 

used in this project were hanging drop vapour diffusion with 1 mL reservoir volumes 

containing 100 mM Tris-HCl, pH 7.0, 31 % PEG 6000, 100 mM MgCl2 and 8 mM βME. 
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Crystallisation drops contained equal volumes of protein solution (10 mg/mL galectin-3 

CRD in PBS, pH 7.4 with 100 mM lactose) and reservoir solution, and ranged in volumes 

of 4–20 µL. In cases where nucleation did not occur, micro-seeding was performed by 

taking a crystal and crushing it with a micro tool in a drop of reservoir solution. A cat’s 

whisker was passed through this drop then through those drops to be seeded. Macro 

seeding was performed by picking individual crushed crystal fragments, washing in a 

drop of reservoir solution, and transferring to the seeded drop with a cryo-loop. 

Crystallisation of the galectin-3 CRD derived from the expression of the CRD 

clone (section 3.2.2) was performed using the same reservoir solution as above, but with 

protein concentrations ranging from 30–60 mg/mL in 10 mM Tris-HCl, pH 7.5 with 

20 mM of either lactose or galactose. 

3.2.8 Galectin-1 Crystallisation 

Initially, a number of galectin-1 crystallisation conditions were trialled based on 

hits identified by Dr Stacy Scott (Blanchard group, Institute for Glycomics) from 

conditions reported in Scott et al.160 and from Hampton Research crystal screen and 

crystal screen 2. Conditions trialled included crystal screen conditions 1, 6, 9, 17, 20, 22, 

23, 32, and 40, and crystal screen 2 condition number 14. All crystallisation experiments 

used the hanging drop vapour diffusion method with 10 mg/mL galectin-1 in the apo 

buffer (section 3.2.3) mixed 1∶1 with reservoir solution supplemented with 14 mM βME 

to make 2–8 µL drops at 20 °C. Lactose co-crystallisation trials were performed as above 

using the protein buffer formulated with 20 mM lactose. 

The Hampton Research crystal screen condition number 20 (0.2 M ammonium 

sulphate, 25 % w/v PEG 4000, 0.1 M sodium acetate trihydrate, pH 4.6, plus 14 mM 

βME) was optimised by varying pH between pH 4.4 and 6.2. The majority of apo 

galectin-1 crystals were produced using this condition at pH 6.2 and 20 °C. Streak 

seeding was performed by gently touching a crystal with a cat’s whisker and then passing 

the whisker through drops that had not formed crystals. In some cases crystallisation was 

also performed at 30 °C. 

49 



 

3.2.9 X-ray Diffraction Experiments 

X-ray diffraction experiments were performed on various galectin-1 and 

galectin-3 CRD crystals using either the in-house X-ray diffractometer or synchrotron 

light from the Advanced Light Source (ALS) or the Australian Synchrotron. 

In-house X-ray diffraction data sets were collected at room temperature from 

galectin crystals mounted in 0.7 mm quartz capillaries on a ProteumR (Bruker AXS, 

Madison, WI, USA) diffractometer with a MacScience M06XCE rotating-anode generator 

(Cu Kα wavelength 1.5418 Å) equipped with a SMART6000 CCD detector. Typical 

X-ray diffraction experiments were performed with exposure times of 10–60 seconds, 

detector distance between 45–70 mm, the detector 2-theta angle set between 0° and up to 

20°, and data collected with rotation about the phi axis of 0.3° to 1.0° per image. 

For cryo-temperature (100 K) synchrotron X-ray diffraction experiments, crystals 

were soaked for 5–180 seconds in drops containing reservoir solution supplemented with 

15 % (v/v) glycerol prior to mounting in nylon cryo-loops (Hampton Research) and flash-

cooling in liquid nitrogen. For the cryo-temperature apo galectin-1 structure discussed in 

section 3.3.7.2 the apo crystal was also soaked for 13 hours with 100 mM taloside 11 as 

described in section 5.2.4.3 prior to cryoprotection. Synchrotron X-ray diffraction data 

sets were collected at beamline 8.3.1 (100 K, λ = 1.1159 Å) at the ALS using an ADSC 

Quantum 210 CCD detector (detector distance 100–150 mm, ~1 second exposure times, 

with 1° rotation about the phi axis per image) and at the MX1 beamline (100 K, 

λ = 0.9537 Å) at the Australian Synchrotron using an ADSC Quantum 210r CCD detector 

(detector distance 145–170 mm, 1.0 second exposure times, with 1° rotation about the phi 

axis per image). 

3.2.10 X-ray Diffraction Data Processing and Structure Solving 

X-ray diffraction data from in-house X-ray diffraction experiments were 

integrated using SAINT (Bruker AXS, Madison, WI, USA) and scaled and merged using 

PROSCALE (Bruker AXS, Madison, WI, USA) or SCALA162 from within the CCP4 

suite of crystallographic software.163 X-ray diffraction data collected from synchrotron 

sources were integrated using MOSFLM164 (or iMOSFLM165) either manually, or 

automatically using Elves.166 Integrated data from MOSFLM were scaled using SCALA. 
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Structures were solved by rigid body refinement using a previously determined apo 

human galectin-1 structure and a galectin-1-lactose complex structure (provided by Dr 

Stacy Scott) and a previously published galectin-3 CRD structure (PDB ID: 1A3K)63 as 

the initial model. 

Refinement was performed with REFMAC5167 using TLS and restrained 

refinement, and in the case of galectin-1, medium NCS restraints were used at resolutions 

lower than 2.0 Å (galectin-3 CRD structures do not contain NCS). Visualization of 

electron density (σA-weighted 2mFo – DFc and mFo – DFc electron density maps) and 

model building was performed using Coot.168 Ligands or other sensitive parts of the 

structure were excluded from the model until the final stages of refinement in order to 

minimise model bias. Averaged kicked electron density maps169 were created with the 

ligand omitted using PHENIX.170 

Anomalously scattering elements were identified using either a) the anomalous 

difference Fourier map; calculated using the CCP4 program CAD to combine the DANO 

type Fourier coefficients with the phases from the currently refined structure into a single 

mtz file, which was then used to calculate the anomalous difference Fourier map using 

the Fast Fourier Transform (FFT) program within CCP4, or b) single wavelength 

anomalous dispersion log-likelihood gradient maps (SAD LLG maps); calculated using 

Phaser171,172 (in experimental phasing mode within CCP4) in the ‘SAD with molecular 

replacement partial structure’ mode with purely anomalous scatterers and zero LLG-map 

completion cycles using the current model and F+ and F− structure factor amplitudes as 

input. 

Ligand geometry topologies for refinement were initially created by REFMAC5 

within CCP4 (LIBCHECK) or using the Dundee PRODRG2 Server.173 In most cases 

minor to moderate manual editing of the automatically generated topologies was 

necessary to correct atom and bond types. Model validation and analysis was performed 

using MolProbity.174 Figures were created using the CCP4 molecular-graphics project 

(CCP4MG).175 

51 



 

3.3 RESULTS AND DISCUSSION 

3.3.1 Galectin Protein Production 

In this project crystallisation experiments were performed on three types of 

galectin protein; galectin-1, galectin-3 CRD, and full-length galectin-3. Production of the 

galectins for crystallisation was very similar for each of the proteins studied. All involved 

overexpression in E. coli, affinity chromatography as the initial purification step, and size 

exclusion FPLC for final purification (as discussed for full-length galectin-3 in 

section 2.3.1). 

Early in this project the galectin-3 CRD was obtained via degradation of the full-

length protein – either slow degradation after long term storage (> 4 weeks), or sudden 

degradation after exchange into collagenase digestion buffer. This degradation is likely 

due to small quantities of copurifying collagenase66 (discussed in the next section) and 

has enabled recovery of the galectin-3 CRD without the need to perform protein digestion 

using recombinant collagenase enzyme. The availability of the galectin-3 CRD clone 

(section 3.2.2) enabled direct expression and purification of the CRD. Both sources of the 

galectin-3 CRD provided protein that produced crystals of excellent quality for X-ray 

diffraction experiments as discussed in section 3.3.5. 

Figure 3.2a shows a number of superimposed size exclusion FPLC 

chromatograms from galectin purification runs. Strong consistent elution peaks were 

observed for each type of protein. The different retention times reflect the relative 

apparent size differences between the proteins, and it is interesting to note that although 

galectin-1 is similar in mass to the galectin-3 CRD (14.7 and 15.6 kDa respectively), it 

elutes at a time much closer to that of full-length galectin-3 (26.2 kDa), indicating the 

likely dimeric configuration of galectin-1 in solution. Purity of the galectin-3 CRD 

obtained by degradation of the full-length protein could be improved by FPLC as shown 

by the green trace in Figure 3.2a where the fronting of the peak is due to co-eluting full-

length galectin-3 prior to the main CRD peak. Good yields were achieved for each of the 

galectins, with 15–30 mg of protein recovered per litre of bacteria grown for galectin-1 

and full-length galectin-3, and greater than 90 mg of protein per litre of bacteria for the 

galectin-3 CRD expression, with high purity of protein attained as determined by 

SDS-PAGE (Figure 3.2 b–d). 
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a)

 
 

b)             c)             d)   
        Gal-1                                                  Gal-3 CRD                                             Gal-3-FL 

 
Figure 3.2: a) Superimposed size exclusion FPLC chromatograms comparing the 
retention times for galectin-3 CRD, full-length galectin-3, and galectin-1. Coomassie blue 
stained SDS-PAGE analysis of b) galectin-1 (12 % acrylamide), c) galectin-3 CRD (15 % 
acrylamide), and d) full-length galectin-3 (12 % acrylamide). 

DLS analysis was performed on galectin-1, full-length galectin-3, and the 

galectin-3 CRD derived from degradation of the full-length protein (in the absence of 

ligand for all samples). Figure 3.3 shows the correlation function curve and intensity 

distribution plots from a single representative measurement from each protein (each 

measurement was repeated > 25 times to obtain the average hydrodynamic radius (Rh) 

and polydispersity, as described in section 3.2.4). The correlation functions obtained from 

the galectin-1 and galectin-3 full-length samples (Figure 3.3 a and c) shows a simple 

exponential decay of the signal correlation over time, indicating that the samples were 

free of large aggregates. The scattering intensity distribution plots calculated from the 

correlation function reveal that these samples are monodisperse, with a unimodal 

distribution (representing 100 % of the scattering intensity) and low polydispersity. The 

calculated Rh for galectin-1 is 1.86 nm with a polydispersity of 25 % (averaged from 26 
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measurements), and for full-length galectin-3 the Rh is 2.13 nm with a polydispersity of 

18 % (averaged from 37 measurements) (Figure 3.4). 

     Galectin-1 

a)     
          Time               Hydrodynamic Radius (Rh) 

   Galectin-3 CRD 

b)     
          Time               Hydrodynamic Radius (Rh) 

       Full-length Galectin-3 

c)     
          Time               Hydrodynamic Radius (Rh) 

 
Figure 3.3: DLS analysis of a) galectin-1 (in 40∶60, 20 mM KH2PO4∶20 mM Na2HPO4, 
H 7.0), b) galectin-3 CRD (in PBS, pH 7.4), and c) full-length galectin-3 (in PBS, 
pH 7.4). The left hand panel shows the measured correlation function curve and the right 
hand panel shows the corresponding scattering intensity distribution fraction from a 
single example measurement (>25 measurements were made to obtain average values). 
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The correlation function from the galectin-3 CRD sample derived from 

degradation of the full-length protein without further purification (section 3.2.1) shows a 

complex signal decay compared to the galectin-1 and full-length galectin-3 samples 

(Figure 3.3b). The curve has a raised baseline with the signal correlation extending to a 

longer time delay compared to the other protein samples, suggesting the presence of 

larger aggregates within the sample. The calculated scattering intensity distribution plot 

shows a bimodal distribution with a broad peak corresponding to an aggregate particle 

(average Rh = 87 nm, polydispersity = 80 %, accounting for ~40 % of the observed 

scattering intensity) and the galectin-3 CRD peak with an Rh of 1.60 nm. The average Rh 

from 41 measurements was 1.67 nm with a polydispersity of 27 %, accounting for ~60 % 

of the observed scattering intensity. 

 
 

Figure 3.4: Comparison of hydrodynamic radii (nm) for galectin-1, galectin-3 CRD and 
full-length galectin-3 in the absence of ligand as measured by DLS. 

It has been shown that protein samples displaying broad unimodal distributions 

(high polydispersity) or complex bimodal distributions indicating the presence of 

aggregates (as seen for the galectin-3 CRD sample) by DLS are less likely to produce 

protein crystals under crystallisation conditions.176,177 Further purification of the 

galectin-3 CRD sample would likely remove the aggregates, providing a monodisperse 

sample as observed for the galectin-1 and full-length galectin-3 samples. However, it was 

found that in spite of the presence of aggregates, the galectin-3 CRD sample produced 

excellent protein crystals for X-ray diffraction experiments (section 3.3.5). This may in 

part be due to the low polydispersity (27 %) for the peak corresponding to the CRD 
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(Rh = 1.67 nm), indicating that there is a large proportion of free non-aggregated CRD 

units present within solution that are a separate species from the observed aggregate and 

are available to be incorporated into a growing crystal lattice. 

3.3.2 Degradation Analysis of Full-Length Galectin-3 

As mentioned in the previous section, full-length galectin-3 undergoes gradual 

degradation to the CRD when stored at 4 °C. This observation has been previously 

reported and has been attributed to the presence of a copurifying collagenase 

(Figure 3.5).66 This is of critical importance for crystallisation of full-length galectin-3 

since any degradation would likely interfere with crystallisation, and complete 

degradation would obviously render futile any attempt to crystallise the full-length 

protein. 

    
 

Figure 3.5: SDS-PAGE gels (12 % acrylamide) of purified human galectin-3. Lane 2 
shows the full-length protein directly after purification and lane 4 after exchange into 
Ca++ containing buffer and storage overnight at 4 °C (lanes 1 and 3 are molecular weight 
standard ladders). 

Galectin-3 is sensitive to digestion with type VII collagenase, which cleaves the 

protein at multiple sites within the repetitive domain, with the final site of cleavage distal 

to the N-terminus being between Trp107 and Gly108.17 In this project it was observed 

that full-length galectin-3 rapidly degrades (overnight at 4 °C) to the CRD fragment after 

being exchanged into collagenase digestion buffer (without the addition of type VII 

collagenase enzyme) (Figure 3.5, lane 4). This is possibly due to the presence of CaCl2 in 

the digestion buffer since collagenases are dependent on the presence of Ca++ ions for 

activity.178 The addition of 2 mM CaCl2 to the buffer may activate small amounts of 

copurifying collagenases present within the sample. If the cause of degradation is due to a 

copurifying collagenase, removal or inactivation of the enzyme would prevent galectin-3 
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degradation. Chelating agents such as EDTA and EGTA, which sequester available Ca++ 

ions, are known to inhibit collagenase activity179 and were therefore investigated for their 

effects on protein stability, as was the level of purification performed, and the 

temperature at which the protein was stored (section 3.2.5). 

 
 

 Lane 1 Lane 2 Lane 3 Lane 4 
2.5 mM EDTA – + – – 

Size exclusion FPLC + + + – 
Temperature room temp. room temp. 4 °C room temp. 

Time 1 week 1 week 3 weeks 24 hours 
 

Figure 3.6: Coomassie blue stained SDS-PAGE analysis (12 % acrylamide) of full-length 
galectin-3 showing level of degradation under various conditions. The full-length protein 
has an apparent molecular weight of ~31 kDa while the degraded CRD fragments are 
~14 kDa. Protein concentration is 10 mg/mL (lanes 1–3) and 6 mg/mL (lane 4) in Tris-
HCl pH 7.5 with 100 mM lactose. Lane 5: molecular weight ladder. 

Consistent with the cause of degradation being from the action of a collagenase, it 

was found that additional purification and the addition of EDTA dramatically increased 

protein stability. Figure 3.6 summarises some of the results obtained from the degradation 

analysis. Comparing lanes 1 and 2 shows how the addition of 2.5 mM EDTA greatly 

improves protein stability when stored at room temperature. The protein is also more 

stable when stored at 4 °C (compare lanes 1 and 3). When the additional size exclusion 

FPLC purification step is omitted (lane 4) the protein rapidly degrades to the CRD 

fragment after just 24 hours at room temperature. 

It is clear from Figure 3.6 that if crystallisation experiments were to be performed 

without additional size exclusion FPLC purification or the addition of EDTA, the 
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majority of full-length protein would be degraded to the CRD fragment within 24 hours. 

These results emphasise the importance of protein purity and help to guide appropriate 

protein buffer conditions for crystallisation of full-length galectin-3. 

3.3.3 Full-Length Galectin-3 Crystallisation Screening 

Crystallisation of galectin-3 is expected to be a challenging task considering that 

approximately 45 % of the full-length protein (the N-terminal and repetitive domains) is 

likely to be disordered or have an unfolded flexible structure.105 The structure of the full-

length protein could be of interest however from a structure-based drug design 

perspective because it has been reported that the repetitive domain may interact with 

ligands within the CRD and contribute to carbohydrate binding.159 Initial reports that 

phosphorylation at the distal N-terminal domain acts as the lectin on/off switch also 

prompted interest in the structure of the full-length protein, although the importance of 

phosphorylation in ligand binding was later found to be of lower significance 

(section 2.3.4). 

Crystallisation screening using Hampton Research crystal screens (original crystal 

screen and crystal screen 2) was performed on full-length galectin-3 using a number of 

different protein buffer conditions in the presence or absence of lactose (section 3.2.6). 

Prior to crystallisation, DLS analysis was performed to check for aggregates and to 

determine the polydispersity value. For each buffer system analysed, the scattering 

intensity distribution plots showed a unimodal distribution (no aggregates) with a low 

polydispersity values (17 – 26 %) comparable to that shown in Figure 3.3c for full-length 

galectin-3 in PBS (pH 7.4). 

A buffer containing CaCl2 (Tris-HCl, pH 7.5, 20 mM CaCl2) was also analysed, 

since it has been shown that specific peptide sequences within the proline-rich repetitive 

domain of galectin-3 (particularly the peptide: GAPAGPLIVPY) bind strongly to calcium 

ions under mass spectrometry conditions.180 Any structural changes induced by Ca2+ 

binding that lead to an increase in order within the repetitive domain could be potentially 

favourable for crystallisation of full-length galectin-3. Whether Ca2+ binding occurs under 

physiological conditions is unclear180 and DLS analysis shows that there is no significant 

change in the hydrodynamic radius of the full-length protein in the presence of Ca2+ 

(Figure 3.7, compare ‘Tris CaCl2’ with ‘Tris EDTA’), indicating that the presence of Ca2+ 
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doesn’t induce any large scale structural changes or cause the protein to become any more 

hydrodynamically compact. 

 
 

Figure 3.7: DLS analysis of full-length galectin-3 showing the calculated hydrodynamic 
radius (nm) in a number of different buffers. Tris: Tris-HCl, pH 7.5; Tris CaCl2: Tris-
HCl, pH 7.5, 20 mM CaCl2; Tris EDTA: Tris-HCl, pH 7.5, 2.5 mM EDTA; PBS, pH 7.4; 
PBS Lactose: PBS, pH 7.4, 100 mM lactose. Galectin-3 CRD is included for reference (in 
PBS, pH 7.4). 

Interestingly, the DLS analysis enables detection of a significant increase in the 

hydrodynamic radius of galectin-3 in the presence of lactose compared to when lactose is 

absent (Figure 3.7, compare ‘PBS Lactose’ with ‘PBS’) (two-tailed t-test, n=53, p-value 

< 0.001). Generally, an increase in the hydrodynamic radius of a protein upon ligand 

binding is to be expected, with the magnitude of the increase being dependent on the 

partial-specific volume of the ligand and the location of the binding site on the protein 

surface.181 It is not possible to discern from the observed increase in Rh alone as to 

whether the cause is due to the simple increase in size of the protein–ligand complex, or 

due to a ligand induced conformational change of the protein (whereas an observed 

decrease in Rh on ligand binding would be suggestive of a conformational change in the 

protein181). Figure 4.2 (right hand panel) in Chapter 4 shows the extent to which bound 

lactose protrudes from the protein surface into the surrounding solvent. This mode of 

binding would extend the overall hydration sphere surrounding the protein and increase 

the magnitude of the change in hydrodynamic radius of the galectin-lactose complex 

compared to a protein–ligand complex where the ligand is bound in a deeper pocket 

within the protein. 
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Additionally, NMR studies using residual dipolar couplings of the protein in 

solution have indicated that residues within the binding site (especially those in the 

flanking loops between the S4–S5 and S5–S6 β-strands, Figure 3.1, page 43) are 

positioned towards the base of the binding site in the absence of ligand,121 whereas X-ray 

crystal structures of ligand-bound galectin-3 CRD (e.g. PDB ID: 1A3K63) show that these 

residues are in a more open conformation allowing space for the ligand within the binding 

site. It is anticipated that the differences in hydrodynamic radius of galectin-3 in the 

presence or absence of lactose is influenced significantly by both the combination of the 

expansion of the binding site loops on ligand binding, and the solvent exposed binding 

mode of lactose. 

Unfortunately crystallisation screening of full-length galectin-3 was unsuccessful 

in providing protein crystals or strong leads for optimisation. The protein tended to form 

heavy precipitate under most crystallisation conditions even at low protein concentrations 

(3 mg/mL). As previously mentioned, this is likely due to the flexible nature of the 

repetitive and N-terminal domains of the protein. Additionally, the protein is known to 

form disordered heterogeneous oligomers in a concentration dependent manner via self-

association through the repetitive domain, which may also interfere with crystallisation.64 

Although many experimental avenues remain open for further investigation (such as 

additional screening, additive screening, alternative protein buffers, a wider pH range, 

etc.), given the likely inherent resistance to crystallisation of full-length galectin-3, these 

experiments were not pursued. 

A successful strategy for galectin-3 crystallisation might involve mutagenesis of 

the galectin-3 gene to produce truncation constructs where the majority of the repeating 

units within the repetitive domain are deleted – leaving the N-terminal domain, a 

truncated repetitive domain, and the CRD. Having a shorter repetitive domain may 

increase the chance of successful crystallisation, yet still provide insight into the structure 

of the N-terminal and repetitive domains from the remaining repetitive units. Truncation 

of disordered loop regions or deletion of disordered stretches at the protein N- or 

C-terminus has proven to be a very successful technique in enabling crystallisation of 

difficult proteins or improving the X-ray diffraction from proteins that already 

crystallise.182,183 Such a strategy was not pursued in this project as focus was directed 
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more towards structure-based drug design targeted at the galectin CRD, which is readily 

crystallised (next section). 

3.3.4 Galectin-3 CRD Crystallisation 

Initial crystallisation experiments were performed for the galectin-3 CRD lactose 

complex using a screen based around the conditions reported in the literature63,118 

(section 3.2.7). Due to PBS being used as the protein buffer for initial crystallisation 

experiments, some salt crystals (likely phosphate crystals) formed after 1–2 days in drops 

where the reservoir solution to protein solution ratios were 1∶2. These crystals were 

confirmed as being salt crystals by the “crush test”, the Izit crystal dye test (from 

Hampton Research), and by X-ray diffraction, which showed a small number of high 

resolution X-ray diffraction spots typical of salt crystals. After 2 weeks, protein crystals 

with good morphology began to form in drops (2–10 crystals per drop) where the 

reservoir solution to protein solution was 1∶1. These crystals exhibited typical dimensions 

of up to 0.2 × 0.2 × 0.4 mm after 20 days of growth (Figure 3.8a). Subsequent galectin-3 

CRD crystallisation experiments were performed using a Tris buffer for the protein 

sample (which eliminated the occurrence of salt crystals), at higher protein concentrations 

(30–60 mg/mL), and using either lactose or galactose as the co-crystallising ligand. These 

conditions generally produced fewer crystals that attained very large dimensions of up to 

0.5 × 0.5 × 1.0 mm (Figure 3.8b). 

Micro or macro-seeding was performed in drops where crystals did not form, as 

described in section 3.2.7. Micro-seeding was generally found to produce excess crystal 

nucleation, however, many of the resultant crystals were large enough for X-ray 

diffraction using the home source X-ray diffractometer (Figure 3.8c). Macro-seeding by 

transferring individual crystal fragments to clear drops resulted in new crystal growth 

around the seed crystal (Figure 3.8d). Macro-seeding was also successful when using 

much smaller seed crystal fragments than the one shown in Figure 3.8d). Greater success 

was achieved when the crystal fragment seeds were ‘roughed up’ by vigorous agitation 

with a cryo-loop in both the wash drop and in the seeded drop (the galectin-3 CRD 

crystals are physically very robust and do not readily fall apart or dissolve on handling). 

Although optimisation of the micro-seeding technique (e.g. by passing the cat’s whisker 

through a wash drop a number of times prior to introduction to the drop to be seeded) 

would very likely reduce the amount of nucleation, the macro-seeding technique was 
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found to provide good control over the amount of nucleation and number of crystals 

produced per drop. 

a)   b)   c)  
 

d)    
       9 days                                             13 days                                              22 days 

 
Figure 3.8: a) Galectin-3 CRD lactose crystals (protein buffer: 10 mg/mL protein, PBS, 
pH 7.4 with 100 mM lactose). b) A single large galectin-3 CRD galactose crystal grown 
in size to 0.4 × 0.4 × 0.7 mm (protein buffer: 40 mg/mL protein, Tris-HCl, pH 7.5 with 
20 mM galactose, imaged with crossed polarising filters in place). c) Many small crystals 
growing after micro-seeding. d) Growth of a larger crystal around a macro-seeded crystal 
over a number of days. Scale bars are 0.5 mm, with images in d) reproduced at the same 
scale. 

3.3.5 Galectin-3 CRD X-ray Diffraction and Structure Analysis 

The galectin-3 CRD crystals were mounted in quartz capillaries for room 

temperature X-ray diffraction experiments (Figure 3.9 a and b), and produced excellent 

quality X-ray diffraction using the home source X-ray diffractometer. The diffraction 

patterns obtained showed strong and well separated spots (Figure 3.9d) extending 

typically to 1.7 Å resolution, with the highest resolution attained being 1.5 Å for a 

number of data sets described in Chapter 5. X-ray diffraction from the cryo-cooled 

crystals (Figure 3.9c) at the synchrotron source was also of high quality and showed that 

the cryoprotection process had not increased crystal mosaicity or caused ice formation 

within solvent channels (evident from the absence of strong ice rings in the diffraction 

pattern) (Figure 3.9e). Typical resolution was 1.3 Å for galectin-3 CRD synchrotron data 

sets, with diffraction extending 1.1 Å resolution for the lactose-bound co-crystal complex 

discussed below. 
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a)   b)   c)  
 

d)  e)  
 

Figure 3.9: a) and b) Galectin-3 CRD crystals mounted in 0.7 mm quartz capillaries for 
room temperature X-ray diffraction experiments. Crystal size in a) is 0.3 × 0.3 × 0.7 mm 
(scale bar is 0.5 mm), b) as seen by the crystal alignment camera attached to the X-ray 
diffractometer. c) A galectin-3 CRD crystal mounted in a cryo-loop just prior to flash 
cooling in liquid nitrogen (crystal is 0.1 × 0.1 × 0.4 mm, scale bar is 0.5 mm). d) X-ray 
diffraction pattern from a galectin-3 CRD crystal using the home source X-ray 
diffractometer. e) X-ray diffraction pattern obtained at beamline 8.3.1 at the ALS from a 
galectin-3 CRD crystal. 

The galectin-3 CRD crystals belong to an orthorhombic crystal system with the 

same unit cell dimensions to those previously published.63 A space group of P212121 was 

supported by the CCP4 program pointless163 (based on systematic absences in axial 

reflections), with no twinning detected and one galectin-3 CRD molecule per asymmetric 

unit. Scaling and final refinement statistics for galectin-3 CRD with bound galactose and 

lactose (from home and synchrotron X-ray sources) are shown in Table 3.1. 

Initial electron density maps produced after rigid body refinement were of good 

quality, clearly indicating the positions of amino acid side-chains, water molecules, and 

ligands. The refined structures from these galectin-3 CRD galactoside-bound crystals is 
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highly comparable to the previously reported LacNAc-bound galectin-3 CRD structures 

(PDB IDs: 1A3K63 and 1KJL118). No systematic differences are observed between the 

structures reported here and those previously reported at either room temperature or cryo- 

Table 3.1: Crystallographic data and refinement statistics for galectin-3 CRD lactose and 
galactose co-crystal complexes obtained using X-ray diffraction data from home and 
synchrotron X-ray sources. 

             
galactose                                 lactose 

 Galectin-3 CRD   
Ligand complex Galactose Lactose Lactose 
Data collection    
temperature (K) 295 295 100 

X-ray source Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

ALS beamline 8.3.1 
(λ = 1.1159 Å) 

space group P212121 P212121 P212121 
cell dimensions 
    a, b, c (Å) 37.2, 58.4, 63.9 36.6, 58.3, 63.8 36.3, 57.5, 62.2 

resolution (Å) 58.4–1.80 (1.90–1.80)† 58.3–1.70 (1.79–1.70) 42.2–1.10 (1.16–1.10) 
total observations 94,763 57,405 115,152 
unique observations 12,983 14,146 44,683 
Rmerge 0.058 (0.354) 0.047 (0.132) 0.046 (0.118) 
I / σI 19.5 (1.8) 19.1 (5.4) 15.0 (6.4) 
completeness (%) 96.0 (74.4) 90.8 (67.0) 83.9 (68.2) 
multiplicity 7.3 4.1 2.6 
Refinement    
resolution range for 
refinement (Å) 43.1–1.80 (1.85–1.90) 43.0–1.70 (1.74–1.70) 42.2–1.10 (1.13–1.10) 

Rwork 0.159 0.155 0.130 
Rfree 0.207 0.194 0.148 
no. of atoms    
    protein 1,186 1,170 1,265 
    ligand 12 23 46 
    water 114 126 183 
average B-factors (Å2)    
    protein 16.5 16.8 11.1 
    ligand 19.8 23.8 20.9 
    water 30.0 32.7 23.6 
r.m.s. deviations    
    bond length (Å) 0.02 0.01 0.01 
    bond angle (°) 1.01 0.93 1.25 
ligand occupancy 1 1 1 
MolProbity statistics – 
appendix section D.1 D.2 D.3 
† values in parentheses are for the highest resolution shell 
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temperatures. As with the previously reported structures, the initial residues at the 

N-terminus of the CRD fragment are not visible owing to disorder and Pro113 is the first 

residue for which electron density is interpretable. Table 3.2 provides a comparison of the 

RMSD (Å) of Cα atoms after superimposing the structures using the Least Squares Fit 

function within Coot.168 The lowest RMSD values are found when comparing structures 

determined at the same temperature, with the most similar structures being those 

determined at 100 K (RMSD of 0.09 Å between PDB ID 1KJL and galectin-3 CRD 

lactose-bound structure obtained from the synchrotron source). Overall, the structures 

obtained at room temperature and at 100 K are highly similar, with the higher resolution 

X-ray diffraction data obtained from the synchrotron source at cryo-temperatures 

providing some additional details in the final structures, such as the observation of more 

coordinated water molecules and more amino acid side-chains in alternate conformations. 

Table 3.2: The RMSD (Å) of Cα atoms after superimposition of galectin-3 CRD 
structures determined at room temperature (rt) and at 100 K. 1A3K and 1KJL are 
previously reported galectin-3 CRD structures with bound LacNAc. 

 lactose 
(rt) 

galactose 
(rt) 

LacNAc 
PDB ID: 1A3K 

(rt) 

LacNAc 
PDB ID: 1KJL 

(100 K) 

lactose (100 K) 0.18 0.21 0.20 0.09 

lactose (rt)  0.11 0.16 0.15 

galactose (rt)   0.14 0.17 

LacNAc 
PDB ID: 1A3K (rt)    0.16 

Shading indicates comparison type; 
blue shading: 100 K to 100 K, orange shading: 100 K to RT, green shading: RT to RT 

 

3.3.5.1 Assessment of the anomalously scattering substructure 

Calculation of an anomalous difference Fourier map can enable determination of 

the anomalously scattering substructure within a protein, highlighting the locations of 

coordinated ions and other anomalously scattering elements.184,185 Although chlorine and 

sulfur have K X-ray absorption edges at wavelengths much longer than the X-rays used in 

these experiments (K absorption edges Cl and S are 4.39 Å and 5.02 Å respectively),186 

they are known to retain some of their anomalous scattering effect even far for their 

absorption edges.187 In some cases it is even possible to use the anomalous signal from 

native sulfur and chloride atoms alone to solve the phase problem using the single 
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wavelength anomalous dispersion (SAD) approach with X-rays at the Cu Kα wavelength 

(1.54 Å).187,188 

Generally it was found that for all galectin structures determined here, the SAD 

log-likelihood gradient (LLG) maps produced using Phaser were of higher quality with a 

greater signal-to-noise ratio compared to the anomalous difference Fourier maps 

calculated using the CAD/FFT method (section 3.2.10). In many cases peaks for some of 

the anomalous scatterers were not detected above the noise level in the anomalous 

difference Fourier map, whereas the SAD LLG maps calculated from the same data 

clearly showed strong peaks for the anomalous scatterers. 

For the three galectin-3 CRD structures discussed here, each contain four large 

peaks in the SAD LLG maps (all greater than 7 σ above the mean value of the map). 

Three are associated with the sulfur atoms within the protein (Met130, Met249, and 

Cys173), and one is assigned to a coordinated chloride ion (Figure 3.10). The chloride ion 

is located distal to the carbohydrate-binding region, coordinating with the backbone 

nitrogen atoms of Lys226 and Lys227, and two water molecules. This chloride site was 

also identified in the previously published galectin-3 CRD cryo-structures determined 

using a synchrotron source118 but not the original galectin-3 CRD structure determined at 

room temperature using a home laboratory rotating anode X-ray source, which contains a 

coordinated water molecule at this position.63 Additional indicators that this site is 

occupied by an element heavier than a water oxygen include a large peak in the 

2mFo − DFc electron density map (compared to peaks from coordinated water molecules), 

and an abnormally low temperature factor for water oxygen if refined at this position. 

Interestingly, the SAD LLG map relative peak heights are very similar for both 

the data collected at the longer Cu Kα X-ray wavelength (λ = 1.54 Å), and at the shorter 

synchrotron wavelength used (λ = 1.12 Å). This is in spite of the lower dispersion 

correction (f′′) values for these elements at the higher synchrotron X-ray energies (the f′′ 

values for Cl and S are 0.71 and 0.56 electron units respectively at the Cu Kα X-ray 

energy of 8.0 keV, compared to 0.38 and 0.30 electron units at the synchrotron energy of 

11.1 keV).186 Average peak heights for the home-source lactose and galactose-bound 

structures are 10.5 σ and 10.8 σ above the mean level of the map, respectively, compared 

to 11.4 σ for the synchrotron-source lactose-bound galectin-3 CRD structure. Using the 
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peak height of the well-ordered cysteine sulfur atom (Cys173, 12.9 σ) as a reference for a 

fully occupied anomalous scatterer, the minimum occupancy for a well-coordinated 

chloride ion to be detected in the SAD LLG map (peak height > 5 σ) can be estimated for 

each structure, taking into account the difference in f′′ for the Cl and S atoms at the X-ray 

energy used.189 Performing this calculation yields an estimate of 31 % occupancy for both 

the synchrotron data set and the two home source data sets, meaning that a bound chloride 

ion with occupancy less than ~31 % would not be readily detected using the SAD LLG 

maps from these data. In Chapters 4 and 5, galectin-3 CRD structures are described where 

the anomalous dispersion signal is of higher quality, resulting in a more sensitive SAD 

LLG map, and the subsequent detection of additional lower occupancy coordinated 

chloride ions. 

a)     
 

b)     
 

Figure 3.10: The four SAD LLG map peaks (red mesh, contoured at 4.0 σ) from the 
lactose-bound galectin-3 CRD structure (at 1.1 Å resolution) observed for a) the sulfur 
atom in Cys173, and b) the sulfur atoms of Met130 and Met249 (shown on a symmetry 
related CRD molecule – purple bonds), and the chloride ion coordinating to the backbone 
nitrogen of Lys226 and Lys227. The 2mFo − DFc electron density map (blue mesh) is 
also shown contoured at 1.3 σ (stereo images). 
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It has been recommended that an additional long wavelength (λ = 2.0 Å) data set 

complement macromolecular structure determination in order to fully determine the 

anomalously scattering substructure using the anomalous difference Fourier synthesis.184 

These results show that the anomalously scattering substructure can be successfully 

determined at much shorter wavelengths from a single data set and are in agreement with 

recent findings showing that SAD LLG maps are more robust to experimental error and 

can enable the identification of many additional anomalous scatterer sites compared to the 

anomalous difference Fourier map.172 Collecting additional data at a longer wavelength in 

conjunction with the SAD LLG maps would likely lower the minimum occupancy that a 

coordinated ion could be detected (estimated here to be 31 % for chloride ions in these 

structures), however, the structural significance of these ions would begin to diminish as 

the occupancy values become very small. 

3.3.5.2 The carbohydrate binding site 

Electron density within the carbohydrate binding site of the galectin-3 lactose and 

galactose complexes is very well defined, clearly indicating the binding mode of the 

ligands and allowing their unambiguous placement within the model. Figure 3.11 shows 

the strong positive difference electron density (red peak in the mFo − DFc electron density 

maps) within the binding site prior to inclusion and refinement of the ligand within the 

model. 

The binding mode of lactose is identical for both the room temperature and the 

cryo-temperature structures, and to that in the previously reported LacNAc-bound 

structures (PDB ID: 1A3K63 and 1KJL118) and the LacNAc moiety of the inhibitor-bound 

structure (PDB ID: 1KJR118). In the high resolution cryo-temperature galectin-3-lactose 

complex, the electron density reveals that both the α and β anomers of lactose (a reducing 

sugar) are bound to the protein and with equal occupancy within the crystal (see 

Figure 3.12a). Consequently, the model is refined with 50 % occupancies for each of the 

anomeric hydroxyl (1-OH) group positions, with the resulting B-factors refining to similar 

values (30 Å2 and 29 Å2 for the α and β O1 atoms respectively). A mixture of the two 

anomers of lactose is in accordance with the fact that they exist in equilibrium in aqueous 

solution, exhibiting a ratio of 37.3 % α-lactose and 62.7 % β-lactose.190 In the room 

temperature lactose complex only the α anomer is observed. Both anomers might not be 

resolved in this structure due to the lower resolution (1.1 Å versus 1.7 Å resolution) 
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coupled with the fact that the anomeric oxygen positions have a lower relative occupancy 

and are in a region of greater disorder of the lactose ligand with higher B-factors for the 

more solvent exposed glucose ring. 

a)     
 

b)     
 

c)     
 

Figure 3.11: Electron density within the galectin-3 binding sites of a) the lactose-bound 
complex determined at cryo-temperatures (1.1 Å resolution, 2mFo − DFc: 1.0 σ, 
mFo − DFc: ±3.5 σ), b) the lactose-bound complex determined at room temperature 
(1.7 Å resolution, 2mFo − DFc: 1.0 σ, mFo − DFc: ±3.0 σ), and c) the galactose-bound 
complex determined at room temperature (1.8 Å resolution, 2mFo − DFc: 1.3 σ, 
mFo − DFc: ±3.0 σ). The final refined positions for the ligand (yellow bonds), nearby 
amino acid side chains (green bonds), and water molecules (red spheres) are shown for 
reference (stereo images). Electron density colouring: 2mFo − DFc: blue, positive 
mFo − DFc: red, negative mFo − DFc: grey. 
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The galectin-3-lactose binding site interactions are the same as previously 

reported63 with the galactose moiety being the most deeply buried and forming the 

majority of interactions with the protein, while the glucose moiety is more solvent 

exposed. The key protein interactions consist of hydrogen bonds between the hydroxyl 

groups 4-OH, 5-OH, and 6-OH of the galactose and 3-OH of the glucose moieties, and a 

stacking interaction between the planar C3–C6 carbon atoms of the galactose moiety with 

Trp181 (Figure 3.12a). 

a)  
 

b)  
 

Figure 3.12: Protein–ligand interactions within the binding site of a) the galectin-3-
lactose complex (cryo-temperature structure) and b) galectin-3-galactose complex. 
H-bond interactions between the ligand and protein/water are shown as dashed lines 
(stereo images). 

A structure of galectin-3 with bound galactose has not previously been reported, 

however, structures of galectin-1 (C2S mutant, PDB ID: 1W6M138) and galectin-7 (PDB 

ID: 2GAL140) with bound galactose are available. As expected given the similarity in 

binding site residues for the galectins, the binding mode of galactose is identical for the 

previously reported galectin-1 and galectin-7 structures, and the galectin-3 structure 

reported here. The galactose molecule also binds in an identical conformation to the 
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galactose moiety of lactose in the galectin-3-lactose complex forming the same protein–

ligand interactions (Figure 3.12b). Superimposing the galactose-bound structure with the 

two lactose-bound galectin-3 structures and a previously reported LacNAc-bound 

structure reveals how similar the four structures are within the binding site, with amino 

acid side-chain and ligand atoms aligning at virtually identical positions (Figure 3.13). 

 
 

Figure 3.13: The galectin-3 CRD binding site of four superimposed structures showing 
the highly similar positions of all binding site atoms. Structures depicted are the 
galectin-3 CRD complex with bound: lactose (determined at cryo-temperatures – yellow 
bonds), lactose (determined at room temperature – blue bonds), galactose (red bonds), 
and LacNAc (from the previously published structure,118 PDB ID: 1KJL – green bonds). 

The three galectin-3 CRD galactoside-bound co-crystal structures discussed here 

highlight the high degree of similarity between structures determined in this project and 

the previously reported galectin-3 structures. Structure determination at room temperature 

yields almost identical results to those obtained at cryo-temperatures, with the main 

differences arising from the higher resolution achieved when using the synchrotron 

source. Thus, X-ray diffraction data collection using the home-source X-rays at room 

temperature provides an efficient and reliable method for structure determination of the 

galectin-3 CRD complexes discussed here and in Chapters 4 and 5. 

A structure of galectin-3 CRD with bound lactose from this project has been 

deposited in the protein data bank under PDB ID 2NN8 associated with reference: 

Collins et al.191 (included in Appendix G). The published structure is from a data set 

collected to a resolution of 1.35 Å from a different crystal to the one discussed in this 

thesis at 1.1 Å resolution. The two structures are highly similar with an RMSD for Cα 

71 



 

atoms of 0.06 Å, and identical conformations of amino acid side-chains within the 

binding site region. 

3.3.6 Galectin-1 Crystallisation 

Crystallisation of human galectin-1 followed on from experiments by Dr Stacy 

Scott within the Blanchard lab,160 with the goal of identifying conditions that produce 

crystals suitable for ligand exchange experiments (Chapters 4 and 5). Many of the initial 

conditions trialled (see section 3.2.8) for the apo form of galectin-1 produced fine needle 

crystals (Figure 3.14a) or rough plate like crystals (not shown) overnight at room 

temperature. Micro seeding was performed in some drops that remained clear after more 

than a week, and generally resulted in showers of very fine crystalline needles within 

minutes after disturbing the drop (even when only using a clean cryo-loop to disturb the 

drop), or the formation of many slender rod crystals within hours (Figure 3.14b). 

a)    b)    c)  
 

d)    e)  
 

Figure 3.14: Crystallisation of human galectin-1. a) to d) are galectin-1 apo crystals and 
e) is a galectin-1-lactose co-crystal. Crystallisation conditions: a) and b) Hampton 
Research Crystal screen 2 condition 14, with crystals in b) obtained after streak seeding a 
clear drop using a cat’s whisker. c) to e) Hampton Research Crystal screen condition 20 
with pH increased to pH 6.2, with c) and d) being apo crystals and e) being a lactose co-
crystal. Panel d) is imaged with crossed polarising filters in place. Scale bars are 0.5 mm. 
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Hampton Research crystal screen condition 20 (25 % PEG 4000 as precipitant) 

and crystal screen 2 condition 14 (2 M ammonium sulphate as precipitant) were found to 

produce the best crystals from the conditions trialled, with crystals from both conditions 

exhibiting a similar morphology. Crystal screen condition 20 was selected for further 

optimisation as the PEG precipitant used in this condition has an advantage for ligand 

solubilisation (discussed in Chapter 5) and the crystals from this condition were more 

durable on manual handling (although not as robust as the galectin-3 CRD crystals). 

Increasing the pH of crystal screen condition 20 (from pH 4.6 to pH 6.2) greatly reduced 

the amount of nucleation resulting in fewer, much larger rod like crystals appearing after 

2–3 days (Figure 3.14c), with some particularly voluminous crystals reaching dimensions 

of up to 0.4 × 0.4 × 2.5 mm (Figure 3.14d). Galectin-1-lactose crystals were also obtained 

under identical crystallisation conditions as for the apo crystals discussed above (crystal 

screen condition 20, pH 6.2, with the addition of 20 mM lactose, Figure 3.14e), however, 

these crystals generally formed after 1–2 months with less consistency compared to the 

apo crystals. Optimisation of galectin-1-lactose co-crystallisation conditions was not 

pursued since the galectin-1 apo crystals proved to be better suited to ligand exchange 

crystal soaking experiments as discussed later in section 4.3.1. 

3.3.7 Galectin-1 X-ray Diffraction and Structure Analysis 

X-ray diffraction from the large galectin-1 apo crystals was of good quality, 

generally extending to a resolution of 2.0 Å using the home source X-ray diffractometer 

at room temperature, and to 1.4 Å resolution using a synchrotron source at cryo-

temperatures (Figure 3.15). X-ray diffraction data from the galectin-1-lactose co-crystals 

were of similar quality to the apo crystals using the home source X-ray diffractometer 

with resolution generally extending to 2.0 Å resolution. 

Indexing of X-ray diffraction data indicated that the galectin-1-lactose co-crystals 

have a monoclinic crystal system with the same unit cell parameters as previously 

determined within the Blanchard lab.160 The galectin-1 apo crystals have an orthorhombic 

crystal system with the same unit cell parameters as galectin-1-apo structures previously 

determined by Dr Stacy Scott (Blanchard lab, unpublished data). Data processing and 

refinement statistics for three galectin-1 structures are shown in Table 3.3. 
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Table 3.3: Crystallographic data and refinement statistics for structures obtained from 
apo galectin-1 crystals and the galectin-1-lactose co-crystal complex. 

 Galectin-1   
 Apo Apo Lactose co-crystal 
Data collection    
temperature (K) 295 100 295 

X-ray source Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

Australian synchrotron 
beamline MX1 
(λ = 0.9537 Å) 

Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

space group P212121 P212121 P21 
cell dimensions 
    a, b, c (Å) 44.6, 58.5, 112.5 43.5, 58.2, 111.9 43.7, 61.6, 106.5 

    α, β, γ (°) 90, 90, 90 90, 90, 90 90.0, 93.6, 90.0 
resolution (Å) 56.2–2.00 (2.11–2.00)† 25.8–1.40 (1.48–1.40) 61.6–2.00 (2.11–2.00) 
total observations 102,336 280,166 90,006 
unique observations 20,007 51,104 34,869 
Rmerge 0.057 (0.239)  0.053 (0.512) 0.035 (0.128) 
I / σI 17.7 (3.8) 13.7 (2.1) 14.6 (2.5) 
completeness (%) 97.2 (88.8) 90.3 (70.8) 91.5 (83.6) 
multiplicity 5.1 5.5 2.6 
Refinement    
resolution range for 
refinement (Å) 56.2–2.00 (2.05–2.00) 55.9–1.40 (1.44–1.40) 61.0–2.00 (2.05–2.00) 

Rwork 0.151 0.194 0.167 
Rfree 0.195 0.234 0.204 
Protein molecules per 
asymmetric unit 2 2 4 

no. of atoms    
    protein 2,086 2,176 4,317 
    ligand – – 138 
    water 64 302 173 
average B-factors (Å2)    
    protein 25.3 21.2 34.4 
    ligand – – 44.5 
    water 32.1 30.6 38.3 
r.m.s. deviations    
    bond length (Å) 0.01 0.01 0.01 
    bond angle (°) 1.63 1.41 1.10 
ligand occupancy – – 1.0 
MolProbity statistics – 
appendix section D.4 D.5 D.6 
†values in parentheses are for the highest resolution shell 
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a)   b)  
 

Figure 3.15: X-ray diffraction pattern obtained from galectin-1 apo crystals with data 
collected using a) the home source X-ray diffractometer at room temperature, and b) a 
synchrotron X-ray source at 100 K (beamline MX1 at the Australian Synchrotron). 

3.3.7.1 Galectin-1-lactose complex 

The galectin-1-lactose complex structure coordinates provided by Dr Scott (which 

were used as the initial models for structure solution by rigid body refinement) have two 

dimers per asymmetric unit in space group P21. A galectin-1 structure in this crystal form 

has not previously been deposited to the Protein Data Bank, nor has a wild-type human 

galectin-1-lactose co-crystal structure. 

Good quality electron density was obtained after initial refinements (final 

refinement statistics shown in Table 3.3), clearly showing the conformation of amino acid 

side chains, the positions of coordinated water molecules, and bound lactose 

(Figure 3.16a) for three of the four galectin-1 chains in the asymmetric unit (chains A, B, 

and C). The electron density for chain D is more poorly defined over the majority of the 

peptide with electron density resembling that from a lower resolution structure 

(Figure 3.16b) with higher refined B-factors compared to the other chains (Figure 3.17). 

The density-fit analysis validation tool within Coot168 (which calculates the average 

absolute electron density at atom centres per residue) reports a value of 0.6 e/Å3 for 

chain D (averaged over the entire protein chain) compared to 1.0 e/Å3, 1.1 e/Å3, and 

0.9 e/Å3 for chains A, B, and C, respectively. 
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a)     
 

b)     
 

c)     
 

Figure 3.16: a) Electron density within chain C of the galectin-1 binding site. Lactose is 
clearly bound within the binding sites of chains A, B, and C, but appears to be absent in 
the binding site of b) the D chain. c) Using the Babinet bulk-solvent model for refinement 
with REFMAC5 produces additional binding site electron density. Electron density has 
been calculated from refinement with the ligand omitted from the model (2.0 Å 
resolution, a) 2mFo − DFc: 1.5 σ, mFo − DFc: ±3.5 σ, b) and c) 2mFo − DFc: 1.0 σ, 
mFo − DFc: ±3.0 σ). The final refined positions for the ligand (yellow bonds), nearby 
amino acid side chains (green bonds), and water molecules (red spheres) are shown for 
reference (stereo images). 

Fewer water molecules are resolved coordinated with chain D (11 water 

molecules resolved for chain D compared to an average of 54 water molecules for each of 

the other chains) and lactose appears absent from the binding site in initial electron 

density maps (Figure 3.16b). The poor electron density and higher B-factors for chain D 

76 



 

are likely due to increased disorder of this chain within the crystal lattice, possibly 

resulting from fewer protein–protein crystal packing contacts compared to the other 

chains within the asymmetric unit. The total interface area of protein–protein crystal 

packing contacts for chain D calculated using the online tool PISA (Protein Interfaces, 

Surfaces and Assemblies)192 is 564 Å2, compared to 1264 Å2, 1016 Å2, and 703 Å2 for 

chains A, B, and C, respectively (Figure 3.17b). Chain B also has fewer crystal contacts 

and higher B-factors compared to chains A and C, however the electron density for this 

chain is of higher quality than that of chain D. For comparison, symmetry related 

crystallographic contacts have a total interface area of 1,250 Å2 in the apo galectin-1 

structure (one dimer per asymmetric unit) and 1,160 Å2 in the galectin-3 CRD structure 

(one molecule per asymmetric unit). 

  
a)         Chain A                                  Chain B                                  Chain C                                  Chain D 

 

 
 

Figure 3.17: a) Side by side comparison of the four galectin-1 chains (worm 
representation) within the asymmetric unit of the lactose co-crystal structure coloured by 
temperature factor (Å2). b) Plot of the average whole protein chain temperature factors 
(red, Å2) and the total symmetry related interface area (blue, Å2) calculated using the 
online tool PISA.192 

It is likely that lactose is also bound to chain D but is not resolved due to the poor 

electron density for this chain. Changing the type of bulk-solvent model used within 

REFMAC5 from simple solvent scaling with calculation of a solvent mask to the Babinet 

bulk-solvent model results in additional difference electron density appearing within the 
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binding site after refinement (Figure 3.16c). Although this electron density is poorly 

defined like much of chain D, it is indicative of a bound ligand (lactose) making it 

possible to model lactose within the binding site in the same conformation as observed for 

the other three chains, with the resulting post-refinement electron density supporting its 

placement. 

a)  
 

b)  
 

Figure 3.18: a) Galectin-1-lactose interactions within the binding site of chain C of the 
co-crystal structure. Both the α and β-anomers of lactose (yellow bonds) are bound. 
H-bond interactions are shown as dashed lines and amino acids (green bonds) are 
depicted with side chains only except for His52, which is displayed including the main-
chain atoms. b) View of the binding site of the four chains within the asymmetric unit of 
the galectin-1-lactose complex (yellow bonds) superimposed with other previously 
reported galectin-1-ligand complexes: human galectin-1-lactose complex138 (red bonds, 
PDB ID: 1GZW), bovine galectin-1-LacNAc complex150 (blue bonds, PDB ID: 1SLT), 
toad galectin-1-LacNAc complex153 (green bonds, PDB ID: 1GAN), human cysteine-less 
mutant galectin-1-lactose complex193 (magenta bonds, PDB ID: 2ZKN). Amino acid 
numbering corresponds to human galectin-1. Stereo images. 

The binding mode of lactose is identical for each of the monomers within the 

asymmetric unit, and to that of previously reported galectin-1-lactoside complex 
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structures,138,150 with conservation of the key galectin-lactoside interactions. As with 

galectin-3, the galactose ring of lactose is the most deeply buried within the binding site 

and forms the majority of interactions with the protein, while the glucose ring is more 

solvent exposed (Figure 3.18a). The typical galactose-tryptophan stacking interaction is 

observed, as are the key hydrogen bonds between the hydroxyls 4-OH and 6-OH of the 

galactose moiety and 3-OH of the glucose moiety. For chains A and C, electron density 

within the binding site indicates that both the α and β-anomers of lactose are bound, as 

observed in the high resolution galectin-3-lactose structure (section 3.3.5). Electron 

density within the binding site of Chain B indicates that only the α-anomer is present, 

while in chain D, although the electron density indicates that lactose is bound, it is not 

possible to determine the configuration at the glucose moiety anomeric position. In 

previously reported galectin-1 structures (from different species and in different crystal 

forms) lactose is in the β configuration (PDB IDs: 1GZW,138 2ZKN,193 3M2M98), while 

LacNAc is in the α configuration (PDB IDs: 1SLT,150 1GAN,153 1W6P138). As discussed 

for galectin-3 (section 3.3.5), the higher B-factors in this region of the ligand can make 

accurate assessment of the anomeric configuration difficult, especially at lower 

resolutions, and it is possible that a certain fraction of both anomers of the reducing 

sugars are bound within the population of galectin binding sites. 

Superimposing all four chains of the human galectin-1-lactose co-crystal structure 

with each other and with other reported galectin-1-ligand complex structures (from 

different species and crystal forms) highlights high degree of similarity within the binding 

site (Figure 3.18b). As previously mentioned, a wild-type human galectin-1-lactose co-

crystal structure been not been deposited to the Protein Data Bank. Other available 

galectin-1 co-crystal complexes have been obtained from different species or mutant 

forms of human galectin-1, while the reported wild type human galectin-1-ligand 

complexes have been obtained via soaking of apo crystals.138 

3.3.7.2 Apo galectin-1 

Like the galectin-1-lactose complex, the apo galectin-1 structure coordinates were 

provided by Dr Scott and were used as the initial models for structure solution by rigid 

body refinement (final refinement statistics shown in Table 3.3, page 74). A human 

galectin-1 crystal structure in this crystal form has been previously reported138 (an R111H 

mutant, PDB ID: 1W6Q), and has one galectin-1 dimer per asymmetric unit in space 
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group P212121. After initial refinements, electron density maps calculated using both the 

room temperature (home source) and cryo-temperature (synchrotron source) X-ray 

diffraction data sets were of good quality, clearly showing amino acid side chain 

conformations and positions of coordinated water molecules. The carbohydrate binding 

sites are clearly empty of bound ligand apart from coordinated water molecules 

(Figure 3.19). For the synchrotron source data set, the crystal was soaked with a taloside 

ligand (taloside 11, section 5.3.1) prior to cryoprotection, however, in this case the ligand 

failed to enter the binding site, providing an apo galectin-1 structure. At 1.4 Å resolution, 

this galectin-1 X-ray crystal structure is higher in resolution than any other galectin-1 

structure currently available in the Protein Data Bank (PDB ID: 1W6N138 was determined 

at a resolution of 1.65 Å). 

a)     
 

b)     
 

Figure 3.19: Electron density within the binding site region of apo galectin-1 structures 
determined at a) cryo-temperatures (100 K) using a synchrotron X-ray source (1.4 Å 
resolution, 2mFo − DFc: 1.0 σ, mFo − DFc: ±3.5 σ), and b) room temperature using home 
source X-rays (2.0 Å resolution, 2mFo − DFc: 1.0 σ, mFo − DFc: ±3.5 σ). 

The cryo-temperature and room temperature apo galectin-1 structures are 

essentially identical, with the main differences arising due to the higher resolution 

achieved using the synchrotron X-ray source (1.4 Å versus 2.0 Å resolution). As observed 
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for the galectin-3 structures, additional residues are resolved in alternate conformations 

and more coordinated water molecules are detected in the cryo-temperature (synchrotron 

source) structure compared to the room temperature structure (home source) (see 

Table 3.3). 

3.3.7.3 Comparison of galectin-1 structures 

In contrast to the galectin-3 structures, which are highly similar, the galectin-1 

structures share a number of differences with each other and to previously reported 

galectin-1 structures. The RMSD values for Cα atoms of superimposed human galectin-1 

structures are higher than those obtained for superimposed galectin-3 CRD structures 

(compare Table 3.2, page 65, to Table 3.4 below). The lower RMSD values for the 

galectin-3 CRD structures are in part due to all being obtained from the same crystal form 

with bound ligand, whereas the galectin-1 structures are from a number of different 

crystal forms in both liganded and apo forms. However, even for galectin-1 structures 

from the same crystal form (and at the same temperature), the RMSD values are higher 

than those obtained for galectin-3 CRD structures, and this can be attributed to a number 

of minor structural differences between the galectin-1 structures. To remove the effects of 

any differences in the orientation of each protein chain within the dimer with respect to  

Table 3.4: The average RMSD (Å) of Cα atoms after superimposition of human 
galectin-1 structures determined at room temperature (rt) and at 100 K. The apo (rt), apo 
(100 K), and lactose co-crystal (rt) structures are from this project, while the lactose and 
two apo structures (R111H and C2S mutants) (PDB IDs: 1GZW, 1W6Q, and 1W6N 
respectively) are previously reported structures.138 

 apo 
(rt) 

apo 
(100 K) 

lactose 
PDB ID: 1GZW 

(100 K) 

apo – R111H 
PDB ID: 1W6Q 

(100 K) 

apo – C2S 
PDB ID: 1W6N 

(100 K) 
lactose co-crystal 

(rt) 0.71 0.76 0.90 0.67 0.85 

apo 
(rt)  0.41 0.89 0.53 0.69 

apo 
(100 K)   0.92 0.53 0.71 

lactose 
PDB ID: 1GZW (100 K)    0.95 0.53 

apo 
PDB ID: 1W6Q (100 K)     0.79 

Shading indicates that the compared structures are in the same crystal form 
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the other, the RMSD values (Table 3.4) were calculated from the averages obtained after 

superimposition of every monomer–monomer combination within a comparison pair. 

As discussed for galectin-3 in section 3.3.5.1, SAD LLG electron density maps 

can be used for detection of anomalously scattering elements within the structure. 

Galectin-1 contains 7 sulfur bearing amino acids per monomer (six cysteines and one 

methionine) that may contribute to the anomalous signal. Apart from Cys2, which has a 

higher degree of disorder, strong peaks are observed for each of the cysteine sulfur atoms 

in the SAD LLG maps obtained from both the synchrotron source and home source X-ray 

apo structures, and lactose co-crystal complex (Figure 3.20a). Compared to the cysteine 

sulfur atoms, the sulfur atom of Met120 has a smaller peak in the structures obtained 

using the home source X-rays and is completely absent in the apo galectin-1 structure 

obtained using the higher energy synchrotron X-ray radiation. 

a) b)  
 

Figure 3.20: a) The two dimers within the asymmetric unit of the galectin-1-lactose co-
crystal complex (green ribbons). The SAD LLG electron density map (black mesh 
contoured at 4 σ) shows the locations of anomalously scattering elements within the 
structure. b) The side chain of two β-mercaptoethanol-bound cysteine residues (yellow 
cylinders) located near the dimer interface of chains C and D of the galectin-1 dimer. The 
SAD LLG electron density map (black mesh, contoured at 4.0 σ) shows strong peaks 
corresponding to the two sulfur atoms in each of the disulfide bonds. 

There is no evidence of anomalously scattering coordinated ions such as chloride 

present within the galectin-1 structures determined here, or reported for any other 

galectin-1 structure to date. The sensitivity to detect a coordinated chloride ion using the 

Chain C 

Chain D 

Chain A 

Chain B 

Chain D 
Cys130-βME  

Chain C 
Cys130-βME 
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galectin-1 SAD LLG maps is lower than that using the galectin-3 maps. For each of these 

data sets, using the strongest peak height for a reduced and well-ordered cysteine residue 

as a reference for a fully occupied anomalous scatterer, and taking into account the 

difference in f′′ at the wavelength used, it is calculated that a chloride ion would require 

an occupancy of at least 45 % to be detected above 5 σ in the SAD LLG map for the 

structures obtained using the home source X-rays at the Cu Kα energy, and 56 % 

occupancy at the higher energy synchrotron X-ray energy (λ = 0.954 Å, 13.0 keV). 

Many of the previously reported galectin-1 structures contain β-mercaptoethanol 

adducts on cysteine residues (most commonly Cys88 and Cys130),138 as do the three 

galectin-1 structures discussed here. In most cases a βME adduct can be assigned from 

the 2mFo − DFc and mFo − DFc electron density maps due to clear additional electron 

density encompassing the entire βME molecule, however, in some cases the electron 

density is poorly defined past the second sulfur atom of the disulfide bond due to disorder 

of the βME molecule (much like that commonly observed for amino acids with longer 

side chains such as lysine). This can result in the cysteine residue appearing to be 

modified with a single additional atom bonded to the sulfur atom, such as if the cysteine 

were oxidised to sulfenic acid. 

Although sulfenic acid is highly reactive194 and generally found as a transient 

intermediate in the formation of more stable cysteine oxidation products,195 it is known 

that galectin-1 undergoes oxidation38 and a number of galectin-1 structures have been 

deposited to the PDB that contain cysteines assigned as s-hydroxycysteine (the sulfenic 

acid form of cysteine). For the galectin-1 structures discussed here, the SAD LLG maps 

were found to be very useful in supporting the assignment of the type of cysteine 

modification present. In the case of cysteine bound to βME, the disulfide bond of the 

adduct contains two sulfur atoms that appear as either two separate peaks within the SAD 

LLG map, or as a single peak that is spread across two atoms and is of larger height than 

would be expected for the single sulfur atom of reduced cysteine (Figure 3.20b). For these 

galectin-1 structures the SAD LLG maps indicate that in all cases of cysteine 

modification (as indicated by the mFo − DFc electron density maps) a disulfide bond is 

present, signifying a bound βME molecule (s-hydroxycysteine was not indicated). 
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During this project it was found that the cysteine-βME adduct pattern was not 

consistent for all of the human galectin-1 structures obtained, as shown in Table 3.5, and 

appeared to be correlated with a conformational change observed in a loop region located 

behind the carbohydrate binding site (the “popping out” conformational change in the 

Leu100–Gly103 β turn, see discussion beginning on page 85 and Figure 3.21a). Apart 

from the lactose co-crystal structure, all of the galectin-1 structures shown in Table 3.5 

were obtained from the apo crystal form of human galectin-1, with crystal soaking 

methods used to obtain the indicated ligand complexes. For all structures, Cys16, Cys88, 

and Cys130 are found to have bound βME, while Cys42 and Cys60 display a variable 

pattern of bound βME. Cys2 appears to be in the reduced form in all of the structures 

obtained from the apo crystal form of galectin-1, however, any bound βME at this 

position is not likely to be detected due to the N-terminal residues (Ala1 and Cys2) in this 

crystal form having a higher degree of disorder and weak associated electron density. 

This likelihood is supported by features from the lactose co-crystal complex, where 

crystal packing stabilises the N-terminus through contacts with symmetry related 

molecules (in chains B and C) resulting in unusually clear electron density for these 

residues that reveals the presence of βME at Cys2. 

Cys2 also has the largest solvent-accessible surface area (SASA) compared to the 

other galectin-1 cysteine residues and would be the most exposed residue for βME adduct 

formation. Assuming that Cys2 does in fact have bound βME in of all the galectin-1 

structures obtained here, the pattern of cysteine-βME adduct formation is correlated to the 

solvent accessibility of the residue, with cysteine residues that have a smaller SASA 

(Cys42 and Cys60) being less frequently observed with βME modification. The SASA for 

each of the cysteine residues in the synchrotron-source apo galectin-1 structure 

(calculated using the CCP4 program Areaimol and averaged for chains A and B) is as 

follows: . 

In all cases where X-ray diffraction data were collected within 60 days of 

performing the crystallisation experiment, cysteine residues 42 and 60 were found to be in 

the reduced state, whereas data sets obtained outside 90 days of crystallisation showed 

βME adducts at all these positions. This suggests that these two cysteine residues with 

low solvent accessibility undergo slow modification over time, and that βME adduct 

 

Cys2 Cys16 Cys42 Cys60 Cys88 Cys130 
100 Å 25 Å 5 Å 0 Å 21 Å 22 Å 
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formation can occur within the crystal lattice (since the galectin-1 apo crystals appear 

within 2–3 days of crystallisation). It is interesting that although Cys60 has zero solvent 

accessible surface area, it is still able to undergo slow modification to the βME adduct. 

This is consistent with previous findings that the thiol group of this cysteine is available 

for binding to heavy-atom reagents in bovine galectin-1 (and also has zero SASA like 

human galectin-1-Cys60).150 

Table 3.5: The cysteine-βME adduct pattern and Leu100–Gly103 β turn conformation for 
human galectin-1 structures determined during this project. Cells containing an ‘•’ and 
darker shading indicate that a βME adduct is present on the particular cysteine residue. 
For the Leu100–Gly103 β turn columns, the ‘•’ and darker shading indicate that a β turn 
has undergone the “popping out” conformational change (Figure 3.21a). The class of β 
turn is also shown with ‘I’ and ‘II’ indicating type I and type II β turns respectively. The 
two apo structures and the lactose co-crystal structure are from this section, while the 
LNnT and LNT complexes are from Chapter 4, and the TDG, LBA, triazolyl-TDG, and 
taloside complexes are from Chapter 5. 

 
Chain A Cys residues Chain B Cys residues Leu100–Gly103 β turn 

Complex 2 16 42 60 88 130 2 16 42 60 88 130 Chain A Chain B 
apo – 100K  • •  • •  • •  • • II II 

apo – RT  •   • •  •   • • II II 
LNnT  • • • • •  • • • • • II I• 
LNT  •   • •  •   • • II II 
TDG  •   • •  •   • • II II 
LBA  •   • •  •   • • II II 

triazolyl-TDG 18  • • • • •  • • • • • II I• 
triazolyl-TDG 19  • • • • •  • • • • • II I• 

taloside 11  •   • •  •   • • II II 

lactose co-crystal 
 • • • • • • • • • • • II• I• 
• • • • • •  • • • • • I• I• 

 Chain C Cys residues Chain D Cys residues Chain C Chain D 
 

The formation of the Cys60-βME adduct is not without consequence, and the 

rearrangement of a number of neighbouring amino acid side chains takes place in order to 

accommodate the bulky βME molecule, ultimately leading to a conformational change in 

the Leu100–Gly103 β turn (Figure 3.21). The conformational change in the β turn is 

observed in all chains of the lactose co-crystal structure, but only in chain B of the 

structures obtained from the apo galectin-1 crystal form (Table 3.5). In chain A of the apo 

crystal form structures, alternative side chain rearrangements occur that do not lead to the 

Leu100–Gly103 β turn conformational change (Figure 3.21d). Crystal packing likely 

plays a role in directing the alternative side chain rearrangements seen in chains A and B  
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a)            
 

b)  
 

c)  d)  
 

Figure 3.21: a) Ribbon diagram of a single human galectin-1 protein chain showing the 
location of the Leu100–Gly103 β turn (red tube). b) View of the conformational changes 
induced by the formation of the Cys60-βME adduct in chain B of apo human galectin-1 
crystal form (chain C of the lactose co-crystal form is also included). A total of ten 
galectin-1 structures have been superimposed (those in Table 3.5) to highlight the two 
distinct groups: Those with the Cys60-βME adduct (red) and those without (blue) (see 
Table 3.5). c) A stereo view of b) from an alternative angle highlighting the Leu100–
Gly103 β turn conformational change. d) Alternative amino acid side chain (Gln72 and 
Phe106) and main chain (residues 74–77) rearrangements occur in the A (yellow) and B 
(red) chains of apo galectin-1 crystal from structures to accommodate the Cys60-βME 
adduct. Also superimposed for reference is a structure without the Cys60-βME adduct 
(blue). 

90° 
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binding site 
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since the incorporation of bound βME at Cys60 likely occurs within the already formed 

crystal lattice as noted above. Specifically, the Cys60-βME adduct can directly perturb 

the side chain locations of Gln72, Glu74, and Phe106. Glu74 in both chains A and B is 

repositioned to accommodate the βME molecule resulting in a slight shift in the position 

of the main chain of residues 74–77. This is shown in Figure 3.21d where the Glu74 side 

chain (and the backbone of residues 74–77) for both chains A and B (yellow and red 

bonds respectively) are shifted compared to a structure that does not have the Cys60-βME 

adduct (blue bonds). The βME molecule is positioned slightly differently in chains A and 

B leading to either a shift in the position Gln72 in chain A (Figure 3.21d, yellow bonds), 

or a reorientation of the benzyl group of Phe106 in chain B (red bonds) compared to the 

structure with reduced Cys60 (blue bonds). The conformational changes observed in the 

lactose co-crystal structure are the same as those seen in chain B of apo crystal form 

structures. 

Phe106 is part of the hydrophobic core of galectin-1 and the reorientation of the 

benzyl side chain has a knock on effect for other residues within the protein. Leu100, 

which would otherwise clash with Phe106, is pushed outwards from the core of the 

protein resulting in the entire Leu100–Gly103 β turn “popping out” from the protein 

surface (Figure 3.21 b and c). For the apo crystal form structures, it is found that the β 

turn conformational change is also associated with a change from a type II β turn to a type 

I β turn (see Table 3.5) based on the phi/psi angles of the peptide bonds.196 The change 

from a type II to a type I β turn also occurs in chains B, C, and D of the lactose co-crystal 

structure, but not in chain A, which remains a type II β turn while still undergoing the 

conformational change. 

Formation of the Cys60-βME adduct does not affect the conformation of residues 

within the galectin-1 binding site, with no systematic differences being observed between 

structures with and without the modification. Although Cys60 is located buried beneath 

the carbohydrate binding site of galectin-1, the thiol side chain is directed away from the 

binding site and formation of the βME adduct does not induce any conformational 

changes in the β-strand that Cys60 is located on (residues 54–64). The adjacent Asn61 

side chain is involved in protein–ligand hydrogen bonding (see Figure 3.18a). It is not 

possible to compare the galectin-1 structures obtained here (with extensive cysteine 

modification) to a structure with reduced cysteines since all other human galectin-1 
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structures available from the PDB contain modified cysteine residues. An X-ray crystal 

structure is available for the human galectin-1 cysteine-less mutant, where all cysteine 

residues are substituted with serine residues (PDB ID: 2ZKN). This mutant form of 

galectin-1 is obviously not susceptible to any oxidation or bulky modification at the 

corresponding cysteine sites and is found to have an almost identical structure to 

previously reported galectin-1 structures (which contain modified cysteines) and 

maintains carbohydrate binding and functional aspects in vitro.193 Mutations of Cys60 and 

Cys2 to serine also do not affect carbohydrate binding,197,198 nor does the binding of 

heavy atom reagents at all galectin-1 thiol groups.150 

Together, the previously reported galectin-1 biochemical and structural data, and 

the results from this project, indicate that the minor structural differences discussed here 

do not impact greatly on the integrity of the galectin-1 carbohydrate binding site or the 

formation of essential protein–ligand interactions. These results also show that both the 

galectin-1 lactose co-crystal form and the apo crystal form (in combination with ligand 

soaking techniques) provide X-ray crystal structures that are suitable for investigation of 

galectin-1 protein–ligand interactions. The galectin-1 apo crystal form in particular is 

found to provide a highly useful framework for generating galectin-1-ligand complexes 

via crystal soaking methods. These methods are discussed in Chapter 4 and are used to 

obtain structures of galectins -1 and -3 bound to naturally occurring carbohydrate ligands. 

Chapter 5 continues further with analysis of galectins -1 and -3 in complex with a number 

of high affinity synthetic galectin inhibitors, some of which represent lead compounds 

with real and promising chemotherapeutic potential. 
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Chapter 4. 
Ligand exchange in galectin crystals

 

Complexes with naturally occurring oligosaccharides
 

4.1 INTRODUCTION 

The interactions between galectins and their naturally occurring ligands are 

central to many galectin functions, especially those that occur within the extracellular 

matrix or at the cell surface. Structural information obtained to date about galectin–ligand 

interactions reveals that almost invariably, galectins bind to the core β-galactoside with 

the same overall configuration, forming highly conserved interactions with the protein; 

specifically, a stacking interaction to a highly conserved tryptophan residue, and 

hydrogen bonds between 4-OH and 6-OH of the galactose (discussed section 3.3.5.2).199 

In spite of this highly conserved core β-galactoside interaction, the galectins show greater 

variability in binding to larger, naturally occurring oligosaccharides200 and structural 

information about the details of these interactions is of great value for understanding 

galectin functions. 

It has long been hypothesised that some of the galectins (especially galectin-3) 

contain an extended carbohydrate binding site10,109 that can accommodate and interact 

with larger oligosaccharides, especially those extended from the 3′ position of the core 

β-galactoside (shown in Figure 3.1c, page 43). This is exemplified by affinity data, which 

shows that galectins -3 and -9 display dramatic increases in affinity for increasingly 

extended poly-LacNAc chains, whereas the affinity to galectin-1 barely changes with 

increasing chain length.200 Nagae et al.201 have confirmed that the galectin-9 N-terminal 

domain binds internally to LacNAc dimers and trimers, and specifically interacts with a 

GlcNAcβ–1–3–Galβ–1–4–GlcNAc moiety within the chain. It has been speculated that 

galectin-3, having a similar affinity profile and extended carbohydrate binding site, would 

also be able to bind these chains in a similar fashion to the galectin-9 N-terminal domain, 

while galectin-1 is not expected to bind to internal β-galactose moieties based on the lack 

of enhanced affinity for larger poly-LacNAc chains. 

4 
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In order to probe the binding site interactions that occur within the extended 

binding site of galectin-1 and -3, five oligosaccharides with known binding affinities200 

were selected that each contain an identical lactose moiety at the reducing end of the 

oligosaccharide and various sugar residues and linkages extending from the non-reducing 

2′ or 3′ end of galactose (Figure 4.1). The three tetrasaccharides investigated contain a 

high level diversity in the types of sugar residues and glycosidic linkages extending from 

the core galactose residue, whereas the two tetrasaccharides are identical for the first three 

residues from the reducing end, and only differ in the type of linkage for the non-reducing 

end galactose residue. 

lactose 

 
LNT:   Galβ-1-3-GlcNAcβ-1-3-Galβ-1-4-Glc 

LNnT:   Galβ-1-4-GlcNAcβ-1-3-Galβ-1-4-Glc 
Linear B-6 trisaccharide:               Galα-1-3-Galβ-1-4-Glc 

3′-Sialyllactose (GM3):            Neu5Acα-2-3-Galβ-1-4-Glc 
2′-Fucosyllactose:               Fucα-1-2-Galβ-1-4-Glc 

 
Figure 4.1: The five oligosaccharides investigated in this project showing the common 
reducing end lactose moiety. 

The lacto-N-tetraose (LNT) and lacto-N-neotetraose (LNnT) tetrasaccharides are 

two naturally occurring oligosaccharides that are found in human milk202 and also from 

the core structural components of many complex glycans found in mammalian cells. LNT 

and LNnT are the core component of the lacto-N fucopentaoses (LNFP-I, LNFP-II, 

LNFP-III), which contain Lewis blood group antigens, and also the core components of 

the lacto- and neolacto-series glycosphingolipids.203 Many of the larger oligosaccharides 

that contain the core LNT and LNnT structures have been shown to bind to the 

galectins.200 Additionally, LNnT is very similar to the di-LacNAc (LN2) tetrasaccharides 

with the exception of the 2-N-acetyl group on the reducing end glucose, and the galectin-

LNnT structure may provide insights into how poly-LacNAc oligosaccharides interact 

with the galectins. 

Two major techniques for obtaining protein–ligand complexes are co-

crystallisation, which involves ab initio crystal growth of the protein–ligand complex, and 

crystal soaking, which involves diffusion of ligands into either pre-formed apo crystals or 

ligand exchange with previously co-crystallised ligands.204 Outlined in Chapter 3 was the 
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successful co-crystallisation of lactose (and galactose in the case of galectin-3) with 

galectin-1 and galectin-3 CRD. This chapter explores the use of these crystals for ligand 

exchange crystal soaking techniques in order to obtain structures with the bound 

oligosaccharides. Ligand exchange is used extensively in structure-based drug design and 

can be excellent for quickly determining the binding modes of synthetic inhibitors.205 

Proteins known to have weak ligand affinity, such as carbohydrate recognition proteins, 

might be anticipated as easily permitting ligand substitution and without prior removal of 

the incumbent ligand. Some proteins only crystallise in the presence of ligand and, given 

that incoming and outgoing ligands are generally of similar affinity at the early drug-

design stages, it is important to establish experimental approaches that most efficiently 

enable exchange with the new ligand. 

         
                                              galectin-1 apo                             galectin-1 lactose co-crystal                              galectin-3 CRD 

 
Figure 4.2: View along each of the unit cell axis (represented by a lower case letter) 
showing the crystal packing and solvent channels in the galectin-1 apo crystal form, the 
galectin-1 lactose co-crystal form, and the galectin-3 CRD crystal form. The top panel 
shows the unit cell axes to which the major solvent channels run parallel in each crystal 
form. All views (including the bottom panels) are represented at the same scale with 
lactose represented as red bonds to highlight the location of the binding sites. Lactose is 
included for reference in the galectin-1 apo crystal form. 

Inspection of the crystal packing in the structures obtained from the galectin-1 and 

galectin-3 CRD crystal forms discussed in Chapter 3 provides initial clues about the 

viability of ligand exchange via crystal soaking techniques. The apo galectin-1 crystal 

form (discussed in section 3.3.7.2) has a solvent content of 51 %, with the major solvent 

channels running parallel to unit-cell axis b. These solvent channels are relatively large 

compared to those in the other galectin crystal forms having dimensions of ~20 × 10 Å 

a 

b 

c 

20 Å 

a 

b c 

a 

b c 
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(Figure 4.2). Additionally, the carbohydrate binding sites in both chain A and B are 

located directly adjacent to the solvent channels and are not obstructed by symmetry 

related molecules. 

An apo crystal form has additional advantages over a ligand co-crystal complex 

for crystal soaking experiments since ligand exchange and competition with an 

encumbering ligand is not taking place. The appearance of additional electron density 

within the binding site of a structure obtained from soaking of an apo crystal is indicative 

of ligand binding. This is in contrast to ligand exchange soaking experiments (such as for 

the galectin-3 lactose complex discussed below) where binding site electron density must 

be carefully examined to determine whether ligand exchange has been driven to 

completion or alternatively if a fraction of the residual co-crystallised ligand remains 

bound to the protein. These features of the crystal packing in the apo galectin-1 crystal 

form indicate that it may be well suited to ligand exchange experiments via crystal 

soaking techniques. Theoretically the ligand should be able to freely diffuse through the 

solvent channels and bind to the exposed binding sites. 

a)   b)   c)  
 

Figure 4.3: Crystal packing in the galectin-1 lactose co-crystal form in the region of the 
carbohydrate binding site of a) chain B, b) chain C, and c) chain D. Protein molecules 
have a blue surface representation (yellow surface for symmetry related molecules). 
Lactose ligands are represented as red bonds (green for symmetry related) with a 
transparent yellow surface. 

The solvent channels in the galectin-1 lactose co-crystal form (solvent content 

52 %, discussed in section 3.3.7.2) are less open compared to those in the apo galectin-1 

crystal form (Figure 4.2) with the carbohydrate binding sites of most monomers being 

obstructed by symmetry related molecules. Importantly, in chains A, C, and D, the bound 

lactose is found to make crystal contacts with symmetry related molecules. The lactose 

Chain B 

Symmetry related Chain C 

Chain C 

Symmetry related Chain A 

Chain D 

Symmetry related Chain D 
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molecule bound in the chain C binding site actually makes crystal contacts with another 

lactose molecule within a symmetry related chain A binding site (Figure 4.3b), while the 

lactose of chain D is in contact with protein atoms from a symmetry related chain D 

(Figure 4.3c). The binding site in chain B is the least obstructed, however, the bound 

lactose is in close proximity to protein atoms of a symmetry related chain C (Figure 4.3a). 

Due to the co-crystallised ligands being involved in crystal packing in this galectin-1 

crystal form, it is possible that ligand exchange experiments could cause a disruption to 

the crystal lattice. Even if ligand exchange were possible, the close proximity and 

location of symmetry related molecules would obstruct the native binding mode of any 

ligands that are extended in the location of the reducing end of lactose (such as the 

oligosaccharides discussed later in this chapter). Together these factors indicate that the 

galectin-1 lactose co-crystal form is likely unsuitable for ligand exchange experiments 

(and this is shown in section 4.3.1). 

The crystal packing in the galectin-3 CRD crystal form (section 3.3.5) is more 

dense compared to both the galectin-1 crystal forms discussed above and has a solvent 

content of 41 %. The major solvent channels in this crystal form run parallel to unit cell 

axis a and have dimensions of ~22 × 6 Å (Figure 4.2). Although the solvent channels are 

narrower compared to those in the galectin-1 apo crystal form, the carbohydrate binding 

site is unobstructed and opens directly into the solvent channel. This crystal form of 

galectin-3 is amenable to ligand exchange crystal soaking and these techniques have 

previously been used to obtain a galectin-3 CRD complex with a high affinity synthetic 

inhibitor.118 
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4.2 METHODS 

4.2.1 Ligands 

Lactose was purchased from Sigma Aldrich Chemical Co., Mo, USA. Five 

oligosaccharides were purchased from Dextra Laboratories, UK: 

 Name Structure  

 Lacto-N-tetraose (LNT) Galβ-1-3-GlcNAcβ-1-3-Galβ-1-4-Glc  

 Lacto-N-neotetraose (LNnT) Galβ-1-4-GlcNAcβ-1-3-Galβ-1-4-Glc  

 Linear B-6 Trisaccharide Galα-1-3-Galβ-1-4-Glc  

 3′-Sialyllactose (GM3) Neu5Acα-2-3-Galβ-1-4-Glc  

 2′-Fucosyllactose Fucα-1-2-Galβ-1-4-Glc  

 

4.2.2 Protein Expression, Purification, and Crystallisation 

Human galectin-1 and galectin-3 CRD proteins were expressed and purified as 

previously described in sections 3.2.1–3.2.3. The apo crystal form of galectin-1, 

containing one homodimer per asymmetric unit in space group P212121, and the lactose 

co-crystal complex containing two homodimers per asymmetric unit in space group P21 

were trialled for crystal soaking and ligand exchange experiments. The crystals were 

prepared as described in section 3.2.8. The galectin-3 CRD crystal form was used for all 

ligand exchange crystal soaking experiments. The crystals contain one galectin-3 CRD 

monomer per asymmetric unit in space group P212121. The protein is co-crystallised in 

the presence of lactose or galactose (section 3.2.7). 

4.2.3 Crystal Soaking and Ligand Exchange 

In order to soak lactose from the galectin-3 binding site, crystals were transferred 

from the hanging drops using a cryo-loop, washed briefly in 20 µL drops of reservoir 

solution and then placed in 1 mL volumes of reservoir solution for soaking. Soaking 

times and fresh solution changes were as follows: a 20 min soak (2 × 10 min in fresh 

solution), a 12 hour soak (1 × 2 h, 1 × 8 h, 1 × 2 h), a 17 day soak (3 × 3 d, 2 × 4 d, 

1 × 2 h) and a 29 day soak (2 × 3 d, 5 × 4 d, 1 × 3 d, 1 × 2 h). An additional soaking step 

consisting of soaking crystals for ~1 min in reservoir solution supplemented with 15 % 
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(v/v) glycerol was used for cryoprotection of crystals used in synchrotron source X-ray 

diffraction experiments. 

Ligand stock solutions were prepared to a concentration of 100 mM in water. 

Crystal soak stock solutions were prepared based on the reservoir solution used for the 

crystallisation experiment but at 1.25 × concentration. Mixing the ligand stock solution 

with the crystal soak stock solution in a 1∶4 ratio (ligand stock∶crystal soak stock) 

provided the final crystal soak solution consisting of 20 mM ligand in reservoir solution 

at 1 × concentration. Crystal soaking for ligand exchange was performed by transferring 

the crystal from the hanging drop using a cryo-loop, washing briefly in 20 µL drops of 

reservoir solution, before placing in a drop of crystal soak solution (containing 20 mM 

ligand) and sealing above a 1 mL volume of reservoir solution in a hanging drop type 

system to prevent the drops from drying out. Typical crystal soaking drops were 2.5 –

 5.0 µL in volume and soaking times ranged from between 20 minutes to 4 days. 

4.2.4 X-Ray Data Collection and Structure Determination 

X-ray diffraction experiments and structure determination were performed as 

described in sections 3.2.9 – 3.2.10. 

4.2.5 Simulation of Ligand Diffusion 

The diffusion time of ligands into and out of galectin-3-CRD crystals was 

simulated computationally following the methods outlined by Geremia et al.206 The 

computer program Diffusion Constant Calculator206 was used to calculate a kinetic 

constant of diffusion specific for the diffusing ligand and protein crystal system. The 

diffusion simulations were performed using the program Gepasi207 with parameters based 

on those reported by Geremia et al. for the GPb-G1P complex (the authors made 

available the Gepasi parameter files as supporting material to the publication208) with 

modifications specific to the experimental conditions used here as outlined below. 
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4.2.5.1 Diffusion Constant Calculator parameters and outputs: 

Galectin-3-CRD Crystal Dimensions (mm):  0.5 × 0.1 × 0.1 
Calculated Crystal Size Factor (cm):  0.408 

 
Lactose (from CCP4 dictionary): 

Stokes (translational) radius (Å):   4.460 
Translational Diffusion Coefficient (cm2/s): 4.389E−006 
 
Crystal Accessible Volume (%):   1.10 
Diffusion Constant (cm3/s):    2.166762e−010 

 
Glycerol (from ccp4 dictionary): 

Stokes (translational) radius (Å):   2.733 
Translational Diffusion Coefficient (cm2/s): 9.426E−006 
 
Crystal Accessible Volume (%):   10.40 
Diffusion Constant (cm3/s):    4.159626e−008 

 

The Diffusion Constant Calculator calls upon the program HYDRO209 for 

calculating ligand translational diffusion coefficients, and SFALL163 (part of the CCP4 

packages) for calculating the crystal accessible volume. The galectin-3-CRD structure 

supplied was PDB ID: 2NMN stripped of alternative side chain conformations, ligands, 

and water molecules. 

4.2.5.2 Gepasi model definition 

As noted above the parameters used in Gepasi were based on those reported by 

Geremia et al. for the GPb-G1P complex with the following modifications: 

Reactions:      Where 
As = Ac      As = lactose in solution 
E + Ac = EAc     Ac = lactose in crystal 
Bs = Bc     Bs = glycerol in solution 
E + Bc = EBc     Bc = glycerol in crystal 

E = galectin-3 
EAc = galectin-3-lactose complex 
EBc = galectin-3-glycerol complex 

Compartments (volume): 
Solution (mL): 1.0 
Crystal (mL):  5.e−6 
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Metabolites: 
For lactose soaking out: 

Name   Initial Concentration (mM)  Compartment 
As:   0     Solution 
Ac:   50     Crystal  
E:   0     Crystal 
EAc:   48     Crystal 

 
For glycerol soaking in (with residual lactose present after 29 days of soaking out): 

As:   0     Solution 
Ac:   0.1     Crystal  
E:   34.6     Crystal 
EAc:   13.4     Crystal 
Bs:   2000     Solution 
Bc:   0     Crystal 
EBc:   0     Crystal 

 
Kinetics: 
For Lactose soaking out: 

As = Ac (mass action, k1 = k2, mM):  2.166762e−010 
E + Ac = EAc (mass action, mM):   k1 = 1,  k2 = 0.26 
 

For Glycerol soaking in: 
Bs = Bc (mass action, k1 = k2, mM):  4.159626e−008 
E + Bc = EBc (mass action, mM):   k1 = 1,  k2 = 50 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Galectin-1 Crystal Soaking 

The galectin-1 apo crystal form was chosen for initial galectin-1 crystal soaking 

experiments due to the favourable arrangement of the crystal packing and solvent 

channels discussed in the introduction (section 4.1). These crystals were found to degrade 

visibly over the course of crystal soaking, with small cracks usually appearing within 

60 minutes (Figure 4.4). Crystals grown under conditions using PEG as the precipitant 

were found to withstand the soaking conditions better than those grown with ammonium 

sulphate as the precipitant (section 3.3.6), however, crystal soaks of longer than 48 hours 

generally showed significant degradation of X-ray diffraction quality and lower 

resolution. 

Table 4.1: Crystallographic data and refinement statistics for the galectin-1 lactose 
complex obtained by crystal soaking. 

 Galectin-1    
Soaking conditions 20 min lactose soak    
Data collection  

 

Refinement  

temperature (K) 295 resolution range for 
refinement (Å) 

54.0–2.65 
(2.72–2.65) 

X-ray source Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

Rwork 0.157 
Rfree 0.223 

space group P212121 no. of atoms  
cell dimensions 
    a, b, c (Å) 44.9, 57.8, 108.1     protein 2,084 

    ligand 46 
resolution (Å) 54.0–2.65 (2.79–2.65)†     water 34 
total observations 56,657 average B-factors (Å2)  
unique observations 8,170     protein 26.6 
Rmerge 0.053 (0.151)     ligand 30.4 
I / σI 23.7 (9.4)     water 23.9 
completeness (%) 95.0 (89.7) r.m.s. deviations  
multiplicity 6.9     bond length (Å) 0.01 
MolProbity statistics –  
appendix section D.7     bond angle (°) 1.24 

observed ligand 100 % lactose 
†values in parentheses are for the highest resolution shell 

 

Galectin-1 apo crystals were soaked in the presence of both galactose and lactose 

(20 mM ligand concentration) for between 20 minutes and up to 24 hours. A soaking time 

of 20 minutes was found to be sufficient to provide a galectin-1 lactose complex with 

lactose bound at 100 % occupancy (2.65 Å resolution, Table 4.1). Identical soaking 

conditions failed to produce a galectin-1 galactose complex even after 24 hours of crystal 
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soaking. This is likely due to the concentration of galactose being too low under the 

experimental conditions to produce detectible bound occupancy given that galactose has a 

much lower affinity for galectin-1 compared to lactose (the Kd’s of galactose and lactose 

for galectin-1 are 10 mM and 0.19 mM respectively).210 

 
 

Figure 4.4: A galectin-1 apo crystal after 5 hours of crystal soaking in the presence of 
20 mM ligand (lacto-N-tetraose). 

The bound lactose molecule is clearly indicated by the strong positive difference 

density (red mesh) within the galectin-1 binding site (Figure 4.5). The binding mode and 

protein–ligand interactions are identical to those observed in previously reported 

galectin-1 lactoside X-ray crystal structures138,150 and to those in the galectin-1 lactose co-

crystal complex discussed in section 3.3.7.1. 

    
 

Figure 4.5: Electron density within the galectin-1 binding site (chain A) obtained after 
soaking of an apo crystal for 20 minutes in the presence of lactose. 2.65 Å resolution, 
2mFo − DFc: 1.0 σ, mFo − DFc: ±3.0 σ). 

Interestingly, the residues and loop regions on either side of the galectin-1 binding 

site have moved inwards towards the ligand in this lactose complex structure compared to 

those in the apo galectin-1 structure, which are in a slightly more open conformation. 
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Prior to the availability of any three-dimensional galectin structure it had been proposed 

that galectin-1 undergoes a tightening of the protein fold on ligand binding.197 More 

recent NMR studies have supported this model indicating that in solution the apo 

galectin-1 His52 and Trp68 binding site loops are in a more open state, with the Trp68 

side chain being in a different conformation and orientated into solution, whereas the 

lactose-bound NMR solution structure remains essentially the same as the X-ray crystal 

structures.148 While not as dramatic as the solution NMR apo structures, it can be seen in 

Figure 4.6 that the binding site loops of the apo galectin-1 X-ray crystal structures (blue) 

are in a more open conformation compared to the liganded galectin-1 structures (red and 

yellow). The average distance between the centroids of the His52 imidazole ring and the 

Trp68 pyrrole ring is 11.6 Å for the four apo galectin-1 structures shown in Figure 4.6, 

compared to 10.1 Å for the seven liganded galectin-1 structures. Since this galectin-1 

lactose complex was obtained by soaking of apo galectin-1 crystals, these results show 

that the binding site loop regions are free to undergo the (small) conformational change 

required for ligand binding without disrupting the crystal lattice. 

    
 

Figure 4.6: A stereo view of the binding site of 11 superimposed human galectin-1 
structures. The lactose complex structure obtained by soaking is coloured red, while other 
galectin-1-ligand complexes are coloured yellow and apo structures are coloured blue. 
The side chains of binding site amino acids and the ligands are shown as sticks and the 
protein backbone is represented as a tube. The apo structures shown are: the two apo 
galectin-1 structures discussed in Chapter 3 and two previously reported mutant apo 
galectin-1 structures (PDB IDs: 1W6N and 1W6Q). The liganded structures shown are: 
the lactose co-crystal structure (Chapter 3), the TDG and LBA complexes (Chapter 5, 
PDB IDs: 3OYW and 3OY8), and the previously reported lactose (PDB ID: 1GZW), 
galactose (PDB ID: 1W6M), and LacNAc (PDB ID: 1W6P) complexes. 

The galectin-1 lactose co-crystal form was also trialled for ligand exchange 

experiments using the LNT and LNnT oligosaccharides. Successful ligand exchange was 

not achieved using this crystal form with electron density within the galectin-1 binding 
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sites clearly indicating that lactose remained bound after 5 hours of soaking. Identical 

soaking conditions using the apo galectin-1 crystal form provided galectin-1 

oligosaccharide complexes after 90 minutes of crystal soaking (discussed in 

section 4.3.4.2). 

These results show that the galectin-1 apo crystal form is highly amenable to 

introduction of ligands via crystal soaking techniques. These techniques are used 

extensively in this project and have enabled acquisition of a number of galectin-1-ligand 

complexes that have provided insights into key galectin-1 specific protein–ligand 

interactions. Comparisons to the galectin-3-ligand complexes have enabled the design of 

galectin inhibitors with potentially higher affinity and galectin selectivity. 

4.3.2 Galectin-3 CRD Crystal Soaking 

Initial galectin-3 CRD crystal soaking experiments were designed to determine 

whether lactose could be removed from the binding site of galectin-3-lactose crystals by 

simply soaking the crystals in crystallisation reservoir solution (without ligand) to 

produce an unliganded structure. NMR solution studies have shown that the binding site 

loop regions in galectin-3 undergo a conformational change in the absence of ligand.121 

Unlike galectin-1, which undergoes a tightening on ligand binding,148 the galectin-3 

binding site is reported to be more open with bound ligand, and more closed in the 

absence of ligand.121 The removal of lactose from the galectin-3 crystals would 

demonstrate if a movement of the binding site residues occurs, given the confines of the 

crystal lattice, similar to the tightening observed on ligand binding in the galectin-1 apo 

crystal from discussed above. It was anticipated that since lactose protrudes directly into 

the major solvent channels in this crystal form it would be free to diffuse out over a 

period of time. 

After soaking galectin-3 lactose co-crystals in reservoir solution for 20 min and 

for 12 hours, the electron density revealed that lactose was still bound and with estimated 

occupancies of greater than 90 % and of 80–90 %, respectively. Galectin-3 crystals do not 

degrade as rapidly as galectin-1 crystals over the course of the soaking experiments (both 

the lactose soaking-out experiments discussed here and ligand exchange soaks discussed 

later), allowing for much longer crystal soaking times to be used with little to no 

degradation in X-ray diffraction quality. An X-ray diffraction data set collected at room 
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temperature from a crystal soaked in reservoir solution for 17 days (2.25 Å resolution, 

Table 4.2) revealed that some lactose had diffused out of the binding site. The difference 

electron density maps contoured at 2.0 σ provide evidence that lactose still occupied a 

percentage of binding sites within the crystal with an estimated occupancy of 50 %. Three 

water molecules are well defined in the binding site (Figure 4.7a) and superimposition of 

the water-bound structure with the lactose-bound structure (described in section 3.3.5) 

shows that these waters occupy the same positions as the 4-OH and 6-OH of galactose 

and the 3-OH of glucose in the lactose structure (blue molecules in Figure 4.8). The  

Table 4.2: Crystallographic data and refinement statistics for water-bound, glycerol-
bound, and apo galectin-3 CRD structures. 

 Galectin-3 CRD   

Soaking conditions Water-bound 
17 day soak  

Glycerol-bound 
29 day soak Apo 

Data collection    
temperature (K) 295 100 295 

X-ray source Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

ALS beamline 8.3.1 
(λ = 1.1159 Å) 

Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

space group P212121 P212121 P212121 
cell dimensions 
    a, b, c (Å) 37.3, 58.2, 63.8 36.3, 57.6, 62.2 36.9, 58.3, 63.7 

resolution (Å) 58.2–2.25 (2.37–2.25)† 42.3–1.25 (1.32–1.25) 58.3–1.55 (1.63–1.55) 
total observations 23,739 114,642 55,862 
unique observations 6,475 32,733 18,273 
Rmerge 0.042 (0.101) 0.034 (0.223) 0.026 (0.144) 
I / σI 19.4 (8.2) 21.3 (3.0) 21.5 (4.0) 
completeness (%) 92.5 (64.1) 89.1 (50.6) 89.5 (74.3) 
multiplicity 3.7 3.5 3.1 
Refinement    
resolution range for 
refinement (Å) 43.0–2.25 (2.31–2.25) 42.3–1.25 (1.28–1.25) 43.0–1.55 (1.59–1.55) 

Rwork 0.141 0.115 0.150 
Rfree 0.182 0.139 0.170 
no. of atoms    
    protein 1,170 1,223 1,227 
    ligand 23 29 – 
    water 82 169 117 
average B-factors (Å2)    
    protein 16.8 11.9 15.6 
    ligand 19.3 19.7 – 
    water 23.3 29.1 30.4 
r.m.s. deviations    
    bond length (Å) 0.01 0.02 0.01 
    bond angle (°) 1.09 1.98 1.14 

observed ligand 50 % water, 
50 % lactose 

70 % glycerol, 
30 % lactose 100 % water 

MolProbity statistics –  
appendix section D.8 D.9 D.10 
†values in parentheses are for the highest resolution shell 
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location of these water molecules highlights the sites within the galectin-3 binding site 

that are favourable for the formation of protein–ligand hydrogen-bonding interactions. 

a)     
 

b)     
 

c)     
 

Figure 4.7: Electron density within the galectin-3 binding sites of a) the water-bound 
structure from the 17 day soaked crystals (2.25 Å resolution, 2mFo − DFc: 1.5 σ, 
mFo − DFc: ±4.5 σ), b) the glycerol-bound structure from the 29 day soak crystals (1.25 Å 
resolution, 2mFo − DFc: 1.5 σ, mFo − DFc: ±4.5 σ), and c) the apo galectin-3 structure 
(1.55 Å resolution, 2mFo − DFc: 1.0 σ, mFo − DFc: ±3.5 σ). 

A galectin-3 lactose co-crystal that was soaked in reservoir solution for 29 days, 

designed to remove lactose, prior to a brief cryosoak (1 min in reservoir solution 

supplemented with 15 % (v/v) glycerol) revealed a clearly defined glycerol molecule 

within the binding site (Figure 4.7b, 1.25 Å resolution, Table 4.2). Interestingly, the 

103 



 

glycerol molecule adopts a conformation identical to the atoms of the galactose residue in 

lactose-bound structures (red bonds in Figure 4.8). The three carbon atoms of glycerol 

occupy the same sites as C4, C5 and C6 of galactose, while the three glycerol hydroxyls 

occupy identical sites to the 1-OH, 4-OH and 6-OH of galactose. A water molecule is also 

present adjacent to the glycerol at the site equivalent to that occupied by the 3-OH of 

glucose in the lactose containing structures. Lactose is partially present, however, as 

difference electron-density maps contoured at 2.5 σ calculated after inclusion of glycerol 

in the refinement model showed linked density that builds a galactose residue and those at 

1.4 σ also gave indication of the glucose ring. The occupancy of bound lactose is 

estimated to be 30 % in this structure. The electron density in Figure 4.7 a) and b) is 

contoured at a high σ value (4.5 σ) to highlight the highest occupancy species present 

within the binding site. 

 
 

Figure 4.8: The galectin-3 CRD binding site of four superimposed structures showing 
similarities in the positions of lactose, glycerol and water molecules. Each colour 
represents the atoms and bonds of a distinct structure. Yellow = lactose co-crystal 
structure, red = glycerol-bound structure (29 day soak), blue = water structure (17 day 
soak), green = apo structure. Waters are represented as spheres. 

In crystals where lactose had not previously been allowed to diffuse out, glycerol 

was unable to displace lactose over the short time frame of the cryosoak. This is in 

contrast to the galectin-1 apo structure (section 3.3.7.2), which did not bind to glycerol 

after undergoing an identical cryosoak. This is likely due to glycerol having a lower 

affinity for galectin-1 compared to galectin-3, just as it was not possible to obtain a 

galectin-1-galactose complex via soaking methods as discussed above. 
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In the water-bound and glycerol-bound galectin-3 structures, the amino-acid side 

chains within the binding site and the loop regions on either side of the binding groove 

are identical to those in the lactose-bound structures showing that any movement of these 

residues, like those observed for galectin-1, is restricted by crystal packing. A similar 

finding has been observed with HIV-1 reverse transcriptase, where an open form of the 

unliganded structure was obtained after soaking out the ligand from pre-formed 

crystals,211 while apo crystal forms of the protein were found to adopt a closed 

conformation.212,213 It was subsequently shown that both forms of the protein exist in 

equilibrium in solution.214 

Subsequent to the crystal soaking experiments to remove lactose from galectin-3 

lactose co-crystals, true galectin-3 CRD apo crystals were obtained (Table 4.2, 1.55 Å 

resolution). These crystals were grown in the presence of 50 mM myo-inositol in order to 

obtain a galectin-3 myo-inositol co-crystal complex under identical crystallisation 

conditions to those used to grow galectin-3 lactose co-crystals (with myo-inositol 

substituted for lactose). Although a galectin-3 myo-inositol complex was not obtained, the 

crystallisation condition provided galectin-3 apo crystals in the same crystal form as for 

ligand co-crystals. The X-ray crystal structures from these crystals are identical to the 

previously determined galectin-3 CRD ligand complex structure having an RMSD of 

0.09 Å to the room temperature galectin-3 lactose complex (section 3.3.5). Unlike the 

structures obtained by soaking lactose out of the binding site, no electron density can be 

detected for any residual ligand bound within the binding site even when contoured at 

very low σ levels (Figure 4.7c). Three water molecules (green molecules in Figure 4.8) 

are present within the binding site in the same positions as observed in the water-bound 

structure, and the binding site amino acids are also in an identical conformation. These 

results suggest that in solution the apo galectin-3 CRD, like the HIV-1 reverse 

transcriptase,214 may exist as an equilibrium between the ligand-bound like conformation 

observed here and the alternate conformation detected by NMR121 with crystallisation 

conditions favouring the incorporation and packing of the ligand-bound like 

conformation. 

Although lactose requires weeks to diffuse out from co-crystals, glycerol enters 

the binding site in seconds to minutes. This was unexpected considering the low affinity 

of the lactose ligand (Kd = 260 µM) and the open access to adjacent solvent channels. A 
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major contributor to this variance will be the presence of the large glycerol concentration 

gradient driving glycerol into the crystal during cryoprotection soaks. Although the 

affinity of galectin-3 for glycerol is likely to be very low, at this high concentration (2 M 

glycerol) the affinity only needs to be Kd ~200 mM for the occupancy in the binding site 

to reach 90 % (using the fractional saturation equation of Danley204). Additionally, the 

smaller radius of gyration and greater flexibility of glycerol compared with lactose will 

contribute to a higher rate of diffusion though solvent channels.206 

Glycerol was unable to displace bound lactose over the short time frame of the 

cryoprotectant soak, whereas prior soaking out of lactose enabled the generation of a 

glycerol-bound structure. The prior soaking out of co-crystallised ligands may be of 

general use for ligand exchange in structure-based drug design, especially in cases where 

the affinity of the new ligand of interest is very low or unknown. Additionally, after prior 

soaking out of a co-crystallised ligand, the soaking time of a new ligand into the crystal 

can be greatly reduced. This may be beneficial in cases where low ligand solubility 

requires the use of high concentrations of organic solvents or DMSO, which can be 

damaging to protein crystals during long soaks. 

The galectin-3 CRD crystal soaking results from this section have been reported 

in Collins et al.191 (included in Appendix G). The structures of galectin-3 CRD with 

bound glycerol and the water-bound structure obtained by soaking the crystal to remove 

lactose have been deposited in the Protein Data Bank under PDB IDs: 2NMO and 2NMN 

respectively. 

4.3.3 Simulation of Ligand Diffusion 

The slow rate of diffusion of lactose out of galectin-3 CRD lactose co-crystals 

compared to the rapid influx of glycerol observed in the crystal soaking experiments 

prompted further investigation using the ligand diffusion simulation methods described 

by Geremia et al.206 The simulation model takes into account the physical properties of 

the protein crystal, such as the size of solvent channels and crystal dimensions, in addition 

to binding affinity and calculated diffusion properties of the ligand. Simulations were 

performed that match the experimental conditions used for soaking lactose out of 

galectin-3 crystals and the rapid entry of glycerol during cryosoaks. 
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Given the complexity of the system being simulated, the results are remarkably 

similar to those obtained experimentally. Table 4.3 shows the calculated amount of time 

taken for the ligand to reach the specified occupancy value within the galectin-3 binding 

site using the simulation parameters shown in methods section 4.2.5. As observed 

experimentally, lactose is calculated to take days to reduce substantially in binding site 

occupancy whereas glycerol accumulates within seconds. The simulation conditions for 

glycerol soaking into the crystals are based on a galectin-3 lactose crystal that has 

undergone 29 days of soaking to remove lactose (to match the experimental conditions) 

and accounts for the presence of residual lactose remaining bound to the protein. Glycerol 

is calculated to take 58 seconds to change from 0 % to 70 % occupancy within the 

binding site, but an additional 34 hours to change from 70 % to 90 % occupancy. This is 

because in the initial stages of the simulation glycerol is entering empty galectin-3 

binding sites, and the rate of binding is dominated by factors relating to glycerol (the rate 

of diffusion, binding affinity, and the very large concentration gradient). Once the vacant 

binding sites are filled, the binding affinity and rate of diffusion of lactose become 

equally important factors, since the glycerol now must compete with lactose for the 

remaining binding sites. 

Table 4.3: Ligand diffusion simulation results (calculated using the approach described 
by Geremia et al.206) in the galectin-3 CRD crystal form showing the amount of time 
predicted for lactose and glycerol to attain specific binding site occupancy values 
compared to the experimentally determined values. 

 Diffusion time 
 Simulation Experimental 

Lactose soaking out   
Binding site occupancy less than (%)   

90 26 h ~12 h 
50 11 d 17 d 
30 27 d 29 d 
10 72 d – 

Glycerol soaking in   

Binding site occupancy greater than (%)   
30 3.1 s – 
50 8.4 s – 
70 58 s ~60 s 
90 34 h – 

   

s = seconds, h = hours, d = days   
 

107 



 

The prior removal of lactose during the 29 day crystal soak enabled the binding of 

glycerol within the very short time frame of the cryosoak. Experiments where lactose had 

not been removed by soaking showed that glycerol was not able to displace lactose over 

this short time frame. A simulation of this scenario where lactose remains bound at 100 % 

occupancy prior to the cryosoak calculates that glycerol would reach only 7 % occupancy 

during the course of a 60 second cryosoak, and would take 32 hours to reach 70 % 

occupancy. The incumbent lactose significantly slows the rate of glycerol binding, but 

looked at another way; the presence of competitive glycerol is predicted to accelerate the 

removal of lactose, cutting the time taken to reduce to 30 % occupancy from 29 days to 

32 hours. 

Overall, the ligand diffusion simulations have been instructive on the major 

factors that drive ligand diffusion in crystal soaking experiments. As there are only a 

limited number of experimental data points available it is not possible to ascertain how 

broadly applicable the simulation results would be given different ligands or a different 

crystal form (such as the galectin-1 crystal forms). Unfortunately the simulation model 

breaks down completely when performed with larger ligands such as the triazolyl-

thiodigalactosides (section 5.3.7). This is because the crystal accessible volume parameter 

(used to calculate diffusion constant of the ligand) is calculated with a value of 

zero percent due to the larger size of the molecules relative to the size of the galectin-3 

crystal solvent channels. Thus, the simulation model suggests that diffusion of these 

larger molecules is not possible in the galectin-3 CRD crystal form, a finding that is 

inconsistent with the experimental results where galectin-3 CRD complexes were 

obtained using crystal soaking techniques with these ligands (section 5.3.7). 

4.3.4 Galectin-1 and Galectin-3 with Bound LNT and LNnT 

The crystal soaking methods described above were used to obtain galectin -1 and 

-3 complexes with the naturally occurring oligosaccharides LNT and LNnT (Table 4.4). 

Although these tetrasaccharides are twice as large as lactose, they were also found to be 

highly aqueous soluble and able to freely diffuse through the solvent channels in the 

galectin-1 apo and galectin-3 CRD crystal forms and access the binding sites. Electron 

density obtained from crystals soaked for as short as 90 minutes clearly revealed the 

presence of the bound oligosaccharides, although generally longer soaking times were 

employed to ensure a high occupancy of the bound ligand. 
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Table 4.4: Crystallographic data and refinement statistics for galectin-1 and galectin-3 
CRD structures with bound LNT and LNnT. 

LNT: Galβ-1-3-GlcNAcβ-1-3-Galβ-1-4-Glc 
LNnT: Galβ-1-4-GlcNAcβ-1-3-Galβ-1-4-Glc 

 Galectin-3  Galectin-1  

Ligand LNT LNnT LNT LNnT 

soaking time 102 hours 21 hours 90 min 5 hours 
Data collection     
temperature (K) 295 295 295 295 

X-ray source 
Rotating-anode 
(Cu Kα 
λ = 1.5418 Å) 

Rotating-anode 
(Cu Kα 
λ = 1.5418 Å) 

Rotating-anode 
(Cu Kα 
λ = 1.5418 Å) 

Rotating-anode 
(Cu Kα 
λ = 1.5418 Å) 

space group P212121 P212121 P212121 P212121 
cell dimensions 
    a, b, c (Å) 36.7, 58.1, 63.6 36.6, 57.9, 63.5 44.4, 58.4, 111.7 44.4, 58.6, 112.4 

resolution (Å) 58.1–1.55 
(1.63–1.55)† 

63.5–1.70 
(1.79–1.70) 

55.8–2.00 
(2.11–2.00) 

56.2–1.90 
(2.00–1.90) 

total reflections 111,316 105,964 376,599 188,899 
unique reflections 19,413 14,618 18,377 21,244 
Rmerge 0.046 (0.128) 0.089 (0.155) 0.056 (0.300) 0.046 (0.613) 
I / σI 22.8 (5.0) 19.8 (3.3) 36.8 (5.6) 28.3 (2.1) 
completeness (%) 95.0 (71.0) 94.8 (72.3) 90.1 (57.8) 89.2 (64.2) 
multiplicity 5.7 7.2 20.5 8.9 
Refinement     
resolution range for 
refinement (Å) 

58.1–1.55 
(1.59–1.55) 

63.5–1.70 
(1.74–1.70) 

55.8–2.00 
(2.05–2.00) 

56.2–1.90 
(1.95–1.90) 

Rwork 0.155 0.161 0.197 0.162 
Rfree 0.166 0.177 0.232 0.208 
no. of atoms     
    protein 1,188 1,176 2,106 2,124 
    ligand 48 48 111 74 
    water 121 115 97 98 
average B-factors (Å2)     
    protein 17.6 19.5 22.4 33.1 
    ligand 31.0 39.1 28.4 52.5 
    water 36.6 37.6 35.7 41.4 
r.m.s. deviations     
    bond lengths (Å) 0.010 0.009 0.007 0.007 
    bond angles (°) 1.44 1.36 1.28 1.31 
MolProbity statistics – 
appendix section D.11 D.12 D.13 D.14 
†values in parentheses are for the highest resolution shell 
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4.3.4.1 Galectin-3 LNT/LNnT complexes 

In both the LNT and LNnT-bound galectin-3 structures, initial refinements 

produced very clear and almost identical difference electron density for the first three 

reducing end sugars of the tetrasaccharides (Figure 4.9 a and b). The electron density is 

unambiguous in this region for both ligands and clearly reveals the binding mode of the 

tetrasaccharides for galectin-3. The only point of difference between the LNT and LNnT 

molecules is at the terminal non-reducing end galactose, which is linked via β1–3 and β1–

4 glycosidic linkages respectively, and it is for this terminal sugar that the electron 

density is less well defined (Figure 4.9c). When contoured at 2.5 σ the difference electron 

density calculated with the ligand omitted from the model indicates the general position 

of the terminal galactose (Figure 4.9d), and refinement with this residue included in the 

model results in electron density supportive of its placement. In some cases where weak 

electron density was encountered in important or interesting regions of the structure, 

PHENIX was used to calculate σA-weighted averaged kicked maps with the region of 

interest omitted from the model. The averaged kicked maps have a potentially greater 

signal with less noise and model bias.169 In general it was found that the averaged kicked 

maps were not able to significantly improve the signal from disordered regions of the 

structure (including in the case of the terminal galactose residue of LNT and LNnT), 

however, these maps were referred to for their potential of having reduced model bias. 

For both tetrasaccharides, the three non-reducing end carbohydrate residues (the 

GlcNAcβ–1–3–Galβ–1–4–Glc moiety) are directly involved in binding to the galectin-3 

CRD. Galectin-3 binds to the reducing end lactose moiety of both molecules in the 

primary β-galactoside binding site, engaging in identical protein–ligand interactions as 

previously described for lactose-bound galectin-3 structures (section 3.3.5), with the 

galactose-tryptophan stacking interaction and key hydrogen bond interactions (from the 

4-OH and 6-OH of galactose, and 3-OH of glucose) being conserved. The β1–3 linked 

GlcNAc residue extends further into the binding site, with atoms at the 6′ position of the 

pyranose ring forming the additional key protein–ligand interactions. A hydrogen bond is 

formed between the 6-OH and Asp148 of the protein, and van der Waals contacts are 

made between the GlcNAc C6/6-OH and Asp148 and His158. The N-acetyl group at the 

C2 position is directed away from the protein and does not form any protein–ligand 

interactions. 
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a)     
 

b)     
 

c) d)  
 

Figure 4.9: Electron density within the binding site of a) the galectin-3-LNT complex, 
and b) the galectin-3-LNnT complex (1.55 Å and 1.70 Å resolution respectively, 
2mFo − DFc: 1.1 σ, mFo − DFc: ±3.0 σ, stereo figures). c) Superimposed view of the 
positive difference electron density surrounding the bound LNT (yellow cylinders, with 
blue electron density mesh) and LNnT (green cylinders with green electron density mesh) 
tetrasaccharides (mFo − DFc: +3.0 σ calculated with the ligand omitted from the model). 
d) As for c) with electron density contoured at +2.5 σ. 

Galβ–1–3–GlcNAcβ–1–3–Galβ–1–4–Glc 

Galβ–1–4–  
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In the LNT-bound structure, the terminal β1–3 linked galactose residue is directed 

away from the protein surface and is not involved in any protein–ligand interactions. For 

the LNnT-bound structure, the terminal β1–4 linked galactose residue is positioned closer 

to the protein surface. This may enable it to form weak or transient interactions with the 

protein (such as a potential water mediated hydrogen bond between the galactose 6-OH 

and the main chain Gly238) and may explain why LNnT has a slightly higher affinity 

compared to LNT (Figure 4.10a).200 

a)      
 

 
 

b)      
 

 
 

Figure 4.10: Protein–ligand interactions within the binding site of a) the galectin-3-LNnT 
complex and b) galectin-3-LNT complex. H-bond interactions between the ligand and 
protein/solvent are shown as dashed lines (stereo images). Interactions involving the 
reducing end Galβ-1-4-Glc moiety (lactose) have been previously described 
(section 3.3.5) and are omitted for clarity. 

An interesting feature of the X-ray diffraction data obtained from the LNT soaked 

galectin-3 crystal is the high quality anomalous dispersion signal, providing strong peaks 

in the calculated SAD LLG map (SAD LLG maps are introduced in section 3.3.5). The 

minimum occupancy for a well ordered chloride ion to be detected in these maps (above 
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5 σ) is estimated to be 21 % when using the peak from the cysteine sulfur atom as a 

reference for a fully occupied anomalous scatterer (Cys173, 19.1 σ). This compares to a 

value of 31 % occupancy obtained from the galectin-3 CRD structures described in 

Chapter 3. In addition to the peaks corresponding to the three protein sulfur atoms, there 

are a further five peaks (all above 7 σ) in the SAD LLG map that indicate the presence of 

anomalously scattering elements. One of these peaks corresponds to the site previously 

assigned to a chloride ion (section 3.3.5), and the remaining peaks align at sites of 

structurally conserved water molecules. 

Of the abundant ionic species present within the crystallisation buffer (Na+, Mg2+, 

Cl−, and K+) only Cl− and K+ have high enough f′′ values that are likely to result in a 

detectable peak in the SAD LLG map at the Cu Kα X-ray energy used (f′′ values are 0.13, 

0.18, 0.71, and 1.08 electron units for Na+, Mg2+, Cl−, and K+, respectively, at 8.0 keV).186 

Significantly, the coordination distances of metals (Na+, Mg2+, and K+) is generally found 

to be shorter (2.05–2.85 Å)215 compared to the coordination distances observed in this 

galectin-3 CRD structure, where each anomalous scatterer is located 3.1–3.2 Å from a 

hydrogen-bond-donating nitrogen atom (usually a main chain N). As such, each of these 

anomalous scattering sites has been assigned as being occupied by chloride anions. Based 

on the SAD LLG map peak heights, three of the additional chlorides are estimated to have 

an occupancy of 30–31 %, which is likely why they were undetected in the galectin-3 

CRD structures discussed in Chapter 3, since 31 % occupancy was estimated to be the 

limit of detection from those data. The remaining two chloride ions have estimated 

occupancies of 45 % and 67 %. These two ions are detected in the majority of galectin-3 

CRD structures obtained in this project, while the lower occupancy ions (~30 % 

occupancy) are only observed in some data sets. This is likely due small variations in the 

quality of X-ray diffraction data and the strength of the anomalous signal obtained from 

some crystals. It has also been noted that the anomalous substructure can differ between 

crystals grown under identical conditions, particularly at low occupancy sites, possibly 

due to small differences in crystal handling during crystal soaking.184 

One of the chlorides ions is of particular interest as it is positioned adjacent to the 

pyranose ring of GlcNAc in the bound LNT oligosaccharide and forms a hydrogen bond 

(3.2 Å) to the side chain nitrogen atom of the binding site tryptophan (Trp181) 

(Figure 4.10b). The chloride is positioned directly over the centre of the GlcNAc 
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pyranose ring at a distance of 4.1 Å from the least squares plane of the ring. The closest 

ligand–Cl− contact is a wide van der Waals contact to carbon-1 of GlcNAc at a distance 

of 3.9 Å. The chloride also forms a water mediated hydrogen bond to the LNT galactose 

2-OH. The protein and ligand atoms surrounding this chloride site are identical in both 

the LNT and LNnT galectin-3 complexes, however, in the LNnT complex the SAD LLG 

map is not sensitive enough to detect the low occupancy anion, if present. A conserved 

coordinated water molecule is found at this position, hydrogen bonded to the Trp181 side 

chain, in the majority of galectin-3 CRD structures obtained in this project. Overall, the 

low occupancy (30 % occupancy) and weak interactions, indicate that this chloride anion 

is not critical for ligand binding, however, it is unclear what impact the presence of the 

anion may have on protein–ligand binding affinity. 

The weak interaction with the chloride anion observed here is completely 

different to the ligand binding interactions observed in the C-type lectins, which are 

dependent on calcium for ligand binding.216 X-ray crystal structures of C-type lectins 

show that the calcium cation is highly coordinated to the protein and engages the 

carbohydrate ligand simultaneously at two hydroxyl groups, forming interactions that are 

critical for ligand binding,216 whereas ligand binding in the galectins is calcium 

independent.127 

4.3.4.2 Galectin-1 LNT/LNnT complexes 

Initial electron density obtained from the LNT/LNnT soaked galectin-1 crystals at 

1.9–2.0 Å resolution (Table 4.4) clearly revealed the presence of a ligand within the 

binding site of the formerly apo protein, indicating successful ligand soaking. Unlike the 

galectin-3 complexes however, the binding of LNT and LNnT to galectin-1 is more 

ambiguous, and careful examination of the binding site electron density was required to 

deconvolute the binding pattern. For both ligand complexes, only a disaccharide portion 

of the tetrasaccharide is clearly defined by initial electron density maps, and is positioned 

in the same conformation as observed in lactose-bound galectin-1 complexes. It was not 

initially evident whether this disaccharide is the terminal non-reducing end disaccharide 

(β1–3–LacNAc or LacNAc in LNT or LNnT respectively) or the reducing end lactose 

moiety (which is common to both LNT and LNnT). 
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a)     
 

b)     
 

Figure 4.11: Electron density within the binding site of a) chain A, and b) chain B of the 
galectin-1-LNnT complex (1.90 Å resolution, 2mFo − DFc: 1.0 σ, mFo − DFc: ±3.0 σ, 
calculated with the ligand omitted from the model, stereo figures). NRE-Gal and RE-Glc 
indicate the non-reducing end galactose and reducing end glucose residue, respectively, in 
the LNnT tetrasaccharide. 

For the galectin-1 LNnT complex it became clear that the tetrasaccharide binds 

differently to chain A and B of the galectin-1 homodimer in this crystal form. Electron 

density within the chain A binding site indicates that the terminal LacNAc moiety of the 

tetrasaccharide is bound in the primary galectin-1 binding site. Positive difference density 

in these maps clearly shows the non-reducing end galactose and GlcNAc residues, 

including the distinguishing N-acetyl group extending from the C2 position, in addition to 

electron density extending from the 1′ position of GlcNAc showing the location of the 

β1–3 linked galactose residue (Figure 4.11a). The reducing end glucose residue of the 

tetrasaccharide is not visible within electron density even after the addition and 

refinement of the three non-reducing end residues to the model. The terminal LacNAc 

moiety of the tetrasaccharide has the same binding mode as reported in the previously 

published LacNAc-bound galectin-1 structure (PDB ID: 1W6P) and forms the 

characteristic galectin-lactoside interactions (section 3.3.7.1), with the GlcNAc N-acetyl 

group stacking above Arg73 of the protein and forming a water mediated hydrogen bond 
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via the ligand nitrogen (Figure 4.12c). The two reducing end sugars of LNnT (the lactose 

moiety) do not interact with the protein in chain A of the galectin-1 dimer. 

Within the chain B binding site, positive difference electron density is observed 

extending from the 3′ position of the galactose residue, indicating that in this chain 

galectin-1 binds to the reducing end of the tetrasaccharide (internal binding) as observed 

in galectin-3 (Figure 4.11b). Unlike in the galectin-3 LNnT complex however, which 

exhibited excellent electron density for this region of the ligand (corresponding to the β1–

3 linked GlcNAc residue), electron density in the galectin-1 complex is poorly defined for 

this sugar residue, indicating a higher degree of disorder and a less stable interaction with 

the protein. The orientation of the GlcNAc ring is evident from the electron density and 

the residue can be included in the model, however, the electron density does not extend to 

the non-reducing end β1–4 linked galactose. Electron density for the reducing end 

glucose residue is also more poorly defined compared to that observed in other 

galectin-1-lactoside complexes. This internal binding mode observed in chain B of 

galectin-1 is the same as observed in the galectin-3 LNnT complex, with the lactose 

moiety forming the main protein–ligand interactions, and the β1–3 linked GlcNAc 

forming a hydrogen bond between the 6-OH and Asn33, and van der Waals contacts 

between C6/6-OH and His44. 

For the LNT-bound galectin-1 structure, the binding site electron density is more 

complex compared to that obtained from the LNnT-bound structure. In the chain A 

binding site, positive difference electron density extends from both ends of the clearly 

defined disaccharide, from the reducing end and from the galactose 3′ position, indicating 

that the ligand is bound in a mixture of binding modes within the crystal lattice 

(Figure 4.12a). Two half occupancy copies of the ligand have been modelled within the 

chain A binding site, one with an internal binding mode where the lactose moiety of the 

tetrasaccharide is interacting within the primary binding site, and the other with a terminal 

binding mode where the β1–3–LacNAc moiety is positioned within the primary binding 

site. For both binding modes, only three sugar residues of the tetrasaccharide can be 

modelled, with the fourth (either the reducing or non-reducing end sugar) being 

completely disordered. The occupancy of each binding mode has not been refined due to 

the degree of disorder in each of the non-overlapping sugar residues, which causes the 

refined temperature factors to be an unreliable guide to the relative occupancies. 
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a)     
 

b)     
 

c)     
 

 
 

Figure 4.12: Electron density within the binding site of a) chain A, and b) chain B of the 
galectin-1-LNT complex (2.00 Å resolution, 2mFo − DFc: 1.0 σ, mFo − DFc: ±3.0 σ, 
calculated with the ligand omitted from the model). NRE-Gal and RE-Glc indicate the 
non-reducing end galactose and reducing end glucose residue, respectively, in the LNT 
tetrasaccharide. For clarity, the stereo pair in a) has been split to show the terminal 
binding mode (yellow bonds) in the left panel and the internal binding mode (pink bonds) 
in the right panel, while b) is in normal stereo. c) Superimposed stereo view of the 
terminal binding mode observed for LNT (yellow bonds) and LNnT (pink bonds) in 
chain A of galectin-1. The non-protein-interacting N-acetyl group of LNT is indicated by 
a *, and the protein-interacting N-acetyl group of LNnT is indicated by a #. 
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Galectin-1 interacts with the terminally bound LNT molecule at the Galβ–1–3–

GlcNAc disaccharide moiety within the primary galectin binding site. In this binding 

mode, the β1–3 linked GlcNAc ring is flipped by 180° (via rotation about the ψ torsion 

angle) compared to β1–4 linked GlcNAc residues in LacNAc-bound galectin-1 

structures138 (Figure 4.12c). This flip allows the GlcNAc ring to maintain the overall 

alignment of the chair geometry within the binding site, and enables the preservation of 

the important hydrogen bond from the 4-OH of GlcNAc to Glu71 and Arg48. This 

position is usually occupied by the GlcNAc 3-OH in β1–4 linked galactosides. Another 

consequence of this flip is that the N-acetyl group is directed away from the protein and 

loses the water-mediated hydrogen bond and stacking interactions to the protein observed 

in galectin-1-LacNAc structures. The loss of this interaction likely explains why the 

affinity of Galβ–1–3–GlcNAc disaccharides is not as high as Galβ–1–4–GlcNAc, and is 

similar in affinity to lactose for galectin-1.217 

Electron density within the chain B binding site of the LNT complex indicates 

that the ligand is bound predominantly with an internal binding mode, as observed in 

chain B of the galectin-1 LNnT complex, with electron density defining the three 

reducing end sugars only (Figure 4.12b). These three sugars are in an identical 

conformation to those in the LNnT complex and the ligand forms the same protein–ligand 

interactions as observed in that structure. 

4.3.4.3 Comparison to predicted solution structures 

The solution structures of both LNnT and LNT have been predicted by Xia et 

al.218 using a computational search algorithm and molecular dynamics simulations in 

combination with previously available experimental NMR data.219 Table 4.5 shows the 

glycosidic linkage torsion angles of the tetrasaccharides when in the galectin bound state, 

as observed in the X-ray crystal structures, compared to the predicted solution structures. 

Overall, the linkage angles, and thus the tertiary structures, of the tetrasaccharides are 

very similar when in both the bound and free solution states. A binding mode that is 

similar to that observed in solution for the oligosaccharide is expected to be energetically 

favourable for recognition and binding by the galectin. 
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Table 4.5: Comparison of the glycosidic linkage torsion angles (φ and ψ angles) of the 
LNnT and LNT tetrasaccharides in the galectin bound state compared to the solution 
structures predicted by Xia et al.218 (“n/a” indicates that that the linkage was not resolved 
in the X-ray crystal structures). 

LNnT (φ, ψ angles°) Link 1 
(Galβ-1-4-GlcNAc) 

Link 2 
(GlcNAcβ-1-3-Gal) 

Link 3 
(Galβ-1-4-Glc) 

Solution Structure218 55.7, −9.0 41.2, −42.2 55.4, 26.7 

Galectin-1: 
   A chain – terminal 
   B chain – internal 

 
55.6, 4.9 
n/a 

 
37.7, −28.5 
5.4, −28.4 

 
n/a 
54.1, 7.1 

Galectin-3 – internal 67.5, −7.6 33.1, −30.9 53.6, 12.5 

    

LNT (φ, ψ angles°) Link 1 
(Galβ-1-3-GlcNAc) 

Link 2 
(GlcNAcβ-1-3-Gal) 

Link 3 
(Galβ-1-4-Glc) 

Solution Structure218 63.2, −1.8 49.2, 18.1 58.6, 21.8 

Galectin-1: 
   A chain – terminal 
   A chain – internal 
   B chain – internal 

 
55.4, 17.2 
n/a 
n/a 

 
27.2, −38.7 
13.3, −22.1 
14.4, −22.6 

 
n/a 
59.7, 5.9 
53.2, 8.1 

Galectin-3 – internal 38.6, −7.8 32.7, −32.8 52.9, 12.9 

 

4.3.4.4 Discussion 

In both the galectin-3 LNT and LNnT complexes, three of the four sugars in the 

tetrasaccharides are clearly defined by the electron density, while the location and 

orientation of the fourth is also indicated. The very clear and well defined electron density 

indicates that these three sugar residues are stable and interacting favourably within the 

galectin-3 binding site. This is not the case for galectin-1 where only a disaccharide unit 

of each tetrasaccharide is clearly defined by the electron density, with the location and 

orientation of a third sugar being indicated. Additionally, the oligosaccharides display a 

different mode of binding to chains A and B of the galectin-1 homodimer, with a terminal 

binding mode being observed in chain A compared to an internal binding mode in 

chain B. The exception is LNT, which displays a mixed mode of binding in chain A. This 

is shown schematically in Figure 4.13. 

The different binding modes observed for the tetrasaccharides in chains A and B 

of galectin-1 can be attributed to the crystal packing in the galectin-1 apo crystal form. 

Although the carbohydrate binding sites in both chains are exposed to large solvent 
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channels (as discussed in the section 4.1), a symmetry related protein molecule is located 

in a position near the chain B binding site that would clash with the reducing end of the 

tetrasaccharide that extends into solution when bound with a terminal binding mode like 

that observed in chain A. Thus, the internal binding mode of the tetrasaccharides 

observed in chain B of galectin-1 is likely an artefact of crystal packing. This region in 

chain A of the apo crystal form is uncrowded and the tetrasaccharides are free to bind in 

either binding mode, making the chain A results a better guide to the preferred binding 

mode that likely occurs in solution. 

     

 

                 

 

 
Galectin-3-LNT      Galectin-3-LNnT 

 

     
 

                  
 

 
Galectin-1-LNT      Galectin-1-LNnT 

 
Figure 4.13: Electrostatic surface representation of galectin -1 and -3 with bound LNT 
(yellow transparent surface) and LNnT (green transparent surface). Also shown is a 
schematic diagram of the corresponding complex showing the observed oligosaccharide 
binding modes. Sugar residues that were detected in the electron density maps are 
represented as squares with a solid colour (yellow and green for LNT and LNnT 
respectively) while those that were undetected due to disorder are shown as white 
squares. Also shown is a line extending from the reducing and non-reducing ends 
(denoted with a dot and arrow respectively) of the tetrasaccharide, which shows how the 
carbohydrate sequence could represent a section from a longer oligosaccharide chain. 
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In chain A, LNnT binds with a terminal binding mode, whereas LNT is observed 

with partial occupancy in both binding modes. This is due to the difference in the 

glycosidic linkage at the reducing end galactose residue. If the LNnT molecule were to 

bind in the same conformation as observed in galectin-3 (internal binding), the β1–4 

linkage would direct the reducing end galactose to a position that would clash with 

residues in the extended galectin-1 binding site, specifically the N-terminal Ala1 and 

Asp123 (Figure 4.14). Together, Ala1 and Asp123 are essentially a bump at the end of the 

galectin-1 binding groove that restricts the type of oligosaccharide that can be 

accommodated. The equivalent of Ala1 is absent in galectin-3, and in place of Asp123 

galectin-3 has the more compact Ser237, making the galectin-3 binding site more open in 

this region and capable of accepting a greater diversity of oligosaccharides (see dashed 

line in Figure 4.14). The configuration of the β1–3 linkage in LNT directs the reducing 

end galactose residue away from the protein surface allowing it to clear the galectin-1 

Ala1/Asp123 bump. The ability of LNT to avoid the clash is likely why it is observed in a 

mixture of binding modes, while LNnT is observed exclusively in a terminal binding 

mode in chain A due to the potential for this clash. 

 

    
 

Figure 4.14: Superimposed view of the binding site of the galectin-1 (chain B) and 
galectin-3 LNnT complexes. Binding site amino acids are coloured with green bonds and 
labelled in black for the galectin-1 complex, and all yellow in the galectin-3 complex with 
red labels where the amino acids are different. LNnT is coloured with yellow bonds in the 
galectin-1 complex and all blue in the galectin-3 complex with the 6′ position of GlcNAc 
highlighted with an ‘*’. A dashed line indicates where further extension is possible from 
the 3′ position of the non-reducing end galactose in the galectin-3 complex. A schematic 
of the LNnT tetrasaccharide is shown above for reference. 
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The fact that electron density is observed at all for LNnT within the chain B 

binding site, where the binding mode is restricted due to crystal packing, highlights that 

although a terminal binding mode is likely more energetically favourable, the ligand is  

flexible enough to allow a binding mode that avoids the potential clash with the 

Ala1/Asp123 bump. The electron density within the chain B binding site is of poorer 

quality for LNnT compared to LNT (Figure 4.11b and Figure 4.12b), indicating that 

LNnT is less stable in this binding mode and likely must adopt a less energetically 

favourable conformation at the disordered reducing end of the chain to enable binding. 

The average temperature factor for the refined LNnT molecule in chain B is 30 % higher 

than the average temperature factor for the molecule in chain A. For LNT the average 

temperature factors are essentially the same (3 % higher) for the molecule in chain B 

compared to those in chain A. 

As discussed, it is the 6′ position of the GlcNAc residue in LNT and LNnT that 

interacts within the extended galectin binding site, with this residue being well defined in 

the galectin-3 complexes and partially disordered in chain B of the galectin-1 complexes. 

The pyranose ring of the GlcNAc residue is less closely associated with the protein 

surface in the galectin-1 complex, and the important 6-OH group is orientated differently 

via a 180° rotation about the C5–C6 bond (see ‘*’ in Figure 4.14). The key binding site 

residue that interacts with the 6-OH via hydrogen bonding is Asp148 in galectin-3, 

corresponding to Asn33 in galectin-1. This residue is highly conserved in human galectin 

protein sequences, in almost all cases being either aspartic acid or asparagine (see 

Figure 4.15). No correlation is observed however between the type of residue at this 

position and evidence of extended binding site interactions, based on the available 

binding affinity data.200 The X-ray crystal structures determined here indicate that the 

residue responsible for the differential recognition of the GlcNAc residue in the extended 

binding site is Ala146 in galectin-3, corresponding to Val31 in galectin-1. The additional 

bulk of the hydrophobic valine residue in galectin-1 appears to force the 6-OH into the 

alternate conformation, preventing the carbohydrate from attaining the stable binding 

mode observed in galectin-3, which has the smaller alanine at this position. Compared to 

other galectin binding site residues, which are highly conserved, the type of residue at this 

position is more variable within the galectin family (being any of V, A, F, H, Q, N, or T, 

Figure 4.15), suggesting a role in modulating the fine specificity of the galectins for larger 

oligosaccharides. 
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Mutagenesis studies with human galectins -3, -4N, and -8N support the 

importance of the residue at this position (galectin-1 Val31/galectin-3 Ala146) in 

recognition of oligosaccharides in the extended galectin binding site.142 Binding affinity 

data from these mutants (A146Q, F47A, and Q47A for galectins -3, -4N, and -8N 

respectively) showed that mutation of the galectin-3 alanine to a glutamine reduced the 

binding affinity by roughly half for LNT and LNnT and nearly 40-fold for 

A-tetrasaccharide. Conversely, galectins -4N and -8N displayed enhanced affinity for 

some extended oligosaccharides when the equivalent residue was mutated to alanine, with 

a ~4-fold increase in affinity of galectin-4N for A-tetrasaccharide (little change in affinity 

for LNT and LNnT), and a ~2-fold increase in affinity of galectin-8N for LNT (affinity 

for LNnT and A-tetrasaccharide are not reported). 

Galectin-1 residues   -    29   31   33   35   41   44   46   48   51   59   61   63   68   71   73  123 
Galectin-3 residues  117  144  146  148  150  155  158  160  162  165  172  174  176  181  184  186  237 

 
Galectin-1   -  S  V  N  G  L  H  N  R  A  V  N  K  W  E  R  D 
Galectin-2   -  G  V  N  G  L  H  N  R  E  V  N  L  W  E  R  R 
Galectin-3   P  R  A  D  Q  V  H  N  R  E  V  N  K  W  E  R  S 
Galectin-4N  P  R  F  N  V  V  H  N  R  G  V  N  L  W  E  R  D 
Galectin-4C  P  S  A  N  K  I  H  N  R  N  V  N  L  W  E  K  Q 
Galectin-7   P  R  H  N  L  A  H  N  R  T  V  N  K  W  E  R  G 
Galectin-8N  P  R  Q  D  Q  V  H  N  R  R  V  N  L  W  E  I  Y 
Galectin-8C  P  S  N  D  L  I  H  N  R  I  V  N  F  W  E  R  N 
Galectin-9N  P  R  A  N  Q  I  H  N  R  D  V  N  R  W  E  R  N 
Galectin-9C  P  R  H  N  C  I  H  N  R  E  V  N  Q  W  E  R  G 
Galectin-12N  P  R  Q  D  Q  I  H  N  R  T  I  N  L  W  E  R  F 
Galectin-12C  P  H  T  S  R  A  T  R  S  D  -  T  A  W  K  L  S 

 
Figure 4.15: Sequence alignment of selected amino acids within carbohydrate binding 
site of several galectins, highlighting residues that are highly conserved compared to 
those that are more variable and potentially contributing to differential glycan 
recognition. 

The structural results obtained here account very well for the previously reported 

affinity data of galectin–saccharide interactions.200,217,220,221 The LNnT tetrasaccharide is 

very similar to a LacNAc dimer (LN2), with the only difference being the absence of the 

N-acetyl group at the C2 position of the reducing end glucose in LNnT. Galectin-3 is 

expected to bind LN2 in an identical conformation as observed for LNnT, with the 

addition of the affinity enhancing N-acetyl group interaction observed in galectin-3 

LacNAc-bound structures.63 This is reflected in the binding affinity data, which shows 

that galectin-3 has a higher affinity for LN2 compared to LNnT (Kd 4.8 µM and 7.9 µM 

respectively, Figure 4.16a),200 and supports the structurally observed internal binding 
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mode of LNnT. Conversely, galectin-1 displays a similar binding affinity for both LN2 

and LNnT (Kd 50 µM and 49 µM respectively, Figure 4.16a),200 suggesting that galectin-1 

binds to the non-reducing end LacNAc disaccharide moiety that is identical in both 

molecules, and supports the terminal binding mode that is observed in chain A of the 

galectin-1 LNnT complex. 

       
 

c)
         

 
Figure 4.16: a) Binding affinity data from Hirabayashi et al.200 for LNnT and oligo-
LacNAc chains (LN2 – LN5) for galectin -1 and -3. The reported binding affinities have 
been converted into relative affinities of each galectin for LNnT. b) Glycan array binding 
affinity data from the Consortium for Functional Glycomics222 showing the effect of 
6′-sialylation on binding to galectin -1 and -3. c)  Schematic of the LN5 oligosaccharide 
(containing five LacNAc units) showing the four galectin-3 recognition sites. 

Galectin-3 displays greatly enhanced affinity for repeating oligo-LacNAc chains 

of increasing length (Figure 4.16a).200 This can be attributed to a multivalency effect223 

and the ability of galectin-3 to recognise multiple binding sequences within the 

oligosaccharide chain. The structural results have shown that galectin-3 recognises three 

out of the four sugar residues in both the LNT and LNnT tetrasaccharides. Because both 
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the reducing and non-reducing ends of the oligosaccharide chain are free of steric 

hindrance, a galectin-3 molecule can be envisaged as being able to bind to multiple sites 

on a poly-LNT or poly-LNnT chain, with the recognition sequence being the three sugar 

GlcNAcβ-1-3-Galβ-1-4-Glc epitope. This is shown schematically in Figure 4.16c for an 

oligosaccharide chain consisting of five LacNAc repeats (LN5). For a chain such as this, 

the number of galectin-3 recognition sites equals n−1, where n is the number of 

disaccharide repeats (LacNAc in this case). Accordingly, there are predicted to be 1, 2, 

and 4 galectin-3 recognition sites in the LN2, LN3, and LN5 oligosaccharides 

respectively. 

Some confusion has existed about whether galectin-1 has the ability to bind 

internal LacNAc recognition sequences within an oligosaccharide chain.224,225 This was 

due to early reports of bovine galectin-1 displaying a multivalent effect for poly-LacNAc 

chains.226-228 Experiments with human galectin-1 indicated that it predominately 

recognises only the terminal disaccharide unit of each oligosaccharide,200,225 and supports 

the structural results obtained here for chain A, which show a terminal binding mode. The 

Ala1/Asp123 bump, identified in the galectin-1 oligosaccharide complexes determined in 

this project, is suggested here to be the structural feature that prevents binding of human 

galectin-1 to internal oligosaccharide recognition sequences. Alignment of the human and 

bovine galectin-1 sequences229 shows that in place of the aspartic acid residue, bovine 

galectin-1 has a glycine at this position (Gly123). Comparison of the available bovine 

(PDB ID: 1SLT)150 and human galectin-1 X-ray crystal structures reveals that the lack of 

the aspartic acid side chain in bovine galectin-1 provides more space in the extended 

binding site for oligosaccharide binding. Thus, the absence of the bump in bovine 

galectin-1 is likely why a multivalency effect was observed for bovine galectin-1 but not 

human galectin-1, and gives support to the hypothesis that this structural feature is 

important in restricting binding to internal recognition sequences. 

The relative affinity values for human galectin-1 in Figure 4.16a show that, 

although dwarfed by the very large affinity increases seen for galectin-3, galectin-1 does 

display a modest increase in affinity for oligo-LacNAc chains (LN5 has a 30 % higher 

affinity compared to LN2). This slight increase in affinity may reflect the structural 

results that were obtained for chain B, which show that human galectin-1 does have the 

capacity to bind internally to the oligosaccharide chain, albeit with a likely lower affinity 
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as discussed above. Thus, the binding of galectin-1 to oligosaccharide chains such as LN5 

may have a partially multivalent nature, with the primary recognition site being the 

terminal disaccharide epitope, in addition to multiple lower affinity recognition sites 

along the oligosaccharide chain. Because the glycosidic linkages in LNT enable easier 

access to the internal recognition sequence, it is predicted that an oligo-LNT chain should 

display a higher affinity for galectin-1 and a greater partial multivalency effect compared 

to an oligo-LNnT chain or the LN2 – LN5 oligosaccharides. 

There are no previously reported galectin-1 or -3 structures in complex with any 

oligosaccharide that is extended at the 3′ position of galactose. The complexes discussed 

here, in addition to the growing number of other available galectin structures, add to the 

picture that is emerging about the binding site determinants and protein features that are 

critical for oligosaccharide specificity and selectivity. Figure 4.17 highlights which of the 

human galectins exhibit a multivalency effect for oligo-LacNAc chains (LN2–LN5) based 

on binding affinity data from Hirabayashi et al.200 Analysis of each of the corresponding 

galectin structures reveals that, for each galectin that does not display a multivalency 

effect, there is a structural feature (a bump or a loop) that is predicted to sterically 

obstruct and prevent binding to an internal recognition sequence. In contrast, the galectins 

that do display a multivalency effect have more open and accessible binding sites. 

The structure of human galectin-8N in complex with the lacto-N-fucopentaose III 

pentasaccharide (LNF-III) (PDB ID: 3AP9)142 reveals that, like the galectin-3-LNnT 

complex, galectin-8N binds internally to the oligosaccharide and forms favourable 

protein–ligand interactions within the extended binding site. LNF-III and LNnT are very 

similar, with the difference being that the GlcNAc in LNF-III is branched with an 

additional α1–3 linked fucose, which does not interact directly with the protein in 

galectin-8N. Unlike galectin-3 however, galectin-8N does not display a multivalency 

effect for oligo-LacNAc chains (Figure 4.17). Analysis of the published structure shows 

that this is likely due to the presence of the large S3–S4 loop, which is absent in 

galectin-3, and likely to clash with any further extension from the non-reducing end of the 

oligosaccharide. Thus, like galectin-1, galectin-8N is restricted to binding to the terminal 

non-reducing end of the oligosaccharide, however, unlike galectin-1, which primarily 

binds to the terminal disaccharide epitope in the primary binding site, galectin-8N can 

bind to four terminal sugars within the primary and extended binding sites. 
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Figure 4.17: Multivalency effect of human galectins for oligo-LacNAc chains. The y-axis 
values represent the change in relative affinity of each galectin for oligo-LacNAc chains 
of increasing length, with higher values indicating a larger multivalency effect. The y-axis 
values were calculated using binding affinity data from Hirabayashi et al.200 by taking the 
slope of the line of best fit from a plot of the binding affinities of each galectin relative 
LN2 over the number of LacNAc units in each chain (2, 3, and 5 LacNAc units for LN2, 
LN3, and LN5 respectively). An ‘*’ indicates that there is a bump or loop present within 
the binding site of the indicated galectin. 

A similar finding to galectin-8N is observed on analysis of the human galectin-7 

structures (e.g. PDB ID: 5GAL),140 which also have a large S3–S4 loop that contains a 

bulky glutamine residue (Gln42), which is likely to interfere with binding to extended 

oligosaccharides. The human galectin-2 structure (PDB ID: 1HLC)139 shows that there is 

an arginine residue (Arg120) at the same location as Asp123 in galectin-1, which forms a 

similar bump at the base of the extended binding site as observed in galectin-1. In 

contrast, the carbohydrate binding sites of human galectin-8C (PDB ID: 3OJB),143 human 

galectin-9N (e.g. PDB ID: 2ZHN),201 and human galectin-9C (e.g. PDB ID: 3NV4),144 are 

much more open, like that observed for galectin-3, and are expected to be able to bind to 

internal recognition sequences within oligosaccharide chains, as indicated by the binding 

affinity data (Figure 4.17). 

It is possible to group the galectins for which there are available binding affinity 

data and X-ray crystal structures into three main categories based on the way in which 

they bind and recognise oligo-LacNAc chains, as shown in Figure 4.18. The tremendous 

diversity of naturally occurring glycans means that different binding patterns may be 

observed for different oligosaccharides, and the categories outlined here are specific only 
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to the way in which the galectins interact with oligo-LacNAc chains. As already 

mentioned for example, galectin-1 is predicted to display a multivalency effect (internal 

binding) for an oligo-LNT chain due to the different glycosidic linkages compared to a 

poly-LacNAc chain (binding data for such a ligand is not available). 

a)       b)       c)    
 

     
 

Figure 4.18: Grouping of human galectins based on their recognition of oligo-LacNAc 
chains. a) Galectins that recognise the terminal end of the oligosaccharide and bind to the 
non-reducing end disaccharide unit within the primary binding site only. b) Galectins that 
recognise the terminal end of the oligosaccharide and interact with up to four sugars 
within the primary and extended binding sites. c) Galectins that display a multivalency 
effect and bind to internal recognition sequences within the oligosaccharide. Sugar 
residues are represented as yellow squares, with the line extending from the reducing 
and/or non-reducing end (denoted by a dot and arrow respectively) representing where 
further extension of the oligosaccharide chain may occur. 

A wealth of information on galectin-oligosaccharide binding specificities is 

available from glycan array binding affinity data provided by the Consortium for 

Functional Glycomics.222 Terminal α2–6-sialylation of galectin ligands is one example 

that highlights the importance of the difference between the internal binding ability of 

galectin-3, compared to the terminal binding preference of galectin-1. Figure 4.16b shows 

how the presence of a 6′-sialic acid cap at the non-reducing end of either LacNAc or LN2 

significantly reduces the binding affinity of these oligosaccharides (6′-sialyl-LacNAc and 

6′-sialyl-LN2) for galectin-1. This is expected since the presence of the sialic acid residue 

at the 6′ position of galactose should block the formation of the critical galectin–galactose 

interaction at the non-reducing end of the ligand. For galectin-3 however, while the 

affinity of 6′-sialyl-LacNAc is reduced as expected, that of 6′-sialyl-LN2 is enhanced 

compared to LacNAc (Figure 4.16b). This indicates that galectin-3 is binding to the 

internal recognition sequence and likely forming an identical binding mode to that 

observed for the galectin-3-LNnT complex described here (with the sialic acid residue 
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being positioned into solution and not interacting with the protein). The ability of 

galectin-3 to bind internally to α2–6-sialylated poly-LacNAc has been reported by 

Stowell et al.221 and de Melo et al.230 

The above shows that, in vitro, α2–6-sialylation on galectin-recognising glycans 

acts as an effective on/off switch for galectin-1 binding, while potentially leaving 

galectin-3 binding unaffected (depending on the type and length of the underlying 

glycan). This has significant biological relevance for galectin function in vivo, especially 

with regard to galectin mediated modulation of the immune response to cancer.47,231-233 

Tumour secreted galectins, including galectin -1 and -3, induce apoptotic cell death in 

anti-tumour T cells through binding of membrane associated glycoproteins,47,234 with this 

process being dependent on the type of glycan expressed by the cell.31,235,236 Differential 

expression and activity of β-galactoside α2,6-sialyltransferase (ST6Gal-I) regulates the 

level of α2–6-sialylation present on N- and O-glycans,231 with T cells that display α2–

6-sialylated glycans being resistant to galectin-1 mediated cell death.235,236 

This control of galectin-1 mediated cell death through regulation of ST6Gal-I is 

effective due the preference of galectin-1 for terminal β-galactosides, which are 

efficiently masked by the 6′-sialic acid cap. The internal binding ability of galectin-3 

discussed above should position it outside the regulatory control of 6′-sialylation, with the 

mentioned dependence on the type of the underlying glycan. Although excellent examples 

exist for galectin-1,235,236 less has been reported to date detailing the interplay between 

6′-sialylation and galectin-3 mediated T cell death.231 A study by Toscano et al.31 has 

hinted that galectin-3 is indeed outside the regulatory control of ST6Gal-I by showing 

that galectin-3, but not galectin-1, induces cell death in TH2 CD4 T cells, which have 

elevated levels of 6′-sialylation. In contrast, both galectin-1 and galectin-3 induced cell 

death in TH1 cells, which do not express high levels of surface 6′-sialylation. It remains 

unclear however, whether the TH2 cell death induced by galectin-3 is achieved through 

internal binding of the sialylated glycans, or through other mechanisms.231 

4.3.5 Galectin-3 Trisaccharide Complexes 

Three additional trisaccharides, each having known binding affinity for human 

galectins,200 were chosen for crystal soaking experiments in order to further probe the 

extended binding site of galectin-3. The trisaccharides all contain the same reducing end 
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lactose disaccharide, expected to bind within the primary binding site, and differ in the 

type of sugar and linkage at the non-reducing end that extends from the galactose. These 

trisaccharides were chosen because, in addition to revealing novel protein–ligand 

interactions that may occur within the extended galectin binding site, they each form the  

Table 4.6: Crystallographic data and refinement statistics for galectin-3 CRD structures 
with bound trisaccharides. 

Linear B-6 trisaccharide:      Galα-1-3-Galβ-1-4-Glc 
3′-Sialyllactose (GM3):   Neu5Acα-2-3-Galβ-1-4-Glc 

2′-Fucosyllactose:      Fucα-1-2-Galβ-1-4-Glc 

 Galectin-3 CRD   

Ligand Linear B-6 Trisaccharide 2′-Fucosyllactose 3′-Sialyllactose 

soaking time 3 hours 4 hours 14 hours 
Data collection    
temperature (K) 295 295 295 

X-ray source Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

space group P212121 P212121 P212121 
cell dimensions 
   a, b, c (Å) 37.3, 58.5, 64.0 36.7, 57.6, 62.9 37.0, 58.3, 63.8 

resolution (Å) 64.0–1.70 (1.79–1.70)† 62.9–1.79 (1.89–1.79) 63.9–1.65 (1.74–1.65) 
total observations 103,197 50,793 109,194 
unique observations 15,622 11,581 16,331 
Rmerge 0.051 (0.237) 0.088 (0.343) 0.042 (0.213) 
I / σI 20.3 (2.6) 10.7 (1.7) 21.6 (1.4) 
completeness (%) 97.5 (84.5) 89.3 (63.1) 94.6 (68.3) 
multiplicity 6.6 4.4 6.7 
Refinement    
resolution range for 
refinement (Å) 43.2–1.70 (1.74–1.70) 42.5–1.79 (1.84–1.79) 43.0–1.65 (1.69–1.65) 

Rwork 0.160 0.168 0.171 
Rfree 0.175 0.204 0.193 
no. of atoms    
    protein 1,239 1,210 1,210 
    ligand 34 33 43 
    water 106 79 118 
average B-factors (Å2)    
    protein 17.9 14.9 18.9 
    ligand 30.2 41.1 53.2 
    water 32.7 32.0 35.9 
r.m.s. deviations    
    bond lengths (Å) 0.01 0.01 0.01 
    bond angles (°) 1.21 1.28 1.25 
ligand occupancy 1.0 1.0 1.0 
MolProbity statistics – 
appendix section D.15 D.16 D.17 
†values in parentheses are for the highest resolution shell 
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core components of many different naturally occurring glycans, and have the potential to 

provide insights into biologically relevant functions of galectin-3. For example, the 

glycosphingolipids, which are known to interact with galectins, are important 

biomolecules involved in cell–cell recognition and the modulation of signal 

transduction,203,237 with glycosphingolipid expression and presentation exhibiting striking 

differences in human cancer cells.238 The linear B-6 trisaccharide and 3′-sialyllactose 

oligosaccharides discussed in this section represent the defining core units of the 

isoglobo-series (iGb3) and ganglio-series (GM3) glycosphingolipids, respectively.203 

Fucosylation of cellular glycans is a common biosynthetic modification that has also been 

found to be important in cancer biology,239 with the specific α1–2 fucosylation of 

galactose, as represented by the 2′-fucosyllactose trisaccharide discussed here, occurring 

within virtually all of the glycosphingolipid families. 

As with the LNnT and LNT tetrasaccharides discussed in the previous section, all 

three trisaccharides were highly aqueous soluble, with X-ray diffraction from each soaked 

crystal being of good quality (Table 4.6). The resulting electron density maps clearly 

revealed the presence of a bound oligosaccharide within the galectin-3 binding site of 

each complex (Figure 4.19). The reducing end lactose disaccharide epitope, common to 

each tetrasaccharide, was clearly defined by the electron density maps and bound within 

the primary galectin binding site, forming the same previously discussed (section 3.3.5) 

galectin–lactose interactions. Electron density was also clearly visible extending from the 

galactose 3′ position in the linear B-6 trisaccharide and 3′-sialyllactose complexes, and 

the 2′ position in the 2′-fucosyllactose complex, indicating the position of the third non-

reducing end sugar of each trisaccharide. 

Of the three trisaccharide complexes, the electron density for the non-reducing 

end sugar was the most clearly defined in the linear B-6 trisaccharide complex 

(Figure 4.19a). In this complex, the electron density covers the entire 3′-α-galactose 

residue, showing its conformation and interactions within the extended galectin-3 binding 

site. This residue interacts very differently within the extended binding site compared to 

the 3′-β-GlcNAc residue that occupies the same position in the galectin-3-LNnT/LNT 

complexes discussed in the previous section. 
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a)     
 

b)     
 

c)     
 

Figure 4.19: Stereo figures of the electron density within the galectin-3 binding sites of 
a) the linear B-6 trisaccharide complex (1.7 Å resolution, 2mFo − DFc: 1.2 σ, mFo − DFc: 
±3.2 σ), b) the 3′-sialyllactose complex (1.65 Å resolution, 2mFo − DFc: 1.1 σ, 
mFo − DFc: ±3.0 σ), and c) the 2′-fucosyllactose complex (1.8 Å resolution, 2mFo − DFc: 
1.0 σ, mFo − DFc: ±2.5 σ). 

The α configuration of the glycosidic linkage in the B-6 complex places the plane 

of α-galactose ring at a roughly perpendicular angle compared to the plane of the 

3′-β-GlcNAc ring in the LNnT/LNT complexes. Thus, the α-galactose does not interact 

deeply within the extended binding site, and does not interact directly within the Ala146–
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Asp148 pocket (nor align within the binding subsites discussed in section 3.1), but instead 

is positioned back towards the binding site tryptophan (Trp181), making van der Waals 

contact between it and the hexose ring oxygen (O5), and forming a hydrogen bond 

between the 6-OH and the tryptophan nitrogen. The α-galactose 6-OH also forms an 

interesting water mediated intramolecular hydrogen bond with the β-galactose 2-OH 

(Figure 4.20a), an interaction likely to further stabilise the α1–3 linkage. The α-galactose 

residue also forms a hydrogen bond between the 2-OH and Arg144, and two water 

mediated hydrogen bonds between the 2-OH and Asp148, and the 4-OH and Lys176. As 

can be seen, the terminal α-galactose residue forms many protein–ligand interactions, 

likely accounting for the excellent electron density observed for this residue, and 

contributing to the higher affinity of linear B-6 trisaccharide for galectin-3 compared to 

lactose (Kd = 29 and 260 µM, respectively).200 

As discussed, the binding conformation of the α-galactose orientates 2′ position of 

the residue towards the protein surface, with the 2-OH forming favourable hydrogen bond 

interactions. The A-tetrasaccharide oligosaccharide has a similar chemical structure to the 

linear B-6 trisaccharide, except that it has an α-fucose branching from the β-galactose 2′ 

position (like 2′-fucosyllactose described below), and an N-acetyl group at the 2′ position 

of the α-galactose (making this residue GalNAc instead of Gal). Interestingly, were 

A-tetrasaccharide to interact with galectin-3 with the same binding mode as observed in 

this linear B-6 trisaccharide complex, the N-acetyl group of the α-galactoside would be 

positioned into the pocket above Ala146, and engaging in potentially favourable 

interactions with Arg144 and Asp148. This proposed binding mode is supported by 

mutagenesis studies which show that substitution of Ala146 in galectin-3 for a more 

bulky glutamine results in an almost 40-fold reduction in affinity for A-tetrasaccharide.142 

The electron density is less well defined for the terminal non-reducing end sialic 

acid (Neu5Ac) and fucose residues in the 3′-sialyllactose and 2′-fucosyllactose complexes, 

respectively, but does reveal the location and orientation of the pyranose rings, with no 

alternative conformations being indicated. For the 3′-sialyllactose complex, the electron 

density is well defined for the carboxylate group and part of the pyranose ring, but is 

poorly defined for the C6–C9 (glycerol) atoms and the 5′-N-acetyl group, which are 

positioned into the surrounding solvent and do not interact with the protein 

(Figure 4.19b). The Neu5Ac residue does not interact closely within the extended binding 
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site compared to the residues at this position in the previously discussed oligosaccharide 

complexes, with the α2–3 linkage orientating the residue away from the protein surface. 

The carboxylate group of Neu5Ac, which is the only part of the residue that interacts 

within the galectin-3 binding site, forms a hydrogen bond with the tryptophan nitrogen 

(Figure 4.20b). 

a)      

 

 
 

b)      

 

 
 

Figure 4.20: Protein–ligand interactions within the galectin-3 binding site of the a) linear 
B-6 trisaccharide complex, and b) 3′-sialyllactose complex. H-bond interactions between 
the ligand and protein/solvent are shown as dashed lines (stereo images). Interactions 
involving the reducing end Galβ-1-4-Glc moiety (lactose) have been previously described 
(section 3.3.5) and are omitted for clarity. 

X-ray crystal structures of galectins with bound 3′-sialyllactose have been 

reported for galectin-8N142 (PDB ID: 3AP7) and galectin-9C144 (PDB ID: 3NV4). The 

galectin-9C binding site shares many similarities with that of galectin-3, and 

3′-sialyllactose binds with the same conformation in both proteins. The same binding 

mode is also found in the galectin-8N complex, however, there are striking differences in 
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the protein–ligand interactions in this complex compared to those observed in the galectin 

-3 and -9C complexes. Galectin-8N has an unusually large S3–S4 loop adjacent to the 

galectin binding site (also discussed in section 4.3.4.4), which contains an arginine 

residue that is not found at this position in any other galectin. As suspected prior to the 

availability of the 3′-sialyllactose complex,144 the positively charged arginine residue 

(Arg59) coordinates with the negatively charged Neu5Ac carboxylate, forming a unique 

galectin–ligand salt bridge.142 This interaction likely accounts for the roughly two orders 

of magnitude greater affinity of 3′-sialyllactose for galectin-8N compared to the parent 

lactose.200,240 Thus, in addition to the α2–6 sialylation discussed in section 4.3.4.4, α2–3 

sialylation is also an interesting modulator of galectin recognition for cellular glycans, 

being tolerated by some galectins, with little impact on binding affinity (e.g. galectin -3 

and -9C), negatively impacting affinity for some galectins (e.g. galectin-2221), and greatly 

enhancing the affinity for galectin-8N. 

 
 

Figure 4.21: Comparison of the binding conformations of the five galectin-3 
oligosaccharide complexes described in this chapter (stereo figure). Colouring scheme: 
LNnT: red, LNT: yellow, linear B-6 trisaccharide: blue, 3′-sialyllactose: green, 
2′-fucosyllactose: magenta. 

Electron density for the 2′-fucose residue in the galectin-3 2′-fucysollactose 

complex is poorly defined, but does reveal the orientation of the pyranose ring, which is 

positioned away from the protein surface and does not engage in any protein–ligand 

interactions (Figure 4.19c). Binding affinity data200,222 had suggested that the fucose 

residue may interact favourably with galectin-3 due to it having enhanced affinity over 

the lactose parent, however, these data show that this is not the case and the presence of 
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the 2′-fucose may somehow indirectly influence the measured protein–ligand binding 

affinities. 

The three galectin-3 trisaccharide complexes discussed above, in addition to the 

galectin -1 and -3 tetrasaccharide complexes (LNnT and LNT), have revealed the subtle 

differences in binding interactions that occur within the extended galectin binding site. 

These data, combined with the growing number of other reported galectin–ligand 

complexes, have provided insights into the ligand binding events that can effect important 

biological responses. Figure 4.21 shows how the five galectin-3 oligosaccharide 

complexes have enabled probing into different areas of the galectin-3 extended binding 

site. 

136 



 

Chapter 5. X-ray structure analysis of galectins-1 

and -3 with bound synthetic ligands 

5.1 INTRODUCTION 

As discussed in the introduction, the inhibition of galectins using small molecule 

ligands is emerging as a very promising avenue for suppression of tumour progression.54-

62 The first galectin inhibitor used in a clinical setting was modified citrus pectin, a large 

and complex polysaccharide rich in anhydrogalacturonic acid, galactose and arabinose.241 

This compound, called GBC-590, demonstrated good results in animal models by 

significantly reducing metastasis in nude mouse models of human melanoma and prostate 

cancer.241 This compound however is suspected to have low selectivity and it is not 

determined exactly which galectin(s) it binds and inhibits in vivo.242 

Many groups have been investigating the potential of multivalent galectin 

inhibitors.64,112,223,243-245 The majority of these inhibitors however, show only a modest 

affinity enhancement over LacNAc. Another group has investigated a library of 40 

pentapeptides as potential glycomimetics against five different galectins.111 Using a solid-

phase binding assay, a number of the peptides were found to bind, however, the affinities 

were low with IC50 values of 4–8 mM.111 

The research group of Prof. Ulf Nilsson at Lund University have been developing 

monovalent galectin-3 inhibitors using structure-based drug design.113,118 The inhibitors 

were initially designed based on observations of the crystal structure of galectin-3 

complexed with LacNAc.63 A library of LacNAc derivatives with various groups attached 

via an amino linkage at the 3′ position were synthesised and tested for binding affinity 

towards galectin-3.113 Inhibitor 7 was found to have an IC50 value 4.4 µM, 50 times better 

than the parent LacNAc (Figure 5.2). An X-ray crystal structure of this inhibitor in 

complex with galectin-3 revealed that Arg144 within the extended binding site undergoes 

a conformational change to reveal an extended hydrophobic pocket (Figure 5.1). The 

Arg144 guanidino group was found to form a favourable arginine-arene stacking 

interaction with the aromatic ring of the inhibitor. These unexpected structural results  

5 
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Figure 5.1: Crystal structure of human galectin-3 CRD showing the carbohydrate binding 
site with bound lactose (left) and inhibitor 7 (right) (PDB ID: 1KJR). Arg144 of the 
protein is coloured blue to highlight the reorientation that occurs upon binding of the 
inhibitor. 

 

              
     LacNAc   IC50 = 0.2 mM                         TDG   Kd = 43 mM   

 

          
          7   IC50 = 4.4 µM                                     8   Kd = 320 nM 

 

 
              9   Kd = 33 nM 

 
Figure 5.2: Synthetic galectin ligands reported by the laboratory of Prof. Ulf Nilsson, 
Lund University. 
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enabled the targeting of the unique pocket revealed by the Arg144 conformational 

change, resulting in optimised inhibitors with enhanced binding affinity, such as inhibitor 

8 with a Kd of 320 nM (Figure 5.2).118 

The galectin-3 crystal structures have revealed that there is an additional side-

pocket located within the primary binding site between Arg144 and Arg162, adjacent to 

the 2′ position of bound galactosides. The reported galectin-3 inhibitors that are based on 

galactoside scaffolds cannot take advantage of this pocket because the equatorial C2 

hydroxyl of galactose points out and away from the protein. It was hypothesised early in 

this project that inhibitors based on a novel taloside scaffold would provide the correct 

geometry for building into this unexplored pocket. This is because the axial hydroxyl at 

the 2′ position of talose (the C2 epimer of galactose) would point directly into the pocket 

when bound in the same conformation as galactosides. Figure 5.3 shows a surface view of 

the galectin-3 binding site from the published structure (PDB ID: 1KJR) complexed with 

inhibitor 7. The inhibitor has been removed from the binding site in the figure and 

thioditaloside (TDT) 10 has been positioned in the same orientation as bound galactoside 

molecules. The 3′ hydroxyl of TDT points directly into the extended binding site of the 

protein that has been exploited by the galactoside based series of reported galectin-3 

inhibitors. Importantly, the 2′ hydroxyl of TDT points directly into the other pocket 

located between the Arg144 and Arg162 side-chains (Figure 5.3). 

Since aromatic groups placed on the 3′ position have shown greatly enhanced 

affinity for galectin-3 due to arginine-arene interactions, an aromatic group placed on the 

2′ position of a taloside derivative and directed into the pocket between Arg144 and 

Arg162, may be able to form these highly favourable π stacking interactions. Taloside 

based ligands were thus identified in this project as an attractive scaffold for the 

development of novel galectin-3 inhibitors for selective interaction within the previously 

unexplored pocket. During the course of this project the Nilsson group also reported the 

synthesis and binding affinity analysis of taloside based galectin inhibitors.246 A 

collaboration with the group was formed and structural investigations of the reported 

talosides (talosides 11–13, Table 5.1) in complex with galectin-1 and -3 were performed 

in this project (section 5.3.1). 
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Prior to the reports of taloside inhibitors was the discovery of C2-symmetrical 

thiodigalactoside derivatives, which are the most potent galectin-3 inhibitors reported to 

date.247 These inhibitors also take advantage of the arginine-arene interactions, which can 

be as strong as cation-anion interactions. The positively charged guanidinium ion of 

arginine residues is poorly solvated in water and has a π system that interacts with the π 

systems of aromatic groups.248 By deviating from the LacNAc scaffold and using the 

symmetrical molecule thiodigalactoside (TDG), the Nilsson group has been able to 

develop inhibitors that potentially take advantage of a second arginine residue (Arg186) 

at the opposite end of the galectin-3 carbohydrate binding site. 

 
 

   
TDG      TDT 10 

 
Figure 5.3: The galectin-3 binding site (electrostatic surface representation) from the 
published structure with bound inhibitor 7 (PDB ID: 1KJR). The inhibitor has been 
removed from the structure and replaced with TDT 10 positioned in the same 
conformation as galactoside ligands. The axial 2′ hydroxyl TDT points directly into a 
side-pocket between Arg144 and Arg162. The 3′ hydroxyl points into the extended 
binding site. 

The binding affinity of TDG for the galectins is similar to that of LacNAc, and the 

crystal structure of toad galectin-1 with bound TDG (PDB ID: 1A78) showed that it 
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forms identical topological interactions to the protein with a similar number and quality 

of binding site interactions.153 Additionally, it is thought that ligands based on a TDG 

scaffold may possess interesting thermodynamic properties, since the C2 symmetry of the 

molecule will allow for two degenerate binding modes.247 A total of four TDG based 

compounds were reported, and all of them have greatly increased affinity for galectin-3 

compared to the parent TDG molecule, with Kd values as low as 33 nM for compound 9 

(Figure 5.2). To investigate the galectin–ligand interactions taking place for these high 

affinity inhibitors, structural studies were performed with galectins -1 and -3 in complex 

with the unmodified core TDG scaffold (synthesised by Dr. Darren Grice, Institute for 

Glycomics), for which structural data with any human galectin was previously 

unreported, in addition to three triazolyl TDG compounds (compounds 17–19, provided 

by the Nilsson group, Table 5.1), each having higher binding affinities than any 

previously reported galectin inhibitor to date (section 5.3.7). 

Structural studies were also performed with lactobionic acid (LBA, Table 5.1), 

since like TDG, this disaccharide has been found to interfere with galectin function 

in vivo when used as an adjuvant with vaccine immunotherapy,58 and offers a novel 

alternative scaffold for galectin inhibitor design due to the open chain nature of the 

gluconic acid residue (section 5.3.2). Two additional galactoside based galectin ligands 

(galactosides 15 and 16, Table 5.1) were also investigated in this project. Galactoside 15 

(provided by Dr. Todd Houston, Institute for Glycomics) is modified at the anomeric 

position of the monosaccharide with triazolyl-propanoic acid functionality, and has 

unknown binding affinity for the galectins. Structural studies with this compound were 

performed in order to assess whether such a scaffold could be used as the basis for novel 

galectin inhibitor design, and to determine if the aglycone of the glycoside could interact 

with the protein at the site usually occupied by glucose in lactose bound structures 

(section 5.3.3). The 3-O-coumarinyl-α-methyl-galactoside (galactoside 16, provided by 

the Nilsson group) is unusual due to the anomeric position of the monosaccharide being 

in the α configuration, whereas previously reported galectin inhibitors are in a β 

configuration, with the galectins being defined by their binding affinity for 

β-galactosides. For a monosaccharide based galectin inhibitor, this compound has a 

relatively high binding affinity for galectin-3 (Kd = 97±22 µM, email communication), 

and the structural studies in this project were performed in order determine the binding 

interactions taking place for this interesting new galectin inhibitor (section 5.3.4). 
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Table 5.1: Small molecule galectin ligands reported in this chapter 

Compound Name MW 
(g/mol) Structure Thesis 

Section 

Taloside 11 
2-O-acetyl-
3-O-toluoyl-

β-methyl-taloside 
354.4 

 

5.3.1 
page 148 

Taloside 12 2,3-O-ditoluoyl- 
β-methyl-taloside 430.5 

 

5.3.1 
page 148 

Taloside 13 2-O-3-N-ditoluoyl-
β-methyl-taloside 429.5 

 

5.3.1 
page 148 

LBA 14 Lactobionic acid 358.3 

 

5.3.2 
page 158 

Galactoside 
15 

1-O-triazolyl-
β-galactoside 333.3 

 

5.3.3 
page 163 

Galactoside 
16 

2-O-acetyl-
3-O-coumarinyl-

α-methyl-
galactoside 

394.4 

 

5.3.4 
page 164 

TDG Thiodigalactoside 358.4 
 

5.3.5 
page 169 

Triazolyl-
TDG 17 

4-fluorophenyl-
triazolyl-

thiodigalactoside 
648.6 

 

5.3.7 
page 186 

Triazolyl-
TDG 18 

3-fluorophenyl-
triazolyl-

thiodigalactoside 
648.6 

 

5.3.7 
page 186 

Triazolyl-
TDG 19 

thienyl-triazolyl-
thiodigalactoside 624.7 

 

5.3.7 
page 186 
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5.2 METHODS 

5.2.1 Protein Expression and Purification 

The human galectin proteins were expressed and purified as described in 

section 3.2.3 for galectin-1 and section 3.2.2 galectin-3 CRD. 

5.2.2 Galectin-3 CRD Galactoside Co-crystallisation 

The galectin-3 CRD crystal form was used for all ligand exchange crystal soaking 

experiments. The crystals contain one galectin-3 CRD monomer per asymmetric unit in 

space group P212121. The protein is co-crystallised in the presence of either lactose or 

galactose (section 3.2.7). 

5.2.3 Galectin-1 Apo Crystallisation 

The apo crystal form of galectin-1, containing a one homodimer per asymmetric 

unit in space group P212121, was used for all crystal soaking experiments. The crystals 

were prepared as described in section 3.2.8. 

5.2.4 Ligand Preparation and Crystal Soaking 

5.2.4.1 Thiodigalactoside 

The TDG compound used for ligand exchange experiments was synthesised and 

prepared by Dr Darren Grice at the Institute for Glycomics. A stock solution of the highly 

aqueous soluble compound was prepared at 500 mM in water. The crystal soak solutions 

for galectin-1 and galectin-3 were prepared by mixing the stock compound solution in a 

1∶4 ratio with a 1.25 × concentrated reservoir solution (as described in section 4.2.3) to 

give a final concentration of 100 mM TDG in a 1 × reservoir solution. Galectin-3 CRD 

lactose crystals were first washed by passing the crystal through 3–4 × 20 µL drops of 

reservoir solution before soaking for 30 min in a 4 µL drop of the TDG crystal soak 

solution. Galectin-1 apo crystals were transferred directly to 4 µL drops of the TDG 

crystal soak solution and allowed to soak for 15 minutes before room temperature X-ray 

diffraction data collection. 
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5.2.4.2 Triazolyl-thiodigalactosides 

Triazolyl-thiodigalactosides 17–19 were provided by Prof. Ulf Nilsson, Lund 

University. The low aqueous solubility of the triazolyl-TDGs 17–19 prevented similar 

ligand preparation methods to those described for the highly soluble oligosaccharides in 

Chapter 4 (section 4.2.3) and for TDG above. By initially taking the compounds up in 

55 % PEG 6000 (for galectin-3) or 55 % PEG 4000 (for galectin-1) before adding 

additional crystallisation components and water, it was found that the compounds 

remained soluble without the need for DMSO. To avoid contaminating the entire sample 

with PEG, the freeze dried triazolyl-TDG compounds were initially taken up in 100 % 

methanol and divided into separate aliquots before addition of water to bring the final 

methanol concentration to 50 %. Tubes containing the compounds were then left open 

overnight to allow evaporation of most of the methanol (compound precipitation occurs) 

before freeze drying. 

For galectin-3, 55 % PEG 6000 was initially added to a single aliquot to solubilise 

the compound, before slow and careful addition (with constant mixing) of Tris-HCl 

pH 7.5, MgCl2, and water, to arrive at a final concentration of 20 mM triazolyl-TDG 

compound in the galectin-3 CRD crystallisation condition (31 % PEG 6000, 100 mM 

Tris-HC pH 7.5, 100 mM MgCl2). This solution was then used for co-crystallisation of 

the triazolyl-TDG compounds with galectin-3 CRD as described in section 5.2.5. After a 

number of days of equilibration, co-crystallisation drops that did not contain any crystals 

were used for crystal soaking. Galectin-3 galactose crystals (section 3.3.5) were washed 

briefly in reservoir solution before soaking for 2–8 days in the co-crystallisation drops. 

The triazolyl-TDG compounds were prepared in a similar way for galectin-1 

crystal soaking except that the compound was initially taken up in 55 % PEG 4000, 

before careful addition of the other galectin-1 crystallisation components to give 20 mM 

triazolyl-TDG compound in 0.2 M ammonium sulphate, 25 % w/v polyethylene glycol 

4000, 0.1 M sodium acetate trihydrate, pH 6.2. Galectin-1 apo crystals were transferred 

directly to 4 µL drops of the triazolyl-TDG solution and allowed to soak for 17–24 hours. 

5.2.4.3 Talosides 

Talosides 11–13 were provided by Prof. Ulf Nilsson, Lund University. Taloside 

11 was aqueous soluble and could be prepared in a similar way to TDG (section 5.2.4.1). 
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The compound was taken up in water to 500 mM, allowing crystal soak concentrations of 

100 mM in galectin-1 or galectin-3 CRD reservoir solutions as described for TDG 

(section 5.2.4.1). A galectin-1 apo crystal was soaked for 85 minutes with taloside 11, 

while a galectin-3 CRD crystal was soaked for 20 days with taloside 11. 

Taloside 13 had very low aqueous solubility and was prepared as described for 

the triazolyl-TDG compounds above (section 5.2.4.2). The ligand was prepared in 

galectin-3 crystallisation reservoir solution to a final concentration of 40 mM and a 

galectin-3 CRD co-crystallisation experiment was performed (see section 5.2.6). After 

2 days of equilibrium a galectin-3 CRD galactose crystal was soaked for 3 days in the co-

crystallisation drop before X-ray diffraction data collection. 

5.2.4.4 Lactobionic acid 

Lactobionic acid (LBA) (Sigma Aldrich Chemical Co., Mo, USA) was prepared 

in galectin-1 or galectin-3 CRD crystallisation reservoir solution at a final concentration 

of 100 mM as described for TDG (section 5.2.4.1). Due to the acidity of LBA, the pH of 

the crystal soak solution was adjusted to the appropriate pH (pH 6.2 for galectin-1 and 

pH 7.5 for galectin-3) using NaOH and 4.5–10.0 pH indicator strips (0.5 pH unit 

resolution, Sigma Aldrich Chemical Co., Mo, USA). A galectin-3 CRD lactose crystal 

was washed briefly in reservoir solution before soaking for 20 min in 4 µL LBA crystal 

soak solution. Galectin-1 apo crystals were soaked for 40 min in 4 µL LBA crystal soak 

solution. 

5.2.4.5 3′-coumarinyl α-galactoside 

The 3′-coumarinyl α-galactoside 16 (from the laboratory of Assistant Prof. 

Balaram Mukhopadhyay (ISSER, Kolkata) was provided by Prof. Ulf Nilsson, Lund 

University. The 3′-coumarinyl α-galactoside 16 was prepared similarly to the triazolyl-

TDG compounds (section 5.2.4.2). After initially taking up a single aliquot of galactoside 

16 in 55 % PEG 6000, extensive sonication in an ultrasonic bath was performed to 

maximise solubility prior to addition of galectin-3 CRD crystallisation components to 

give a final concentration of 50 mM galactoside 16 in 31 % PEG 6000, 100 mM Tris-

HCl, pH 7.5, 100 mM MgCl2. Co-crystallisation conditions were prepared using hanging 

drop vapour diffusion with a 1∶1 mixture of the 50 mM galactoside 16 crystallisation 

solution and 40 mg/mL galectin-3 CRD in Tris-HCl, pH 7.5. After 24 hours of 
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equilibration, a galectin-3 CRD lactose-bound crystal was added to the drop and allowed 

to soak for 72 hours for ligand exchange. 

5.2.4.6 1′-triazolyl-β-galactoside 

The triazole-galactoside 15 was provided by Dr Todd Houston (Institute for 

Glycomics). The acidic triazole-galactoside 15, being a 1∶1 mixture of diastereomers, was 

taken up in water to a concentration of 250 mM (125 mM for each diastereomer). This 

stock compound solution was then mixed as required in a 1∶4 ratio with a modified high 

pH 1.25 × concentrated galectin-3 reservoir solution as described in section 4.2.3 to give 

a final concentration of 50 mM for the diastereomers in a 1 × galectin-3 reservoir 

solution. The initial pH of the 1.25 × concentrated galectin-3 reservoir solution was 

increased to counter the effect of the acidic compound. Using the pH calculation 

computer program CurTiPot,249 it was calculated that a pH of 8.5 for the reservoir 

solution would result in a final pH of 7.5 (the desired pH) after addition of the galactoside 

compound. 

Specifically, the calculation was performed as follows: First, the pKa for 

galactoside 15 was assumed to be close to that of acetic acid (pKa = 4.757), thus a value 

of 0.05 (Molar) was entered in the [HB] field for acetic acid, and 0.1 (Molar) entered in 

the [B] field for tris(hydroxymethyl)-aminomethane (Tris). The value of [HB] was then 

varied for HCl and the pH calculation repeated until a pH of 7.5 was achieved (a final 

value of HCl [HB] = 0.031 (Molar) was found). Finally, the acetic acid [HB] value was 

removed and the calculation repeated to reveal the pH required for the Tris-HCl buffer 

(pH = 8.5). The 50 mM galactoside 15 galectin-3 crystallisation solution was used for 

both co-crystallisation (section 5.2.7) and crystal soaking (galectin-3 CRD lactose crystal 

soaked for 48 hours with galactoside 15). 

5.2.5 Galectin-3 CRD Triazolyl-Thiodigalactoside Co-crystallisation 

Co-crystallisation of the triazolyl-TDGs with galectin-3 CRD was performed 

using the hanging drop vapour diffusion method with a 1∶1 mixture of protein to ligand 

containing crystallisation condition (prepared as described in section 5.2.4.2) and 2–

10 µL drop sizes at room temperature. Initial conditions were 40 mg/mL apo human 

galectin-3 CRD in 10 mM Tris-HCl pH 7.5, mixed 1∶1 with the ligand containing 

crystallisation condition (20 mM triazolyl-TDG, 31 % PEG 6000, 100 mM Tris-HCl 

146 



 

pH 7.5, 100 mM MgCl2) and allowed to incubate for either 30 minutes or overnight at 

4 °C. Optimisations (limited by available ligand) involved lowering protein concentration 

to 20 mg/mL and incubating trays at 30 °C. Micro seeding was performed by passing a 

cat’s whisker through a drop of crushed orthorhombic galectin-3 CRD lactose crystals 

and transferring to the co-crystallisation drop. Macroseeding was performed by adding 

single galectin-3 CRD lactose crystal fragments using a cryo-loop. 

5.2.6 Galectin-3 CRD Taloside 13 Co-crystallisation 

Co-crystallisation of galectin-3 CRD with taloside 13 was performed using the 

hanging drop vapour diffusion method with a 1∶1 mixture of protein solution (45–

90 mg/mL apo human galectin-3 CRD in 10 mM Tris-HCl pH 7.5) to 20–40 mM ligand 

containing crystallisation condition (20–40 mM taloside 13, 31 % PEG 6000, 100 mM 

Tris-HC pH 7.5, 100 mM MgCl2, prepared as described in section 5.2.4.3). 

5.2.7 Galectin-3 CRD 1′-Triazolyl-β-Galactoside Co-crystallisation 

Co-crystallisation of galectin-3 CRD with galactoside 15 was performed using the 

hanging drop vapour diffusion method with a 1∶1 mixture of protein solution (45–

90 mg/mL apo human galectin-3 CRD in 10 mM Tris-HCl pH 7.5) to 50 mM ligand 

containing crystallisation condition (50 mM galactoside 15, 31 % PEG 6000, 100 mM 

Tris-HC pH 7.5, 100 mM MgCl2, prepared as described in section 5.2.4.6). 

5.2.8 X-ray Data Collection and Structure Determination 

For the apo galectin-1 crystal form and galectin-3 CRD crystals in the previously 

determined crystal form (crystals used in soaking experiments plus galectin-3 taloside 13 

and galectin-3 galactoside 15 co-crystals), X-ray diffraction experiments and structure 

determination were performed as described in sections 3.2.9 – 3.2.10. 

X-ray data collection and structure determination for galectin-3 CRD triazole 

thiodigalactoside co-crystals were performed as above for the galectin-3 CRD crystals, 

however, as these represent a new galectin-3 CRD crystal form, the structures were 

solved by automated molecular replacement using Phaser171 from within CCP4 with a 

previously reported galectin-3 CRD structure (PDB ID: 1A3K63) stripped of water and 

ligands as the search model. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Galectin-1 and Galectin-3 with Bound Talosides 

The aqueous solubility of taloside 11 allowed crystal soaking experiments to be 

performed as for the water soluble oligosaccharides discussed in Chapter 4, providing 

X-ray crystal structures of both galectin -1 and -3 bound to taloside 11 (1.9 Å and 1.6 Å 

resolution respectively, Table 5.2). Initial efforts to prepare talosides 12 and 13 using the 

same methods resulted in a sticky insoluble precipitate of the compound. Using DMSO 

for initial solubilisation of the compound also resulted in precipitated compound at final 

DMSO concentrations of up to 10 %. Galectin -1 and -3 crystal soaking experiments were 

attempted using the precipitated compound, however, electron density from the elucidated 

structures revealed that ligand exchange was unsuccessful (data not shown). The 

estimated octanol-water partition coefficient (logP, calculated using the program 

ALOGPS250) for 12 is +2.36, which makes it predicted to be the least water soluble of the 

ligand compounds used in this project. For comparison, the water soluble saccharides 

discussed in Chapter 4 have predicted logP values of −2.5 to −3.0, while the triazolyl-

TDGs (section 5.3.7), which also exhibited low water solubility experimentally, have 

predicted logP values of +0.49 to +0.58 (lower negative values indicate hydrophilic 

compounds while higher positive values indicate hydrophobic compounds). 

The low aqueous solubility of talosides 12 and 13 required that a new method for 

ligand preparation be developed. Both the galectin-1 apo and galectin-3 CRD 

crystallisation conditions contain polyethylene glycols (PEGs) as the precipitant (PEG 

4000 and PEG 6000 respectively) and it is known that low molecular weight PEGs can 

improve compound solubility.204 Initial tests revealed that the talosides were soluble when 

initially taken up in a 55 % PEG (6000 or 4000) solution, and remained soluble after 

careful addition of other crystallisation components. This method enables co-

crystallisation and crystal soaking experiments to be performed using unmodified 

crystallisation conditions and without the need for DMSO or other potentially interfering 

solvents. Unfortunately, due to the limited available amount ligand and prior unsuccessful 

crystal soaking experiments, the new solubilisation method could not be employed for 

taloside 12. Extensive co-crystallisation and crystal soaking experiments were performed 

with the chemically similar taloside 13, and both these methods yielded structures of 

galectin-3 with bound 13. The galectin-3 CRD taloside 13 co-crystals were in the same 

148 



 

crystal form as the galectin-3 lactose co-crystals, and gave indistinguishable results for 

the bound taloside to the structures obtained by crystal soaking, thus only the results for 

the co-crystal complex are reported herein (1.55 Å resolution, Table 5.2). 

Table 5.2: Crystallographic data and refinement statistics for galectin-1 and galectin-3 
CRD structures with bound talosides 11 and 13. 

               
11                                                  13 

 Galectin-1 Galectin-3 Galectin-3 
Ligand taloside 11 taloside 11 taloside 13 
soaking time 85 min 20 days co-crystal 
Data collection    
space group P212121 P212121 P212121 
cell dimensions 
    a, b, c (Å) 44.7, 58.4, 112.3 36.8, 58.1, 63.5 37.1, 58.4, 63.8 

resolution (Å) 56.1–1.90 (2.00–1.90)† 58.1–1.60 (1.69–1.60) 58.4–1.55 (1.63–1.55) 
total observations 210,450 100,545 114,895 
unique observations 22,727 17,607 20,208 
Rmerge 0.089 (0.500) 0.035 (0.219) 0.041 (0.343) 
I / σI 15.4 (2.2) 25.7 (4.0) 19.1 (2.3) 
completeness (%) 95.6 (91.7) 94.5 (75.0) 97.5 (83.3) 
multiplicity 8.5 5.7 5.7 
Refinement    
resolution range for 
refinement (Å) 56.1–1.90 (1.95–1.90) 42.9–1.60 (1.64–1.60) 43.1–1.55 (1.59–1.55) 

Rwork 0.188 0.153 0.160 
Rfree 0.226 0.189 0.193 
no. of atoms    
    protein 2,091 1,203 1,149 
    ligand 25 25 31 
    water 95 135 133 
average B-factors (Å2)    
    protein 26.0 17.9 14.9 
    ligand 32.4 29.8 23.4 
    water 31.8 32.7 32.0 
r.m.s. deviations    
    bond length (Å) 0.01 0.01 0.01 
    bond angle (°) 1.38 1.27 1.27 
ligand occupancy 0.5 0.7 0.6 
MolProbity statistics – 
appendix section D.18 D.19 D.20 
†values in parentheses are for the highest resolution shell 
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The same crystal soaking methods failed to provide a complex of galectin-1 with 

taloside 13. Crystal soaks of up to 38 hours were performed and in all cases electron 

density within the galectin-1 binding site showed an absence of bound ligand (data not 

shown). It is unclear as to why this might be the case, since the affinity of taloside 13 is 

higher than 11 for galectin-1 (Kd 2.4 ± 0.16 mM for 13 and >4 mM for 11)251. The same 

soaking conditions did produce a galectin-3 taloside 13 complex, however, the affinity of 

13 is higher for galectin-3 (Kd 0.91 ± 0.19 mM) compared to galectin-1. It could be that 

the lower affinity, coupled with the low solubility of this compound results in too low a 

concentration of the taloside at the galectin-1 binding site to produce detectible bound 

occupancy. 

For galectin-3 with talosides 11 and 13, the initial refinement revealed clear 

difference electron density (mFo − DFc, 3.0 σ level) for a monosaccharide within the 

binding site, indicating that the lactose disaccharide had been successfully exchanged 

with the new ligand. The monosaccharide pyranose ring is in an identical position to the 

galactose ring in galactoside-bound galectin-3 structures, with the electron density at the 

C2 position clearly revealing an axial configuration, confirming the presence of a 

taloside. Both talosides 11 and 13 maintain the critical stacking interactions with the 

binding site tryptophan (Trp181) and hydrogen bonding engaging the carbohydrate 4-OH 

and 6-OH that are observed in galactoside-bound galectin structures. 

In the taloside 11-bound galectin-3 CRD structure, the acetate group extends from 

the 2′ position and is directed along the pocket bordered by Arg144 and Arg162. The 

electron density clearly shows that it is the methyl group of the acetate that lies proximal 

to Arg162, whereas the carbonyl is directed away from the protein surface into solvent 

(Figure 5.4a). The 4-OH of the taloside ring hydrogen bonds with Arg162 NH2 and to a 

water molecule that is the initial one of a trail of waters extending along the pocket. This 

water molecule also forms hydrogen bonds with one NH2 group of Arg144 that is across 

the pocket (Figure 5.5a). Another water molecule hydrogen bonds to the Nε of Arg144. 

Two water molecules at these locations, engaging with Arg144 and the taloside 4-OH, are 

observed consistently also in galectin-3 CRD lactose-bound structures.63,191 

150 



 

a)     
 

b)     
 

c)     
 

Figure 5.4: Electron density within the galectin binding sites showing the bound talosides 
(stereo images). a) Galectin-3 with bound taloside 11 (at 1.60 Å resolution) and b) 
galectin-3 with bound 13 (at 1.55 Å resolution). 2mFo − DFc electron density (blue) 
contoured at 1.0 σ, and mFo − DFc electron density contoured at +3.0 σ (red) and −3.0 σ 
(grey). c) Galectin-1 with bound taloside 11 (at 1.90 Å resolution) 2mFo − DFc electron 
density (blue) contoured at 0.8 σ, and mFo − DFc electron density contoured at +2.8 σ 
(red) and −2.8 σ (grey). 

The orientation of the 3-O-carbonyl oxygen is unambiguously defined and is in 

the vicinity (3.4 Å) of a water molecule that is hydrogen bonded (2.8 Å) to the side-chain 

nitrogen atom of Trp181 (Figure 5.5a). The 3-O-toluoyl ring is not defined in precise 

atomic detail by the electron density, likely due to some rotation permitted around the 

carbonyl to ring bond, but does reveal the aromatic ring’s location and that it can form an  
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a)     
 

b)     
 

c)     
 

Figure 5.5: Stereo views of the carbohydrate binding sites of a) galectin-3 with bound 
taloside 11, b) galectin-3 with bound taloside 13, and c) galectin-1 (monomer A) with 
bound taloside 11. 

arginine–arene stacking interaction, engaging the guanidinium group of Arg144. Such a 

cation-π interaction was also observed in the structure of galectin-3 CRD bound to a C3 

benzamide LacNAc derivative (PDB ID: 1KJR).118 Interestingly though, in the case with 

taloside 11, the Arg144 does not undergo the kind of conformational change observed in 

the structure of 1KJR, instead remaining aligned parallel to the protein surface with the 

toluoyl group of the taloside stacking above the arginine (Figure 5.5a). The distance 

between the planes of the toluoyl and guanidinium groups is 3.7 Å, slightly wider than 
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observed between the highly fluorinated benzamide and guanidinium groups (3.4 Å) in 

1KJR.118 The electron density for the toluoyl group in taloside 11 is of slightly lower 

quality, and coupled with wider interaction distance, indicates a weak arginine–arene 

interaction that would impose less order on the ring, and correlates with the millimolar 

binding affinity of the ligand (Kd of galectin-3 for taloside 11 is 0.55 ±0.15 mM).246 

The structure of galectin-3 CRD bound to taloside 13 shows a comparable binding 

mode of the taloside ring moiety to that of taloside 11 (Figure 5.4b). Similar to the acetate 

carbonyl of taloside 11, the carbonyl of the 2-O-toluoyl group is well defined and 

orientated out towards solvent (Figure 5.5b). This toluoyl ring goes along the pocket 

defined by Arg144 and Arg162, being closest to the guanidinium moiety of Arg162. A 

water molecule normally residing in this pocket has been displaced directly by the 

toluoyl’s hydrophobic methyl group. The two water molecules that hydrogen bond to 

Arg144 remain but exhibit partial occupancy and exist in a mutually exclusive manner 

with the 2-O-toluoyl. The 3-N-toluoyl of taloside 13 is much more disordered compared 

to the 3-O-toluoyl in taloside 11 such that the carbonyl group direction is not clearly 

defined in the initial difference electron density maps, and effectively the electron density 

is poorly defined after the acetamido linkage (Figure 5.4b). In this crystal structure, there 

is clear evidence that the side chain of the nearby Arg144 adopts two conformations. One 

lies closer and parallel to the protein surface, akin to that in the taloside 11 complex 

structure, and in the other, the side chain is flipped, similar to that in the structure of 

1KJR, and directed into the solvent (Figure 5.5b). Notably, the conformation where the 

side chain lies parallel to the protein surface would lead to direct collision with the 

3-N-toluoyl and thus it is proposed that taloside 13 perturbs the protein structure causing a 

conformational change in Arg144 such that it then stacks against the aromatic toluoyl 

group (Figure 5.6b). 

It is unclear why Arg144 undergoes a conformational change in the taloside 13 

structure and not in the taloside 11 structure. One difference between the two ligands is 

the nature of the 3′-linkage, with taloside 11 having an O-linkage, whereas 13 has an 

N-linkage. Two other previously reported galectin-3 ligand complexes that both have 

3-N-aromatic ring substituents show that in one case Arg144 flips up (PDB ID: 1KJR), 

while in the other it remains unperturbed (PDB ID: 2XG3)252 indicating that the type of 

linkage is not the sole determinant in the Arg144 conformation. It is possible that the  
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a)     
 

b)     
 

c)     
 

Figure 5.6: Electrostatic surface (stereo images) of the galectin binding sites showing 
overall binding conformation of the taloside ligands. a) Galectin-3 with bound taloside 11 
and b) with bound taloside 13 (the alternate conformation of Arg144 is just barely visible 
behind the Arg144 surface). c) Galectin-1 with bound taloside 11. 
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displacement of coordinated water molecules within the Arg144/Arg162 pocket by the 

2-O-toluoyl of 13 leads to the conformational change through a destabilisation of Arg144, 

since these waters are normally part of a hydrogen bonding network linking the Arg144 

side-chain to other residues within the binding site (chiefly Asn160 and Arg162). 

The apo galectin-1 crystals contain one homodimer per asymmetric unit and thus 

two potential ligand binding sites. Initial electron density maps calculated from galectin-1 

crystals soaked with taloside 11 indicated the presence of the ligand in only one of the 

binding sites (monomer A), which overall was less clearly defined compared to that 

observed for galectin-3. The difference electron density map contoured at 2.8 σ shows 

that atoms of the ligand that are in close contact to the protein surface and adjacent to the 

binding site tryptophan (Trp68) are well defined, including the 3-O-carbonyl and part of 

the toluoyl ring (Figure 5.4c). The anomeric carbon (C1), the 1-O-methyl group, and the 

2-O-acetate that are all more distal from the protein surface are not clearly defined. 

Interestingly, comparison of the carbohydrate binding site of the apo monomer (monomer 

B) to that of the ligand-bound monomer revealed that water molecules in the apo 

monomer are located at the sites of the taloside 4-OH and 6-OH groups and also adjacent 

the carbonyl oxygen site of the 3-O-toluoyl. After refinement, further model improvement 

and inclusion of the ligand, it was apparent that the taloside 11 pyranose ring interacts 

with galectin-1 in a similar fashion to that in galectin-3 and comparable to galactoside 

ligands with respect to the formation of a stacking interaction with Trp68 and hydrogen 

bonding engaging 4-OH and 6-OH. The carbonyl and methyl groups of the 2-O-acetate 

remain ambiguous in their orientation. By inference from the orientation shown in the 

galectin-3 CRD structure, the methyl group would be in close proximity to His52 and the 

carbonyl directed towards solvent. In contrast, the orientation of the 3-O-toluoyl is well 

defined, being positioned into the pocket between His52 and Asp123, and making a van 

der Waals interaction with Val31 (Figure 5.6c). The carbonyl oxygen in the 3-O-linkage 

forms a well-defined water-mediated hydrogen bond to Asn33 that resides on an 

underlying β-strand. 

There are significant differences between the carbohydrate-binding sites of 

galectin-1 and galectin-3. The galectin-1 histidine (His52)-containing loop comprises 

seven amino acids and encroaches upon the binding site, whereas the equivalent loop in 

galectin-3 does not have a histidine and is one amino acid shorter. This combined with 
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restriction because of the salt bridge between the loop Glu165 and a β-strand Arg186 (that 

occurs also between equivalently located amino acids Asp54 and Arg73 in galectin-1) 

ensures that the shorter galectin-3 loop remains distal from the 2′ portion of the ligand. 

The galectin-1 His52 lies directly above the Arg48 (equivalent to Arg162 in galectin-3) 

that forms one edge of a pocket that is much broader in galectin-1 because instead of an 

arginine (Arg144) bordering the other edge the galectin-1 has a serine (Ser29) at the 

equivalent position (Figure 5.6c). Interestingly, in the galectin-1 structure bound to 

taloside 11, the His52- and Trp68-containing loop regions defining the binding site are in 

a more open conformation, as observed in apo galectin-1 structures (discussed in 

section 4.3.1; see Figure 4.6 on page 100) and have not undergone the same tightening 

observed on binding to galactoside ligands. This allows more space for taloside 11 with 

its axial 2-O-acetate to fit in between the binding site His52, with which it forms van der 

Waals interactions, and Trp68 (Figure 5.7). Additionally, the taloside ring is tilted 

compared to galactosides when bound to galectin-1. This tilting of the taloside ring is not 

observed in galectin-3 where both the taloside and galactoside rings adopt the same 

conformation. 

    
 

Figure 5.7: Stereo view of the galectin-1 binding site showing bound taloside 11 (green 
cylinders) and possible binding mode of taloside 13 (thin green sticks) superimposed with 
published galectin-1 galactoside-bound structures58,138 (PDB IDs: 1GZW, 1W6P, 1W6O, 
1W6M, 3OY8, 3OYW; yellow cylinders). 

Unlike galectin-3, galectin-1 displays an enhanced affinity for talosides that have 

a 2-O-toluoyl group (such as taloside 13) compared to taloside 11.246 Given the close 

proximity of the His52, this is possibly due to the formation of a histidine-aromatic 

interaction between His52 and substituents such as a 2-O-toluoyl group.253 By modelling 

taloside 13 in place of taloside 11 in the galectin-1 binding site, it can be postulated that 
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the 2-O-toluoyl group could form a histidine-aromatic stacking interaction without 

altering the binding mode of the taloside nor the position of His52 (Figure 5.7). Thus, 

derivatization at the 2′ position of talose, particularly in the case of galectin-1, would 

force a larger substituent to be directed to pack parallel to the plane of the His52 

imidazole ring. With respect to taloside 13, it would be anticipated that stacking of the 

aromatic ring against the His52 would lead to a higher affinity interaction than for the 

2-O-acetate-containing taloside 11, which would explain a preference for the 

di-toluoylated talosides as shown by measured Kd values.246 Amino acid sequence 

alignments show that apart from the not widely expressed galectin-12,254 other human 

galectins do not contain a binding site histidine in the same location as His52.13 

Exploiting such a galectin-1 specific histidine-aromatic interaction could be useful for 

targeting a potential taloside-based inhibitor to galectin-1. Additionally, given that the 

protonated state of histidine generally forms more stable histidine-aromatic stacking 

interactions than the neutral state,253 the affinity of such a taloside-based galectin-1 

inhibitor may actually increase as it enters the acidic environment often found at the sites 

of tumour cells.255 

Galectin-3 shows comparable affinities for both talosides, but with a trend of 

preference for 11. This could be perhaps due to the finding that either ligand can be 

tolerated in the binding site, however, for taloside 13, displacing the water molecules 

within the pocket, coupled with the Arg144 conformational change, may be energetically 

unfavourable. A more hydrophilic substituent at the taloside 2′ position may potentially 

enhance selectivity for galectin-3 by entering into the hydrogen bonding network between 

Arg144 and Arg162 (this concept is explored further using molecular dynamics 

simulations as discussed in section 6.3.3.3). Galectin-3 overall shows a higher binding 

affinity for the talosides compared to galectin-1 and this may be a consequence of the 

lack of an equivalent Arg144 in galectin-1 (instead Ser29). Hence, there is no opportunity 

for any guanidinium-aromatic interaction engaging the 3-N-toluoyl, contrasting that seen 

with galectin-3, and this will be a contributing factor for the overall preferences of 

galectin-3 towards both talosides compared to galectin-1. 

The complexes discussed here provide the first structural information on the 

interactions of galectins, or indeed any protein, with talosides, and reveal that the 

2′-substituents and 3′-substituents of the talosides form favourable but very different 
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interactions with both galectin -1 and -3, specific to the particular galectin. These 

structural results and the previously reported affinity data246 demonstrate the usefulness of 

the taloside scaffold for enhancing galectin binding selectivity and point to an avenue of 

further targeting of compounds to galectin-1 and galectin-3. This is explored further in 

Chapter 6 with use of molecular dynamics simulations. 

The results for the galectin-taloside complexes discussed in this section have been 

reported in reference: Collins et al.251 (included in Appendix I) and the associated 

structures deposited in the Protein Data Bank under PDB IDs: 3T2T, 3T1L, and 3T1M. 

5.3.2 Galectin-1 and Galectin-3 Lactobionic Acid Complexes 

Research being performed in collaboration with the laboratory of Assoc. Prof. 

Steve Ralph (School of Medical Science, Griffith University) showed that the 

disaccharides lactobionic acid (LBA) and thiodigalactoside (TDG, discussed in 

section 5.3.5) are able to inhibit galectin function in vivo and decrease tumour progression 

in a mouse model of breast cancer when used as adjuvants with vaccine 

immunotherapy.58 This was the first report to show that the immunosuppressive activity 

of galectins can be inhibited in vivo to improve survival outcomes in tumour challenged 

mice, and is very encouraging for further development of high affinity galectin inhibitors. 

The LBA disaccharide identified in the Ralph lab offers an interesting alternative scaffold 

for galectin inhibitor design, as the open chain gluconate moiety provides alternate 

conformations and increased flexibility compared to the fixed ring of glucose. 

Florescence polarization assays performed in collaboration with the laboratory of 

Professor Ulf J. Nilsson revealed that the binding affinity of LBA is similar to that of 

lactose for galectin-1 (LBA Kd = 220 ± 75 µM,58 lactose Kd = 190 µM256). 

Soaking of galectin crystals in the presence of LBA for ligand exchange resulted 

in complete elimination of the X-ray diffraction capability of the crystal, in spite of the 

crystals appearing visually unaffected by the soaking conditions. This was due to the 

acidic nature of LBA, which contains a carboxylate group on the gluconic acid moiety, 

causing a decrease in the pH of the crystal soaking conditions that likely disrupts the 

crystalline internal order. By simply adjusting the pH of the crystal soaking buffer with 

NaOH, successful crystal soaking and ligand exchange was achieved (Table 5.3). 
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Table 5.3: Crystallographic data and refinement statistics for galectin-1 and galectin-3 
CRD LBA complexes. 

 
LBA (14) 

 Galectin-1 Galectin-3 
Ligand LBA LBA 
soaking time 40 min 20 min 
Data collection   
temperature (K) 295 295 

X-ray source Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

space group P212121 P212121 
cell dimensions a, b, c (Å) 44.4, 58.6, 112.2 37.4, 58.5, 67.0 
resolution (Å) 56.1–2.20 (2.31–2.20)† 58.6–1.95 (2.06–1.95) 
total observations 65,708 33,361 
unique observations 14,909 9,651 
Rmerge 0.052 (0.167) 0.078 (0.177) 
I / σI 15.5 (3.7) 9.0 (4.1) 
completeness (%) 96.0 (85.5) 90.3 (69.5) 
multiplicity 4.4 3.5 
Refinement   
resolution range for 
refinement (Å) 56.1–2.20 (2.25–2.20) 43.2–1.95 (2.00–1.95) 

Rwork 0.153 0.166 
Rfree 0.198 0.216 
no. of atoms   
    protein 2,110 1,160 
    ligand 48 24 
    water 111 106 
average B-factors (Å2)   
    protein 26.8 16.0 
    ligand 41.0 24.2 
    water 39.1 30.6 
r.m.s. deviations   
    bond length (Å) 0.01 0.01 
    bond angle (°) 1.07 1.50 
ligand occupancy 1.0 1.0 
MolProbity statistics – 
appendix section D.21 D.22 
†values in parentheses are for the highest resolution shell 

 

After initial refinements, difference electron density within the binding sites of 

both galectin -1 and -3 was well defined and encompassed the entire LBA ligand, clearly 

revealing the binding mode (Figure 5.8 a and b). The overall binding interactions of LBA 

are very similar in both the galectin -1 and -3 structures with the galactose ring being 
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positioned in the typical galectin-galactoside conformation as observed in other 

β-galactoside-bound galectin structures. The open chain gluconic acid moiety of LBA 

extends across the galectin binding site, with atoms C2–C5 being in equivalent positions 

to the glucose carbon atoms in lactose-bound galectin structures and maintains the 

important hydrogen bond at the C3 hydroxyl position (Figure 5.9 a and b). The open 

chain form of gluconic acid allows C1 to extend further along the galectin binding site 

compared to the closed ring of glucose, allowing the carboxylate group of LBA to form a 

van der Waals contact with an arginine involved in a salt bridge at the edge of the binding 

site (Arg73 and Arg186 in galectin -1 and -3 respectively). 

a)     
 

b)     
 

Figure 5.8: Electron density within the a) galectin-1 (monomer B, 2.20 Å resolution) and 
b) galectin-3 CRD (at 1.95 Å resolution) binding sites showing bound LBA (stereo 
images). Electron density calculated from refinement with ligand omitted from the model. 
2mFo − DFc electron density contoured at 1.0 σ, and mFo − DFc electron density 
contoured at ±3.0 σ. 

The C2 hydroxyl group of gluconic acid is also in a different position compared to 

glucose containing galectin structures (Figure 5.10) and is positioned above a glutamic 

acid residue (Glu71 and Glu184 in galectin -1 and -3 respectively) with which it makes 

contact (3.0 Å). In lactose-bound galectin structures, the C2 hydroxyl is positioned above  
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a)     
 

b)     
 

c)     
 

d)     
 

Figure 5.9: Protein–ligand interactions within the a) galectin-1 (monomer B) and b) 
galectin-3 CRD binding sites. H-bond interactions between LBA and protein/water are 
shown as dashed lines. Electrostatic surface of the c) galectin-1 and d) galectin-3 CRD 
binding site showing the overall binding conformation of the LBA ligand (stereo images). 

161 



 

the salt bridge arginine and it has been shown that derivatization at this position with 

aromatic substituents enhances binding affinity by formation of an arene-arginine 

interaction.257 Derivatization at the C2 hydroxyl position in LBA would allow access to 

an alternative area of the protein surface for ligand interaction that has not been 

previously explored. This region of the protein is very similar in both galectin -1 and -3 

and is bordered by residues 68–71 in galectin-1 and 181–184 in galectin-3, with a 

coordinated water molecule hydrogen bonded to the glutamic acid main chain nitrogen 

(Glu71 and Glu184 in galectin -1 and -3 respectively). Engaging this water to form a 

water mediated hydrogen bond to the protein, which can potentially be as strong as direct 

hydrogen bonds,258 or displacing the water to form a direct hydrogen bond to the protein 

are possible avenues for enhancing ligand affinity.259,260 Direct interaction with the 

charged glutamic acid residue may also be possible, however, recognition of charged 

ligand groups and the formation of salt bridges is an uncommon feature in lectin–ligand 

binding,261 but does occur in the recognition of sialic acid by neuraminidases,262 and is 

uniquely observed in the binding of 3′-sialyllactose to galectin-8N (discussed in 

section 4.3.5).142 Some of these possibilities are explored computationally using 

molecular dynamics simulations as described in Chapter 6, section 6.3.3.1. 

 
 

Figure 5.10: Comparison of the binding mode of LBA (yellow cylinders) and lactose 
(green cylinders) when in complex with galectin-3 CRD. 

The results for the galectin-1 LBA complex in this section have been reported in 

reference: Stannard et al.58 (included in Appendix H) and the associated structure 

deposited in the Protein Data Bank under PDB ID: 3OY8. 
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5.3.3 Galectin-3 with Bound 1′-Triazolyl-β-Galactoside 

The chemical structure of the 1′-triazolyl-β-galactoside 15 (synthesised in the 

laboratory of Dr Todd Houston, Institute for Glycomics) prompted structural 

investigations to determine the compound’s ability to bind to galectin-3. Analysis of the 

galectin-3 galactose complex (described in section 3.3.5) showed that the spacing of the 

triazole linkage extending from the C1 position of the derivative could position the 

carbocyclic acid group in close proximity to Arg186 to form a potentially favourable 

ionic interaction. The galectin binding affinity of this compound has not been evaluated 

biochemically. 

Just as observed in the crystal soaking experiments using LBA (previous section), 

initial crystal soaks performed without taking into account the acidic nature of the ligand 

resulted in complete elimination of X-ray diffraction from the crystals. Since the 

compound was only available in milligram quantities, it was not possible to prepare a 

crystal soak buffer containing the ligand in large enough volume to practically measure 

and adjust the pH. As described in the methods section (section 5.2.4.6) theoretical pH 

calculations were performed assuming that compound 15 has a pKa close to that of acetic 

acid. Preparing the crystal soak buffer with an initially higher pH (pH 8.5) resulted in 

successful crystal soaking and co-crystallisation of the compound with galectin-3 

(Table 5.5). 

Co-crystallisation of the galectin-3 CRD with β-galactoside 15 gave galectin-3 

CRD crystals in the same crystal form as previously determined. Electron density within 

the binding site was very similar for structures obtained via co-crystallisation and crystal 

soaking, with both showing very clear electron density for a β-galactoside ligand. 

Because galectin-3 lactose co-crystals were used for the crystal soaking experiments, the 

absence of the characteristic ring of glucose is highly indicative of successful ligand 

exchange and the displacement of lactose with the new ligand (Figure 5.11a). In both 

structures however, electron density is absent for the remainder of the ligand extending 

from the 1′ position of galactose. Two carbon atoms extending from the galactose 1′ 

position can be modelled for the ligand while the triazole ring and carboxyl groups appear 

disordered within the binding site. After inclusion of β-methyl-galactoside in the 

refinement model, additional difference electron density appears adjacent to the methyl 

moiety and extending into bulk solvent (Figure 5.11b). This electron density is spread out 
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and poorly defined, preventing confident placement of the remainder of the ligand. These 

results indicate that neither the R or S stereo isomers of the 1′ modification interact 

strongly with galectin-3 with the galactose moiety alone interacting with the protein. 

Table 5.4: Crystallographic data and refinement statistics for galectin-3 CRD 
galactoside 15 complexes obtained by co-crystallisation and by crystal soaking. 

                             
15 

Galectin-3 CRD with 1′-triazolyl-β-galactoside 15 

Crystal Crystal soak (48 hour soak) Co-crystal 
Data collection   
temperature (K) 295 295 

X-ray source Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

space group P212121 P212121 
cell dimensions a, b, c (Å) 37.0, 58.5, 64.0 36.9, 58.4, 63.9 
resolution (Å) 58.5–1.70 (1.79–1.70)† 58.1–1.80 (1.93–1.80) 
total observations 108,722 92,679 
unique observations 14,286 12,480 
Rmerge 0.040 (0.226) 0.053 (0.304) 
I / σI 25.7 (4.0) 10.6 (1.9) 
completeness (%) 90.6 (76.8) 92.8 (49.2) 
multiplicity 7.6 7.4 
Refinement   
resolution range for refinement (Å) 43.2–1.70 (1.74–1.70) 43.1–1.80 (1.85–1.80) 
Rwork 0.132 0.154 
Rfree 0.169 0.202 
no. of atoms   
    protein 1,201 1,129 
    ligand 13 13 
    water 146 123 
average B-factors (Å2)   
    protein 14.5 15.2 
    ligand 17.9 29.9 
    water 26.3 29.8 
r.m.s. deviations   
    bond lengths (Å) 0.014 0.022 
    bond angles (°) 1.541 2.054 
ligand occupancy 1 1 
MolProbity statistics –  
appendix section D.23 D.24 

 †values in parentheses are for the highest resolution shell 
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a)     
 

b)     
 

Figure 5.11: Electron density within the binding site of the galectin-3 CRD 
galactoside 15 crystal soak complex (1.7 Å resolution). a) Averaged kicked electron 
density map created with the ligand omitted from the model (β-galactose shown for 
reference). b) Electron density after inclusion of β-methyl-galactoside in the refinement 
model. 2mFo − DFc electron density (blue) contoured at 0.8 σ, and mFo − DFc electron 
density contoured at +2.5 σ (red) and −2.5 σ (grey), stereo images. 

5.3.4 Galectin-3 with Bound 3′-Coumarinyl α-Galactoside 

The 3′-coumarinyl α-galactoside compound 16 is interesting because it breaks the 

general galectin binding rules by not being a β-anomeric sugar. All of the ligands studied 

in this project, and other published inhibitors based on a sugar scaffold, are in the 

β-configuration. One of the definitions of a galectin is that it must bind β-galactoside 

sugars.10 This of course doesn’t mean that they can’t also bind other ligands, and 

section 5.3.1 has shown how the talosides offer a promising new scaffold for galectin 

inhibitor design. The α-configuration of the galactoside would cause the anomeric oxygen 

atom to point towards the galectin binding site tryptophan. This tryptophan is conserved 

in all the galectins, and disruption of the stacking interaction between it and the galactose 

C3–C6 atoms by a bulky substituent was considered to be a possibility, however, the 

3′-coumarinyl α-galactoside contains only a methyl group at this position and is known to 

bind to the galectins. The affinity for galectin-3 is Kd = 97±22 µM, as determined by 
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fluorescence polarisation (unpublished results – email communication), which is very 

high for a monosaccharide based galectin inhibitor. Interestingly, it has been reported that 

arginine helps to increase the solubility of coumarin in solution,263 suggesting that there 

exists an energetically favourable interaction between the two groups, potentially similar 

the arginine-arene stacking interaction observed for the reported C3 benzamide LacNAc 

derivative118 (PDB ID: 1KJR). 

Table 5.5: Crystallographic data and refinement statistics for galectin-3 CRD with bound 
3′-coumarinyl α-galactoside 16. 

 
16 

 Galectin-3 
Ligand 3′-coumarinyl α-galactoside 16 (72 hour soak) 

Data collection  

 

Refinement  

temperature (K) 295 
resolution range for 
refinement (Å) 

43.1–1.50 
(1.54–1.50) 

X-ray source 
Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

Rwork 0.157 
Rfree 0.193 

space group P212121 no. of atoms  
cell dimensions 
    a, b, c (Å) 36.8, 58.4, 63.9 

    protein 1,146 
    ligand 28 

resolution (Å)  63.9–1.50 (1.58–1.50)†     water 164 
total observations 113,115 average B-factors (Å2)  
unique observations 21,563     protein 15.7 
Rmerge 0.053 (0.257)     ligand 26.6 
I / σI 16.3 (2.4)     water 29.9 
completeness (%) 95.0 (65.7) r.m.s. deviations  
multiplicity 5.2     bond length (Å) 0.012 
MolProbity statistics –  
appendix section 

D.25     bond angle (°) 1.420 
ligand occupancy 1 

†values in parentheses are for the highest resolution shell 
 

The 3′-coumarinyl α-galactoside 16 was found to be highly insoluble in water, 

similar to taloside 13 discussed in section 5.3.1. Initial soaking experiments using DMSO 

concentrations of up to 30 % and soaking times of up to 40 hours for galectin-1 apo 

crystals and up to 20 days for galectin-3 CRD crystals were unsuccessful in providing the 

protein–ligand complex. The structures obtained from X-ray diffraction of soaked crystals 

revealed either empty binding sites (galectin-1 apo) or residual lactose (galectin-3) (data 

not shown). Co-crystallisation experiments of the galectins with this compound failed to 
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produce crystals, however, successful ligand exchange was achieved by soaking lactose-

bound galectin-3 CRD crystals in the co-crystallisation solution (1.5 Å resolution, 

Table 5.5). 

Initial refinement of the model using X-ray diffraction data (Table 5.5) from a 

galectin-3 CRD crystal soaked for 72 hours in the presence of the ligand provided 

excellent difference electron density maps clearly showing the presence of the 

3′-coumarinyl α-galactoside compound within the galectin-3 binding site. Electron 

density within the binding site clearly shows that ligand exchange has occurred, as there 

is no evidence of the lactose disaccharide (electron density corresponding to the glucose 

ring is absent) and there is clear density for a galactoside monosaccharide. Additionally, 

there is the expected electron density for the large planar 3-O-coumaryl substituent 

extending from the 3′ position of the galactoside (Figure 5.12a). 

The electron density contained features for the ligand that were unexpected given 

the chemical structure of compound 20 provided (Figure 5.13). Additional electron 

density extends from the 2′ position of the galactoside indicating that the 2-OH group 

may have a protecting group attached. There is also a lack of electron density extending 

from nitrogen atom of the coumaryl substituent where a tosyl group should be present 

(Figure 5.12b). It is possible that the absence of electron density could be due to disorder 

of the tosyl group within the structure, however, given the binding mode of the ligand, 

there is very little room for the bulky tosyl group to fit within the binding site. Additional 

mass spectrometry experiments performed by the Nilsson group (Lund University) 

confirmed that a methoxide treatment used during synthesis of the compound had not 

performed as expected, resulting in removal of the tosyl group (leaving coumarin-O) and 

leaving a 2-O-acetate protecting group (compound 16, Figure 5.13). Thus, the observed 

electron density for the ligand is perfectly explained by the revised chemical structure of 

the 3′-coumarinyl α-galactoside (compound 16). 

After addition of the compound to the model and refinement, the entire molecule 

can be visualised within the 2mFo − DFc electron density contoured at 1.0 σ. The 

α-galactoside ring of the compound binds in an identical conformation as observed for the 

β-galactoside moiety of lactoside-bound galectin-3 structures.63,118,191 The α configuration 

of the pyranose ring does not interfere with the usual galectin-galactoside interactions  
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a)     
 

b)     
 

Figure 5.12: a) Electron density within the galectin-3 CRD binding site showing the 
bound galactoside 16 (1.5 Å resolution). b) Close up view of a) showing electron density 
at the O2 position of the galactoside and the double bonded oxygen position of the 
3-O-coumaryl substituent (marked with a *). Electron density calculated from refinement 
with ligand omitted from the model. 2mFo − DFc electron density (blue) contoured at 
1.2 σ, and mFo − DFc electron density contoured at +3.0 σ (red) and −3.0 σ (grey) (stereo 
images). 

 

     
 20       16 

      (structure provided)     (actual structure)   
Molecular Weight: 505.5 g/mol    Molecular Weight: 394.4 g/mol 

 
Figure 5.13: Chemical structure of the 3-O-coumaryl-α-galactoside ligand: The initially 
provided chemical structure (20) compared to the actual structure (16). 
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including the stacking interactions observed with Trp181, and hydrogen bonding from the 

4-OH and 6-OH of the galactoside (Figure 5.14a). The α configured ring also enables the 

O1 and methyl group make a van der Waals contact with the δ-carbon atom of Trp181 

that is not possible in β configured galactosides. The 2-O-acetate group is directed away 

from the protein surface and does not form any protein–ligand interactions. The aromatic 

3-O-coumaryl substituent forms an arginine-arene cation-π stacking interaction with the 

guanidino group of Arg144 (Figure 5.14b). Unlike the galectin-3 structures with bound 

triazolyl-TDGs (section 5.3.7, below) or the previously published C3 benzamide LacNAc 

derivative118 (PDB ID: 1KJR), Arg144 does not undergo a conformational change and 

remains aligned to the protein surface with the coumaryl group stacking above as is 

observed in the structure with bound taloside 11. The carbonyl oxygen of the coumaryl 

group also forms a water mediated hydrogen bond to Lys176 of the protein. 

a)     
 

b)     
 

Figure 5.14: Protein–ligand interactions within the galectin-3 CRD binding site. a) 
H-bond interactions between galactoside 16 and protein/water (dashed lines) and b) van 
der Waals contacts between the protein and ligand (dashed lines). c) Electrostatic surface 
of the galectin-3 CRD binding site showing overall binding conformation of galactoside 
16 (stereo images). 
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5.3.5 Galectin-1 and Galectin-3 Thiodigalactoside Complexes 

The TDG compound synthesised at the Institute for Glycomics (Dr Darren Grice) 

was found to have high aqueous solubility which enabled simple crystal soaking methods 

to be used combined with a high concentration of the ligand (section 5.2.4.1). The 

galectin-1 apo and galectin-3 CRD crystals were soaked in the TDG crystal soak solution 

for relatively short periods of time (15 and 30 minutes respectively). X-ray diffraction 

data were collected to a resolution of 2.50 Å for galectin-1 and 1.50 Å for galectin-3. As 

discussed in Chapter 3, galectin-3 CRD crystals generally diffract to higher resolution 

compared to the galectin-1 apo crystals. The X-ray diffraction data obtained from the 

galectin-3 CRD TDG soaked crystal were of especially high quality (Table 5.6), and 

represent some of the best data obtained from crystals in this project at room temperature 

using the in-house X-ray diffractometer. 

After the initial refinement, clear electron density for the TDG molecules could be 

observed within the galectin -1 and -3 binding sites, indicating successful soaking and 

binding of the ligands (Figure 5.15 a and b). As the galectin-1 crystals used are in the apo 

form, the presence of strong electron density for a disaccharide within this binding site is 

highly indicative of a successful ligand soak, and the electron density unambiguously 

confirms the presence of TDG. In the case of galectin-3, the electron density indicates 

that lactose has been fully exchanged with TDG during the 30 minute crystal soak. 

For the galectin-3 TDG complex, a very clear SAD LLG map was calculated 

revealing strong peaks at each of the sulfur atoms within the CRD (two methionine’s and 

one cysteine) in addition to a very strong peak coinciding with the location of linkage 

sulfur atom of TDG, further confirming the identity of the ligand (Figure 5.17a). For this 

structure the SAD LLG map has a similar sensitivity to the galectin-3 LNT complex 

discussed in Chapter 4 (section 4.3.4.1), and it is estimated that the anomalous signal 

from coordinated chloride ions could be detected down to an occupancy of ~21 % with a 

peak height above 5.0 σ (compared to 31 % occupancy for the galectin-3 CRD structures 

in Chapter 3). This higher sensitivity has enabled the detection of five chloride ions with 

occupancies in the range of 55–26 % (estimated based on the reference cysteine sulfur 

atom as described in section 3.3.5). Following the addition of solvent molecules and 

ligands to the model, the final refinement statistics for the galectin-1 and galectin-3 TDG-

bound structures are R/Rfree 15.9/21.4 % and 14.0/18.2 %, respectively (Table 5.6). 
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Table 5.6: Crystallographic data and refinement statistics for galectin-1 and galectin-3 
CRD TDG complexes. 

 
TDG 

 Galectin-1 Galectin-3 
Ligand TDG TDG 
soaking time 15 min 30 min 
Data collection   
space group P212121 P212121 
cell dimensions a, b, c (Å) 44.4, 58.3, 111.1 36.8, 58.0, 63.4 
resolution (Å) 55.6–2.50 (2.63–2.50)† 58.0–1.50 (1.58–1.50) 
total observations 72,563 115,029 
unique observations 10,160 21,329 
Rmerge 0.080 (0.294) 0.040 (0.142) 
I / σI 18.3 (6.7) 20.9 (3.5) 
completeness (%) 96.6 (94.1) 95.5 (84.1) 
multiplicity 7.1 5.4 
Refinement   
resolution range for refinement (Å) 55.6–2.50 (2.56–2.50) 42.8–1.50 (1.54–1.50) 
Rwork 0.163 0.135 
Rfree 0.213 0.149 
no. of atoms   
    protein 2,074 1,246 
    ligand 46 23 
    water 56 135 
average B-factors (Å2)   
    protein 24.3 16.4 
    ligand 33.1 27.1 
    water 27.7 31.7 
r.m.s. deviations   
    bond length (Å) 0.01 0.01 
    bond angle (°) 1.16 1.31 
ligand occupancy 1.0 1.0 
MolProbity statistics –  
appendix section D.26 D.27 
†values in parentheses are for the highest resolution shell 

 

TDG binds the human galectin-1 binding site in an identical configuration to that 

reported for B. arenarum (toad) galectin-1.153 This is as expected since the binding site 

amino acids that directly interact with the disaccharide ligands are identical between the 

two proteins (47 % sequence identity overall). One of the galactose rings in the 

symmetrical TDG molecule forms the characteristic galectin-galactoside interaction, with 

the major contributions being hydrogen bonds to the hydroxyl groups on C4 and C6 of 
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galactose, and a stacking interaction with the binding site tryptophan (Trp68) 

(Figure 5.16a). The linkage sulfur atom of TDG forms a van der Waals contact with 

His52, a contact that is not observed in β-galactoside-bound galectin-1 structures. This 

additional contact is the result of the larger van der Waals radius of the sulfur atom and 

the longer bond lengths of the sulphide linkage in TDG compared to the glycosidic 

linkages of lactose-like ligands. The other galactose in TDG forms fewer interactions 

with the protein, analogous to the glucose in lactose-bound galectin structures, with the 

main interaction being hydrogen bonds with the OH at C2′ of TDG. 

a)     
 

b)     
 

Figure 5.15: Electron density within the a) galectin-1 (monomer A at 2.5 Å resolution) 
and b) galectin-3 CRD (at 1.5 Å resolution) binding sites showing bound TDG. Electron 
density calculated from refinement with ligand omitted from the model. 2mFo − DFc and 
mFo − DFc electron density contoured at 1.0 σ and ±3.0 σ, respectively. 

The galectin-3 TDG structure reveals that the binding mode of TDG within the 

galectin-3 binding site is almost identical to that observed for galectin-1 (Figure 5.16). 

The same critical galectin–galactoside interactions are conserved in this structure as 

described above for galectin-1 (Figure 5.16b). Unlike galectin-1 however, galectin-3 does 

not have the equivalent of His52, and does not form the van der Waals contact with the 

172 



 

linkage sulfur as observed in the galectin-1 TDG complex. The additional His52–sulfur 

van der Waals contact observed in the galectin-1 TDG complex may account for the 

~8-fold higher affinity that TDG has compared to lactose for galectin-1. TDG has a 

~3-fold higher affinity for galectin-3 compared to lactose.264 

a)     
 

b)     
 

c)    d)  
 

Figure 5.16: Galectin–TDG interactions within the a) galectin-1 (monomer A) and b) 
galectin-3 CRD binding sites. H-bond interactions between TDG and protein/water are 
shown as dashed lines (stereo images). Electrostatic surface of the c) galectin-1 and d) 
galectin-3 CRD binding site showing overall binding conformation of the TDG ligand. 
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When compared to lactose-bound galectin -1 and -3 structures, it can be seen that 

the main interacting galactose ring of TDG and lactose are in identical positions 

(Figure 5.17b). The longer bond lengths in the sulphide linkage cause the more weakly 

interacting galactose ring of TDG to be positioned slightly further along the binding site 

compared to the glucose ring of lactose, however, the 2-OH of TDG is still able to form 

an important hydrogen bond with the protein in the same position as the 3-OH of lactose. 

This same position is occupied by a water molecule in the galectin-3 apo and water-bound 

structures (section 4.3.2, Figure 4.8). 

a)         b)

 

 
Figure 5.17: a) Galectin-3 CRD TDG complex showing the anomalous SAD LLG map 
(black mesh, contoured at 4.0 σ) over the entire protein chain. b) Comparison of the 
conformation of TDG (yellow cylinders) with lactose (grey cylinders) when bound to 
galectin-3. 

The TDG-bound galectin structures reported here confirm the binding mode of 

TDG for human galectin-1 and galectin-3. TDG is emerging as an important molecule for 

galectin inhibitor design. The disaccharide has been found to inhibit the negative roles of 

galectin-1 in a breast cancer cell line and improve the survival outcome of tumour 

challenged mice when used as an adjuvant in vivo with vaccine immunotherapy.58 The 

evidence showing that the unmodified TDG disaccharide, with an affinity in the µM 

range (Kd 78 ± 20 µM for galectin-1),58 can inhibit tumour progression in vivo is very 

encouraging for galectin inhibitor design. Galectin inhibitors based on the TDG scaffold 

have affinities in the low nM range,247,264,265 with one of the triazolyl-TDG inhibitors 

discussed in the next section having more than 7,000 times higher affinity for galectin-1 

compared to the unmodified TDG (triazolyl-TDG compound 18 Kd is 10 nM for 

galectin-1). The galectin-1 TDG structure described here has been reported in reference: 

O6 

TDG O2  Galactose O3 
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Stannard et al.58 (included in Appendix H) (PDB ID: 3OYW), and the galectin-3 TDG 

complex deposited under PDB ID: 4JC1 (manuscript in preparation). 

5.3.6 Co-crystallisation of Galectin-3 CRD with Triazolyl-Thiodigalactosides 

5.3.6.1 Co-crystallisation 

The triazolyl-thiodigalactosides (compounds 17–19) were found to have low 

aqueous solubility and produced a sticky insoluble precipitate during initial attempts 

using water for solubilisation. Like the low aqueous soluble talosides, the triazolyl-TDGs 

were soluble when initially taken up in a 55 % PEG (6000 or 4000) solution, and 

remained soluble after careful addition of other crystallisation components. Co-

crystallisation of galectin-3 CRD with the triazolyl-TDGs resulted in very different 

results compared to co-crystallisation with lactose or β-methyl-galactoside. Normally the 

large orthorhombic crystals appear after a number of days to weeks, however, in the 

presence of the triazolyl-TDG ligands, many fine needle crystals formed overnight at 

room temperature (Figure 5.18a). The needle crystals were too small for in-house X-ray 

diffraction, and optimisation of the condition was required within the limitations of the 

amount of available ligand. Lowering protein concentration from 40 to 20 mg/mL 

improved the size of the crystals; however, they were still growing very rapidly in 

clusters (Figure 5.18b). 

In an attempt to conserve the ligand and salvage conditions that were forming 

needles after overnight incubation at room temperature, a crystallisation tray of galectin-3 

CRD triazolyl-TDG 18 was moved from room temperature to 30 °C incubation. This 

resulted in many of the fine needles re-dissolving and the formation of much larger, 

diffraction quality crystals (Figure 5.18c). Although micro- and macro-seeding generally 

did not improve crystallisation, one of the macro-seeded crystals did grow over a period 

of one week in a co-crystallisation drop with triazolyl-TDG 19 (Figure 5.18d). X-ray 

diffraction was very weak (> 6 Å resolution) from this crystal however, and indexing 

could not be performed. Overall, co-crystallisation in the presence of triazolyl-TDG 18 

yielded many X-ray diffraction quality crystals like those seen in Figure 5.18c, while co-

crystallisation with compound 19 did not produce any usable crystals (co-crystallisation 

with compound 17 was not performed). 
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a)   
 

b)   
 

c)    
 

d)  
                                           day 1                        day 2                      day 3                       day 4                        day 6                        day 7 

 
Figure 5.18: Co-crystallisation results of galectin-3 CRD with triazolyl-thiodigalactoside 
18: a) initial condition, b) lowering protein concentration to 20 mg/mL, and c) moving 
tray to 30 °C. d) Shows the growth of a macro-seeded crystal in a triazolyl-
thiodigalactoside 19 co-crystallisation drop over one week. Black scale bars are 0.5 mm 
unless otherwise noted. Panels a) – c) are imaged with crossed polarising filters in place. 

5.3.6.2 X-ray diffraction 

X-ray diffraction experiments were performed on some of the galectin-3 CRD 

triazolyl-TDG 18 co-crystals that formed after incubation at 30 °C (like those seen in 

Figure 5.18c). The majority of crystals tested diffracted to ~3 Å resolution, with the best 

crystal diffracting to ~2.5 Å resolution. The X-ray diffraction from these crystals was 

0.1mm 
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very “rough” compared to what is observed from orthorhombic galectin-3 CRD and apo 

galectin-1 crystals, which produce very clear well defined diffraction spots. There is a 

mixture of strong and weak diffraction spots, with many of the spots being overlapped 

and smeared (Figure 5.19). It appears as if there are multiple interfering crystal lattices 

within the sample and possible non-merohedral twinning.266 Non-merohedral twinning 

results in diffraction patterns that contain many more spots than would be observed for an 

untwinned sample.267 Close examination of the crystals themselves (Figure 5.18c right) 

also indicates that they are not perfect single crystals and are multi-layered. This made 

determination of the unit cell difficult, and careful selection of frames for indexing was 

required. 

 
 

Figure 5.19: Example of the X-ray diffraction quality obtained for one of the galectin-3 
CRD triazolyl-thiodigalactoside 18 co-crystals. 

For the best diffracting crystal, two possible unit cells could be determined 

depending on how many spots were included in the indexing. By selecting fewer spots 

and applying smoothing to the spot selection, a hexagonal P Bravais lattice with unit cell 

dimensions of a = b = 41.527 Å, c = 154.650 Å, α = β = 90.0°, γ = 120.0° could be 

determined. Spot prediction with this unit cell shows that many/most of the weaker 

observed spots are not predicted. This would be consistent with non-merohedral twinning 

and the selection of only the dominant diffracting lattice. Using this unit cell essentially 

ignores the interfering additional lattices, however, the inevitable overlapping of 

reflections would degrade the quality of the data and increase the R factors.268 Additional 

indexing found that more of the observed spots could be explained by a larger unit cell 
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with dimensions of a = b = 108.728 Å, c = 154.697 Å, α = β = 90.0°, γ = 120.0° with a 

hexagonal P Bravais lattice. This unit cell is 2.6 times longer along the a/b axis and 

predicts the majority of observed spots, however, the overall fit of the predictions is not 

as good as that for the smaller unit cell. Integration could be performed using either the 

large or small unit cell, however, the data could be integrated to a higher resolution with 

better Rsym when using the smaller unit cell (Table 5.7). There are almost 4.7 times more 

observations recorded when using the larger unit cell, even at the lower resolution, 

highlighting that by using the smaller unit cell much of the recorded X-ray diffraction is 

ignored. 

Table 5.7: Integration statistics after using the “large” or “small” unit cell. 

Unit cell “large” “small” 

cell dimensions a, b, c (Å) 108.7, 108.7, 154.7 41.5, 41.5, 156.7 

  α, β, γ (°) 90, 90, 120 90, 90, 120 

Resolution (Å) 2.96 2.59 

Number of observations 42,540 9,103 

% Completeness 100 100 

Rsym 0.189 0.089 

I/σI 1.44 1.42 

 

5.3.6.3 Structure solution 

Pointless was used from within the CCP4 crystallographic suite of programs163 to 

estimate the space group, and in both cases selected P31 as the most probable space 

group. Scaling of the data set could be completed for both the large and small unit cell 

interpretations, and as expected given the integration statistics, the use of the small unit 

cell also provides better, and quite reasonable, scaling statistics (Table 5.8). Again there is 

a very large difference in the total and unique observations between the two unit cells, but 

importantly, the large Rmerge of 18.5 % and the very low overall I/σI of 3.2 (see Table 5.8) 

indicate that the data using the large unit cell are of much lower quality. This is expected 

since by using this unit cell many weaker reflections have been included. During scaling 

using Scala, the ctruncate program is run which performs twinning analysis. For the 

smaller unit cell, the H test for twinning suggests that the data are twinned with the 

twinning operator h+k, −k, −l and k, h, −l with twinning fractions of 0.08 and 0.10  
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Table 5.8: Crystallographic data and refinement statistics for galectin-3 CRD triazolyl-
thiodigalactoside 18 co-crystal structures after using the “small” or “large” unit cell. 

 
18 

 Galectin-3  

ligand Triazolyl-TDG 18 Triazolyl-TDG 18 

Unit cell “large” “small” 
Data collection   
temperature (K) 295 295 

X-ray source Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

space group P31 P31 
cell dimensions a, b, c (Å) 108.7, 108.7, 154.7 41.5, 41.5, 156.7 
  α, β, γ (°) 90, 90, 120 90, 90, 120 
resolution (Å) 59.8–2.90 (3.06–2.90)† 51.6–2.51 (2.64–1.51) 
total observations 257,755 49,750 
unique observations 45,324 9,889 
Rmerge 0.185 (0.534) 0.068 (0.395) 
I/σI 3.2 (1.6) 13.0 (2.0) 
completeness (%) 99.9 (100.0) 96.3 (75.8) 
multiplicity 5.7 5.0 
Refinement   
resolution range for refinement (Å) 59.8–2.90 (2.98–2.90) 51.6–2.51 (2.57–2.51) 
Rwork 0.193 0.164 
Rfree 0.235 0.219 
Protein molecules per asymmetric 
unit 14 2 

no. of atoms   
    protein 15,414 2,202 
    ligand 630 90 
    water 0 16 
average B-factors (Å2)   
    protein 45.3 53.9 
    ligand 33.1 46.5 
    water – 23.6 
r.m.s. deviations   
    bond length (Å) 0.01 0.01 
    bond angle (°) 1.55 1.28 
ligand occupancy 1.0 1.0 
MolProbity statistics –  
appendix section D.28 D.29 
†values in parentheses are for the highest resolution shell 
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respectively. For the larger unit cell, twinning is not detected, however, ctruncate does 

indicate the presence of translational NCS. Examination of the native Patterson map 

revealed large non-origin peaks on the a-b plane of the unit cell which is suggestive of 

translational NCS. 

a     
 

Figure 5.20: Electron density within the binding site of galectin-3 CRD co-crystallised 
with triazolyl-thiodigalactoside 18 (small unit cell at 2.59 Å resolution). Electron density 
calculated before the addition of the ligand to the model. Arg144 has also been omitted 
(R144A) from the initial refinement. 2mFo − DFc and mFo − DFc electron density 
contoured at 1.0 σ and ±3.0 σ, respectively. 

The Matthews coefficient calculated with the smaller unit cell strongly indicates 

the presence of two galectin-3 CRD molecules per asymmetric unit (Matthews Coeff = 

2.47 Å3 Da−1, 50.3 % solvent content). For the larger unit cell, the Matthews coefficient 

indicated that there could be between 12 and 16 galectin-3 CRD molecules per 

asymmetric unit, with 14 being the most likely (Matthews Coeff = 2.42 Å3 Da−1, 49.3 % 

solvent content). For the smaller unit cell automated molecular replacement using 

Phaser171 quickly provided a single solution in P31 space group with 2 molecules per 

asymmetric unit. Refinement of this solution using REFMAC5 provided good initial 

electron density maps and immediately revealed the presence of the large triazolyl-

TDG 18 ligand within the binding site of both monomers within the asymmetric unit 

(Figure 5.20). Phaser was also able to automatically solve the structure using large unit 

cell and locate 14 molecules per asymmetric unit in P31 space group. The translational 

NCS that was flagged during scaling is clearly evident for the molecules in the large unit 

cell solution. Both solutions have an identical crystal lattice, with identical packing of the 

molecules, simply more of the molecules are described by NCS in the large unit cell 

solution, while in the small unit cell solution they are related by crystallographic 
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symmetry. This can be visualised by displaying the crystallographic symmetry related 

molecules of the small unit cell solution and superimposing (chain A to chain A) with the 

larger unit cell solution structure. All of the 14 protein chains in the large unit cell 

structure align with the crystallographic symmetry related chains of the small unit cell 

solution. Again, after initial refinement using REFMAC5, mFo − DFc electron density 

maps clearly revealed the presence of the triazolyl-TDG 18 within the binding site of all 

14 monomers of the large unit cell solution enabling addition of the ligand to the model 

(Figure 5.21b). 

a)   b)  
 

Figure 5.21: Overview of the molecules within the asymmetric unit of a) the small unit 
cell solution containing two protein chains, and b) the large unit cell solution containing 
14 protein chains. Galectin-3 CRD shown as green ribbons and the ligand is represented 
as spheres coloured by atom type. 

The ratio of the number of experimental diffraction observations to the number of 

refined model parameters appears to be much better for the structure using the smaller 

unit cell. Although the larger unit cell structure has almost 4.6 times more unique 

observations, the resolution is lower and there are roughly 7 times more atoms (2 

monomers in the small unit cell structure versus 14 in the larger unit cell structure). Using 

the simple equation where unique observations are divided by 4 times the number of 
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atoms (x, y, z, and isotropic B-factors) the small unit cell has an observation-to-parameter 

ratio of 1.07, and the larger unit cell a ratio of 0.71. This is an underestimate of the actual 

observation-to-parameter ratio however, as it does not take into account model restraints 

(which add to the observations), NCS restraints (which lowers the parameters), and TLS 

(which add to the parameters), all of which have been used in the refinement of these co-

crystal structures. For the larger unit cell solution, “tight” NCS restraints have been used 

in REFMAC5 for each monomer (14 monomers) which essentially provides an almost 

14-fold improvement in the observation-to-parameter ratio for this structure.269 

 
 

Figure 5.22: View of the galectin-3 binding site (electrostatic surface of chain B in the 
small unit cell solution) with bound triazolyl-thiodigalactoside 18 (ball and stick with 
green surface). 

Addition of the triazolyl-TDG 18 ligand to the model was unambiguous for both 

the small and large unit cell solutions. Very clear mFo − DFc electron density was present 

for the entire ligand within the binding site of all monomers. After refinement with the 

ligand in place, 2mFo − DFc electron density maps agreed well with the position of the 

ligand. The final refinement statistics can be seen in Table 5.8. For both unit cell 

solutions, reasonable R/Rfree statistics were obtained (although a lower R/Rfree for the 

small unit cell solution). Figure 5.22 shows the interaction of triazolyl-TDG 18 with the 

galectin-3 binding site. Overall, the ligand binds in an identical conformation to both 

monomers in the small unit cell solution and Arg144 is found to undergo a 

conformational change and form a stacking interaction with the fluorine containing ring 
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of the triazolyl-TDG. A detailed description of the interactions will be reserved for the 

next section (section 5.3.7) where higher resolution crystal soaked structures of all three 

triazolyl-TDGs bound to galectin-3 are described. The structures obtained by co-

crystallisation and crystal soaking are also compared. 

5.3.6.4 Ligand–ligand interaction 

The trigonal P31 crystals represent a new crystal form for the human galectin-3 

CRD (the only other published crystal form being orthorhombic P212121). It is interesting 

that the crystallisation conditions were identical to those that usually produce the 

orthorhombic crystals, the only difference being the presence of the triazolyl-TDG ligand 

instead of the lactose ligand. The effect was dramatic; the presence of the different ligand 

initially causing showers of fine needle crystals overnight at room temperature, whereas 

crystallisation with lactose gives large single crystals after days to weeks (Chapter 3). The 

possible cause of this can be found within the structural results. The molecules within the 

crystal are packed in a way that results in a ligand–ligand interaction between the bound 

triazolyl-TDG ligands. Directly in contact with every bound ligand within the asymmetric 

unit is another symmetry related ligand (Figure 5.23a). For the small unit cell solution 

these are crystallographic symmetry related molecule interactions, and for the large unit 

cell solution they are made up of either crystallographic or NCS related molecules. When 

the relatively large triazolyl-TDG ligand is bound to the galectin-3 CRD, one of the 

hydrophobic 3-fluorophenyl rings is solvent exposed (positioned above the salt bridge of 

Arg186 and Glu165). It may be energetically favourable under the crystallising conditions 

for the ligand-bound galectin-3 CRDs to stack together at the ligand to form a 

hydrophobic interaction thus removing the hydrophobic unit from the surrounding 

solvent. 

The ligand–ligand interaction is comprised of close van der Waals contacts that 

extend across almost half the length of the ligands. Analysis of the interaction using the 

online tool PISA (Protein Interfaces, Surfaces and Assemblies)192 reveals that the ligand–

ligand interface has a salvation free energy gain (ΔiG) of −1.3 kcal/M, with the negative 

value corresponding to a hydrophobic interface. The ligands pair together by forming van 

der Waals contacts that begin at the C2, C3, C4 end of galactose, and continue to the 

terminal 3-fluorophenyl ring (Figure 5.23b). The van der Waals contacts calculated by 

MolProbity174 show that there is a small overlap (red dots in Figure 5.23c) between the  
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a)
 

 

b) 
             

 
Figure 5.23: The ligand–ligand interaction that occurs in galectin-3 triazolyl-
thiodigalactoside 18 co-crystal complex. a) Crystal packing causes symmetry related 
galectin-3 CRD molecules (green ribbons) to orientate face-to-face enabling ligand–
ligand interaction. b) Stereo view of two surface rendered ligands showing the closeness 
of the interaction. 

3-fluorophenyl ring of one ligand to the triazole ring of the other, indicating a particularly 

close interaction at this point. This appears to be an edge-to-face (T-shaped) arene-arene 

interaction.270 These edge-to-face interactions occur where the hydrogen atom from one 

aromatic ring points towards the centroid of another aromatic ring in a T-shaped 

configuration. In this case the angle at which the two molecules intertwine does not result 

in a perfectly perpendicular T-shaped interaction, however, it is within the bounds 

described for Caro–H···π interactions.271 Specifically, the distance between the carbon 

atom and the aromatic ring centroid (dc-x) should be less than 4.5 Å, the carbon-hydrogen-

centroid angle (∠C-H-X) greater than 120°, and the off centre distance of the hydrogen to 

the aromatic centroid (dHp–X) should be less than 1.2 Å. In this case the average dc–x 

90° 
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distance is 3.80 Å (Figure 5.24a), the ∠C-H-X angle is 147° and the dHp-X distance is 1.24 Å 

(just outside the “conservative”271 range). 

It has been reported that the highest edge-to-face attraction is found when there is 

an electron withdrawing group present near the CH carbon.270,272 In this case, the strength 

of the Caro–H···π interaction would be enhanced by the presence of the highly 

electronegative fluorine atom positioned para to the interacting hydrogen atom. The 

fluorine withdraws electrons from the aromatic ring leaving the interacting hydrogen 

atom with a higher positive partial charge, enhancing the interaction with the negative 

partial charge on the triazole group. The difference density calculated prior to the addition 

of the ligand to the model clearly shows a higher peak of electron density surrounding the 

fluorine, and the correspondingly electron poor region of the ring located in the para 

position (indicated by an arrow in Figure 5.24b), which may attributed to the electron 

withdrawing power of fluorine. Although a fluorine atom carries more electrons than does  

a)       
 

b)
  

 
Figure 5.24: a) Stereo view of the region where the ligand–ligand interaction in triazolyl-
thiodigalactoside 18 occurs. Van der Waals contacts (green/yellow dots) and small 
overlaps (red dots) calculated by MolProbity. The distance between the carbon atom and 
the triazole ring centroid (dc–x) involved in the edge-to-face arene-arene interaction is 
shown as a black line and passes directly through the region of small overlap. b) 
Difference electron density map (red mesh) in the region of the 3-fluorophenyl ring that 
contains the electronegative fluorine atom, with the para carbon indicated by an arrow 
(electron density calculated prior to addition of the ligand to the model, mFo − DFc map 
contoured at +4.0 σ). 
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a carbon atom, and may be contributing to the observed electron density distribution, it is 

not anticipated that this difference in electrons would generally be detected, especially 

considering the 2.5 Å resolution of this structure, just as it is not possible to distinguish 

between carbon (6 e−), nitrogen (7 e−), and oxygen (8 e−) atoms (fluorine is next with 

9 e−) in X-ray crystal structures from electron density alone at resolutions lower than 

1.5 Å.273 

Overall, the co-crystallisation results have provided the desired information, 

which is the binding mode of the triazolyl-TDG in complex with galectin-3. They have 

also provided an insight into how the high affinity ligand can alter crystal packing 

through a ligand–ligand interaction. The same information is obtained whether the 

structure is obtained by using the large or small unit cell solutions. Ultimately however, 

the true solution for the non-merohedral twinned data is to index each component of the 

twin and integrate all the reflections together taking into account twinning overlaps. 

Software such as TwinSolve from Rigaku (which uses d*TREK)274 is available for 

exactly this purpose and would likely improve these current data. Additionally, further 

optimisation of the crystallisation conditions would almost certainly produce better 

quality crystals for X-ray diffraction experiments, however, given the amount of available 

ligands, the success of crystal soaking experiments (next section), and the successful 

attainment of one reasonable quality galectin-3 CRD triazolyl-thiodigalactoside co-crystal 

structure, extensive optimisation was not performed. 

5.3.7 Galectin-1 and Galectin-3 Triazolyl-Thiodigalactoside Complexes 

As discussed in the previous section (5.3.6.1), the low aqueous solubility of the 

triazolyl-thiodigalactosides made crystal soaking experiments much more difficult 

compared to the highly water soluble unmodified TDG disaccharide or the 

oligosaccharides described in Chapter 4. The compounds are completely insoluble in pure 

water, forming a sticky white precipitate. Ligand exchange experiments were attempted 

by soaking galectin-3 CRD crystals amongst the precipitated ligand, in the hope that over 

time enough solvated ligand might find its way into the crystals. These initial soaking 

experiments were unsuccessful and in each case revealed the original ligand (lactose or 

galactose in the case of galectin-3) still present within the galectin binding site. As 

discussed in section 5.3.6.1, it was found that the ligands could be prepared for co-

crystallisation by initially dissolving the compound in PEG solutions prior to addition of 
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the other crystallisation components. This enabled co-crystallisation with soluble ligand 

and without the need for potentially interfering DMSO. The majority of co-crystallisation 

drops failed to provide X-ray diffraction quality crystals, however, by soaking lactose or 

galactose-bound galectin-3 CRD crystals in these drops (Figure 5.25) successful ligand 

exchange was achieved, and the structures of galectin-3 CRD with bound triazole 

thiodigalactosides 17–19 were obtained. 

 
 

Figure 5.25: A large galactose-bound galectin-3 CRD crystal soaking in a co-
crystallisation drop (containing fine needle crystals) of galectin-3 with 10 mM triazole 
thiodigalactoside 18. 

The same method was used to solubilise the compounds for galectin-1 apo crystal 

soaking, however, co-crystallisation experiments were not performed and the apo crystals 

were soaked directly in the ligand containing crystallisation solution. X-ray crystal 

structures were obtained for galectin-1 with bound triazole thiodigalactosides 18 and 19. 

5.3.7.1 Galectin-3 

The triazolyl-TDG soaked galectin-3 CRD crystals produced good X-ray 

diffraction data to a resolution of 1.5–1.6 Å (Table 5.9). Initial refinement of the 

structures provided high quality electron density maps that revealed clear difference 

electron density for the large ligands within the galectin binding site (Figure 5.26). In 

each case (for compounds 17–19) it was evident that the binding of the ligand had 

perturbed Arg144, causing it to flip up away from the protein surface and be directed out 

into the surrounding solvent (discussed below). The electron density for each of the 

bound ligands is very clear for the TDG disaccharide core of the ligand, and for both 

triazole rings extending from the C3 positions of the two 1–1 linked galactose residues 

(Figure 5.26). The electron density is also clearly defined for the aromatic ring substituent  

0.5 mm 
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Table 5.9: Crystallographic data and refinement statistics for galectin-3 CRD triazolyl-
TDG complexes. 

 
17                                              18                                              19 

 Galectin-3   

Ligand Triazolyl-TDG 17 Triazolyl-TDG 18 Triazolyl-TDG 19 

soaking time 48 hours 8 days 3 days 

Data collection    
temperature (K) 295 295 295 

X-ray source Rotating-anode 
(Cu Kα λ=1.5418 Å) 

Rotating-anode 
(Cu Kα λ=1.5418 Å) 

Rotating-anode 
(Cu Kα λ=1.5418 Å) 

space group P212121 P212121 P212121 
cell dimensions a, b, c (Å) 36.9, 58.4, 63.8 37.0, 58.3, 63.7 36.5, 58.0, 63.1 

resolution (Å) 58.4–1.50 
(1.58–1.50)† 

58.3–1.50 
(1.58–1.50) 

63.1–1.60 
(1.69–1.60) 

total observations 112,753 115,525 105,809 
unique observations 21,521 21,173 18,255 
Rmerge 0.058 (0.251) 0.046 (0.367) 0.040 (0.205) 
I / σI 14.9 (2.1) 18.2 (2.1) 22.5 (4.1) 
completeness (%) 94.5 (52.0) 92.1 (40.7) 99.1 (95.2) 
multiplicity 5.2 5.5 5.8 
Refinement    
resolution range for 
refinement (Å) 

43.1–1.50 
(1.54–1.50) 

43.0–1.50 
(1.54–1.50) 

42.7–1.60 
(1.64–1.60) 

Rwork 0.158 0.168 0.159 
Rfree 0.175 0.190 0.184 
no. of atoms    
    protein 1148 1210 1185 
    ligand 45 45 41 
    water 158 162 146 
average B-factors (Å2)    
    protein 15.7 14.5 15.2 
    ligand 29.7 23.5 29.2 
    water 31.9 29.0 30.6 
r.m.s. deviations    
    bond length (Å) 0.01 0.01 0.01 
    bond angle (°) 1.53 1.33 1.63 
ligand occupancy 0.9 0.7 1.0 
MolProbity statistics –  
appendix section D.30 D.31 D.32 
†values in parentheses are for the highest resolution shell 
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a)     
 

b)     
 

c)     
 

Figure 5.26: Electron density within the galectin-3 CRD binding sites showing bound a) 
triazolyl-TDG 17 (at 1.5 Å resolution), b) triazolyl-TDG 18 (at 1.5 Å resolution), and c) 
triazolyl-TDG 19 (at 1.6 Å resolution). Electron density calculated from refinement with 
ligand omitted from the model (Arg144 has also been omitted in panel b) (R144A)). 
2mFo − DFc and mFo − DFc electron density contoured at 1.0 σ and ±3.0 σ, respectively 
(stereo images). 
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that extends from the C4 position of the triazole ring that is positioned near Arg144 of the 

protein (4-fluorophenyl, 3-fluorophenyl, and thienyl for compounds 17, 18, and 19, 

respectively). 

The thiophene and fluorophenyl rings at the opposite end of the molecule, which 

are positioned above the salt bridge of Glu165 and Arg186, are less clearly defined by the 

initial mFo − DFc electron density compared to the rest of the ligand. The electron density 

in this region for the 3-fluorophenyl of triazolyl-TDG 18 and the thiophene ring of 

triazolyl-TDG 19 are the most easy to interpret and the position of the rings is evident in 

mFo − DFc electron density maps when scaled to 2.5 σ (calculated prior to addition of the 

ligand to the model). After refinement with the ligand included in the model, the 

thiophene and 3-fluorophenyl rings are defined by the 2mFo − DFc electron density when 

scaled at 0.7 σ. For the 3-fluorophenyl ring of 18, additional weak 2mFo − DFc electron 

density appears after refinement indicating a possible alternate conformation for the ring, 

however, the electron density is not clear enough to confidently model two alternate 

conformations for the ligand. The 4-fluorophenyl of 17 that is positioned near the 

Glu165–Arg186 salt bridge is very poorly defined by the initial difference electron 

density. Refinement of the model with the ligand in place but excluding this fluorophenyl 

ring results in additional difference electron density that indicates the general location of 

the ring. After refinement with the ring included in the model weak 2mFo − DFc electron 

density contoured at 0.7 σ supports the location of the ring, however, there is clearly a 

high degree of disorder for this part of the ligand. It was expected that this region of the 

ligand would display a clear and stable interaction with the protein since it has been 

shown that similar ligands with aromatic groups directed towards the Glu165–Arg186 salt 

bridge region of the galectin-3 binding site have greatly enhanced affinity compared to 

the parent compounds that lack this functionality (for example the diamido-

thiodigalactosides247,264 and aromatic lactose 2-O-esters257). The enhanced affinity has 

been hypothesised to be due to a potential cation-π interaction between the ligand 

aromatic group and Arg186 of galectin-3.247,257,264 

Interestingly, in contrast to the structure obtained by soaking, the electron density 

for the 3-fluorophenyl ring is well defined in the lower resolution (2.5 Å) co-crystal 

structure of galectin-3 CRD with bound triazolyl-TDG 18 (section 5.3.6.3). The stronger 

electron density in the co-crystal structure is very likely due to crystal packing effects, as 
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it is this fluorophenyl ring that interacts very closely with a symmetry related ligand to 

form a ligand–ligand interaction (see Figure 5.24). The ligand–ligand interaction 

observed in the co-crystal structure would help to stabilise this region of the ligand 

making it clearly visible in the electron density. The crystal packing in the P212121 

crystals used for soaking is more open in the region of the Glu165–Arg186 salt bridge  

a)     
 

b)     
 

c)     
 

Figure 5.27: Galectin-3 CRD binding site interactions with triazolyl-TDGs. Panels a), b), 
and c) show triazolyl-TDGs 17, 18, and 19, respectively (yellow bonds). H-bond 
interactions between ligand and protein/water are shown as dashed lines (stereo images). 
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and allows the terminal aromatic ring of the ligand a greater potential range of 

conformations. The triazole ring at this end of the ligand for triazolyl-TDG 18 is flipped 

180° compared to 17 and 19, resulting in the 3-fluorophenyl ring being positioned close 

to Glu165, while the 4-fluorophenyl and thiophene rings of 17 and 19 respectively are 

positioned above Arg186 (Figure 5.27). Although there is more space for alternate 

conformations in the ligand soaked complex, crystal packing may have an influence on 

the position of these terminal aromatic groups, as Ile115 from a symmetry related CRD 

molecule is positioned close to this region of the binding site (Figure 5.28). The 

4-fluorophenyl and thiophene rings of 17 and 19 respectively actually make van der 

Waals contact with the symmetry related Ile115 side-chain. Given the weak electron 

density associated with these ligand aromatic rings it is unlikely that the Ile residue is 

contributing greatly to the stability of the ligand within the binding site, and may in fact 

be contributing to the observed disorder if the preferred binding conformation of the 

ligand in solution occupies this position. 

    
 

Figure 5.28: Superimposed structures of triazolyl-TDG 17, 18, and 19 bound to 
galectin-3 CRD in the region of the Glu165–Arg186 salt bridge showing the location of 
the symmetry related galectin-3 CRD (green transparent surface) and the symmetry 
related Ile115 residue (green bonds). Galectin-3 CRD (electrostatic surface) is from the 
triazolyl-TDG 19 complex. 

Considering that crystal packing in the region of the Glu165–Arg186 salt bridge 

may be influencing the position of the terminal aromatic rings in both the co-crystal and 

crystal-soak galectin-3 CRD complexes, coupled with the weak electron density observed 

for these groups in the crystal-soak structures, the true position of the aromatic rings 

when bound to galectin-3 in solution remains somewhat ambiguous. It is possible that the 

aromatic groups do not interact strongly with the protein and that the observed affinity 
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enhancements result from the linking triazole ring alone (which does interact with the 

protein as discussed below). This hypothesis is tested using molecular dynamics as 

discussed in Chapter 6, section 6.3.3.2. 

Superimposing all three galectin-3 CRD triazolyl-TDG (17–19) complexes with 

the TDG complex (section 5.3.1) reveals perfect alignment of the TDG core and identical 

protein–ligand interactions. The triazole ring located above His158 is orientated so that 

the nitrogen atoms of the ring are positioned on the tryptophan side of the galectin 

binding site, which allows the formation of a water mediated hydrogen bond between the 

N2 of the triazole and the nitrogen atom of Trp181 (Figure 5.27). For the triazole ring 

located at the opposite end of the binding site, two alternate conformations are observed 

between the three bound ligands. In the triazolyl-TDG 17- and 19-bound complexes the 

triazole ring is orientated with the nitrogen atoms of the ring on the Glu165 side of the 

binding site, while in the triazolyl-TDG 18 complex the ring is flipped ~180°. The 

orientation of the triazole in 17 and 19 results in van der Waals contacts with both Glu184 

and Arg186, while in 18 the triazole is in contact with Arg186 only. The orientation of the 

triazole ring in 17 and 19 also enables the formation of a water mediated hydrogen bond 

between the N2 atom of the triazole ring and Glu165. 

In all three galectin-3 triazolyl-TDG complexes, the bound ligand induces a 

conformational change in Arg144 similar to that reported for the galectin-3 CRD structure 

with bound C3 benzamide LacNAc derivative (PDB ID: 1KJR).118 The Arg144 

conformational change is not observed in any of the galectin-3 CRD structures in 

complex with naturally occurring oligosaccharides that are also extended from the 3′ 

position of galactose (these include the LNT, LNnT, 3′-sialyllactose, and the linear B-6 

trisaccharide galectin-3 CRD complexes determined in this project – Chapter 4). The 

terminal aromatic ring of the ligand slots into a hydrophobic pocket that is exposed when 

Arg144 flips out away from the protein surface. In both the triazolyl-TDG structures and 

the benzamide LacNAc structure the aromatic ring substituent forms a face-to-face 

cation-π stacking interaction with Arg144, however, in the triazolyl-TDG structures, the 

additional length granted by the triazole linker allows the terminal aromatic rings to 

extend deeper into the hydrophobic pocket and form an additional van der Waals contact 

with Ala146 that is not observed in the benzamide LacNAc structure (Figure 5.29). 

Additionally, Arg144 is positioned differently in the triazolyl-TDG structures and has 

193 



 

moved 1.5–2.0 Å (ζ-carbon to ζ-carbon distance) such that the guanidino group maintains 

its position directly above the aromatic ring of the ligand. 

a)     
 

b)     
 

Figure 5.29: a) Superimposed view of the galectin-3 CRD binding site in the region of 
Arg144 for the complex with triazolyl-TDG 17–19 (yellow bonds) and the published C3 
benzamide LacNAc derivative (pink bonds, PDB ID: 1KJR). b) Surface representation of 
the galectin-3 CRD triazolyl-TDG 19 complex with the SAD LLG map (black mesh 
contoured at 4 σ) showing peaks that correspond to the locations of the anomalously 
scattering sulfur atoms of the ligand (stereo figures). 

Overall, the three different aromatic rings of the triazolyl-TDGs are in a very 

similar position within the Arg144 hydrophobic pocket. The thiophene ring of 19 is 

orientated so that the sulfur atom is most deeply buried within the pocket, as is the 

fluorine atom in the 3-fluorophenyl ring of 18, while the fluorine atom of the 

4-fluorophenyl ring in 17 is directed towards Gly238 of the protein and makes a van der 

Waals contact with the α-carbon. The SAD LLG map calculated for the triazolyl-TDG 19 

structure confirms the orientation of the thiophene ring showing a clear peak positioned at 

the location of the sulfur atom within the Arg144 pocket (Figure 5.29b). A peak in the 

SAD LLG map is also present at the location of the linkage sulfur atom in the TDG core, 

but not for the thiophene ring that is positioned above the Glu165–Arg186 salt bridge 

(likely due to the disorder discussed above). 
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As discussed, the presence of potentially interfering crystal packing and weak 

electron density lessen the confidence in the location of the ligand aromatic rings that are 

located near the Glu165–Arg186 salt bridge. The refined position of the 3-fluorophenyl 

ring of 18 reveals that the fluorine atom may form a hydrogen bond with an alternate 

side-chain conformation of Asn166, and that overall the aromatic ring does not interact 

closely with Arg186. The corresponding 4-fluorophenyl and thiophene ring of 17 and 19 

respectively are positioned closer to Arg186, and are able to form a potential cation-π 

interaction with the arginine guanidino group. The rigid nature of the linking triazole ring 

may restrict the terminal aromatic substituent from being able to move into full contact 

with the protein surface in this region of the binding site. This concept is explored further 

in Chapter 6 with the use of molecular dynamics simulations. 

5.3.7.2 Galectin-1 

In contrast to the galectin-3 CRD crystals that were soaked in pre-equilibrated co-

crystallisation drops (above), the galectin-1 apo crystals were soaked directly in an apo 

crystallisation solution containing the triazolyl-TDG ligands (section 5.2.4.2). Both 

methods were successful in providing protein–ligand complexes, and for galectin-1 the 

structures with bound triazole thiodigalactosides 18 and 19 were obtained. 

Like the galectin-3 CRD crystals, the triazolyl-TDG soaked apo galectin-1 

crystals produced good X-ray diffraction data to a resolution of 2.2–2.6 Å (Table 5.10) 

with the bound ligands being clearly visible in difference electron density maps obtained 

after initial refinement of the structure (Figure 5.30). Although the resolution for the 

galectin-1 triazolyl-TDG structures is not as high as for the galectin-3 structures, the 

electron density is well defined for the bound ligand and the overall binding mode of the 

ligand is unambiguous. For triazolyl-TDG 18, there is clear electron density in both the 

chain A and B binding sites for the entire ligand except for the 3-fluorophenyl ring that is 

positioned near the Asp54–Arg73 salt bridge. In this region the electron density for the 

ligand is weaker, and although the overall position and plane of the aromatic ring is 

evident, the initial electron density does not reveal whether the 3-flourine atom is 

positioned above Asp54 or (through a 180° flip of the ring) above Arg73. The electron 

density produced from refinement with the ring in either of the two conformations 

indicates that a structure with the 3-flourine positioned above Asp54 is more likely. 
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Table 5.10: Crystallographic data and refinement statistics for galectin-1 triazolyl-TDG 
complexes. 

 Galectin-1  
Ligand Triazolyl-TDG 18 Triazolyl-TDG 19 
soaking time 24 hours 17 hours 
Data collection   
temperature (K) 295 295 

X-ray source Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

Rotating-anode 
(Cu Kα λ = 1.5418 Å) 

space group P212121 P212121 
cell dimensions a, b, c (Å) 44.6, 58.7, 112.6 44.5, 58.7, 112.3 
resolution (Å) 52.1–2.49 (2.63–2.49)† 58.7–2.20 (2.32–2.20) 
total observations 52,627 41,391 
unique observations 10,505 14,295 
Rmerge 0.144 (0.593) 0.064 (0.442) 
I / σI 6.9 (1.0) 12.0 (1.9) 
completeness (%) 97.1 (86.5) 92.0 (63.0) 
Multiplicity 5.0 2.9 
Refinement   
resolution range for 
refinement (Å) 56.3–2.49 (2.56–2.49) 56.2–2.20 (2.26–2.20) 

Rwork 0.176 0.171 
Rfree 0.229 0.224 
no. of atoms   
    protein 2,113 2,156 
    ligand 90 82 
    water 18 77 
average B-factors (Å2)   
    protein 36.1 31.1 
    ligand 63.9 55.0 
    water 30.7 35.3 
r.m.s. deviations   
    bond length (Å) 0.01 0.01 
    bond angle (°) 1.28 1.87 
ligand occupancy 1.0 1.0 
MolProbity statistics –  
appendix section D.33 D.34 
†values in parentheses are for the highest resolution shell 

 

The electron density for triazolyl-TDG 19 bound to galectin-1 is well defined for 

the entire ligand in both the A and B monomers, including the thiophene ring that is 

positioned above the Asp54–Arg73 salt bridge (Figure 5.30b). The conformation of this 

thiophene ring can be identified due to a higher electron density peak corresponding to 

the higher atomic weight sulfur atom. The SAD LLG map from this structure is of lower 

quality compared to some of the other galectin-1 complexes, and although there is a peak 

corresponding to the linkage sulfur of the TDG moiety of the molecule, the map does not 
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provide any additional indications on the correct orientation of sulfur containing 

thiophene ring. 

Triazolyl-TDGs 18 and 19 bind to galectin-1 in the same overall conformation 

(Figure 5.31), with the TDG core of the ligand forming the same protein–ligand 

interactions as observed for the TDG-bound galectin-1 complex (section 5.3.1). For both 

ligands, the triazole ring that is positioned close to the Asp54–Arg73 salt bridge forms a 

van der Waals interaction with Arg73. 

a)     
 

b)     
 

Figure 5.30: Electron density within the galectin-1 (A chain) binding site showing bound 
a) triazolyl-TDG 18 (at 2.6 Å resolution) and b) triazolyl-TDG 19 (at 2.2 Å resolution). 
Electron density calculated from refinement with ligand omitted from the model. 
2mFo − DFc and mFo − DFc electron density contoured at 1.0 σ and ±3.0 σ, respectively 
(stereo images). 

The opposite triazole ring that is located above His44 is positioned slightly 

differently between the two ligands, resulting in different interactions with the protein. 

For triazolyl-TDG 18, the N2 atom of the triazole ring forms a van der Waals contact 

with the ζ2-carbon atom or Trp68. This interaction is not observed in the complex with 

triazolyl-TDG 19 due to the triazole ring being positioned slightly further away from 
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Trp68, and instead the triazole N3 atom engages in a water mediated hydrogen bond to 

Asn33. The reason for the slight shift in position between the two ligands is likely due to 

the difference in the size of the terminal aromatic ring. Both of the terminal aromatic 

rings are positioned in the pocket between Ser29 and Asp123, however, the smaller size 

of five-membered thiophene ring of 19 allows the ligand to be positioned deeper within 

the pocket (drawing the triazole ring away from Trp68) compared to the more bulky six-

membered 3-fluorophenyl ring of 18 (Figure 5.32). 

a)     
 

b)     
 

Figure 5.31: Galectin-1 (A chain) binding site interactions with a) triazolyl-TDG 18 and 
b) triazolyl-TDG 19 (yellow bonds). H-bond interactions between ligand and 
protein/water are shown as dashed lines (stereo images). 

For both ligands, the 3-fluorophenyl and thiophene rings of 18 and 19 

respectively form a close van der Waals contact with Val31 (ring centroid to Val31 

γ-carbon is 3.7 Å and 3.4 Å for 18 and 19 respectively). The rings also make van der 

Waals contacts with Ser29 and Gly124 within the pocket. In the galectin-1 triazolyl-

TDG 18 complex, one edge of the 3-fluorophenyl ring is positioned close to Asp123, with 
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the ring carbon atom that is positioned meta relative to the F atom being 3.2 Å from the 

Asp123 δ-oxygen. This interaction is likely a charge-dipole interaction275 between the 

negatively charged Asp123 carboxylate and the electron poor hydrogen located meta to 

the electron withdrawing F atom. 

    
 

Figure 5.32: Galectin-1 binding site (A monomer, electrostatic surface) with bound 
triazolyl-TDG 19 (yellow bonds). The coordinated water molecule that mediates the 
hydrogen bond between the triazole ring and Asn33 is shown as a red sphere. Triazolyl-
TDG 18 (green bonds) is superimposed to show the slight difference in ligand position 
(stereo image). 

Compared to the aromatic rings that are positioned near Val31, the 3-fluorophenyl 

and thiophene rings that are positioned at the opposite end of the galectin-1 binding 

groove near the Asp54–Arg73 salt bridge do not interact as closely with the protein. They 

do however form van der Waals contacts with the side-chains of Gly53, Asp54 and 

Arg73. 

5.3.7.3 Binding comparison 

Each of the triazolyl-TDGs studied here bind to galectin -1 and -3 in very similar 

conformations. Any differences observed in the ligand conformation largely occur in the 

terminal fluorophenyl or thiophene rings that are positioned close to the salt bridge that 

lies at one end of the galectin binding site (the Asp54–Arg73 or Glu165–Arg186 salt 

bridge in galectin -1 and -3 respectively). The electron density for this region of the 

ligand is poor in all three of the galectin-3 CRD complexes obtained by crystal soaking 

methods, but well defined in the galectin-3 triazolyl-TDG 18 complex obtained by co-

crystallisation, which, as previously discussed, is likely due to crystal packing effects. 

Comparison of the conformation of 18 in the complex obtained by crystal soaking to that 
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obtained by co-crystallisation (both chains A and B in this crystal form) shows that the 

3-fluorophenyl ring is flipped through 180° between the structures, with the F atom being 

in a different position (upper region of the ligands in Figure 5.33a). This difference 

highlights the uncertainty associated with the position of this region of the ligand when 

bound to galectin-3. 

Comparison of the galectin-3 triazolyl-TDG 18 complex to the galectin-1 

complex reveals the high degree of similarity in the ligand conformation when bound to 

either galectin-1 or galectin-3 (Figure 5.33b). The absence of an arginine-arene stacking 

interaction in the galectin-1 triazolyl-TDG 18 complex is compensated for by the 

presence of Val31 in galectin-1 which forms a closer nonpolar van der Waals contact with 

the aromatic ring of the ligand (3-fluorophenyl ring centroid to Val31 γ-carbon is 3.7 Å) 

compared to the equivalent Ala146 in galectin-3 (3-fluorophenyl ring centroid to Ala146 

β-carbon is 4.3 Å). The 3-fluorophenyl ring also forms a charge-dipole interaction with 

Asp123 that is not observed in the galectin-3 complex. 

a)         b)           c)  
 

Figure 5.33: Comparison of the binding conformation of triazolyl-TDGs in complex with 
galectin -1 and -3. a) Galectin-3 triazolyl-TDG 18 complex obtained by crystal soaking 
(yellow bonds) and by co-crystallisation (pink and green bonds, chains A and B 
respectively). b) Galectin-3 triazolyl-TDG 18 complex (yellow bonds) compared to the 
galectin-1 complex (pink and green bonds, chains A and B respectively). c) Galectin-3 
triazolyl-TDG 19 complex (yellow bonds) compared to the galectin-1 complex (pink and 
green bonds, chains A and B respectively). 

Comparison of the triazolyl-TDG 19 galectin -1 and -3 complexes shows that 

again the overall binding mode of the ligand is very similar when bound to both proteins, 
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with the main differences in protein–ligand interactions occurring in the location of the 

terminal thiophene rings. The C–N bond between the triazole N1 and galactose C3 that is 

positioned close to the galectin binding site salt bridge is rotated through ~180° resulting 

in the thiophene in the galectin-3 complex to be positioned over the salt bridge arginine, 

whereas it is positioned more directly over the centre of the Arg–Asp salt bridge in 

galectin-1. At the other end of the ligand, the thiophene ring is flipped 180° via rotation 

about the triazole–thiophene bond. In galectin-3 this results in the sulfur atom being 

buried in the Arg144 hydrophobic pocket and making contacts with Ala146 and Arg144, 

while in the galectin-1 complex the sulfur atom makes alternative contacts with the 

Asp123 carboxylate and backbone nitrogen. 

Table 5.11: Kd binding affinities (nM) of the triazolyl-TDGs for galectin -1 and -3 
(preliminary data from the laboratory Prof. U. Nilsson). 

Triazolyl-TDG Galectin-1 Galectin-3 
17 26 40 
18 10 14 
19 ≪20 70 

 

The high degree of similarity in the binding conformation of the triazolyl-TDGs 

in complex with galectin-1 or -3 is surprising considering the key differences in binding 

site amino acids in the location of Arg144 in galectin-3 (equivalent to Ser29 in 

galectin-1). The equivalent of Arg144 is absent in some galectins,13 most notably 

galectin-1, and consequently targeting ligand interactions to this region and engaging 

Arg144 through cation-π interactions is proposed as a means of enhancing galectin 

binding selectivity. For the triazolyl-TDGs however, the plasticity within the galectin-3 

binding site due to the Arg144 conformational change, and the formation of alternative 

protein–ligand interactions in the galetin-1 complexes, allows for very similar binding 

conformations of the ligands in both proteins, and nanomolar affinity. These findings 

underline the challenges faced in designing inhibitors with high selectivity. 

Preliminary affinity data from the Nilsson lab show that the triazolyl-TDGs 

display an overall higher affinity for galectin-1 compared to galectin-3 (Table 5.11), 

however, as the affinity for either protein is remarkably high, these inhibitors can be 

considered as being non-selective galectin inhibitors (affinity data for other galectins is 

not yet reported). Low selectivity may or may not be a desirable property for a galectin 
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inhibitor when used as a drug in a clinical setting. As many of the galectins have roles in 

tumour progression, blocking the functions of multiple galectins with a single high 

affinity inhibitor may enhance the overall effectiveness of the drug; however, drugs with 

low selectivity can carry a greater risk of producing unwanted side effects.276 Future 

in vivo studies will be required to determine the efficacy and pharmacokinetics of these 

promising high affinity galectin inhibitors. 

a)    b)  
 

Figure 5.34: Electrostatic surface representation of the a) galectin-1 dimer and the b) 
galectin-3 CRD showing the relative size and overall binding mode of triazolyl-TDG 18 
(green transparent surface). 

It is clear that for the triazolyl-TDGs, the greatly enhanced affinity can be 

attributed to the considerable increase in contact interface area between the protein and 

ligand. The majority of the relatively large ligand molecule is in contact with the protein 

and forming favourable protein–ligand interactions (Figure 5.34). Interesting comparisons 

can be made between the triazolyl-TDGs and the oligosaccharides discussed in Chapter 4, 

which are similar in size, but interact very differently with the galectins. The 

oligosaccharides are highly aqueous soluble and form predominantly polar interactions, 

whereas the triazolyl-TDGs are aqueous insoluble and make predominantly non-polar 

interactions with the galectins. Some of the differences in interactions are highlighted in 
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Table 5.12 for galectin-3 when bound to the triazolyl-TDGs and two example 

oligosaccharides. Although the oligosaccharides form a greater number of hydrogen 

bonds with the protein, the binding affinity is roughly three orders of magnitude lower 

compared to the triazolyl-TDGs. The protein–ligand interface area is much larger for the 

triazolyl-TDGs, with a greater proportion of ligand atoms being in close proximity to the 

protein. 

a)    

 

b)
    

 
Figure 5.35: a) The binding affinity of triazolyl-TDGs 17–19 to galectin -1 and -3 is 
exponentially correlated to the protein–ligand interface area calculated using PISA. 
b) The correlation is maintained on inclusion of additional galectin-3-ligand complexes. 
The additional galectin-3-ligand complexes are from this project, in addition to two 
previously reported galectin-3 complexes with 3′-LacNAc derivatives (PDB IDs: 1KJR 
and 2XG3). 

The protein–ligand interface area (calculated using PISA) is exponentially 

correlated (R2 = 0.96) to the binding affinity of the triazolyl-TDGs for galectin -1 and -3 

(Figure 5.35a). Surprisingly, this correlation is maintained (R2 = 0.87) when a variety of 
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diverse ligands (both polar and non-polar interacting ligands) for which galectin 

complexes are also available are included in the comparison (Figure 5.35b). A survey of a 

large isothermal titration calorimetry (ITC) database of protein–small molecule binding 

data, for which corresponding structural data was also available (the SCORPIO database), 

found that the only structural feature with a strong correlation to binding affinity 

(R2 = 0.65) was the burial of apolar surface area (ΔCSAapolar).277 This is a comparable 

relationship to that observed here for the galectins since the ΔCSAapolar term and the 

protein–ligand interface area (used in this project) are a related measure of protein–ligand 

contact, with the exception that the ΔCSAapolar term excludes polar interactions. The 

ΔCSAapolar for the galectins has not been calculated, and it is not known whether a 

stronger correlation would be observed were the SCORPIO database results recalculated 

using the PISA derived interface area term used in this project. 

Table 5.12: Protein–ligand interactions and binding properties of triazolyl-TDGs with 
galectin-3 CRD compared to two example oligosaccharides (discussed in Chapter 4). 

Ligand Kd (µM) M.W. 
(g/mol) 

interface 
area (Å2)a 

num. 
H-bonds 

num. 
contactsb 

num. 
atomsc 

contacts 
per atom 

Linear B-6 trisaccharide 29d 504 255.6 11 74 34 2.2 

LNT 9.9d 707 271.3 12 81 48 1.7 

triazolyl-TDG 17 0.040e 649 349.4 8 126 45 2.8 

triazolyl-TDG 18 0.014e 649 378.1 8 149 45 3.3 

triazolyl-TDG 19 0.070e 625 341.8 8 128 41 2.7 
a interface area reported using the online tool PISA192 
b any non-hydrogen protein–ligand atom distance within 4.2 Å 
c non-hydrogen atoms 
d affinity data from Hirabayashi et al.200 
e affinity data from Prof. U. Nilsson (personal communication) 

 

Some general rationalisations have been made above, and throughout this chapter, 

in relating the binding affinity of the ligand to the protein–ligand interactions that were 

revealed by the X-ray crystal structures. No attempts have been made to assign or 

quantify the specific energetic contribution of any individual protein–ligand interaction to 

the overall binding affinity of the ligand. This is because the energies from individual 

protein–ligand interactions observed in X-ray crystal structures represent only one part of 

the thermodynamic process of ligand binding, which is made up of many energy terms, 

all of which contribute to the overall binding affinity of the ligand for the protein.278,279 

For example, modification of the chemical structure of a ligand to enable the formation an 
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additional energetically favourable protein–ligand hydrogen bond will also impact on the 

ligand’s energy of interaction with solvent, and it is the contribution of both of these 

energy terms, in addition to entropic, conformational, and long range effects, that will 

have a positive or negative outcome on the overall energy of binding. The triazolyl-TDG 

molecules add additional complexity due to the inherent C2 symmetry, which enables two 

identical and degenerate binding modes for the single ligand, and is expected impart 

additional favourable thermodynamic properties that are not apparent from the protein–

ligand binding site interactions alone.247 Thus, deconvolution of individual protein–ligand 

interaction energies or the accurate prediction of overall binding energies is a non-trivial 

process, and remains a major challenge for computational chemistry. These concepts are 

explored further in Chapter 6. 
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Chapter 6. Computational analysis of galectin–
ligand interactions 

6.1 INTRODUCTION 

The wealth of experimental structural information obtained on galectin–ligand 

binding interactions, as discussed in the earlier chapters, provides an excellent foundation 

for the targeted design of galectin inhibitors. As mentioned in Chapter 1, computational 

ligand design can take on many forms, from the intuition of the medicinal chemist, to the 

in silico screening of vast chemical libraries. In this project, the experimentally observed 

ligand binding modes were used as the starting points for a focused exploration of 

chemical modifications around these basic scaffolds. A concerted effort was made to 

develop an accurate method for the in silico evaluation of the protein–ligand binding 

affinities, and comprises a major part of this chapter. 

A key aspect of structure-based ligand design is the prediction of ligand binding 

affinities. Unfortunately, elucidation of the structure of a protein–ligand complex does not 

provide any direct information on the binding affinity of the ligand for the protein.278,280 

Davies et al.280 found that it was very difficult to explain (let alone predict) the measured 

Kd values based on eight X-ray crystal structures analysed. The prediction of ligand 

binding affinities is complicated by the large number of enthalpic and entropic effects that 

contribute to the free energy of binding.278,280 When correlations are observed between 

structural features of ligand binding and the binding affinities, the relationships usually 

involve van der Waals or hydrophobic interactions rather than polar interactions such as 

hydrogen bonds.281 For example, as discussed in Chapter 5 (section 5.3.7.3), the burial of 

apolar surface area was the only structural feature with a correlation to binding affinity 

data from the SCORPIO database.277 A similar correlation was observed between the 

binding affinities and the protein–ligand interface area on analysis of the galectin–ligand 

complexes obtained in this project (section 5.3.7.3). No correlation however was 

observed in this project nor by others between the number of hydrogen bonds and the 

binding affinity.282 
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For a protein–ligand hydrogen bond to form, desolvation of both the donor and 

the accepter must occur (the breaking of protein–solvent and ligand–solvent hydrogen 

bonds), and the energies of hydration and hydrogen bond formation tend to cancel each 

other out.278 In spite of this however, there are examples where displacing of coordinated 

water molecules within a binding site by hydrogen bond forming ligand groups results in 

favourable outcomes,283 as was discovered during structure-based drug design of ligands 

targeting HIV protease.260 Water molecules may sometimes not be displaced by 

(potential) ligands, and can be considered as part of the protein structure.278 This can 

complicate the structure-based drug design process as was discovered Sahai et al.,259 

highlighting the importance of experimental structures to support in silico calculations. 

Though not adding much to the binding free energy, hydrogen bonds are a fundamental 

component of many protein–ligand interactions and convey specificity to a recognition 

process,278 especially in the case of the lectins, which bind to highly hydroxylated 

carbohydrate ligands. 

The galectin-3 side-pocket identified in Chapter 5, and discussed in relation to the 

taloside ligands (section 5.3.1), is an interesting structural feature of the galectin-3 

binding site, which is very different to the galectin-1 binding site in this region, and 

engaging in this region of the galectin binding site has the potential to enhance ligand 

specificity. The design of ligand specificity is a challenging process however, and made 

more complicated the potential flexibility of protein binding sites.278 An excellent 

example can be found in the structures obtained in this project of galectin-1 and -3 in 

complex with the triazolyl-TDG compounds, discussed in section 5.3.7.3. A noticeable 

difference between the extended binding sites of galectin-1 and -3 is the presence of 

Arg144 in in galectin-3, and targeting this binding site feature could be anticipated to 

enhance ligand specificity. However, plasticity within the binding site (the flipping up of 

Arg144 in galectin-3) allowed the ligands to bind with an almost identical binding mode, 

with low nanomolar binding affinities, for both proteins. Again, the availability of this 

structural information is invaluable for inhibitor design. 

This is precisely why the inability to obtain a structure of galectin-1 in complex 

with one of the 2-O-toluoyl talosides (talosides 12 or 13) is of disappointment in this 

project. Galectin-1 preferentially binds to talosides with bulky 2′-aromatic substituents 

over the less bulky counterparts (such as taloside 11, for which a structure with galectin-1 
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was obtained),246 indicating that a favourable protein–ligand interaction may be occurring 

in the region of His52 containing loop, likely involving either a conformational change in 

the loop, or an unusual ligand binding mode (discussed later in section 6.3.3.3, see 

Figure 6.16). Indeed, as discussed in section 4.3.1, NMR experiments148 and structural 

results from this project have shown that this loop region of galectin-1 has a higher 

degree of flexibility (Figure 4.6). Thus, ligands that are designed to have high specificity 

for galectin-3, may also end up binding with high affinity to galectin-1, just as was 

observed for the triazolyl-TDG compounds. The results from molecular dynamics 

simulations discussed later in this chapter indicate that this may indeed be the case 

(section 6.3.3.3). 

Molecular dynamics (MD) simulations are used in this project for the analysis of 

protein–ligand interactions and for the prediction of protein–ligand binding energies 

through the use of the linear interaction energy (LIE) method.284,285 MD simulations strike 

a balance between computationally expensive approaches such as free energy 

perturbation (FEP) methods, which can provide good estimates of ligand binding 

affinities but are not well suited to exploring a diverse range of molecules, and more rapid 

methods such as docking which are capable of screening large libraries of compounds but 

with lower accuracy in predicting binding energies.284,286,287 A major advantage of MD 

simulations over both docking and FEP type approaches is that in addition to having the 

potential of providing an estimate on the ligand binding affinity, the dynamics of ligand 

binding over time can be analysed from the trajectory structures to provide insights into 

what components of the ligand appear stable and interacting strongly with the protein, and 

what parts appear be unstable and interacting poorly. Additionally, MD simulations 

inherently take into account protein and ligand flexibility. 
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6.2 METHODS 

6.2.1 Molecular Dynamics 

6.2.1.1 Starting structure preparation 

Galectin-1 and galectin-3 CRD starting structures were prepared by taking an 

existing PDB structure file (for both proteins the galectin–TDG complex was used, 

section 5.3.5) and editing to remove ligands, alternate side-chains, and water molecules. 

In the case of galectin-1, the A monomer only was used. The GROMACS program 

pdb2gmx288 was used to add hydrogen atoms to the protein and to generate a topology file 

for the AMBER-03 force field.289 

Ligand molecules (including hydrogen atoms) were built using Accelrys 

Discovery Studio Visualizer290 and placed within the galectin binding site. The Clean 

Geometry tool was used within the software to optimise the geometry of the ligand and to 

remove any close contacts with the protein. Ligand molecules were saved as mol2 files. 

Ligand AM1-BCC partial charges and topology files based on the general AMBER Force 

Field (GAFF)291 were generated from the ligand mol2 file using Acpype292 (which utilises 

the AmberTools program antechamber293). 

The combined ligand and protein coordinates were prepared in simple cubic box 

periodic boundary conditions (PBC) with edge dimensions set to 0.9 nm from the 

molecule edges with explicit solvent (using the Simple Point Charge (SPC) water model). 

Counter ions (Na+ for galectin-1 and Cl− for galectin-3) were added to the system to 

ensure a neutral charge on the system. A second system was also prepared as above 

containing the ligand molecule (with explicit water) only. 

6.2.1.2 Molecular dynamics simulations 

Energy minimisation and molecular dynamics were performed using 

GROMACS.288 Energy minimisation of the system was performed with the steepest 

decent algorithm until convergence with a maximum force of less than 

1000 kJ mol−1 nm−1. Water and ligand molecules were relaxed with a 30–60 ps position-

restrained MD simulation with protein atom constraints and Particle Mesh Ewald (PME) 

electrostatics with pressure and temperature coupling to 300 K. The production MD runs 

of both the protein–ligand complex and the free ligand were performed with temperature 
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coupling to 300 K for 500–1000 ps, with a timestep of 2 fs and using Reaction-Field-zero 

electrostatics. A Lunix bash shell script (runmd.sh) was written to automate the process 

beginning with the initial creation of topology files to submission of the final production 

molecular dynamics simulation. The script can be found in Appendix E.1 and contains 

full details of all parameters used for energy minimisation, position-restrained, and 

production molecular dynamics (under the em.mdp, pr.mdp, and md.mdp sections 

respectively). All calculations were performed on the Griffith University Research 

Computing Services Sun Fire V20Z HPC Cluster. 

6.2.1.3 Automation 

The process of preparing a GROMCAS MD simulation involves a number of 

steps that are identical for each ligand being investigated. A Linux shell script 

(Appendix E.1, runmd.sh) was written to automate the entire process beginning with the 

ligand mol2 file output from the molecular modelling software and ending with 

submitting the MD simulation jobs to the computer cluster. Figure 6.1 provides a 

schematic overview of the functions performed by the script and also provides a general 

overview of the steps involved in preparing a GROMACS MD simulation. Use of the 

script greatly facilitated the rapid generation of many MD simulations of the galectin–

ligand system using ligands with known binding affinity (for calibration of the LIE 

method) and test compounds with unknown binding affinity. Over 370 ns of MD 

simulations were performed with 127 different galectin ligands requiring 172 days of 

parallel computer CPU time. 
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Figure 6.1: The Linux shell script (runmd.sh) written to automate the process of 
galectin–ligand MD simulation beginning with input of the ligand structure file (mol2 
file) and ending with submitting of the MD simulation jobs to run on the Griffith 
University computer cluster. 
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6.2.1.4 Calculation of binding free energies 

Protein–ligand binding free energies were calculated using the linear interaction 

energy (LIE) method initially described by Aqvist et al.294 with the formula: 

ΔGbind = ΔGnonpolar + ΔGpolar 

 = αΔ<UvdW 
l–s > + βΔ<Uel 

l–s> + γ 

where Δ refers to the difference between the protein–ligand and ligand-free 

simulations with α and β being the linear response coefficients for the van der Waals 

(vdW) and electrostatic (el) interaction energy between the ligand and surrounds (l–s), 

respectively, with γ being a constant. In practice, the GROMACS program g_energy was 

used to extract eight interaction energies from the energy files of the two molecular 

dynamic simulations: 

from the ligand-free simulation: 
1. LJ-SR:SOL-LIG: Lennard-Jones interaction between ligand and solvent 
2. Coul-SR:SOL-LIG: Coulomb interaction between ligand and solvent 
 
from the protein–ligand complex simulation: 
3. LJ-SR:Protein-LIG: Lennard-Jones interaction between ligand and protein 
4. LJ-SR:SOL-LIG: Lennard-Jones interaction between ligand and solvent 
5. LJ-SR:LIG-rest: Lennard-Jones interaction between ligand and rest (e.g. ions) 
6. Coul-SR:Protein-LIG: Coulomb interaction between ligand and protein 
7. Coul-SR:SOL-LIG: Coulomb interaction between ligand and solvent 
8. Coul-SR:LIG-rest: Coulomb interaction between ligand and rest (e.g. ions) 

 

The eight energy terms were input into Microsoft Excel and the LIE calculation 

performed using the following equation: 

ΔGbind  = α (LJprot − LJwat) + β (Coulprot − Coulwat) + γ 

where LJprot is the sum of the Lennard-Jones interaction energies from the 

protein–ligand simulation (LJ-SR:Protein-LIG + LJ-SR:SOL-LIG + LJ-SR:LIG-

rest) and LJwat is the Lennard-Jones interaction energy from ligand-free simulation (LJ-

SR:SOL-LIG), and Coulprot and Coulwat are the equivalent Coulomb interaction energy 

terms. 

The values for LIE coefficients α, β, and γ were determined by training the LIE 

model via fitting to known experimental binding energies as discussed in section 6.3.2.1–
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6.3.2.2. In all cases γ = zero was used. For the final α-vdW LIE model, the α coefficients 

for each protein–ligand complex were determined via linear regression with the average 

vdW interaction energy (LJwat) of the ligand with solvent from the ligand-free simulation. 

The β coefficient was fixed at the same value for all complexes and determined 

empirically by fitting the model to the experimentally reported ligand binding energies. 

The ligand partition coefficient (logPcalc) was calculated using the program 

ALOGPS250 from the ligand mol2 file. 

Error bars represent one standard deviation in the mean ΔGbind (shown in 

parenthesis in Appendix F) and were estimated by dividing each trajectory into four equal 

subsets, calculating ΔGbind for each, before taking the stand deviation of the mean ΔGbind 

over the four subsets. 

Conversion between the Gibbs free energy of binding (ΔGbind in kJ/mol) and the 

dissociation constant Kd (µM) was performed using ΔGbind = RTlnKd where R is the gas 

constant (8.314472 J K−1 mol−1) and T is the temperature (300 K). 

6.2.1.5 Cross-validation 

Repeated random sub-sampling295 and leave-one-out cross-validation296 was 

performed for the α-vdW LIE model with 67 complexes from the galectin-3 MD dataset. 

Repeated random sub-sampling cross-validation was performed by randomly dividing the 

67 complexes into a training and a validation set, each of roughly equal size, and using 

the fit of the training set to predict ΔGbind for the validation set. The error values of the 

validation set compared to the experimental values were recorded and the validation 

repeated using another random training and validation set. The average errors for 1,000 

repeats are shown in Table 6.2, page 231. 

The leave-one-out cross-validation was performed by excluding a single 

validation complex from the training set and using the fit of this training set to predict 

ΔGbind for the excluded complex. This was repeated for every complex with the error 

compared to the experimental binding energies calculated for each validation set 

(Table 6.2, page 231). 
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6.3 RESULTS AND DISCUSSION 

6.3.1 Molecular Dynamics Simulations 

6.3.1.1 Optimal parameters – ligand topologies and partial charges 

With the goal of identifying potential new high affinity galectin inhibitors, 

molecular dynamics (MD) simulations were performed with galectin -1 and -3 protein–

ligand complexes, and with free ligands in solvent, in order to analyse protein–ligand 

binding interactions and to estimate absolute binding free energies. 

To determine the optimal simulation parameters for the galectin–ligand system, a 

number of short (400 ps) MD simulations were performed with galectin-1 and two 

ligands; lactose and triazolyl-TDG 18 (discussed in section 5.3.7). These two molecules 

were chosen to ensure that the simulation parameters selected would be appropriate 

across a broad range of ligands, since lactose and triazolyl-TDG 18 are highly dissimilar; 

with lactose being hydrophilic and interacting with the protein primarily via electrostatic 

hydrogen bonding interactions, while triazolyl-TDG 18 is hydrophobic, forms non-polar 

interactions with the protein, and has roughly four orders of magnitude higher affinity 

compared to lactose. 

In order to perform any meaningful estimations of the binding affinity of the 

ligand for the protein using the MD techniques discussed later in this chapter, the ligand 

must remain bound within the binding site over the course of the simulation, and it is 

expected that the binding mode should be similar to that observed in X-ray crystal 

structures. Due to the availability of a number of galectin–ligand complex crystal 

structures (many determined in this project), the ability of the MD simulations to 

accurately reproduce experimentally observed ligand binding modes can be assessed. 

Figure 6.2 a) and b) show the results for some of the MD simulation parameters tested. 

Each plot shows the RMS deviation of the ligand over the course of the simulation 

compared to the bound conformation observed in the minimised X-ray crystal structure 

after least squares fitting of the protein at each time point. The plots provide an overview 

of how stable the ligand is within the binding site and highlight if the ligand has moved 

out of the binding site or into a conformation that is significantly different from that 

observed in the X-ray crystal structure. Ligands with an RMSD of less than 2 Å are found 

to be bound in essentially the same conformation as observed in the X-ray crystal 
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structures, whereas an RMSD of greater than 2 Å indicates that the ligand has a binding 

mode that is obviously different in some way on examination of trajectory structures. 

    
 

         
 

Figure 6.2: RMS deviation of a) lactose and b) triazolyl-TDG 18 when binding to 
galectin-1 during MD using different methods for ligand partial charge calculation (red 
and blue shaded plots for AM1-BCC and Gasteiger charges, respectively) and treatment 
of electrostatics (cutoff, PME, and RF-0) with GAFF based ligand topologies and the 
AMBER-03 force field. Also shown are the results from PRODRG derived ligand 
topologies and charges using the GROMOS force field and PME electrostatics (green 
plot). The y-axis is equivalent in a) and b) with insert showing the chemical structure of 
the ligand. c) and d) are two different representations of the binding of lactose when using 
RF-0 electrostatics and either AM1-BCC (red) or Gasteiger charges (blue) with c) being 
the binding RMSD plot and d) showing the superimposed three dimensional positions of 
the ligand relative to the carbohydrate binding site over the course of the MD simulation 
(the stick lactose representation shows the crystal structure conformation). 
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The GOMACS molecular dynamics package was used for MD simulations of the 

galectin–ligand complexes. GROMACS is compatible with a number of different force 

fields, including the united atom GROMOS family, and the all-atom AMBER, 

OPLS-AA, and CHARMM force fields. For each individual ligand analysed a specific 

molecular topology file, which includes ligand partial charges, must be generated that is 

compatible with the force field used. 

The PRODRG web server173 is capable of generating small molecule topology 

files with partial charges for use in the GROMOS family of force fields. Preliminary MD 

simulations using PRODRG-generated ligand topologies and the GROMOS-96 force 

field generally resulted in unstable binding conformations of the ligand in the galectin 

binding site, with ligands tending to float out of the binding site or enter questionable 

binding modes over the course of the simulation (green plot in Figure 6.2 a and b). A 

reported investigation of PRODRG-generated small-molecule topologies revealed that, 

due to inconsistent charge and charge groups, the partial atomic charges generated by 

PRODRG are incompatible with GROMOS force fields.297 This report, and the results 

obtained in this project, highlight the importance of careful parameterisation of ligand 

partial charges for MD simulations. 

An attractive feature of the AMBER family of force fields is the availability of the 

general AMBER force field (GAFF),291 which is optimised for small molecules and is 

compatible with the AMBER force fields for proteins. Additionally, the AmberTools 

package contains several programs (Antechamber293 in particular, which is itself a suite of 

programs) that can be used to generate GAFF based small-molecule topologies and to 

calculate partial charges. The charge method used for the protein AMBER force fields is 

the HF/6-31G* RESP method, however, this method is computationally expensive. An 

alternative method is the AM1-BCC charge scheme, which reproduces HF/6-31G* RESP 

charges and is more efficient.291 Antechamber can be used to calculate ligand AM1-BCC 

charges by first performing an AM1 semi-empirical quantum chemistry calculation to get 

Mulliken charges (using the SQM program298), followed by bond charge correction 

(BCC) to arrive with the AM1-BCC charges. For the ligands in this project, charge 

calculations using this approach required ~30–90 minutes per ligand at current CPU 

speeds. MD simulations performed with the AMBER-03 force field and GAFF-based 

ligand topologies with AM1-BCC charges resulted in very stable biding of the ligand 
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within the binding site over the course of the simulation, with binding modes matching 

those observed in X-ray crystal structures (Figure 6.2 a and b, red shaded plots). 

In addition to the AM1-BCC charges, the fast Gasteiger-Marsili partial charge 

calculation method (as implemented in Discovery Studio Visualizer290) was also 

investigated for assignment of ligand partial charges. Simulations using the Gasteiger 

charges were performed with identical conditions to those using the AM1-BCC charges 

(AMBER-03 force field and GAFF-based ligand topologies), but resulted in unstable 

ligand binding (Figure 6.2 a and b, blue shaded plots), again highlighting the importance 

of appropriate ligand partial charges. 

Figure 6.2d shows the superimposed binding modes of lactose over the course of 

MD simulations with galectin-1 when using AM1-BCC charges (red shaded regions) and 

Gasteiger charges (blue shaded regions) compared to the binding mode observed in the 

X-ray crystal structure (thick bonds), with the corresponding binding RMSD plots shown 

in  Figure 6.2c. Lactose becomes unstable after ~150 ps when using Gasteiger charges 

and rotates out of the binding site, with the glucose ring becoming positioned into the 

solvent and the galactose remaining in contact with the protein, but in a conformation not 

observed experimentally for galectin–galactose interactions. Lactose with AM1-BCC 

charges remains in a conformation matching that observed in the crystal structures over 

the 400 ps simulation. Similar findings were also observed for the triazolyl-TDG 18 

molecule when using Gasteiger charges (data not shown). 

6.3.1.2 Electrostatics 

Three different methods for calculating the electrostatic interactions within the 

MD simulations were also investigated; the particle-mesh Ewald (PME), reaction-field-

zero (RF-0), and cutoff methods. PME electrostatics are an efficient and widely used 

method for calculating long range electrostatic interactions in MD simulations, since it 

avoids the artefacts created by cutoff treatment of electrostatics in which Coulombic 

interactions are simply truncated after a finite distance.299,300 PME electrostatics were 

investigated for comparison in this project, however, they are not compatible with the 

linear interaction energy (LIE) method for estimating the ligand free energy of binding. 

This is because the electrostatic interaction energy between two groups (e.g. between a 

ligand and protein) will also contain the contribution of the PME long-range 
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electrostatics, which are calculated in reciprocal space, and cannot be subtracted from the 

individual interaction energies. 

The reaction field is another method for the treatment of electrostatic interactions 

whereby a uniform dielectric constant is applied beyond the cutoff. In GROMACS the 

specific reaction-field-zero (RF-0) method was used as it provides better energy 

conservation compared to normal reaction field electrostatics, and is also recommended 

over alternative electrostatic treatments such as the Shift and Switch methods due to the 

potential for energy artefacts.301 

The ligand binding RMS deviation results from the PME, RF-0, and cutoff 

electrostatics are shown in Figure 6.2 a) and b). With regard to ligand binding RMSD, all 

three electrostatic methods produce equivalent results, with the stability of the ligand 

being dominated by the method for partial charge calculation rather than the type of 

electrostatics used. AM1-BCC charges result in stable ligand binding for each type of 

electrostatic method used (red shaded plots), and Gasteiger charges result in unstable 

ligand binding (blue shaded plots). 

     
 

Figure 6.3: a) Electrostatic and b) van der Waals interaction energy during MD of 
galectin-3 with taloside 11 when using cutoff (blue) and RF-0 (red) treatment of 
electrostatics (equivalent y-axis). 

The simple cutoff method for electrostatics is much faster in typical galectin–

ligand MD simulations, requiring ~5 hours/ns, compared to the RF-0 method which 

requires ~15–18 hours/ns (~9 hours/ns for PME electrostatics). Compared to RF-0 
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electrostatics however, analysis of the interactions energies from simulations using cutoff 

electrostatics revealed alarming deviations for many energy terms, including the system 

wide potential energy (example system potential energy standard deviations, galectin-3–

taloside 11 complex, 1 ns: cutoff = 2005 kJ/mol, RF-0 = 625 kJ/mol, PME = 673 kJ/mol), 

but particularly the protein–ligand electrostatic interaction energy (example protein–

ligand electrostatic standard deviations, galectin-3–taloside 11 complex, 1 ns: cutoff = 

290 kJ/mol, RF-0 = 24 kJ/mol, PME = 37 kJ/mol) (Figure 6.3a). Although other energy  

    
 

    
 

Figure 6.4: a) RMS deviation of protein backbone atoms during MD of galectin-1 (red) 
and galectin-3 (blue) with triazolyl-TDG 18. Timeframe from –60 to 0 ps corresponds to 
the positioned restrained MD simulation. b) The number of protein–ligand hydrogen 
bonds during MD for galectin-1–lactose (pink), galectin-1–TDG 18 (red), galectin-3– 
triazolyl-TDG 18 (blue), and galectin-3–taloside 11 (dark blue) (10 ps moving averages). 
c) Protein–ligand electrostatic and d) van der Waals interaction energies with colours 
corresponding to those in b). 

0

0.2

0.4

0.6

0.8

1

1.2

-200 0 200 400 600 800 1000

Pr
ot

ei
n 

Ba
ck

bo
ne

 R
M

SD
 (Å

)

Time (ps)

0

2

4

6

8

10

12

0 200 400 600 800 1000

N
um

be
r o

f H
yd

ro
ge

n 
Bo

nd
s

Time (ps)b)

7.2

6.3
5.9

3.3

avg

-450

-400

-350

-300

-250

-200

-150

-100

-50

0

0 200 400 600 800 1000

Pr
ot

ei
n–

Li
ga

nd
 E

le
ct

ro
st

at
ic

 E
ne

rg
y 

(k
J/

m
ol

)

Time (ps)c)

-250

-200

-150

-100

-50

0

0 500 1000

Pr
ot

ei
n–

Li
ga

nd
 v

an
 d

er
 W

aa
ls

 E
ne

rg
y 

(k
J/

m
ol

)

Time (ps)d)

219 



 

terms did not display these deviations, such as the protein–ligand vdW interaction energy 

(Figure 6.3b), the reliable measurement of protein–ligand electrostatic energy terms is of 

critical importance for estimation of the ligand binding free energy using the LIE 

approach, and the results obtained when using cutoff electrostatics are unusable for these 

calculations. Thus, considering all of the above, the selected parameters for the 

production MD simulations performed in this project were the AMBER-03 force field 

with GAFF-based ligand topologies, AM1-BCC ligand partial charges, and RF-0 

electrostatics. 

Figure 6.4 shows some example results from 1 ns production MD simulations 

using the above parameters with galectin -1 and -3 and three different ligands. The 

protein backbone RMSD compared to the minimised crystal structure shows that the 

protein is stable throughout the simulation and rapidly reaches equilibrium early in the 

simulation almost during the 60 ps positioned restrained MD simulation (time −60 to 0 ps 

in Figure 6.4a). Analysis of protein–ligand hydrogen bonds shows that triazolyl-TDG 18 

forms a similar number of hydrogen bonds with both galectin -1 and -3 over the course of 

the simulation (red and blue plots in Figure 6.4b respectively), while underivatised lactose 

(a disaccharide) engages in more than double the number of hydrogen bonds as the 

taloside 11 monosaccharide (pink and dark blue plots Figure 6.4b respectively). 

The non-bonded potential energy terms between the protein and ligand 

(Figure 6.4c and d) are among the most important values to be extracted from the MD 

simulations in this project. The average values of these energy terms, in combination with 

the equivalent ligand–solvent interaction energies from separate MD simulations, form 

the basis for solving the linear interaction energy equation and the ultimate predication of 

the ligand binding free energy. The amount of deviation in these plots highlights the 

tenuous nature on which the LIE method, and indeed many computational efforts to 

predict ligand binding free energy, is based. Although the plots contain a fair degree of 

noise, the average values prove to be useful for binding energy prediction, as discussed in 

section 6.3.2. 

Fortunately, the results shown in Figure 6.4 c) and d) match expectations based on 

the interactions observed in the corresponding X-ray crystal structures for these 

complexes. The plots from the galectin-1–lactose simulation (pink) show that lactose 
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forms strong (low energy) electrostatic interactions with the protein and relatively weaker 

van der Waals interactions (represented by a Lennard–Jones potential). This matches the 

experimentally observed interactions, which show that galectin–lactose interactions are 

dominated by hydrogen bonding interactions. In contrast, the taloside 11 monosaccharide 

(dark blue plot in Figure 6.5c and d) forms weaker electrostatic interactions, but stronger 

van der Waals interactions with galectin-3 compared to galectin-1 with lactose, which is 

consistent with the monosaccharide forming fewer hydrogen bonds but forming 

additional non-polar interactions via the 3-O-toluoyl ring of the taloside. Finally, 

consistent with the very high affinity and favourable interactions observed in the 

triazolyl-TDG 18 complexes, the ligand displays strong interactions for both the 

electrostatic and van der Waals energy terms with galectin-1 and galectin-3 (red and blue 

plots respectively). 

6.3.1.3 Comparison to X-ray crystal structures 

For ease of reference, previously published compounds referred to throughout this 

chapter are numbered by keeping the numbering system from the original publication and 

prefixing the first two letters of the surname of the first author. For example compound 46 

from Salameh et al.265 is numbered here as sa46. Appendix F lists all compounds used in 

molecular dynamics simulations with galectins -1 and -3 along with the reported 

experimental binding affinity (Kd values converted to ΔGbind as described in the methods 

section 6.2.1.3). 

The molecular dynamics simulations are capable of reproducing the ligand 

binding modes observed in X-ray crystal structures remarkably well. Two published 

galectin-3 structures in complex with similar 3′-modified benzamido-N-LacNAc 

derivatives revealed that one of these inhibitors (PDB ID: 1KJR,118  corresponding to 

compound so3 in Appendix F.1) induced a conformational change in a binding site 

arginine residue (Arg144), while the other (PDB ID: 2XG3,252 corresponding to 

compound so2) did not. Similar results were also obtained in this project where the 

Arg144 conformational change was observed in triazolyl-TDG complexes 

(section 5.3.7.1), but not in the taloside complexes (section 5.3.1). MD simulations were 

performed with galectin-3 and the so2 and so3 compounds in which the simulation 

starting structures for both were with Arg144 positioned flat against the protein surface 

and the ligand aromatic benzamides positioned above. In the simulation with so2, Arg144 
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a)  
 

b)     
 

c)     

 
Figure 6.5: a) RMS deviation of compound so3 during MD with galectin-3 relative to the 
simulation starting structure (blue plot), and the corresponding protein–ligand van der 
Waals interaction energy (red plot). b) Superimposed stereo view comparing the binding 
site of the galectin-3–so3 X-ray crystal structure (PDB ID: 1KJR, green bonds) to the MD 
simulation starting structure (yellow bonds). c) as for a) except showing the minimised 
average structure from time range 801–900 ps of the MD simulation (yellow bonds). 
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remains aligned with the protein surface with the benzamide stacking above, while during 

the course of the simulation with so3, Arg144 undergoes a conformational change and 

stacks above the fluorinated benzamide of the ligand. Thus, both MD simulations 

reproduced the experimentally observed ligand binding modes. 

Figure 6.5a shows the ligand binding RMSD (blue plot) relative to the simulation 

starting structure for the galectin-3–so3 complex. At time ~ 340 ps the ligand enters a 

binding mode matching that observed in the crystal structure (seen as an increase in 

RMSD relative to the starting structure), however with Arg144 positioned away from the 

ligand. At time ~ 500 ps the arginine engages with the ligand benzamide to form the 

same cation-π stacking interaction observed in the crystal structure. Also from this time 

point there is a corresponding drop in the protein–ligand van der Waals interaction energy 

(red plot), and the low energy binding mode is maintained until the completion of the 

simulation. Figure 6.5 b) and c) show the similarity of the binding site amino acids and 

the ligand for the starting structure (Figure 6.5b, yellow bonds) and the minimised 

average structure from time range 801–900 ps (Figure 6.5c, yellow bonds) of the MD 

simulation, compared to the published X-ray crystal structure (green bonds). 

For MD simulations in this project where a significant binding mode transition 

was observed in the ligand binding RMSD plot (such as that observed in Figure 6.5a), 

energy calculations were performed using the time range corresponding to the most stable 

low energy binding mode. 

6.3.2 The Linear Interaction Energy Method 

6.3.2.1 Ligand logP and the β coefficient 

The linear interaction energy (LIE) method284 was used to calculate protein–

ligand binding free energies. By performing two MD simulations for each ligand of 

interest, one with the protein–ligand complex and one with the ligand free in solution, the 

corresponding protein–ligand and ligand–solvent interaction energies, respectively, can 

be extracted (electrostatic and van der Waals energies as shown in Figure 6.4c and d). 

Taking the average of these energies allows calculation of the ligand binding free energy 

using the LIE equation shown in section 6.2.1.4. 
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A set of seven compounds (sa46–sa52, Appendix F.2) with experimental binding 

affinities reported by Salameh et al.265 were initially tested in MD simulations with 

galectin-3. The initial binding free energies calculated using the LIE method showed no 

correlation with the experimental Kd values (Figure 6.6), with most of the calculated 

ΔGbind values reaching extremely low energy levels (e.g. −72.1 kJ/mol for sa51, 

equivalent to Kd = 0.3 picomolar). These energy values were calculated using the standard 

linear response coefficients of α = 0.181 (vdW coefficient) and β = 0.5 (electrostatic 

coefficient).284,294 For the majority of reported implementations of the LIE method, a 

system specific parameterisation of the linear response coefficients is required to achieve 

a reasonable correlation with experimental binding data. There are many reported 

approaches for this parameterisation, with some methods assigning empirically 

determined fixed values for both α and β for all ligands tested,302-305 while other methods 

involve grouping ligands based on chemical composition and assigning a specific β value 

to each group,284,285,306 and still other methods use correlations between the LIE 

coefficients and a specific property of the ligand or protein–ligand complex.307,308 

 
 

Figure 6.6: The experimentally determined binding energies (ΔGbindexp.) of seven 
ligands (sa46–sa52)265 for galectin-3 compared to the binding energies calculated from 
MD simulations using standard LIE parameters (ΔGbindcalc.). 

For example, Wang et al.308 found a correlation between the nonpolar LIE α 

coefficient and a property termed the weighted nonpolar desolvation ratio (WNDR), 

which is a ratio between the nonpolar and total solvent accessible surface area on ligand 

binding. The WNDR parameter was used to predict the value of α while keeping the β 
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coefficient fixed at 0.5. This approach provided excellent binding free energy predictions 

for a set of five different proteins with seven ligands, however, was less accurate in 

predicting binding free energy for a set of 12 ligands to a single protein (avidin), with a 

mean absolute error of 13.6 kJ/mol and an R2 of 0.39.308 

Hansson et al.284 proposed that the β coefficient could take on four possible values 

depending on the number of hydroxyl groups present in the ligand (β = 0.43, 0.37, and 

0.33, for 0, 1, and ≥ 2 hydroxyls, respectively, and β = 0.5 for charged ligands), and an 

optimal value of 0.18 for the α coefficient. This approach yielded a mean absolute error of 

just 2.43 kJ/mol and an R2 of 0.89 for 18 different protein–ligand complexes (4 proteins 

and 18 ligands). This method of using finite categories for the electrostatic β coefficient 

was later expanded to include seven groups based on the chemical properties of the 

ligand.285 

   
 

Figure 6.7: Scatter plots showing the relationship between a) the calculated binding 
energies using the standard LIE parameters (ΔGbindcalc.) and the calculated ligand logP 
value, and b) the ligand logPcalc. and the calculated LIE β coefficient for seven 
compounds with galectin-3. 

Due to the diversity of galectin ligands analysed in this project (see Appendix F), 

alternative methods for parameterising the β coefficient based on properties of the ligand 

were explored. Surprisingly, a strong correlation (R2 = 0.87) was observed between the 

calculated ΔGbind using the standard LIE coefficients and the logP values calculated for 

compounds sa46–sa52 (Figure 6.7a). Ligands which are more hydrophilic (more negative 
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logP values) display unusually enhanced binding free energies. No such correlation exists 

between the ligand logPcalc. and the experimental binding energies, suggesting that a 

property of the ligand relating to computed solvent interactions is somehow influencing 

the free energy of binding calculations in this system. Given the known experimental 

binding affinities, the LIE equation can be rearranged to solve β for each individual 

ligand. The β coefficients required to reproduce the experimental binding energies form 

an almost perfectly linear correlation with the ligand logPcalc. (R2 = 0.99) (Figure 6.7b). 

     

 

 
 

Figure 6.8: a) Scatter plots of the experimental (ΔGbindexp.) and calculated (ΔGbindcalc.) 
binding free energies of seven compounds for galectin-3 when using the ligand logPcalc. 
calibrated LIE β coefficients. b) Power of the LIE method to rank the compounds in order 
of affinity for galectin-3. c) Bar chart representation of the experimental binding free 
energies (blue bars) showing the reported experimental error bars compared to the 
binding free energies calculated using the LIE method (red bars behind). 
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Given this remarkable correlation, linear regression using the line equation shown 

in Figure 6.7c was used to assign β coefficients for each ligand based on the relationship 

to the calculated logP. Calculating ΔGbind using the new logPcalc. based β coefficients 

yields a greatly improved correlation to the experimental binding affinities of compounds 

sa46–sa52, with a mean absolute error of 0.53 kJ/mol (RMSD = 0.72 kJ/mol) and an R2 

of 0.90 (Figure 6.8a, and Table 6.1). The average β coefficient for the seven ligands is 

0.31, with an α coefficient of 0.20 found to give the best fit to experimental data. The 

error in the calculated binding energies compared to the experimental values is low 

enough to allow for quite accurate ranking of the compounds based on binding affinity 

(Figure 6.8b). This is an impressive result for the LIE method, since all but one (sa51) of 

the calculated binding energies falls within the reported265 experimental error range of 

binding energies (Figure 6.8c). Additionally, the three middle ranked compounds (sa46, 

sa49, and sa51) provide an additional challenge due to the experimental binding affinities 

for galectin-3 being almost equivalent. 

Table 6.1: Properties of seven ligands from Salameh et al.265 in experimental and 
computational binding to galectin-3. 

Ligand Kd (µM) ΔGbindexp. 
(kJ/mol) logPcalc. β ΔGbindcalc. 

(kJ/mol) 
|ΔΔGbindexp−calc.| 

(kJ/mol) 

sa46 0.12 -39.7 -1.91 0.21 -41.2 1.46 
sa47 0.029 -43.3 -0.35 0.37 -43.4 0.15 
sa48 0.39 -36.8 0.03 0.41 -36.8 0.02 
sa49 0.15 -39.2 0.38 0.44 -39.1 0.09 
sa50 0.065 -41.3 -0.96 0.31 -41.6 0.33 
sa51 0.12 -39.7 -2.13 0.19 -38.8 0.95 
sa52 0.25 -37.9 -1.54 0.25 -37.2 0.69 

    mean absolute error: 0.53 
Kd values are from Salameh et al.265 
β coefficient calculated from linear regression with ligand logPcalc. 
ΔGbindexp., ΔGbindcalc., and ligand logP as shown in methods section 6.2.1.3 
|ΔΔGbindexp−calc.| is the absolute difference between ΔGbindexp. and ΔGbindcalc. 

 

The approach described above for calculating the β coefficient based solely on the 

relationship to the calculated logP of the ligand represents a novel method for LIE 

parameterisation and is found to dramatically enhance the accuracy of the LIE method in 

predicting ligand binding free energies for galectin-3. 
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6.3.2.2 A new LIE model 

With the development of the promising logPcalc. method for parameterisation of 

the LIE coefficients (which will be termed the logPcalc. LIE model), and the capacity for 

rapid and automatic preparation of MD simulations (section 6.2.1.3), a large set of ligands 

with known experimental binding affinities were simulated in MD with galectin -1 and -3 

in order to generate a more robust and broadly applicable LIE model. MD simulations 

were performed on a total of 24 galectin-1 and 67 galectin-3 protein–ligand complexes 

(Figure 6.9), with the vdW and electrostatic interaction energies from each used to 

construct the LIE model. A diverse set of ligands were simulated, ranging from the small, 

hydrophilic, low affinity galactose monosaccharide, to the large, hydrophobic, high 

affinity triazolyl-TDG compounds (section 5.3.7). Appendix F lists the compounds tested, 

the calculated logP, and the experimental and calculated binding energies. For galectin-3, 

compounds from Sorme et al.118 (27 compounds, Appendix F.1), Salameh et al.265 (17 

compounds, Appendix F.2), Cumpstey et al.257 (8 compounds, Appendix F.3), Cumpstey 

et al.264 (4 compounds, Appendix F.4), and 11 other compounds, such as those 

investigated through X-ray crystallography in this project (Appendix F.5). 

  
 

Figure 6.9: a) The superimposed binding modes of the 24 ligands from the galectin-1, 
and b) the 67 complexes from the galectin-3 MD simulations. The ligands shown are 
energy minimised from the final frame of each trajectory and shown in complex with a 
representative protein model (ribbon diagram with transparent electrostatic surface). 

The LIE model was initially parameterised using data from the galectin-3 MD 

simulations with the hope of finding the same strong correlation between the ligand 

logPcalc. and the LIE β coefficient, as discussed in the previous section. When calculating 

a) b) 
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the β coefficients given the known experimental binding energies, the β values for some 

complexes was negative (for a given value of α), while others attained significantly 

greater values compared to the average group. When these outliers were excluded, 

leaving 57 of the 67 complexes (using a cut-off of 0 < β < 0.33), a weak correlation with 

the ligand logPcalc. was observed (R2 = 0.30). In spite of the weaker correlation however, 

the logPcalc. β coefficient LIE model, trained on 57 compounds, retained excellent 

predictive power and reproduced the experimental binding energies of the 67 ligands with 

a mean absolute error of 1.99 kJ/mol (RMSD = 2.61 kJ/mol, R2 = 0.87). 

This performance is superior to most previously reported implementations of the 

LIE method. Where the mean absolute error was reported, the best reported results are 

2.43 kJ/mol (18 complexes)284 and 1.59 kJ/mol (10 complexes).306 In cases where only 

the RMSD was reported, typical results are 4.27 and 5.69 kJ/mol (15 and 18 

complexes),304 2.97 and 4.52 kJ/mol (20 and 37 compounds),309 and 4.31 and 4.64 kJ/mol 

(12 and 20 compounds).310 Reported values in kcal/mol have been converted to kJ/mol. It 

can be seen that for a particular system, the error is larger when a greater number of 

ligands are included, further highlighting the quality of LIE model reported here which 

includes a greater number of complexes but has a lower absolute error. For this logPcalc. 

based LIE model, the average β coefficient was 0.14 (no negative values) with a best fit α 

coefficient of 0.29. 

When the logPcalc. LIE model was tested for sensitivity to the use of alternative 

software for calculating ligand logP, it was discovered that for most software used, 

including the XlogP program,311 the logPcalc. values displayed no correlation whatsoever 

with the predicted LIE β coefficients (or any other parameter). This alarming result 

highlighted the dependence of the logPcalc. LIE model on the specific algorithms used by 

an external software program (ALOGPS,250 which uses an Associative Neural Network 

algorithm that learns from a training set312). Considering these findings, a more robust 

alternative to ligand logPcalc. was sought. 

Since logP is related to a molecule’s interaction with solvent, investigations were 

performed into whether the ligand–solvent interactions already measured by MD could be 

used as an alternative to logPcalc. Indeed, a strong correlation was observed between the 

ratio of the vdW to electrostatic interaction energies from the ligand solvent simulations  
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Figure 6.10: a) Scatter plot showing the correlation between logPcalc. and the ratio of the 
ligand–solvent vdW to electrostatic interaction energies for 67 compounds. b) 
Relationships between the ligand–solvent vdW interaction energy and both the α (blue, 67 
complexes) and β (red, 57 complexes) LIE coefficients. c) The calculated binding 
energies using the α-vdW (blue, 67 complexes) and the β-vdW (red, 57 complexes) LIE 
models compared to the experimental binding energies for galectin-3. d) Power of the 
α-vdW LIE model in ranking 67 compounds in terms of binding affinity for galectin-3 
compared to the experimental binding affinity ranking. 

and the ALOGPS logPcalc. values (R2 = 0.80, Figure 6.10a). This ratio did not relate 

strongly to the LIE β coefficient, however, the ligand–solvent vdW interaction energy 

component did, and with a stronger correlation (R2 = 0.43, Figure 6.10b) compared to that 

obtained using logPcalc. (R2 = 0.30, data not shown) over 57 complexes. Interestingly, 

although no relationship had been observed between the calculated LIE α coefficient and 
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logPcalc., a weak correlation did exist between α and the vdW energies (R2 = 0.31, 

Figure 6.10b). Additionally, the calculated α values did not contain any outliers, unlike 

the β values, and data from all 67 complexes could be included. 

Using these relationships, two new LIE models were constructed using the MD 

measured ligand–solvent vdW interaction energy to calculate either the α or β LIE 

coefficients using linear regression. Both models (which will be termed the α-vdW and 

β-vdW LIE models) produced almost identical results, and delivered slightly higher 

accuracy in predicting the experimental binding energies of the ligands for galectin-3 

compared to the logPcalc. LIE model (Table 6.2 and Figure 6.10c). The α-vdW LIE model 

performs well in ranking the ligands in order of affinity for galectin-3 compared to the 

experimental ranking (Figure 6.10d). For the 67 complexes, the model on average ranks 

the affinity of each ligand within 5.6 positions of the experimentally ranked position. 

Table 6.2: The α and β coefficients used in different LIE models, and the performance in 
reproducing experimental biding free energies for galectin-1 and galectin-3 ligand 
complexes. 

Galectin-3 LIE 
models α β Mean absolute 

error (kJ/mol) 
RMSD 

(kJ/mol) R2 

best-fit a 0.30 0.12 2.30 3.00 0.82 

logPcalc. 
b 0.29 Avg. 0.14 1.99 2.61 0.87 

β-vdW b 0.28 Avg. 0.14 1.90 2.44 0.89 

α-vdW a Avg. 0.30 0.12 1.90 2.45 0.89 

α-vdW a leave-one-out cross-validation: 1.97 2.53 0.88 

α-vdW a repeated random sub-sampling cross-validation: 2.02 2.58 0.89 

Galectin-1 
α-vdW c Avg. 0.21 0.18 2.19 2.94 0.85 

a 67 complexes, b 57 complexes, c 24 complexes 

 

A major advantage of the α/β-vdW LIE models is that the determinant for 

calculating the LIE coefficients (the ligand–solvent vdW energy) is already available 

from the MD simulations, and additional calculations using external software are not 

required. Since the performance of both models was essentially the same, the α-vdW LIE 

model was selected for further validation (next section) because it does not suffer from 

the presences of outliers that the β-vdW model does. It also makes more physical sense to 
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use the correlation between the ligand–solvent vdW energies and the α coefficient, which 

is the nonpolar weighting coefficient, rather than the electrostatic weighting coefficient β. 

 
 

   
 

Figure 6.11: a) Relationship between the ligand–solvent vdW interaction energy and the 
α LIE coefficient. b) The calculated binding energies using the α-vdW LIE model (24 
complexes) compared to the experimental binding energies for galectin-1. c) Power of the 
model in ranking the 24 compounds in terms of binding affinity for galectin-1 compared 
to the experimental binding affinity ranking. 

Table 6.2 shows the coefficients used for each LIE model, and the performance in 

reproducing the experimental binding energies. Both the α and β-vdW LIE models 

achieved mean absolute errors of 1.90 kJ/mol for ligand binding to galectin-3. In their 

2007 review, Gilson and Zhou287 said that computational methods should ideally be able 
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to reproduce experimental results to within 1 kcal/mol, with the state of the art at the time 

falling short of this goal. The calculated binding energies reported here for galectin-3 

reproduce the experimental results to within 0.45 kcal/mol. 

Interestingly, where the LIE coefficient has been determined on a per ligand basis, 

the average value over all ligands is very similar in magnitude to the best fixed value 

determined in the other models. In a LIE model where both coefficients are fixed for all 

complexes (the best-fit model), the best values for α and β are also similar to those in the 

other models. Although not as good as the other models, the performance of the best-fit 

LIE model is commendable, and shows that using fixed LIE coefficients are a viable 

alternative for estimating binding free energies in this system without the requirement of 

determining the value of the coefficient via linear regression. 

Although the main focus in the remainder of this chapter is the design and in 

silico evaluation of potential inhibitors for galectin-3, an α-vdW LIE model was also 

constructed for galectin-1 using MD simulations with 24 different ligands having reported 

experimental binding affinities. As for galectin-3, a correlation was observed between the 

calculated α LIE coefficients and the ligand–solvent vdW interaction energy (R2 = 0.74, 

Figure 6.11a). Using this relationship, the LIE model reproduced the experimental ligand 

binding energies with a mean absolute error of 2.19 kJ/mol (RMSD = 2.94 kJ/mol, 

R2 = 0.85, Figure 6.11b and Table 6.2). Thus, the LIE model for galectin-1 displays lower 

accuracy compared to the results obtained for galectin-3. The model on average ranks the 

compounds based on binding energies to within 2.4 positions of the experimentally 

ranked positions (Figure 6.11c). Appendix F lists the calculated ΔGbind for each complex 

investigated. 

6.3.2.3 Cross-validation and error testing 

Two methods of cross-validation were performed in order to assess data over-

fitting and to determine the robustness and predictivity of the LIE model. For the α-vdW 

LIE model with the galectin-3 MD dataset (67 complexes), both the repeated random sub-

sampling cross-validation,295 and the leave-one-out (jackknife) cross-validation 

methods296 (section 6.2.1.5) showed that the errors for the validation sets were only 

slightly higher than those calculated from the full dataset (see Table 6.2, previous section 
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and Figure 6.12), indicating a robust model with high accuracy in predicting experimental 

binding affinities. 

     
 

Figure 6.12: a) The calculated binding energies from the leave-one-out cross-validation 
using the α-vdW LIE model (67 complexes) compared to the experimental binding 
energies for galectin-3. b) An example set of results from the repeated random sub-
sampling cross-validation showing a random division of the data into two groups; the 
training set (blue) and the validation set (red). 

As outlined in section 6.2.1.3, the standard deviation for each simulation (shown 

in parenthesis in Appendix F) is estimated by dividing each trajectory into four blocks 

and calculating a separate ΔGbind for each block, before taking the standard deviation of 

the mean ΔGbind.302,303,313 This measure of the error provides an insight into the amount of 

variability occurring throughout the simulation. Since each MD simulation begins with 

manual placement of the ligand within the binding site (before geometry optimisation and 

removal of clashes with the protein, section 6.2.1.1), there was concern over how 

reproducible the binding energies would be given slightly different starting structures. 

Analysis of the trajectory structures suggests that due to the amount of dynamic motion 

that occurs throughout the simulation, differences due to initial placement of the ligand 

should be rapidly overcome as the simulation reaches an equilibrium due to the 

randomness of the dynamics. As has been shown in section 6.3.1.3, even when a ligand is 

placed in a conformation known to be different to the experimental binding mode, 

rearrangements of the ligand and binding site residues occur within the timeframe of the 
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simulations to allow the ligand to adopt the experimentally observed low energy binding 

mode. 

A more accurate measure of the precision of the method for estimating binding 

energies can be made by performing multiple separate simulations of the same protein–

ligand complex starting with alternative placements of the ligand within the binding site. 

This was performed for two galectin-3–ligand complexes by performing six 1 ns MD  

 
 

 
 

Figure 6.13: Binding RMSD of a) galactose and b) compound sa2 in complex with 
galectin-3 over six separate MD simulations initiated with slightly different ligand 
starting conformations (equivalent y-axis). c) The calculated binding energies from the six 
galactose (red) and compound sa2 (blue) simulations in addition to the mean ΔGbind value 
(darker colour). The error bars for the mean ΔGbind values are the standard deviation of 
the mean from the six simulations, while the error bars for the individual simulations are 
the standard deviation of the mean ΔGbind from four subdivisions of each trajectory. The 
dashed lines represent the experimental binding energies of galactose210 and sa2.118 
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simulations, each with the ligand manually placed in a slightly different position within 

the binding site. Galactose and compound sa2 were selected due to their differences in 

binding affinity and types of interactions with the protein. The ligand binding RMSD 

plots (Figure 6.13a and b) show that both ligands maintained binding modes matching 

those observed in the X-ray crystal structures, with the lower affinity galactose generally 

displaying greater deviations compared to the very stable sa2 compound. For one of the 

galactose simulations (gal_04), the sugar moved into an alternate binding conformation 

before returning to the lower energy binding mode (time 600–850 ps). This is reflected by 

the larger standard deviation of the binding energy for this simulation. 

The results show that the mean and standard deviations obtained from each set of 

six simulations (darker coloured bars in Figure 6.13c) are highly similar to any one of the 

individual simulations, which each used a slightly different starting structure. Also, the 

method for dividing each simulation into four blocks for calculating the standard 

deviation (error bars for the individual simulations in Figure 6.13c) proves to be a good 

representation of the precision of an individual binding energy calculation. This shows 

that the LIE model has high precision and is insensitive to slight variations in ligand 

placement. Figure 6.13c also shows the difference in the precision of the LIE model and 

its accuracy in reproducing experimental binding energies, which are represented as 

dashed lines for each ligand. For both of these particular ligands, the LIE model 

consistently underestimates the affinity of the ligands for galectin-3, however, this is not a 

general feature of the LIE model as shown by Figure 6.10c. 

Overall, the MD simulations with the α-vdW LIE model show promising 

accuracy and high precision, and with the development of automatic methods for 

simulation preparation, the method also offers a rapid approach for the estimation of 

ligand binding affinities. All that is required for obtaining binding affinity estimates on 

new galectin-inhibiting drug candidates is the initial identification of an appropriate 

molecular framework, followed by its in silico construction, with the latter being a trivial 

matter and the former remaining a major challenge in structure-based drug design. The 

method will be applied in the next section for a range of new and promising galectin 

inhibitor candidates. 
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6.3.3 Binding Affinity Estimation of Test Compounds 

Molecular dynamics simulations and the α-vdW LIE model were used to predict 

protein–ligand interactions and to estimate binding energies of potential new galectin 

inhibitors. One of the advantages of using molecular dynamics with the LIE approach is 

that, in addition to obtaining a prediction of the ligand binding energy, the simulation 

trajectories can also be analysed to observe the theoretical dynamics of the protein–ligand 

interaction, which can then provide insights into the ligand moieties that are stable and 

interacting strongly with the protein, and those areas that are predicted to be unstable or 

disordered. From this information the chemical structure of the ligand can be refined, 

followed by repeated rounds of MD simulations coupled with ligand binding free energy 

estimations. 

Using this approach, a total of 55 new ligands were constructed in silico and 

analysed in complex with galectin-3, while a subset of 31 of these compounds was also 

analysed in complex with galectin-1. The three main classes of compound investigated 

were the lactobionic acid derivatives (compounds LBA-01–08, Appendix F.6), 

thiodigalactoside derivatives (compounds 21–28, Appendix F.7), and the large set of 

taloside derivatives (compounds 29–66, Appendix F.8). The superimposed binding modes 

of all the novel ligands investigated, excluding the set of LBA derivatives, are shown in 

Figure 6.14 a) and b). 

The chemical structure of each compound analysed and the binding free energy 

predictions obtained using the α-vdW LIE model are shown in Appendix F.6–F.8, with 

Figure 6.14 c) and d) showing a summary of the calculated binding energies for 

galectin-3 and galectin-1, respectively (the set of LBA derivatives are not included in 

Figure 6.14). The relationship between the binding energies (ΔGbind) and the dissociation 

constant (Kd) (Figure 6.14e) can be used to provide an estimation of Kd based on the 

calculated ΔGbind values obtained from the LIE calculations (using the formula: 

ΔGbind = RTlnKd, section 6.2.1.3). 
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Figure 6.14: a) The superimposed binding modes of 23 ligands from the galectin-1, and 
b) the 47 novel ligands from the galectin-3 MD simulations. The ligands shown are 
energy minimised from the final frame of each trajectory and shown in complex with a 
representative protein model (ribbon diagram with transparent electrostatic surface). c) 
The calculated binding free energy for each ligand in complex with galectin-3 and d) 
galectin-1. e) The relationship between binding free energy (ΔGbind) and the dissociation 
constant (Kd). 
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6.3.3.1 The LBA derivatives 

Eight compounds based on the lactobionic acid scaffold (LBA-01–08) were 

investigated with MD in complex with galectin -1 and -3. As discussed in section 5.3.2, 

the LBA disaccharide offers an interesting alternative scaffold for galectin inhibitor 

design due to the increased flexibility provided by the open chain gluconate moiety 

compared to the fixed ring of glucose. The X-ray crystal structures of LBA in complex 

with galectin -1 and -3 determined in this project showed that the open chain gluconate 

forms favourable interactions with the proteins and maintains an important hydrogen 

bond from the 3-OH, which is also observed in other galectin–lactoside complexes. 

Unlike the lactosides however, the C1 and 2-OH of LBA are positioned differently (see 

Figure 5.10, page 162), and in such a way that derivatives with extension from these 

positions might offer the potential for new galectin–ligand interactions. 

The LBA derivatives were designed with modifications from both the 2′ and 1′ 

positions of the gluconate moiety, however, on analysis of the MD trajectories it was 

found that for all compounds, the open chain gluconate permitted a high degree of 

flexibility leading to a destabilisation of the ligand within both the galectin-1 and 

galectin-3 binding sites. The calculated binding energies reflect this instability, with each 

of the derivatives binding with a similar or weaker energy compared to unmodified 

lactose. 

6.3.3.2 The TDG derivatives 

The triazolyl-TDGs discussed in section 5.3.7 display remarkably high affinity for 

the galectins, with the Kd of triazolyl-TDG 18 for example being 10 and 14 nM for 

galectin -1 and -3, respectively (see Table 5.11, and discussion in section 5.3.7.3). In 

order to assess which components of the ligands contribute favourably to the binding 

energies, a series of truncated versions of the ligands were analysed with MD. 

As discussed in section 5.3.7.1, electron density from X-ray crystal structures of 

these ligands in complex with galectin-3 indicated that the aromatic groups (fluorophenyl 

and thienyl rings) positioned in the region of the binding site salt bridge (Glu165–

Arg186) were disordered and did not appear to interact strongly with the protein. Analysis 

of the MD trajectory structures for these complexes showed that, in line with the X-ray 

crystallography results, this region of the ligand displays greater mobility and tends to 
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interact only transiently with the binding site salt bridge over the course of the 

simulations (indicated by the red arrow in Figure 6.15). In contrast, the other end of the 

ligand that is in contact with the binding site arginine (Arg144) is much more stable. The 

planarity of the triazole linkage appears to limit the extent to which the terminal aromatic 

groups can interact with the protein in the region of the binding site salt bridge, due to it 

tending to direct the aromatic group out at a tangent away from the protein surface, which 

curves away in this region. 

    
 

Figure 6.15: Stereo view of triazolyl-TDG 18 in complex with galectin-3 during MD. 
The position of the ligand for each frame over the 1 ns simulation is displayed and 
superimposed. For clarity, a single frame of the protein is included for reference. The red 
arrow indicates the range of motion of the 4-fluorophenyl ring of the ligand in the 
proximity of the binding site Glu165–Arg186 salt bridge. 

MD simulations performed with truncated versions of triazolyl-TDG 17–19 that 

have the aromatic group removed in the region of the salt bridge (compounds 21–23) 

indicate that this component of the ligand contributes little to the binding affinity of the 

ligands. The ΔGbindcalc. for the truncated versions of 17 and 19 is equivalent (within the 

precision of the binding energy calculations) to that of the parent compounds, while the 

truncated version of 18 displays a significant reduction in binding affinity 

(ΔΔGbindcalc. = 5.3 kJ/mol) compared to the parent compound. When the compounds are 

truncated further to remove the aromatic ring that interacts with Arg144 (compound 24), a 

significant decrease in affinity is observed for each of the triazolyl-TDGs, with an 

average ΔΔGbindcalc. of 9.7 kJ/mol over the already truncated compounds. These results 

support the experimentally observed electron density and indicate that for galectin-3, the 

aromatic group of the ligand that interacts with Arg144 contributes significantly more to 

the ligand binding affinity compared to the one at opposite end of the ligand, which forms 

waker interactions in the region of the binding site salt bridge. 

240 



 

Interestingly, the results for galectin-1 with truncated triazolyl-TDGs do not 

follow the same trends as observed for galectin-3. A significant change in binding energy 

is observed for all three of the compounds 21–23 truncated in the region of the binding 

site salt bridge, with an average ΔΔGbindcalc. of 6.1 kJ/mol. Further truncation to 

compound 24 results in a matching average ΔΔGbindcalc. of 6.1 kJ/mol. Galectin-1 does 

not have the equivalent of Arg144 within the carbohydrate binding site and the protein–

ligand cation-π stacking interactions are not observed in galectin-1 complexes with 

aromatic-ring-containing ligands. While in galectin-3 this interaction appears to 

contribute significantly to the binding affinity, galectin-1 does not display such polarised 

binding and instead interacts more evenly with both ends of the ligand. Again, this was 

reflected by the X-ray crystallography results obtained for the galectin-1–triazolyl-TDG 

complexes where, unlike in the galectin-3 complexes, well defined electron density was 

observed at both ends of the ligand (section 5.3.7.2). 

The binding energy results for a further truncated triazolyl-TDG with a single 

3′-triazole group (compound 25) show that the molecule displays higher binding affinity 

for the galectins when the ligand is orientated with the triazole group positioned into the 

extended carbohydrate binding site (25s), compared to the alternate orientation with the 

triazole being positioned at the opposite end of the binding site (25n). 

Because the triazole linkage in the galectin-3–triazolyl-TDG complexes appears 

to restrict the ability of the terminal aromatic group to interact strongly with the protein 

surface in the region of the binding site salt bridge, two alternative types of linkage were 

investigated for the triazolyl-TDG 17 ligand. Compounds 26 and 28 both have an amide 

linkage instead of the triazole linkage in 17, with the linkage in compound 28 being 

extended by one carbon bond length, making the overall length of the linkage similar to 

that in the triazolyl. The structure of compound 26 is almost identical to the previously 

reported compound cu5a,264 with the addition of the 4′-fluorine on each phenyl group. 

Thus, compound 26 serves as a tool to compare the effect of the different linkages (when 

comparing 17 to 26) and the effect of the electron withdrawing 4′-fluorine (when 

comparing cu5a to 26). 

The binding energy calculations for these compounds show that the 

4-fluorophenyl significantly enhances the binding affinity for galectin-3 compared to the 
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unsubstituted phenyl group (cu5a−26 ΔΔGbindcalc. = 12.3 kJ/mol), bringing the affinity of 

amide 26 up to the levels observed for the triazolyl-TDGs. The experiments cannot 

resolve any significant difference between the binding energies of triazolyl-TDG 17 and 

compound 26, which would suggest the type linkage (triazole or amide) contributes much 

less to the free energy of binding than does the type of aromatic substituent present. 

Analysis of the trajectory structures shows that amide 26 is very stable within the binding 

site and the shorter and more flexible amide linkage tends to position the 4-fluorophenyl 

ring more directly above the binding site salt bridge, allowing more frequent protein–

ligand contacts compared to the triazole linkage. Compound 28, which has an additional 

rotatable bond within the linkage, appears less stable in the region of the salt bridge, with 

the 4-fluorophenyl ring frequently loosing contact with the protein and moving into 

solution. This observation is not reflected by the calculated binding energies however, 

which are the same for both compound 26 and 28. Together, these results indicate that 

again, for these ligands with galectin-3, protein–ligand contacts in the region of the 

binding site salt bridge do not contribute significantly to the binding affinity of the 

ligands, with the major contributions coming from the interactions that occur within the 

primary and extended binding sites. 

6.3.3.3 The talosides 

The galectin family derives its name from the affinity that the galectins share for 

galactoside based ligands, and since their discovery, a wealth of structural information 

and binding affinity data has been generated for galectin–galactoside complexes, both 

naturally occurring saccharides and galactose based synthetic ligands. The talosides offer 

a new and alternative sugar scaffold for galectin inhibitor design, with the galectin–

taloside complexes discussed in section 5.3.1 providing the first reported structural 

information of any protein in complex with a taloside sugar.251 

As demonstrated by the complexes discussed in section 5.3.1, talose, being the C2 

epimer of galactose, maintains the key protein–ligand interactions that are observed in 

galectin–galactoside complexes while providing a different geometry at the 2′ position of 

the hexose ring. The axial configuration at C2 angles the 2′ substituent towards the 

protein surface where additional protein–ligand interactions can occur. The complex of 

galectin-3 with taloside 13 (PDB ID: 3T1M) revealed that the 2′ substituent (a 
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2-O-toluoyl group) is positioned in a binding site side-pocket between Arg144 and 

Arg162 (see Figure 5.6b, page 152). 

Human galectins show a high degree of diversity in this region of the binding site, 

with some being open or having a pocket similar to that observed for galectin-3, while for 

others the binding site in this region is bounded by amino acid side chains (typically 

arginine, but uniquely histidine for galectin-1). Superimposing the galectin-3–taloside 13 

complex with other galectin structures shows that a clash occurs between the 2-O-toluoyl 

group and amino acid side chains in 5 of the 8 human galectin domains for which 

structural information is available (Table 6.3). Thus, a conformational change in either 

the ligand, or the binding site amino acid side chains would be required in order for 

ligand binding to occur in these galectins. Correlating with this structural analysis, 

galectin-8N and -9N are found to a display lower affinity for talosides with 2′ substituents 

compared to talosides with a free hydroxyl at this position (2′-OH), while galectin -3 and 

-4C show enhanced affinity.246 In contrast, binding affinity data shows that binding does 

occur between galectin-1 and taloside 13, and that galectin-1 has a preference for the 

2-O-toluoylated taloside 13 over the 2-O-acetylated taloside 11,246 indicating that a 

favourable interaction may be occurring between the bulky 2′-toluoyl group and the 

protein in the vicinity of His52. This possibility is discussed in section 5.3.1 (see 

Figure 5.7, page 156) and Collins et al.251 (included in Appendix I). 

Table 6.3: Amino acid side chains of human galectin domains with the potential to clash 
with taloside 2′-substituents. 

Galectin -1 -2 -3 -4C -7 -8N -8C -9N -9C 

Clash His52 nc† nc nc Arg31 Arg45 nc Arg44 Arg221 
† no clash 

 

In order to further probe the potential of the taloside scaffold for galectin inhibitor 

design, a set of 37 taloside derivatives were constructed in silico (compounds 29–66, 

Appendix F.8) and investigated by MD in complex with galectin-3, while a subset of 17 

talosides were analysed with galectin-1. For galectin-3, the complex with taloside 13 

obtained by X-ray crystallography provides support for the ligand binding modes 

observed in the simulation trajectory structures. Unfortunately, for galectin-1 it was not 

possible in this project to obtain an X-ray crystal structure of this complex, which would 
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have provided insights into which conformational changes must occur in order to 

accommodate talosides with bulky 2′ substituents. Thus, the MD results for the 

galectin-1–taloside complexes contain an additional degree of uncertainty compared to 

the galectin-3 results, especially since analysis of the MD simulation trajectory structures 

show that unusual ligand binding modes or rearrangements of binding site amino acids 

(His52) occur that have not previously been observed in experimental galectin-1 X-ray 

crystal structures. 

       
 

Figure 6.16: The binding site region of galectin-1 (white transparent surface) showing 
the ligand binding mode (green transparent surface) of a) taloside 11 from the X-ray 
crystal structure (section 5.3.1), b) taloside 13 from MD simulations (minimised structure 
from time: 500–700 ps), and c) taloside 50 from MD simulations (minimised structure 
from time: 451–550 ps). Each panel shows an identical point of view after superimposing 
the structures. 

Figure 6.16 shows a comparison of the binding mode observed in the X-ray 

crystal structure of the galectin-1–taloside 11 complex, compared to those observed in the 

MD simulation trajectory structures of talosides 13 and 50. The simulations yield two 

alternative binding modes for the different talosides, one in which the taloside 2′ 

substituent stacks above His52 (taloside 13, Figure 6.16b), and the other in which the 2′ 

substituent is below His52 (taloside 50, Figure 6.16c), with either binding mode resulting 

in a conformational change of His52. In the simulated taloside 13 complex, His52 is 

positioned closer to Ser29 in the presence of the 2-O-toluoyl group compared to the 

position observed in the taloside 11 crystal structure (the histidine imidazole ring centroid 

to serine hydroxyl distance is 5.9 Å in the taloside 11 complex, and 4.6 Å in the 13 

complex). Importantly, the taloside hexose ring in this complex is bound in a distorted 

orientation, with the ring atoms C3–C6 losing contact with the binding site tryptophan (an 

a) 3′  

2′  
1′  

b) 3′ 

2′ 
1′ 

c) 3′ 

2′ 

1′ 
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interaction that has been observed in all experimentally reported galectin–saccharide 

complexes) and the ring atoms O1, C1, and C2 substituting with a similar interaction. 

For the taloside 50 complex, the His52 side chain undergoes a more pronounced 

conformational change, flipping up from the position observed in other complexes and 

interacting with the 2′ substituent of the ligand (5-hydroxy-3-methoxyphenyl) 

(Figure 6.16c). The hexose ring in this complex is not distorted like that in the taloside 13 

complex, and maintains the familiar galectin–saccharide binding mode and protein–ligand 

interactions observed in X-ray crystal structures. Thus, the simulation results for the 

galectin-1–taloside 50 complex are predicted to be the more accurate (this complex is 

discussed further on page 251). However, although the MD simulations have shown good 

accuracy in reproducing the ligand binding modes observed in X-ray crystal structures 

(such as the Arg144 conformational change in galectin-3, section 6.3.1.3), the absence of 

such an experimental structure for galectin-1 means that there is a higher degree of 

uncertainty associated with the galectin-1–taloside MD results, and as such, the focus of 

this investigation was directed mainly towards the taloside interactions with galectin-3. 

All of the talosides investigated via MD are β-glycosides (non-reducing sugars) 

and have various substituents present at both the 2′ and 3′ positions, with the 4′ and 6′ 

positions remaining as unmodified hydroxyls (Appendix F.8). The 3′ substituent of each 

taloside contains an aromatic ring, since it has been consistently found that such 

functionality confers high binding affinity to galectin inhibitors.113,118,246 Talosides 29–47 

are methyl β-glycosides, whereas 50–66 have various aglycone modifications (the group 

at the anomeric 1′ position). Based on the various modifications, the taloside series can be 

grouped into five categories as shown in Table 6.4. To ensure the feasibility of chemical 

synthesis, all of the molecular functionality designed into talosides 29–49 has been 

reported elsewhere in synthesised galectin inhibitors based on different sugar scaffolds. 

The calculated binding energies for talosides 29–33 for galectin-3 were similar in 

magnitude to experimental binding energies reported for disaccharides such as lactose or 

TDG. The hydroxy and methoxy benzoates at the taloside 3′ position interact with 

Arg144 within the extended galectin-3 binding site as observed in the crystal structure of 

taloside 13 (section 5.3.1) with the arginine undergoing the flipping up conformational 

change. Compounds with aromatic groups at the 2′ position (29–31) displayed 
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significantly lower binding energies (higher affinity) compared to 32 and 33, which have 

aminoacetate and aspartate groups at these positions, respectively (the average binding 

energy difference between the 29–31 and 32–33 groups is 8.1 kJ/mol). The 2′-aspartate 

group of 33 enters the galectin-3 binding site side-pocket between Arg144 and Arg162 

and engages in protein–ligand interactions, whereas the 2′-aminoacetate of 32 is more 

disordered over the course of the simulation and does not form any stable protein–ligand 

interactions. The benzoates at the taloside 2′ position of 29–31 are very stable within the 

Arg144/Arg162 pocket, with the hydroxyl and methoxy groups entering into the 

hydrogen binding network within the pocket (discussed in more detail in section 5.3.1, 

page 153) and forming more favourable interactions compared to the nonpolar toluoyl 

group of taloside 13 (similar interactions are observed for 40, see Figure 6.17). This is 

reflected by the calculated binding energies, which indicate stronger binding interactions 

for talosides 29–31 compared to taloside 13. 

Table 6.4: Properties of the 37 talosides analysed by MD (Appendix F.8). 

Taloside Structure 

29–33 β-methyl talosides with 2′ and 3′ ester linkages – various substituents 

34–36 β-methyl talosides with 2′ ester and 3′ triazole linkages – various substituents 

37–47 β-methyl talosides with 2′ and 3′ triazole linkages – various substituents 

48–49 Thioditalosides 

50–66 Various talosides (different 1′ groups) with identical 2′ and 3′ triazole 5-hydroxy-3-
methoxyphenyl substituents 

 

Comparison of the calculated binding energies of 32 and 33 to their 3′-triazolyl 

counterparts, talosides 35 and 36, shows that the 3′-triazole linkage is preferred for 

binding to galectin-3 compared to the ester linkage. X-ray crystal structures of the high 

affinity triazolyl-TDGs (discussed in section 5.3.7.1) revealed that the linker engages in 

water mediated protein–ligand hydrogen binding, with the MD results from the previous 

section indicating that the 3′ triazole contributes to ligand binding affinity. Talosides that 

have triazole linkages at both the 2′ and 3′ positions display significantly enhanced 

binding energies for galectin-3, with a calculated binding energy difference of 7.6 kJ/mol 

between taloside 31 and 37, and 17 kJ/mol between taloside 29 and 40. The calculated 

ligand binding free energy of taloside 40 (ΔGcalc = -43.5 ± 2.2 kJ/mol) is of the same 
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magnitude observed for the triazolyl-TDGs, and represents a very high affinity interaction 

(Kd-calc = ~27 nM). 

Compounds 37–43 were used to probe the effects of various combinations and 

positions of the aromatic ring hydroxyl and methoxy groups of the triazolyl-talosides. 

Analysis of the trajectory structures from these talosides in complex with galectin-3 

shows that the overall binding conformation of each is very similar, with the 3′ aromatic 

ring stacking with Arg144 in the extended binding site in the same conformation as 

observed in the X-ray crystal structures of the triazolyl-TDGs. Figure 6.17 shows the 

interactions observed in the galectin-3–taloside 40 complex. The 2′ substituents enter into 

the Arg144/Arg162 pocket with the entire planar region of the triazole and aromatic rings 

forming a very stable stacking interaction with Arg162. The 2′-triazole is positioned 

directly adjacent to the Arg162 guanidino group, while the 6-membered aromatic ring 

stacks against the alkyl region of the Arg162 side chain. One of the 2′-triazole nitrogen 

atoms can also engage in hydrogen bonding with Arg144. Differences in the substitution 

pattern of the aromatic hydroxyl and methoxy groups of 37–43 alter the potential 

hydrogen bonding interactions, with the presence of a hydroxyl at the meta ring position 

(talosides 37, 38, 40, and 41) found to enable hydrogen bonding to the Asn143 side chain 

and the backbone carbonyl of Asn164 (Figure 6.17a). 

The MD results obtained here for the triazolyl-taloside derivatives follow exactly 

the trends reported by Sorme et el.118 for hydroxyl/methoxy substitution in 3′-benzamido-

LacNAc inhibitors binding to galectin-3 (where binding affinities were measured by 

fluorescence polarisation assays). A combination of methoxy and hydroxyl groups (38 

and 40) or two methoxy groups (42) in meta positions are generally found to provide 

lower binding energies compared to when aromatic rings were substituted with only 

hydroxyl groups (37 and 41) or a single methoxy group (43). Cumpstey et al. have also 

reported that 3,5-dimethoxyphenyl functionality (the same groups as in taloside 42) at the 

3′ position in diamido-TDG derivatives provides very high affinity enhancements for 

galectin-3 binding, with the reported compound 5c having the highest affinity of any 

galectin inhibitor reported to date (46 ± 0.020 nM).264 

Two thioditaloside compounds (TDTs 48 and 49) were also investigated by MD. 

TDT 48 is the 1–1 sulfur-linked disaccharide version of taloside 13, while 49 is the 
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equivalent for taloside 31. Analysis of the simulation trajectory structures for these 

complexes with galectin-3 show that although the primary taloside moiety binds as 

described above for the monosaccharide versions, the second taloside unit, which is 

positioned in the location where glucose binding usually occurs in lactoside complexes, 

reveals that the different geometry and lack of a free hydroxyl at the O2 position (which 

is equivalent to the glucose O3 position in lactose complexes or the TDG O2 position, see 

Figure 5.17b, page 174) results in instability in this region of the ligand and ill-defined 

protein–ligand interactions over the course of the simulation. The calculated binding 

energies for these TDT is equivalent to the high affinity monosaccharide triazolyl-

talosides discussed above (Appendix F.8). 

a)     
 

b)     
 

Figure 6.17: a) Binding site interactions of taloside 40 in complex with galectin-3 
(minimised MD trajectory frames 400–500 ps). b) Electrostatic surface representation of 
a) with the ligand represented with a green transparent surface. 

The instability observed for the TDT ligands highlights the importance and 

affinity enhancing potential of the position in the galectin binding site that is occupied by 

the glucose 3-OH in lactose complexes. This site is consistently found to be occupied by 

coordinated water molecules in apo or monosaccharide bound galectin structures (see 
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Figure 4.8, page 104) and hydrogen bonding via the glucose 3-OH appears to provide 

lactose with roughly 30 times higher affinity for galectin-3 over galactose. In an effort to 

engage this region of the galectin binding site, the final group of talosides investigated by 

MD in this project (50–66) were based on triazolyl-taloside 40 and have various aglycone 

modifications extending from the anomeric 1′ position. Various linkages and functional 

groups were investigated in an attempt to provide the correct geometry for a polar group 

to interact at this position as observed in naturally occurring oligosaccharides. 

For the majority of talosides investigated (51, 53, and 55–66) the calculated 

binding energies were similar to or worse than the parent 40. The trajectory structures 

show that the inferior interaction energies are due to failure of the aglycone moiety to 

interact with the protein and subsequently becoming positioned into solvent and 

destabilising the interacting taloside moiety. However, even in cases where the aglycone 

was found to engage in a stable manner with the protein through hydrogen bonding at the 

targeted site (such as taloside 57), the calculated binding energies were only equivalent to 

the parent 40. This may be because the formation of hydrogen bonds involves an energy 

penalty associated with desolvation of both the donor and acceptor, which tends to cancel 

out the energy gain of hydrogen bond formation.278 

In contrast to the talosides discussed above, talosides 50, 52, and 54 displayed 

significantly enhanced calculated binding free energies for galectin-3 compared to the 

parent 40, and are the highest affinity inhibitors investigated computationally in this 

project. The ligand binding energy of the strongest binding ligand, taloside 52, is -55.4 

± 0.5 kJ/mol (Kd-calc = ~0.23 nM). For each of these compounds, a hydroxyl group (50 

and 52) or sulfonamide oxygen (54) maintains stable hydrogen bonding within the 

galectin-3 binding site over the course of the simulation allowing the 4-fluorophenyl 

group to form additional interactions with the protein. In each complex the 

4-fluorophenyl group is positioned above the Glu165–Arg186 salt bridge with which it 

forms transient stacking interactions (Figure 6.18 a and b). 

As discussed earlier, many of the MD simulations of the talosides in complex 

with galectin-1 produce questionable ligand binding modes and contain additional 

uncertainty due to the conformational changes that occur in the region of His52. Weak 

binding is typically observed between galectin-1 and the talosides investigated, with  
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a)     
 

b)     
 

c)     
 

d)     
 

Figure 6.18: Binding site interactions of taloside 50 in complex with a) galectin-3 
(minimised MD trajectory frames 600–700 ps) and c) galectin-1 (minimised frames 451–
550 ps). b) and d) are surface representations of a) and c) respectively (protein = 
electrostatic, ligand = transparent green). 
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calculated binding energies being in the range of −10 kJ/mol to −30 kJ/mol, which 

represents binding affinities similar to galactose (−11.5 kJ/mol) and up to that of 

unmodified TDG (−26.5 kJ/mol). One of the talosides investigated, taloside 50, does 

display a ligand binding mode that is consistent with that expected given currently 

available information on galectin–ligand binding (Figure 6.18c). With a calculated 

binding energy of -40.7 ± 4.1 kJ/mol (~82 nM), the affinity of this taloside for galectin-1 

approaches that of the high affinity triazolyl-TDGs. 

The triazole and 5-hydroxy-3-methoxyphenyl groups at the 3′ position interact in 

the extended galectin-1 binding site in same conformation as discussed for the triazolyl-

TDGs (section 5.3.7.2). In this complex the His52 side chain flips up to accommodate the 

taloside 2′ substituents which stack below. Such a conformational change has not 

previously been observed in experimental galectin-1 X-ray crystal structures. In this 

binding mode both the 2′-triazole and the 6-membered ring form a stable stacking 

interaction with the His52 side chain, and the 5-hydroxy forms a hydrogen bond with the 

backbone nitrogen of His52. The hydroxyl group of the aglycone extending from the 

taloside anomeric position engages in hydrogen bonding interactions at the site occupied 

by glucose O3 in lactose bound structures, thus providing stability for the 4-flourophenyl 

group to stack on the other side of the His52 side chain (Figure 6.18 c and d). Thus, in the 

galectin-1 complex with taloside 50, the 1′ and 2′ substituents engage His52 like 

molecular tweezers, while in the galectin-3 complex the 2′ and 3′ substituents engage 

Arg144 in a similar manner. 

Overall, the results from the molecular dynamics simulations coupled with the 

prediction of ligand binding energies using the linear interaction energy approach have 

provided valuable insights into the interesting and very promising taloside scaffold, which 

to date has been underexplored for galectin inhibitor design. The results for talosides such 

as 40 and 50 are particularly exciting, as these molecules display estimated binding 

affinities for galectin-3 that are as high or higher than any other reported galectin 

inhibitor. Engaging the galectins in the structurally diverse region of the binding site that 

is accessible from the 2′ position of talose provides an excellent means of enhancing 

inhibitor selectivity. The current set of talosides are chemically conservative, generally 

borrowing on chemical groups and linkages that have been previously synthesised and 

reported in other galectin inhibitors based on different scaffolds. To aid in synthesis, the 
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2′ and 3′ substituents have been kept identical, however, differentiation of each of the 2′ 

and 3′ substituents to tailer them to the specific pockets in which they engage will 

certainly provide further binding affinity enhancements to future taloside inhibitors. 

Chemical synthesis and in vitro binding assays of these molecules will ultimately 

establish their validity as galectin inhibitors and provide feedback for further molecular 

refinement. 
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Conclusion 

The galectins are carbohydrate binding proteins that are involved in tumour 

progression and cancer, and have been identified as promising candidates for structure-

based drug design. The selective blocking of galectin function by means of a drug 

targeted at the galectin carbohydrate binding site represents a new avenue towards disease 

treatment. This research project has focused on human galectins -1 and -3, and in 

particular, the protein-ligand interactions that occur within the carbohydrate binding site. 

An early concern in this project was the generally held view that the 

phosphorylated form of galectin-3, which has been shown to protect cancer cells from 

chemotherapeutics, is unable to bind carbohydrate ligands, and is potentially resistant to a 

structure based drug design approach targeting the carbohydrate binding site. Contrary to 

this, the results from this project showed that phosphorylated galectin-3 does maintain 

carbohydrate binding activity, a finding that was concurrently supported by other reports 

in the literature, indicating that the phosphorylated form of the protein is potentially 

inhibitable with carbohydrate based drugs. 

Analysis of the atomic structures of human galectin-1 and the carbohydrate 

recognition domain of galectin-3, obtained using X-ray crystallography, provided further 

insights into the fine details of galectin structures, and enabled the assessment of different 

galectin crystal forms for suitability in ligand exchange strategies. Monitoring the slow 

diffusion of lactose out of galectin-3 crystals by X-ray crystallography under crystal 

soaking conditions provided insights into the dynamics of ligand exchange, with the 

findings having general significance for structure-based drug design approaches. With 

effective ligand exchange techniques in place, structures were obtained of galectin-1 

and -3 in complex with five different naturally occurring oligosaccharides, each of which 

form the core components of biologically important glycans. These complexes displayed 

previously unobserved galectin-ligand interactions within the extended galectin binding 

sites and revealed binding site amino acids and structural features important in the 

galectin fine specificity and differential recognition of naturally occurring glycans. 

Significantly, the oligosaccharide complexes obtained pointed to potential mechanisms 
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for the regulation of galectin mediated T cell death, and the modulation of the immune 

response to cancer. 

The successful use of ligand exchange techniques enabled the generation of X-ray 

crystal structures of galectins -1 and -3 in complex with a total of ten diverse, and in some 

cases very high affinity, synthetic ligands. The different chemical scaffolds of these 

ligands provided a wealth of structural information on galectin-ligand interactions, with 

compounds such as the taloside-based ligands found to interact within previously 

unexplored regions of the galectin binding site, and having the potential for enhanced 

galectin binding selectivity. These structural results provided a strong foundation for the 

design of new galectin inhibitors. 

The use of molecular dynamics simulations in combination with a novel 

implementation of the linear interaction energy method provided highly accurate 

predictions of experimental binding affinities for a large set of previously reported 

galectin ligands. This rapid approach for ligand binding affinity prediction accelerated the 

feedback into the ligand design process and helped to guide the design of new triazolyl 

based taloside ligands, which are predicted to have very high binding affinities for 

galectin-3. 

It is currently an exciting time for research into the galectin family of proteins, 

with reports accumulating that detail the successful targeting of galectins leading to 

positive outcomes in a number of cancer models. Some of the ligands investigated in this 

project, such as TDG, have already shown such favourable properties for in vivo models 

of breast cancer, while other compounds based on this scaffold, the triazolyl-TDGs, have 

binding affinities that are up to 7000 times higher. There remains great potential for the 

design and development of new drug-like galectin inhibitors, with knowledge of how 

ligands bind and interact with the galectins being central to structure-based drug design 

efforts. The results from this project have contributed greatly to this knowledge and have 

facilitated the design of new galectin inhibitors. Future work will involve the chemical 

synthesis and in vitro evaluation of these new inhibitors, with the results providing 

feedback into further rounds of molecular refinement. 
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The identification of a ligand that has a high binding affinity in vitro is one of the 

very early steps in a drug design regime, with the next major challenge being the 

transformation of the lead compound into usable drug with the required efficacy in vivo. 

The level of solubility, stability, and side effects are important factors that will contribute 

to the efficacy of future galectin inhibitors, each of which can be optimised by 

modification of the compound’s chemical structure. The X-ray crystallographic and in 

silico techniques established in this project will facilitate the analysis of new generations 

of galectin inhibitors and it is hoped that the research presented here will make a positive 

contribution to ongoing work on galectin targeted drug design, and be of benefit for 

future treatments of cancer. 
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Appendix A. NMR and mass spectra 

A.1 NMR for Compound 3 

 
 

A.2 NMR for Compound 4 
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A.3 NMR for Compound 5 

 
 

A.4 NMR for Compound 6 
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A.5 NMR for Compound 1 

 
 

A.6 MS for Compound 1 
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Appendix B. Sequencing results 

Sequencing results from casein kinase Iδ pET-8c plasmid (Query) and BLAST 

search result (Sbjct). Nucleotide mutations are marked with a circle. 

ref|NM_139060.1|Rattus norvegicus casein kinase 1, delta (Csnk1d), mRNA 
 gb|L07578.1|RATCKID Rat casein kinase I delta mRNA, complete cds 
Length=1960 

Query  41    CCATGGAGCTGAGGGTCGGGAATAGGTACCGACTGGGCCGCAAGATCGGCAGCGGCTCCT  100 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  292   CCATGGAGCTGAGGGTCGGGAATAGGTACCGACTGGGCCGCAAGATCGGCAGCGGCTCCT  351 
 
Query  101   TCGGAGACATCTATCTCGGTACGGACATTGCTGCAGGAGAAGAAGTTGCCATCAAGCTTG  160 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  352   TCGGAGACATCTATCTCGGTACGGACATTGCTGCAGGAGAAGAAGTTGCCATCAAGCTTG  411 
 
Query  161   AATGTGTCAAAACCAAACATCCTCAGCTCCACATTGAGAGCAAGATCTACAAAATGATGC  220 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  412   AATGTGTCAAAACCAAACATCCTCAGCTCCACATTGAGAGCAAGATCTACAAAATGATGC  471 
 
Query  221   AGGGAGGAGTGGGCATCCCTACCATCAGATGGTGTGGGGCTGAGGGGGACTACAATGTCA  280 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  472   AGGGAGGAGTGGGCATCCCTACCATCAGATGGTGTGGGGCTGAGGGGGACTACAATGTCA  531 
 
Query  281   TGGTGATGGAGCTACTGGGACCCAGCCTGGAAGACCTATTCAACTTCTGTTCAAGGAAGT  340 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  532   TGGTGATGGAGCTACTGGGACCCAGCCTGGAAGACCTATTCAACTTCTGTTCAAGGAAGT  591 
 
Query  341   TTAGTCTCAAAACTGTTCTGTTGCTTGCTGACCAAATGATAAGTCGTATTGAGTACATTC  400 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  592   TTAGTCTCAAAACTGTTCTGTTGCTTGCTGACCAAATGATAAGTCGTATTGAGTACATTC  651 
 
Query  401   ATTCGAAGAATTTTATCCACCGAGACGTGAAACCAGATAACTTCCTCATGGGGCTGGGAA  460 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  652   ATTCGAAGAATTTTATCCACCGAGACGTGAAACCAGATAACTTCCTCATGGGGCTGGGAA  711 
 
Query  461   AGAAAGGCAACCTGGTCTACATCATTGACTTTGGGCTGGCCAAGAAGTATCGGGATGCCC  520 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  712   AGAAAGGCAACCTGGTCTACATCATTGACTTTGGGCTGGCCAAGAAGTATCGGGATGCCC  771 
 
Query  521   GCACCCACCAGCATATCCCCTATCGAGAGAACAAGAACCTCACAGGGACAGCACGCTATG  580 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  772   GCACCCACCAGCATATCCCCTATCGAGAGAACAAGAACCTCACAGGGACAGCACGCTATG  831 
 
Query  581   CCTCCATCAACACACACCTTGGCATTGAACAATCTCGAAGGGATGACTTGGAGTCTCTGG  640 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  832   CCTCCATCAACACACACCTTGGCATTGAACAATCTCGAAGGGATGACTTGGAGTCTCTGG  891 
 
Query  641   GGTACGTGCTGATGTACTTCAACCTGGGCTCTCTCCCCTGGCAGGGGCTGAAGGCCGCCA  700 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  892   GGTACGTGCTGATGTACTTCAACCTGGGCTCTCTCCCCTGGCAGGGGCTGAAGGCCGCCA  951 
 
Query  701   CCGCG-GCGCAGAAGTATGAGAGGATCAGTGAGAAGAAGATGTCCACTCCAATTGAAGTG  759 
             ||  | | |||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  952   CCAAGAG-GCAGAAGTATGAGAGGATCAGTGAGAAGAAGATGTCCACTCCAATTGAAGTG  1010 
 
Query  760   CTGTGCAAGGGCTATCCTTCTGAATTTGCCACATACCTGAATTTCTGCCGTTCCTTACGT  819 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1011  CTGTGCAAGGGCTATCCTTCTGAATTTGCCACATACCTGAATTTCTGCCGTTCCTTACGT  1070 
 
Query  820   TTTGATGACAAACCTGACTACTCCTACCTGAGACAGCTCTTCAGAAATCTGTTCCATCGC  879 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1071  TTTGATGACAAACCTGACTACTCCTACCTGAGACAGCTCTTCAGAAATCTGTTCCATCGC  1130 
 
Query  880   CAGGGCTTCTCCTACGACTATGTGTTCGACTGGAACATGCTCAAATTTGGTGCCAGCCGG  939 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1131  CAGGGCTTCTCCTACGACTATGTGTTCGACTGGAACATGCTCAAATTTGGTGCCAGCCGG  1190 
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Query  940   GCTGCAGATGATGCTGAGCGGGAACGCCGGGACCGAGAAGAACGATTAAGACACTCCCGG  999 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1191  GCTGCAGATGATGCTGAGCGGGAACGCCGGGACCGAGAAGAACGATTAAGACACTCCCGG  1250 
 
Query  1000  AATCCAGCCACTCGTGGCCTCCCTTCTACAGCTTCCGGCCGTCTGCGGGGAACCCAGGAA  1059 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1251  AATCCAGCCACTCGTGGCCTCCCTTCTACAGCTTCCGGCCGTCTGCGGGGAACCCAGGAA  1310 
 
Query  1060  GTGGCTCCCCCAACGCCCCTTACCCCTACCTCACATACGGCCAACACCTCTCCTAGACCC  1119 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1311  GTGGCTCCCCCAACGCCCCTTACCCCTACCTCACATACGGCCAACACCTCTCCTAGACCC  1370 
 
Query  1120  GTCTCTGGCATGGAACGAGAACGGAAAGTGAGTATGCGGCTGCACCGTGGGGCCCCAGTC  1179 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1371  GTCTCTGGCATGGAACGAGAACGGAAAGTGAGTATGCGGCTGCACCGTGGGGCCCCAGTC  1430 
 
Query  1180  AACGTCTCCTCATCTGATCTCACGGGCCGACAAGATACCTCTCGCATGTCCACCTCACAG  1239 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1431  AACGTCTCCTCATCTGATCTCACGGGCCGACAAGATACCTCTCGCATGTCCACCTCACAG  1490 
 
Query  1240  AGGAGCAGGGACATGGCATCTCTCCGGCTGCACGCGGCCCGCCAAGGTGCCCGCTGCCGT  1299 
             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1491  AGGAGCAGGGACATGGCATCTCTCCGGCTGCACGCGGCCCGCCAAGGTGCCCGCTGCCGT  1550 
 
Query  1300  CCCCAGCGCCCACGACGTACCACCTAC  1326 
             ||||||||||||||||||||||||||| 
Sbjct  1551  CCCCAGCGCCCACGACGTACCACCTAC  1577 

 

Translated sequencing results (Query) and BLAST search result (Sbjct). Amino 
acid mutations are marked with a circle (K222A and R221A mutations). 

ref|NP_620691.1|  casein kinase 1, delta [Rattus norvegicus] 
 gi|294525|gb|AAA40934.1|  casein kinase I delta 
 gi|74150005|dbj|BAE24329.1|  unnamed protein product [Mus musculus] 
Length=428 

 
Query  1    MELRVGNRYRLGRKIGSGSFGDIYLGTDIAAGEEVAIKLECVKTKHPQLHIESKIYKMMQ  60 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  1    MELRVGNRYRLGRKIGSGSFGDIYLGTDIAAGEEVAIKLECVKTKHPQLHIESKIYKMMQ  60 
 
Query  61   GGVGIPTIRWCGAEGDYNVMVMELLGPSLEDLFNFCSRKFSLKTVLLLADQMISRIEYIH  120 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  61   GGVGIPTIRWCGAEGDYNVMVMELLGPSLEDLFNFCSRKFSLKTVLLLADQMISRIEYIH  120 
 
Query  121  SKNFIHRDVKPDNFLMGLGKKGNLVYIIDFGLAKKYRDARTHQHIPYRENKNLTGTARYA  180 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  121  SKNFIHRDVKPDNFLMGLGKKGNLVYIIDFGLAKKYRDARTHQHIPYRENKNLTGTARYA  180 
 
Query  181  SINTHLGIEQSRRDDLESLGYVLMYFNLGSLPWQGLKAATAAQKYERISEKKMSTPIEVL  240 
            ||||||||||||||||||||||||||||||||||||||||  |||||||||||||||||| 
Sbjct  181  SINTHLGIEQSRRDDLESLGYVLMYFNLGSLPWQGLKAATKRQKYERISEKKMSTPIEVL  240 
 
Query  241  CKGYPSEFATYLNFCRSLRFDDKPDYSYLRQLFRNLFHRQGFSYDYVFDWNMLKFGASRA  300 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  241  CKGYPSEFATYLNFCRSLRFDDKPDYSYLRQLFRNLFHRQGFSYDYVFDWNMLKFGASRA  300 
 
Query  301  ADDAERERRDREERLRHSRNPATRGLPSTASGRLRGTQEVAPPTPLTPTSHTANTSPRPV  360 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  301  ADDAERERRDREERLRHSRNPATRGLPSTASGRLRGTQEVAPPTPLTPTSHTANTSPRPV  360 
 
Query  361  SGMERERKVSMRLHRGAPVNVSSSDLTGRQDTSRMSTSQRSRDMASLRLHAARQGARCRP  420 
            |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 
Sbjct  361  SGMERERKVSMRLHRGAPVNVSSSDLTGRQDTSRMSTSQRSRDMASLRLHAARQGARCRP  420 
 
Query  421  QRPRRTTY  428 
            |||||||| 
Sbjct  421  QRPRRTTY  428 
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Appendix C. Human galectin sequence 
alignments 

Amino acid sequence alignments of the CRD of eight different human galectins. 

LEG1 = human galectin-1, LEG2 = human galectin-2, etc. The N- and C-terminal CRDs 

of galectins -4, -8, -9, and -12 have been separated. Galectin sequences were obtained 

from the UniProt databases and aligned using the online Clustal Omega Multiple 

Sequence Alignment tool from EMBL-EBI. 
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Appendix D. All-atom contacts and geometry – 
MolProbity summary statistics 

Note: MolProbity does not account for overlapping atoms with partial occupancy. 
Structures that contain a large number of amino acids/ligands with alternate 
conformations (generally higher resolution structures) will show a higher (worse) 
clashscore. Where noted, alternate amino acids were removed prior to running 
MolProbity. 

D.1 Galectin-3 galactose complex (co-crystal) 
From section 3.3.5: 
All-Atom 
Contacts 

Clashscore, all atoms: 3.57 98th percentile* (N=837, 1.80Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.81% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 97.79% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.19 99th percentile* (N=11444, 1.80Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.2 Galectin-3 lactose complex (co-crystal) 
From section 3.3.5: 
All-Atom 
Contacts 

Clashscore, all atoms: 4.04 97th percentile* (N=819, 1.70Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.81% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 97.79% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.24 98th percentile* (N=9248, 1.70Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.3 Galectin-3 lactose complex (co-crystal, cryo-temperature, synchrotron 
source) 

From section 3.3.5, alternate conformations removed: 
All-Atom 
Contacts 

Clashscore, all atoms: 0.88 98th percentile* (N=222, 1.10Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 1.61% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.53% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 0.93 99th percentile* (N=932, 1.10Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 
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D.4 Galectin-1 apo 
From section 3.3.7.2: 
All-Atom 
Contacts 

Clashscore, all atoms: 2.45 99th percentile* (N=715, 2.00Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.94% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 96.90% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.21 100th percentile* (N=12522, 2.00Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.5 Galectin-1 apo (cryo-temperature, synchrotron source) 
From section 3.3.7.2, alternate conformations removed: 
All-Atom 
Contacts 

Clashscore, all atoms: 2.39 99th percentile* (N=480, 1.40Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.95% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 95.31% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.35 92nd percentile* (N=3363, 1.40Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.6 Galectin-1 lactose complex (co-crystal) 
From section 3.3.7.1: 
All-Atom 
Contacts 

Clashscore, all atoms: 4.16 99th percentile* (N=715, 2.00Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.97% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 97.83% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.24 99th percentile* (N=12522, 2.00Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.7 Galectin-1 lactose complex (crystal soak) 
From section 4.3.1: 
All-Atom 
Contacts 

Clashscore, all atoms: 11.27 96th percentile* (N=223, 2.65Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 2.83% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 97.29% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 2.05 97th percentile* (N=6493, 2.65Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 
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D.8 Galectin-3 water-bound (17 day soak) 
From section 4.3.2: 
All-Atom 
Contacts 

Clashscore, all atoms: 7.53 97th percentile* (N=510, 2.25Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.81% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.53% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.41 99th percentile* (N=11467, 2.25Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.9 Galectin-3 glycerol complex (crystal soak) 
From section 4.3.2: 
All-Atom 
Contacts 

Clashscore, all atoms: 3.96 91st percentile* (N=381, 1.25Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.55% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.18 95th percentile* (N=2054, 1.25Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.10 Galectin-3 apo 
From section 4.3.2: 
All-Atom 
Contacts 

Clashscore, all atoms: 3.14 98th percentile* (N=730, 1.55Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.81% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.53% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.10 99th percentile* (N=6779, 1.55Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.11 Galectin-3 LNT complex (crystal soak) 
From section 4.3.4: 
All-Atom 
Contacts 

Clashscore, all atoms: 4.76 94th percentile* (N=730, 1.55Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 99.27% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.25 97th percentile* (N=6779, 1.55Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 
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D.12 Galectin-3 LNnT complex (crystal soak) 
From section 4.3.4: 
All-Atom 
Contacts 

Clashscore, all atoms: 4.33 97th percentile* (N=819, 1.70Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.81% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 99.27% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.21 98th percentile* (N=9248, 1.70Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.13 Galectin-1 LNT complex (crystal soak) 
From section 4.3.4: 
All-Atom 
Contacts 

Clashscore, all atoms: 3.32 99th percentile* (N=715, 2.00Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 97.67% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.19 100th percentile* (N=12522, 2.00Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.14 Galectin-1 LNnT complex (crystal soak) 
From section 4.3.4: 
All-Atom 
Contacts 

Clashscore, all atoms: 4.96 97th percentile* (N=773, 1.90Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.48% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.02% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.26 99th percentile* (N=12147, 1.90Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.15 Galectin-3 linear B-6 trisaccharide complex (crystal soak) 
From section 4.3.5: 
All-Atom 
Contacts 

Clashscore, all atoms: 2.2 99th percentile* (N=819, 1.70Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.53% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.00 100th percentile* (N=9248, 1.70Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 
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D.16 Galectin-3 2′-fucosyllactose complex (crystal soak) 
From section 4.3.5: 
All-Atom 
Contacts 

Clashscore, all atoms: 2.66 99th percentile* (N=839, 1.79Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 99.26% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.05 100th percentile* (N=11263, 1.79Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.17 Galectin-3 3′-sialyllactose complex (crystal soak) 
From section 4.3.5: 
All-Atom 
Contacts 

Clashscore, all atoms: 1.74 99th percentile* (N=829, 1.65Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 99.26% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 0.93 100th percentile* (N=9033, 1.65Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.18 Galectin-1 taloside 11 complex (crystal soak) 
From section 5.3.1: 
All-Atom 
Contacts 

Clashscore, all atoms: 5.85 95th percentile* (N=773, 1.90Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.94% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 97.29% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.45 96th percentile* (N=12147, 1.90Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.19 Galectin-3 taloside 11 complex (crystal soak) 
From section 5.3.1: 
All-Atom 
Contacts 

Clashscore, all atoms: 2.66 99th percentile* (N=718, 1.60Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.53% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.05 100th percentile* (N=7200, 1.60Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 
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D.20 Galectin-3 taloside 13 complex (crystal soak) 
From section 5.3.1, alternate conformations removed: 
All-Atom 
Contacts 

Clashscore, all atoms: 2.71 99th percentile* (N=730, 1.55Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.52% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.06 99th percentile* (N=6779, 1.55Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.21 Galectin-1 LBA complex (crystal soak) 
From section 5.3.2: 
All-Atom 
Contacts 

Clashscore, all atoms: 4.32 99th percentile* (N=456, 2.20Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.94% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 97.29% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.35 99th percentile* (N=10167, 2.20Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.22 Galectin-3 LBA complex (crystal soak) 
From section 5.3.2: 
All-Atom 
Contacts 

Clashscore, all atoms: 3.08 99th percentile* (N=821, 1.95Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.81% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.53% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.10 100th percentile* (N=13349, 1.95Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.23 Galectin-3 galactoside 15 complex (crystal soak) 
From section 5.3.3: 
All-Atom 
Contacts 

Clashscore, all atoms: 1.36 99th percentile* (N=819, 1.70Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.81% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.52% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 0.87 100th percentile* (N=9248, 1.70Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 
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D.24 Galectin-3 galactoside 15 complex (co-crystal) 
From section 5.3.3: 
All-Atom 
Contacts 

Clashscore, all atoms: 5.38 95th percentile* (N=837, 1.80Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 1.63% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.52% Goal: >98% 

Cβ deviations >0.25Å 1 Goal: 0 

MolProbity score^ 1.45 95th percentile* (N=11444, 1.80Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.25 Galectin-3 α-galactoside 16 complex (crystal soak) 
From section 5.3.4: 
All-Atom 
Contacts 

Clashscore, all atoms: 2.67 98th percentile* (N=598, 1.50Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.52% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.05 99th percentile* (N=4836, 1.50Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.26 Galectin-1 TDG complex (crystal soak) 
From section 5.3.5: 
All-Atom 
Contacts 

Clashscore, all atoms: 5.28 99th percentile* (N=271, 2.50Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.94% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 97.29% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.42 100th percentile* (N=6960, 2.50Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.27 Galectin-3 TDG complex (crystal soak) 
From section 5.3.5: 
All-Atom 
Contacts 

Clashscore, all atoms: 1.34 99th percentile* (N=598, 1.50Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.81% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.53% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 0.86 100th percentile* (N=4836, 1.50Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 
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D.28 Galectin-3 triazolyl-TDG 18 complex “large” unit cell (co-crystal) 
From section 5.3.6.3: 
All-Atom 
Contacts 

Clashscore, all atoms: 7.46 98th percentile* (N=97, 2.90Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.70% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.99% Goal: >98% 

Cβ deviations >0.25Å 2 Goal: 0 

MolProbity score^ 1.41 100th percentile* (N=3760, 2.90Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.29 Galectin-3 triazolyl-TDG 18 complex “small” unit cell (co-crystal) 
From section 5.3.6.3: 
All-Atom 
Contacts 

Clashscore, all atoms: 7.08 98th percentile* (N=262, 2.51Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.41% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.15% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.39 100th percentile* (N=6730, 2.51Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.30 Galectin-3 triazolyl-TDG 17 complex (crystal soak) 
From section 5.3.7.1: 
All-Atom 
Contacts 

Clashscore, all atoms: 1.74 99th percentile* (N=598, 1.50Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.52% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 0.93 100th percentile* (N=4836, 1.50Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.31 Galectin-3 triazolyl-TDG 18 complex (crystal soak) 
From section 5.3.7.1: 
All-Atom 
Contacts 

Clashscore, all atoms: 3.54 97th percentile* (N=598, 1.50Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.52% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.14 98th percentile* (N=4836, 1.50Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 
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D.32 Galectin-3 triazolyl-TDG 19 complex (crystal soak) 
From section 5.3.7.1: 
All-Atom 
Contacts 

Clashscore, all atoms: 3.99 97th percentile* (N=718, 1.60Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 0.00% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 98.52% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.18 98th percentile* (N=7200, 1.60Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.33 Galectin-1 triazolyl-TDG 18 complex (crystal soak) 
From section 5.3.7.2: 
All-Atom 
Contacts 

Clashscore, all atoms: 8.81 98th percentile* (N=269, 2.49Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 1.44% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 96.06% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 1.86 97th percentile* (N=6897, 2.49Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

D.34 Galectin-1 triazolyl-TDG 19 complex (crystal soak) 
From section 5.3.7.2: 
All-Atom 
Contacts 

Clashscore, all atoms: 9.3 91st percentile* (N=456, 2.20Å ± 0.25Å) 

Clashscore is the number of serious steric overlaps (> 0.4 Å) per 1000 atoms. 

Protein 
Geometry 

Poor rotamers 2.88% Goal: <1% 

Ramachandran outliers 0.00% Goal: <0.2% 

Ramachandran favored 96.85% Goal: >98% 

Cβ deviations >0.25Å 0 Goal: 0 

MolProbity score^ 2.03 84th percentile* (N=10167, 2.20Å ± 0.25Å) 

Residues with bad bonds: 0.00% Goal: 0% 

Residues with bad angles: 0.00% Goal: <0.1% 

 
* 100th percentile is the best among structures of comparable resolution; 0th percentile is the worst. 
^ MolProbity score is defined as the following: 0.42574*log(1+clashscore) + 
0.32996*log(1+max(0,pctRotOut-1)) + 0.24979*log(1+max(0,100-pctRamaFavored-2)) + 0.5 
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Appendix E. Linux shell scripts (bash) 

E.1 runmd.sh 

#!/bin/bash 
# Written by Patrick Collins, 2010 
# this script will prepare a protein and ligand for MD 
 
# this script requires a coordinate file of the ligand in .mol2 format as input 
# usage ./runmd.sh ligand.mol2 
# we also need to have the protein .pdb and .itp present 
# eg gal3-ArgFlip-start.itp  gal3-ArgFlip-start.pdb 
 
# The script will prepare the ligand using acpype 
# and submit the job to the cluster 
# when acpype is finished the script will continue 
# and creates all the files for the MD run 
# and then actually submit both an ligand-protein complex simulation 
# and a ligand-free simulation for linear interaction energy calculations 
 
#### Things that should be edited: 
 
# base name for the protein .pdb and .itp: 
PR=gal3-ArgFlip-start 
 
# force field 
FF=amber03.ff 
 
#### important: edit this for gal1 or gal3 to ensure the correct addition 
# of +3 NA or -4 CL ions respectively to balance the protein charge 
# (when using standard gal1/gal3 models - edit the script otherwise) 
 
protein=gal3 
#protein=gal1 
 
if [ -z $1 ]; then 
 echo "no coordinate file specified" 
 exit 0 
fi 
 
if [ -f $1 ]; then  
 echo "preparing $1..." 
 else echo "$1 does not exist or is not a file" 
 exit 0 
fi 
 
FILE=$(echo $1) 
LIG=$(echo $FILE | cut -d "." -f1) 
DIR=$(pwd) 
 
# make the cluster submit script for acpype 
##################################### 
cat << EOF >| sub-acpype.sh 
#!/bin/bash 
#$ -N $LIG-acpype 
source $HOME/.bashrc 
source $HOME/local/gromacs/bin/GMXRC.bash 
#$ -cwd 
#$ -V 
#$ -q long 
# hostname 
#This sets up the bash settings. 
# source /etc/profile 
module load gromacs 
# and now the actual executable 
/chome/s1722068/local/python/bin/python /chome/s1722068/local/acpype/acpype.py -i $FILE 
EOF 
##################################### 
 
# submit the acpype job to the cluster 
qsub sub-acpype.sh 
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echo "submitted acpype job. This could take a while... maybe ~20 min" 
echo "I'll go to sleep and check for the finished .pdb files every" 
echo "5 min before continuing" 
 
sleep 1m 
 
if [ ! -d $LIG.acpype ]; then 
  echo "after 1 min the $LIG.acpype dir hasn't appeared... exiting" 
  exit 0 
fi 
 
# wait for acpype 
while [ ! -e $LIG.acpype/"$LIG"_GMX.itp ]; do 
  sleep 3m 
done 
 
echo "ok, acpype is done, setting up everything for the MD run..." 
 
# grab the .itp file 
cp $LIG.acpype/"$LIG"_GMX.itp $LIG.itp 
 
# grab the ligand .pdb 
cp $LIG.acpype/"$LIG"_NEW.pdb $LIG.pdb 
 
# append the ligand .pdb onto the end of the protein .pdb 
sed -i".bak" '/ENDMDL/d' $PR.pdb 
cat $PR.pdb $LIG.pdb > prot-$LIG.pdb 
 
#### make a .top file 
 
# get the residue name of the ligand we are working with 
RES=$(cat $LIG.pdb | grep -m 1 ATOM | awk '{print $4}') 
 
##################################### 
cat << EOF >| $LIG.top 
; Include forcefield parameters 
#include "$FF/forcefield.itp" 
 
; Include $LIG.itp topology 
#include "$LIG.itp" 
 
; Include protein topology 
#include "$PR.itp" 
 
; Include water topology 
#include "$FF/spce.itp" 
 
#ifdef POSRES_WATER 
; Position restraint for each water oxygen 
[ position_restraints ] 
;  i funct       fcx        fcy        fcz 
   1    1       1000       1000       1000 
#endif 
 
; Include topology for ions 
#include "$FF/ions.itp" 
 
[ system ] 
; Name 
Gromacs Runs On Most of All Computer Systems in water 
 
[ molecules ] 
; Compound        nmols 
protein           1 
$LIG               1   
EOF 
##################################### 
# prepare all the .mdp files for the MD simulation 
 

#create em.mdp file: 
##################################### 
cat << EOF >| em.mdp 
;title               =  $LIG-prot-em 
define              =  -DFLEX_SPC 
constraints         =  none 
integrator          =  steep 
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dt                  =  0.002 
nsteps              =  5000 
nstlist             =  10 
coulombtype         =  PME 
fourierspacing      =  0.12 
fourier_nx          =  0 
fourier_ny          =  0 
fourier_nz          =  0 
pme_order           =  6 
ewald_rtol          =  1e-5 
optimize_fft        =  yes 
; Energy minimizing stuff 
emtol               =  1000 
emstep              =  0.01 
: 
nstcomm             =  1 
ns_type             =  grid 
rlist               =  1 
rcoulomb            =  1.0 
rvdw                =  1.0 
Tcoupl              =  no 
Pcoupl              =  no 
gen_vel             =  no 
EOF 
##################################### 
 

# create pr.mdp file: 
##################################### 
cat << EOF >| pr.mdp 
;title               =  $LIG-prot-pr 
define              =  -DPOSRES 
constraints         =  all-bonds 
integrator          =  md 
dt                  =  0.002 ; ps ! 
nsteps              =  15000 ; total 30.0 ps. 
nstcomm             =  1 
nstxout             =  250 ; output coordinates every 0.5 ps 
nstvout             =  1000 ; output velocities every 2.0 ps 
nstfout             =  0 
nstlog              =  10 
nstenergy           =  10 
nstlist             =  10 
ns_type             =  grid 
rlist               =  1.0 
coulombtype         =  PME 
rcoulomb            =  1.0 
vdwtype             =  cut-off 
rvdw                =  1.0 
fourierspacing      =  0.12 
fourier_nx          =  0 
fourier_ny          =  0 
fourier_nz          =  0 
pme_order           =  6 
ewald_rtol          =  1e-5 
optimize_fft        =  yes 
; Berendsen temperature coupling is on 
Tcoupl              =  berendsen 
tau_t               =  0.1       0.1 
tc_grps             =  protein   non-protein 
ref_t               =  300       300 
; Pressure coupling is on 
Pcoupl              =  berendsen 
pcoupltype          =  isotropic ; Use semiisotropic when working with membranes. 
tau_p               =  0.5 
compressibility     =  4.5e-5 
ref_p               =  1.0 
; Generate velocites is on at 300 K. 
gen_vel             =  yes 
gen_temp            =  300.0 
gen_seed            =  173529 
EOF 
##################################### 
 

# create md.mdp file: 
##################################### 
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cat << EOF >| md.mdp 
;title               =  $LIG-prot-md 
;RUN CONTROL PARAMETERS 
integrator          =  md       ; production 
tinit               =  0    ; starting time for your run (only makes sense for integrators 
md, sd and bd) 
dt                  =  0.002    ; ps ! 
nsteps              =  500000   ;; total 1 ns. 
nstcomm             =  10        ; frequency for center of mass motion removal 
constraints         =  all-bonds ;; (important to use this option when dt > 0.001 ps) 
; 
;OUTPUT FREQUENCY OPRIONS FOR COORDINATES, VELOCITIES, AND FORCES 
nstxout                  = 500    ;; frequency to write coordinates to output trajectory 
file, the last coordinates are always written 
nstvout                  = 500    ;; frequency to write velocities to output trajectory, 
the last velocities are always written 
nstfout                  = 0      ; frequency to write forces to output trajectory. 
; 
;OUTPUT FREQUENCY OPRIONS FOR ENERGIES 
nstlog                   = 1000 ;; frequency to write energies to log file, the last 
energies are always written 
nstenergy                = 500  ;; frequency to write energies to energy file, the last 
energies are always written 
nstcalcenergy            = 10    ;; this is set to 5 since nstlist is also at 5 
; 
;NEIGHBOR SEARCHING PARAMETERS 
nstlist             =  10       ;; neighbor list update frequency 
ns_type             =  grid     ; ns algorithm (simple or grid) 
pbc                 =  xyz      ; periodic boundary conditions (xyz or none) 
rlist               =  1.4        ;; cut-off distance of the short-range neighbor list 
(nm) - with Reaction-Field-zero rlist should be 0.1-0.3nm larger than rcoulomb 
domain-decomposition = yes    ; turning this on could be useful for parallel runs - mpi... 
; 
;OUTPUT FREQUENCY AND PRESISION FOR XTC FILES 
;nstxtcout                = 5000  ; frequency to write coordinates to xtc trajectory 
(STEPS) 
;xtc-precision            = 1000  ; precision to write to xtc trajectory 
energygrps               = protein SOL $RES 
; 
;OPTIONS FOR ELECTROSTATIC AND VDW 
coulombtype         =  Reaction-Field-zero  ; method of doing electrostatics (Twin range 
cut-off's with neighborlist cut-off rlist and Coulomb cut-off rcoulomb where rcoulomb ? 
rlist.) 
rcoulomb_switch     =  0        ; where to start switching the Coulomb potential (nm) 
rcoulomb            =  1       ;; distance for Coulomb cut-off (nm) - for Cut-off rcoulomb 
>= rlist. 
epsilon_r           =  1        ; the relative dielectric constant (1 or zero, if zero, 
means infinity) 
epsilon_rf         =  0        ;; Reaction-Field-zero can only be used with an infinite 
dielectric constant (epsilon_rf=0), 
vdwtype             =  Cut-off  ; method of doing VDW (Twin range cut-off's with neighbor 
list cut-off rlist and VdW cut-off rvdw, where rvdw ? rlist.) 
rvdw                =  1.4        ;; distance for LJ or Buckingham cut-off (nm) 
DispCorr            =  no       ; Don't apply long range dispersion corrections for Energy 
and Pressure 
; 
;OPTIONS FOR TEMPERATURE COUPLING 
Tcoupl              =  v-rescale 
tau_t               =  0.1       0.1         ; time constant for coupling in ps (one for 
each group in tc grps), 0 means no temperature coupling 
tc_grps             =  protein   non-protein          
ref_t               =  300       300 
; 
;OPTIONS FOR PRESSURE COUPLING 
Pcoupl                   = no 
pcoupltype               = isotropic   ; Isotropic pressure coupling with time constant 
tau_p                    = 0.5         ; time constant for coupling in ps 
compressibility          = 4.5e-05     ; compressibility for water at 1 atm and 300 K 
ref_p                    = 1.0    
EOF 
##################################### 
 
#### create the main protein simulation script: 
##################################### 
cat << EOF >| prot-lig.sh 
#!/bin/bash 
# this script will prepare a protein and ligand for MD 
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##### begin the MD simulation steps 
editconf -bt cubic -f prot-$LIG.pdb -o prot-$LIG-ec.pdb -d 0.9 
genbox -cp prot-$LIG-ec.pdb -cs spc216.gro -o prot-$LIG-b4ion.pdb -p $LIG.top 
grompp -f em.mdp -c prot-$LIG-b4ion.pdb -p $LIG.top -o prot-$LIG-b4ion.tpr 
 
##### NOTE: the following assumes galectin-3 CRD with a +4 charge 
##### and will counter with 4 Chloride ions 
##### edit the CL -nn 4 section appropriately based on the output from the above grompp 
run 
 
# this subtracts the number of ions added (4 in this case) from the SOL 
# and then patches on the new SOL and CL to the .top 
 
if [ $protein = gal3 ]; then 
 NNP="-nn" 
 NUM=4 
  else if [ $protein = gal1 ];then 
  NNP="-np" 
  NUM=3 
 fi 
fi 
 
echo SOL | genion -s prot-$LIG-b4ion.tpr -o prot-$LIG-b4em.pdb \$NNP \$NUM -p $LIG.top 
 
#SOL=\$(cat $LIG.top | grep SOL | awk '{print \$NF}') 
# SOLN=\$((\$SOL-\$NUM)) 
#echo "SOL              "\$SOLN >  SOL.tmp 
#echo \$ION"               "\$NUM > ION.tmp 
#sed -i".bak" '/SOL/d' $LIG.top 
#cat $LIG.top SOL.tmp ION.tmp > tmp.top 
#mv tmp.top $LIG.top 
#rm SOL.tmp ION.tmp 
 
# now we begin the simulations 
grompp -f em.mdp -c prot-$LIG-b4em.pdb -p $LIG.top -o em.tpr 
mdrun -v -deffnm em 
grompp -f pr.mdp -c em.gro -p $LIG.top -o pr.tpr 
mdrun -v -deffnm pr 
grompp -f md.mdp -c pr.gro -p $LIG.top -o md.tpr 
mdrun -v -deffnm md 
EOF 
################################### 
 
chmod +x prot-lig.sh 
DIR=$(pwd) 
 
# make the cluster submit script 
##################################### 
cat << EOF >| sub-prot-lig.sh 
#!/bin/bash 
#$ -N $LIG-$protein-md 
source $HOME/.bashrc 
source $HOME/local/gromacs/bin/GMXRC.bash 
#$ -cwd 
#$ -V 
#$ -q long 
# hostname 
#This sets up the bash settings. 
# source /etc/profile 
module load gromacs 
# and now the actual executable 
$DIR/prot-lig.sh 
EOF 
##################################### 
 
#### prepare the ligand-free 
 
# make a new dir and copy the ligand pdb there 
mkdir ligand-free 
cp $LIG.pdb ligand-free/ 
cd ligand-free 
 
# grab some files from the parent dir 
cp ../$LIG.itp . 
cp ../em.mdp . 
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#### make a .top file 
##################################### 
cat << EOF >| $LIG.top 
; Include forcefield parameters 
#include "$FF/forcefield.itp" 
 
; Include $LIG.itp topology 
#include "$LIG.itp" 
 
; Include water topology 
#include "$FF/spce.itp" 
 
#ifdef POSRES_WATER 
; Position restraint for each water oxygen 
[ position_restraints ] 
;  i funct       fcx        fcy        fcz 
   1    1       1000       1000       1000 
#endif 
 
; Include topology for ions 
#include "$FF/ions.itp" 
 
[ system ] 
; Name 
Gromacs Runs On Most of All Computer Systems in water 
 
[ molecules ] 
; Compound        nmols 
$LIG               1   
EOF 
##################################### 
 
# prepare all md.mdp files for the MD simulation 
##################################### 
cat << EOF >| md.mdp 
;title               =  $LIG 
;RUN CONTROL PARAMETERS 
integrator          =  md       ; production 
tinit               =  0        ; starting time for your run (only makes sense for 
integrators md, sd and bd) 
dt                  =  0.002    ; ps ! 
nsteps              =  500000   ;; total 1 ns. 
nstcomm             =  10        ; frequency for center of mass motion removal 
constraints         =  all-bonds ;; added my me (important to use this option when dt > 
0.001 ps) 
; 
;OUTPUT FREQUENCY OPRIONS FOR COORDINATES, VELOCITIES, AND FORCES 
nstxout                  = 500    ;; frequency to write coordinates to output trajectory 
file, the last coordinates are always written 
nstvout                  = 500    ;; frequency to write velocities to output trajectory, 
the last velocities are always written 
nstfout                  = 0      ; frequency to write forces to output trajectory. 
; 
;OUTPUT FREQUENCY OPRIONS FOR ENERGIES 
nstlog                   = 1000 ;; frequency to write energies to log file, the last 
energies are always written 
nstenergy                = 500  ;; frequency to write energies to energy file, the last 
energies are always written 
nstcalcenergy            = 10    ;; this is set to 5 since nstlist is also at 5 
; 
;NEIGHBOR SEARCHING PARAMETERS 
nstlist             =  10       ;; EDIT I have changed this to auto (-1) reduced cut-off 
artifacts at computational cost - see p168 manual) neighbor list update frequency 
ns_type             =  grid     ; ns algorithm (simple or grid) 
pbc                 =  xyz      ; periodic boundary conditions (xyz or none) 
rlist               =  1.4        ;; cut-off distance of the short-range neighbor list 
(nm) - with Reaction-Field-zero rlist should be 0.1-0.3nm larger than rcoulomb 
domain-decomposition = yes       ; turning this on could be useful for parrallel runs - 
mpi... 
; 
;OUTPUT FREQUENCY AND PRESISION FOR XTC FILES 
;nstxtcout                = 5000  ; frequency to write coordinates to xtc trajectory 
(STEPS) 
;xtc-precision            = 1000  ; precision to write to xtc trajectory 
energygrps               = SOL $RES 
; 
;OPTIONS FOR ELECTROSTATIC AND VDW 
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coulombtype         =  Reaction-Field-zero  ; method of doing electrostatics (Twin range 
cut-off's with neighborlist cut-off rlist and Coulomb cut-off rcoulomb where rcoulomb ? 
rlist.) 
rcoulomb_switch     =  0        ; where to start switching the Coulomb potential (nm) 
rcoulomb            =  1       ;; distance for Coulomb cut-off (nm) 
epsilon_r  =  1        ; the relative dielectric constant (1 or zero, if zero, 
means infinity) 
epsilon_rf     =  0      ;; Reaction-Field-zero can only be used with an infinite 
dielectric constant (epsilon_rf=0), 
vdwtype     =  Cut-off  ; method of doing VDW (Twin range cut-off's with neighbor 
list cut-off rlist and VdW cut-off rvdw, where rvdw ? rlist.) 
rvdw                =  1.4       ;; distance for LJ or Buckingham cut-off (nm) 
DispCorr            =  no       ; Don't apply long range dispersion corrections for Energy 
and Pressure 
; 
;OPTIONS FOR TEMPERATURE COUPLING 
Tcoupl  =  v-rescale 
tau_t               =  0.1        ; time constant for coupling in ps (one for each group 
in tc grps), 0 means no temperature coupling 
tc_grps  =  system        
ref_t  =  300 
; 
;OPTIONS FOR PRESSURE COUPLING 
Pcoupl       = no 
pcoupltype       = isotropic   ; Isotropic pressure coupling with time constant 
tau_p       = 0.5         ; time constant for coupling in ps 
compressibility = 4.5e-05     ; compressibility for water at 1 atm and 300 K 
ref_p = 1.0    
EOF 
##################################### 

#### create the main ligand simulation script: 
##################################### 
cat << EOF >| ligand-free.sh 
#!/bin/bash 
##### begin the MD simulation steps 
editconf -bt cubic -f $LIG.pdb -o $LIG-ec.pdb -d 0.9 
genbox -cp $LIG-ec.pdb -cs spc216.gro -o $LIG-b4em.pdb -p $LIG.top 
grompp -f em.mdp -c $LIG-b4em.pdb -p $LIG.top -o em.tpr 
mdrun -v -deffnm em 
grompp -f md.mdp -c em.gro -p $LIG.top -o md.tpr 
mdrun -v -deffnm md 
EOF 
##################################### 

chmod +x ligand-free.sh 
DIR=$(pwd) 

# make the cluster submit script 
##################################### 
cat << EOF >| sub-lig.sh 
#!/bin/bash 
#$ -N $LIG-free 
source $HOME/.bashrc 
source $HOME/local/gromacs/bin/GMXRC.bash 
#$ -cwd 
#$ -V 
#$ -q long 
# hostname 
#This sets up the bash settings. 
# source /etc/profile 
module load gromacs 
# and now the actual executable 
$DIR/ligand-free.sh 
EOF 
##################################### 

# back in the parent dir 
cd .. 
echo "hopefully everything was set up correctly!" 
echo "submitting both the $LIG-protein and $LIG-free jobs to the cluster" 
qsub sub-prot-lig.sh 
cd ligand-free 
qsub sub-lig.sh 
echo "jobs submitted, all done" 
exit 0 
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E.2 energy-all.sh 

#!/bin/bash 
# written by Patrick Collins, 2010 
echo "######################### 
######################## 
######################## 
`date` 
######################## 
######################## 
" >> energy-list 
 
ls -l | grep drwx | awk '{print $9}' | sort > DIRS 
 
cat DIRS | while read line; do 
 
CDIR=$(echo ${line}) 
 
if [ -d $CDIR/ligand-free ]; then 
 cd $CDIR/ligand-free 
fi 
 
######################### 
# perform the ligand energies calculations 
 
# first make sure there is an md.edr file here 
if [ -f md.edr ]; then 
 if [ -f md.gro ]; then 
  # get the residue name from the md.gro file 
  LIG=$(cat md.gro | grep -m 1 "    " | awk -F " " '{print $1}' | awk -F "1" '{print $2}') 
  echo "LJ-SR:SOL-$LIG 
Coul-SR:SOL-$LIG" | g_energy -f md.edr 2> /dev/null > temp.log 
  echo "" >> ../../energy-list 
  echo -n $CDIR >> ../../energy-list 
  VAL=$(cat temp.log | grep LJ-SR | awk -F " " '{print $2}') 
  echo -n " $VAL" >> ../../energy-list 
  VAL=$(cat temp.log | grep Coul-SR | awk -F " " '{print $2}') 
  echo -n " $VAL" >> ../../energy-list 
  rm temp.log 
 fi 
fi 
cd .. 
 
######################### 
# perform the protein-ligand energies calculations 
if [ -f md.edr ]; then 
 echo "LJ-SR:Protein-$LIG 
LJ-SR:SOL-$LIG 
LJ-SR:$LIG-rest 
Coul-SR:Protein-$LIG 
Coul-SR:SOL-$LIG 
Coul-SR:$LIG-rest" | g_energy -f md.edr 2> /dev/null > temp.log 
 VAL=$(cat temp.log | grep "LJ-SR:Protein-$LIG" | awk -F " " '{print $2}') 
 echo -n " $VAL" >> ../energy-list 
 VAL=$(cat temp.log | grep "LJ-SR:SOL-$LIG" | awk -F " " '{print $2}') 
 echo -n " $VAL" >> ../energy-list 
 VAL=$(cat temp.log | grep "LJ-SR:$LIG-rest" | awk -F " " '{print $2}') 
 echo -n " $VAL" >> ../energy-list 
 VAL=$(cat temp.log | grep "Coul-SR:Protein-$LIG" | awk -F " " '{print $2}') 
 echo -n " $VAL" >> ../energy-list 
 VAL=$(cat temp.log | grep "Coul-SR:SOL-$LIG" | awk -F " " '{print $2}') 
 echo -n " $VAL" >> ../energy-list 
 VAL=$(cat temp.log | grep "Coul-SR:$LIG-rest" | awk -F " " '{print $2}') 
 echo -n " $VAL" >> ../energy-list 
 rm temp.log 
fi 
echo "$CDIR done..." 
cd .. 
done 
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Appendix F. Molecular dynamics 

Ligand binding energies (ΔGcalc.) have been calculated using the α-vdW LIE 

model described in section 6.3.2.2. Numbers in parenthesis represent 1 standard deviation 

of the mean ΔGcalc. from four subdivision of the trajectory (section 6.3.2.3). 

F.1 Galectin-3 CRD LIE calculations – Sorme et al.118 compounds 

 
   Galectin-1 Galectin-3 

Cpd. 
No. R group logPcalc. ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 
ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 

so2 
 

-1.29 -26.8 -25.2 (1.6)  -29.7 -27.9 (0.9) 

so3 

 

0.24   -34.8 -39.2 (2.2) 

so6 

 

-0.86   -26.3 -27.4 (0.5) 

so9 
 

-1.26 -24.0 -27.2 (0.4)   

so10 
 

-1.25   -31.3 -30.6 (1.9) 

so11 
 

-1.23   -27.3 -26.8 (0.9) 

so12 

 

-1.24   -26.1 -30.1 (2.1) 

so14 
 

-1.29   -31.0 -32.8 (1.0) 

so15 

 

-1.29 -26.0 -27.0 (3.2) -30.5 -32.6 (1.3) 

so21 
 

-1.57   -32.0 -33.4 (1.8) 

  

 

 FF

OMe

FF

 F

F

 OMe

 OMe

 OMe

 MeO

MeO

 
OMe

OMe

 OMe

OMe

 

O

O
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   Galectin-1 Galectin-3 

Cpd. 
No. R group logPcalc. ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 
ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 

so22 
 

-0.97   -30.9 -28.6 (1.7) 

so23 
 

-1.06   -31.8 -29.3 (1.8) 

so24 
 

-1.07 -29.0 -28.6 (1.7) -34.6 -38.7 (0.7) 

so25 
 

-1.07   -29.5 -27.9 (1.3) 

so26 
 

-1.06   -31.2 -32.4 (0.7) 

so27 
 

-1.85   -26.0 -25.6 (0.7) 

so28 
 

-1.87   -25.7 -29.9 (0.9) 

so31 
 

-1.29   -31.1 -29.7 (2.1) 

so33 
 

-0.80   -32.2 -26.8 (1.3) 

so34 
 

0.03   -34.6 -34.4 (0.8) 

so37 
 

-1.28   -34.0 -35.3 (1.0) 

so38 
 

-1.39   -31.3 -27.8 (0.5) 

so39 
 

-1.79   -30.7 -31.0 (2.2) 

so40 
 

-1.76   -31.7 -37.5 (1.2) 

so41 
 

-0.74 -28.5 -29.0 (2.3)   

so42 

 

-0.75   -30.8 -31.1 (0.8) 

so44 

 

-1.06   -37.3 -36.7 (0.5) 

so47 

 

-1.74   -30.9 -31.0 (0.8) 

 O2N

 NO2

 NO2

 NMe2

 NMe2

 
N
H

 
NH

 CN

 Cl

 

 Ac

 
OMe

O

 
OH

O

 

COOH

 

 

 HOOC

 OH

OH
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   Galectin-1 Galectin-3 

Cpd. 
No. R group logPcalc. ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 
ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 

so52 

 

-1.44   -33.3 -34.9 (1.0) 

 

F.2 Galectin-3 CRD LIE calculations – Salameh et al.265 compounds 

          
sa21-sa27   sa30-sa32    sa46-sa52  

Cpd. 
No. R group logPcalc. ΔGexp. (kJ/mol)  ΔGcalc. (kJ/mol) 

sa20 
 

-0.35 -16.1 -16.0 (1.4) 

sa21 
 

0.29 -22.0 -22.0 (1.7) 

sa22 
 

0.44 -22.3 -23.2 (0.8) 

sa23 
 

0.42 -20.6 -22.8 (1.1) 

sa25 

 

1.35 -22.5 -22.5 (0.5) 

sa27 
 

0.53 -22.3 -21.5 (1.1) 

sa30 Me -1.28 -20.9 -20.7 (0.9) 
sa31 Bu -0.48 -22.0 -19.8 (0.9) 
sa32 (CH2)3OH -1.72 -19.8 -17.7 (0.8) 
sa34 Bn -0.15 -22.0 -21.8 (0.6) 
sa46 Me -1.91 -39.8 -42.3 (1.3) 
sa47 n-butyl -0.35 -43.3 -40.6 (1.8) 

sa48 
 

0.03 -36.8 -42.3 (2.6) 

sa49 
 

0.38 -39.2 -38.1 (1.7) 

sa50 allyl -0.96 -41.3 -38.6 (2.1) 
sa51 (CH2)3OH -2.13 -39.8 -42.0 (0.8) 
sa52 (CH2)2OMe -1.54 -37.9 -41.8 (3.0) 

 OH

OMe

      

 HO

 

 OMe

 OMe

 

 
S

O

O

O
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F.3 Galectin-1 and Galectin-3 CRD LIE calculations – Cumpstey et al. (2007)257 
compounds 

 
   Galectin-1 Galectin-3 

Cpd. 
No. R group logPcalc. ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 
ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 

cu14 Ac -2.09 -23.5 -25.6 (2.0) -23.5 -25.6 (1.7) 

cu15 
 

-1.05 -29.3 -29.6 (1.5) -29.3 -28.7 (1.1) 

cu16 
 

-0.23 -30.4 -28.2 (1.4) -30.4 -30.7 (1.2) 

cu17 

 

-0.23 -32.2 -30.0 (0.8) -32.2 -30.1 (0.9) 

cu18 

 

-0.65 -31.1 -32.6 (0.3) -31.1 -29.5 (1.9) 

cu19 

 

-0.91 -32.5 -32.1 -32.5 -32.9 (2.8) 

cu20 
 

-0.94 -30.4 -29.6 (0.7) -30.4 -28.8 (1.2) 

cu21 
 

-1.36 -30.3 -27.6 (0.5) -30.3 -29.6 (0.9) 

F.4 Galectin-1 and Galectin-3 CRD LIE calculations – Cumpstey et al. (2008)264 
compounds 

 
   Galectin-1 Galectin-3 

Cpd. 
No. R group logPcalc. ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 
ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 

cu5a 
 

-0.46 -25.6 -33.0 (1.0) -33.1 -33.5 (1.2) 

  

 O

 O

 O

 O

 OMe

OMe

O

 O
F

 O
NHAc
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   Galectin-1 Galectin-3 

Cpd. 
No. R group logPcalc. ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 
ΔGexp. 

(kJ/mol)  
ΔGcalc. 

(kJ/mol) 

cu5b 
 

1.07 – – -39.0 -37.5 (1.4) 

cu5c 

 

-0.27 -30.6 -34.7 (2.0) -42.1 -42.7 (2.4) 

cu5d 
 

-0.38 -32.7 -34.5 (1.0) -41.9 -41.0 (0.9) 

F.5 Galectin-1 and Galectin-3 CRD LIE calculations – other compounds 

  Galectin-1 Galectin-3 

Compound logPcalc. ΔGexp. 
(kJ/mol)  

ΔGcalc. 
(kJ/mol) 

ΔGexp. 
(kJ/mol)  

ΔGcalc. 
(kJ/mol) 

β-methyl-lactose -3.01 -21.4 -23.4 (2.5) -21.8 -25.3 (1.7) 
TDG -2.97 -26.5 -27.1 (0.5) -24.8 -25.3 (1.9) 

glycerol -1.93 – -5.9 (4.8) – -6.1 (1.7) 
β-methyl-

N-acetyllactosamine -2.80 -24.1 -17.6 (1.1) -24.3 -22.6 (0.9) 

β-methyl-galactose -2.49 -11.5210 -1.5 (2.1) -13.5210 -11.4 (0.9) 
LNT -2.56 -24.2200 -23.9 -28.7200 -32.1 

3′-coumarinyl 
α-galactoside 16 0.79 – -10.2 (1.7) -21.4# -17.9 (0.4) 

3-O-toluoyl-taloside 11 0.81 -13.8251 -14.9 (6.1) -24.5251 -21.5 (0.7) 
2-O-3-N-ditoluoyl-

taloside 13 1.79 -15.1251 -15.5 (1.0) -17.5251 -23.9 (2.4) 

triazolyl-TDG 17 0.57 -43.6# -41.4 (2.1) -42.5# -42.1 (1.9) 
triazolyl-TDG 18 0.58 -46.0# -39.7 (1.7) -45.1# -41.4 (1.6) 
triazolyl-TDG 19 0.49 -44.2# -45.7 (1.2) -41.1# -38.3 (1.9) 

# binding affinity provided by email communication from the Nilsson group 

F.6 Galectin-1 and Galectin-3 CRD LIE calculations – LBA compounds 

 
   Galectin-1 Galectin-3 

Cpd. 
No. R group logPcalc. ΔGcalc. (kJ/mol) ΔGcalc. (kJ/mol) 

LBA H -2.78 -8.7 -13.4 (0.7) 

LBA-01 
 

-1.62 -13.7 -15.8 

 

 OMe

OMe

 OMe

  

 O
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   Galectin-1 Galectin-3 
Cpd. 
No. R group logPcalc. ΔGcalc. (kJ/mol) ΔGcalc. (kJ/mol) 

LBA-02 
 

-1.85 -8.8 -14.9 

LBA-03 

 

-1.78 -11.1 -16.3 

LBA-04 

 

-1.49 -12.0 -16.9 

LBA-05 

 

-0.87 -14.0 -19.9 

Cpd. 
No. Compound logPcalc. ΔGcalc. (kJ/mol) ΔGcalc. (kJ/mol) 

LBA-06 

 

-2.04 -1.1 -9.2 

LBA-07 

 

-0.83 -20.8 -17.9 

LBA-08 

 

-1.22 -16.4 -21.9 

F.7 Galectin-1 and Galectin-3 CRD LIE calculations – thiodigalactoside 
compounds 

   Galectin-1 Galectin-3 
Cpd. 
No. Compound logPcalc. ΔGcalc. (kJ/mol) ΔGcalc. (kJ/mol) 

21 

 

-0.55 -36.8 (2.2) -41.3 (0.8) 
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Galectin-1 Galectin-3 
Cpd. 
No. Compound logPcalc. ΔGcalc. (kJ/mol) ΔGcalc. (kJ/mol) 

22 -0.57 -33.9 (1.8) -36.1 (1.6) 

23 -0.61 -37.6 (4.2) -38.9 (0.8) 

24 

 

-2.01 -30.0 (1.7) -29.1 (1.6) 

25s 

 

-2.68 -25.7 (1.5) -25.8 (1.6) 

25n 

 

-2.68 -20.4 (2.3) -22.1 (3.3) 

26 -0.24 -45.8 (3.0) 

27 -2.89 -44.1 (0.7) 

28 -0.17 -45.3 (2.4) 
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F.8 Galectin-1 and Galectin-3 CRD LIE calculations – taloside compounds 

   Galectin-1 Galectin-3 
Cpd. 
No. Compound logPcalc. ΔGcalc. (kJ/mol) ΔGcalc. (kJ/mol) 

29 

 

1.39 -10.3 (0.9) -26.5 (0.7) 

30 

 

1.15 -10.5 (2.2) -25.7 (0.6) 

31 

 

1.09 -4.5 (1.6) -27.1 (0.8) 

32 

 

-0.69 -13.2 (5.0) -16.3 (1.9) 

33 

 

-1.86 -11.0 (4.3) -20.4 (2.2) 

34 

 

-1.31 -9.5 (2.6) -27.1 (0.5) 

35 

 

-0.75 -16.9 (0.8) -19.1 (1.0) 
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   Galectin-1 Galectin-3 
Cpd. 
No. Compound logPcalc. ΔGcalc. (kJ/mol) ΔGcalc. (kJ/mol) 

36 

 

-1.93 -8.2 (2.0) -23.7 (1.4) 

37 

 

1.21 -12.6 (3.6) -34.7 (1.9) 

38 

 

1.20 -19.5 (4.3) -45.0 (0.8) 

39 

 

1.26 -23.8 (3.5) -40.5 (2.2) 

40 

 

1.26 -17.6 (4.7) -43.5 (2.2) 

41 

 

1.20  -40.9 (1.8) 

42 

 

2.2  -42.4 (1.8) 
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   Galectin-1 Galectin-3 
Cpd. 
No. Compound logPcalc. ΔGcalc. (kJ/mol) ΔGcalc. (kJ/mol) 

43 

 

2.00  -37.3 (1.5) 

44 

 

0.15  -25.3 (2.4) 

45 

 

0.14  -29.2 (1.1) 

46 

 

1.43 -20.2 (7.1) -24.7 (0.9) 

47 

 

2.69 -20.6 (4.8) -31.3 (2.4) 

48 

 

2.23 -31.0 (4.6) -45.4 (1.6) 
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Galectin-1 Galectin-3 
Cpd. 
No. Compound logPcalc. ΔGcalc. (kJ/mol) ΔGcalc. (kJ/mol) 

49 2.80 -39.3 (6.8) -34.6 (2.4) 

50 2.48 -40.7 (4.1) -52.8 (1.2) 

51 1.98 -36.7 (3.2) 

52 2.54 -55.4 (0.5) 

53 2.18 -38.4 (2.4) 

54 2.19 -52.5 (0.9) 
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Galectin-1 Galectin-3 
Cpd. 
No. Compound logPcalc. ΔGcalc. (kJ/mol) ΔGcalc. (kJ/mol) 

55 0.20 -38.1 (2.5) 

56 0.45 -34.5 (1.5) 

57 0.77 -42.7 (2.0) 

58 1.08 -29.4 (0.6) 

59 2.54 -40.3 (0.8) 

60 1.61 -37.2 (0.9) 

O

OH

N

N
H
N

HO

N
N

HO

OMe

N
N

MeO

OH

SH

O

O

O

OH

N

N
H
N

HO

N
N

HO

OMe

N
N

MeO

OH

SH
O

O

O

OH

N

N

O

HO

N
N

HO

OMe

N
N

MeO

OH

OH

O

OH

N

N

O

HO

N
N

HO

OMe

N
N

MeO

OH

OH

O

O

OH

N

N

O

HO

N
N

HO

OMe

N
N

MeO

OH

S
N
H

F
O O

O

OH

N

N

N

HO

N
N

HO

OMe

N
N

MeO

OH

NN

OH

310 



 

   Galectin-1 Galectin-3 
Cpd. 
No. Compound logPcalc. ΔGcalc. (kJ/mol) ΔGcalc. (kJ/mol) 

61 

 

1.70  -36.4 (2.0) 

62 

 

2.60  -41.8 (1.2) 

63 

 

2.77  -24.0 (1.3) 

64 

 

2.88  -34.3 (2.1) 

65 

 

2.34  -42.6 (3.3) 

66 

 

2.71  -33.8 (3.0) 
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