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Abstract!

Pectin is a complex polysaccharide found in the plant cell wall. Pathogenic 

bacteria express a set of enzymes called pectin methylesterase, which start the 

dismantling of the plant cell wall by de-esterifying homogalacturonan chains in 

pectin. The efficacy of pectin methylesterase in favouring plant infection may be due 

to their ability to act processively on pectin chains by catalysing many reactions 

cycles before dissociating from the polysaccharide. Herein, computational techniques 

were employed (i) to identify the key interactions between the pectin methylesterase 

from the bacterium Erwinia chrysanthemi and homogalacturonan oligomers and (ii) 

to find evidence that it is possible for the enzyme to act processively on pectin 

carbohydrates. Molecular dynamics simulations demonstrated that the protein binds 

the polysaccharide chain with different affinity at different sites along the binding 

interface and that such a strategy is fundamental for the processive catalysis. More 

importantly, an investigation of the conformational variations of the oligosaccharide 

lead to a mechanism by which the geometrical restraints impeding the processive 

action of the enzyme are removed. 

In a second research project, analytical ultracentrifugation experiments revealed 

the oligomeric nature of β-lactoglobulin A and B in solution. The experiments 

showed that both β-lactoglobulin variants are mostly dimeric all throughout the pH 

range investigated (2.5-7.5), although β-lactoglobulin had been considered mainly 

monomeric at low pH. Analytical ultracentrifugation experiments quantified, for the 

first time, the association kinetics of β-lactoglobulin dimer formation as a function of 

pH, whereas the dimer stability as a function of ionic strength was investigated by 

continuum electrostatic calculations. Besides the importance of pectin in plant 

physiology, complexes between pectin and whey proteins have found a wide use in 

the food and pharmaceutical industries. However, the basis of the interaction between 

pectin and whey proteins is still poorly understood. After the identification of β-

lactoglobulin oligomeric state in solution, isothermal titration calorimetry 

experiments have been employed to investigate the binding between the protein and 

differently methylated pectin chains. The collected results suggested possible models 

by which β-lactoglobulin dimers and pectin interact.   
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Overview!and$aims$of$the$project!

The current work discusses, in the following order, the study of three different 

macromolecular complexes: (i) the interaction between the pectin methylesterase 

enzyme from the bacterial plant pathogen Erwinia chrysanthemi (Ec-PME) and 

homogalacturonan oligosaccharides, (ii) the self-association of the milk-whey protein 

β-lactoglobulin (βLg) monomers to form a homodimer and (iii) the association of 

βLg and pectin with different degrees and distributions of methylation. 

The choice to investigate the systems mentioned above is related to their 

importance in the fields of fundamental and applied science. However, although such 

macromolecular complexes show noticeable differences in functional and structural 

terms, the investigations leading to their understanding have been merged under the 

more general concept that they are all different examples of macromolecular 

association. For this reason the study of such complexes will be preceded by two 

chapters defining the physico-chemical and energetic descriptors commonly used to 

depict different facets of molecular complex formation. In this respect, chapters 1 and 

2 are preparatory to the reading and the understanding of the following chapters. 

Therefore, the reader already familiar with the topics of chemical bonds, proteins and 

polysaccharide chemistry and with the thermodynamics and kinetics parameters used 

to describe macromolecular association, may wish to skip the reading of those 

chapters and focus directly on the following chapters, which describe investigation of 

the macromolecular complexes presented in the current work. 

In chapters 3 to 6 each investigated macromolecular complex will be introduced 

by a distinct introduction aiming to address the significance of each study. The 

methodologies used to investigate a particular complex formation and behaviour will 

be also illustrated in the individual chapters as a different and varied range of 

experimental and computational techniques have been adopted. 

Although the organisation of the chapters does not reflect the exact timeline of 

the performed work, the chapters will be presented in the most logical order. 

In the first case, described in Chapter 3, a combined approach of molecular 

modelling and molecular dynamics simulations was used to study the interactions of 

Ec-PME with different homogalacturonan oligosaccharides, characterised by 

different patterns of methylation of the galacturonic acid moieties. This work 
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monitored the dynamics of the ligands bound to the enzyme in order to examine not 

only the binding as a function of methylation patterns but especially to examine the 

mechanism of processivity for Ec-PME, that is, to reveal how the enzyme might 

catalyse consecutive de-methylation reactions of the methylester groups. Such a 

study of reaction dynamics on the atomic scale can only be carried out using purely 

computational techniques.  

In parallel with the molecular dynamics study, the interaction of variously 

methylated pectins with bovine βLg, a protein widely studied for its intrinsic 

biophysical properties as well as for its importance in the food industry, was 

investigated, using isothermal titration calorimetry (ITC), as a function of pH to 

determine the balance of electrostatic and hydrophobic interactions involved in the 

binding. The results and a qualitative interpretation are given in Chapter 6. 

These experiments showed, however, the need to study in detail the self-

associating behaviour of βLg in solution as a function of the pH. Indeed, knowledge 

of the oligomeric state of βLg in solution is a fundamental step to fully understand 

the interactions of this protein with other components. Therefore, the homo-

oligomeric association of bovine β-lactoglobulin (βLg) A and B variants was 

investigated. Analytical ultracentrifugation experiments were performed over a wide 

range of pH and at three protein concentrations in a background of constant quasi-

physiological ionic strength to determine not only the thermodynamic dissociation 

constant (combined sedimentation equilibrium and sedimentation velocity data) but 

also the kinetic rate constant (sedimentation velocity data) for dimer dissociation. 

Results and discussion are presented in Chapter 4.  

Since dimer formation is particularly sensitive to the ionic strength of the 

solution, the dependence of the electrostatic energy of dimer formation was 

investigated (Chapter 5) using continuum electrostatic calculations. Ion charge 

density calculations were made at two pHs (2.5 and 7.5) and at different ionic 

strengths to probe the mechanism(s) by which the presence of ions in solution can 

stabilise the dimer at pH both above and below the isoelectric point at ~5.3 and 

influence the dissociation thermodynamic and kinetic rate constants of bovine (βLg). 

Finally, the general discussion at the end of this  dissertation (chapter 7) covers a 

broader range of aspects relating to the macromolecular associations previously 

presented. 
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Chapter(1!–!The$ threeBdimensional* structure*of*

macromolecules*!

1.1. Structural biology to determine physico-chemical and thermodynamic 

properties of macromolecular complexes 

 

The understanding of three-dimensional structures of macromolecules in solution 

and their ability to form stable macromolecular complexes is one of the most 

important findings of modern biology. Indeed, it has become increasingly clear that 

(i) the function of macromolecules is directly related to their structures and (ii) the 

formation of macromolecular complexes is aimed to achieve a particular function that 

cannot be exerted by the binding partners alone. 

The discipline devoted to the identification of functional macromolecular 

complexes inside living organisms is called systems biology1, which has produced a 

great understanding of the number of the molecular complexes found in life2. 

However, in order to understand macromolecular complex formation, biological 

research must proceed through at least three consecutive steps: (i) identification and 

quantification of the components participating in the formation of the complexes 

(systems biology), (ii) identification of the physico-chemical principles regulating 

molecular interactions and (iii) integration of heterogeneous data3. The first step 

develops around the so-called “-omics” disciplines, which are devoted to the 

characterisation of macromolecular complexes formed in particular stages of the 

cellular life4-9. The second step investigates the fundamental principles that regulate 

the interactions between the complex components. This necessitates a deep 

understanding of each macromolecular structure involved in the formation of a 

functional complex and of how the structures, interacting, can promote the function 

of the complex8-10. The third step manages the integration of data obtained by the 

identification of the binding partners and their structures. It is probably the most 

challenging step as it needs completely new approaches to combine information 

coming from fields of knowledge which are clearly diverse 11. 
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However, focusing on the purposes of the present work, the second step 

mentioned above is the most interesting in this case, as it links systems biology to 

structural biology.  

Besides systems biology, structural biology has a primary importance for the 

study of macromolecular interactions at a detailed, atomic, level. 

Firstly, the interactions between macromolecules inside the cellular environment 

are transient and finely regulated by factors that only a structural characterisation of 

the binding partners can give, and, secondly, the classification of systematically 

found binding moieties can be used for the prediction of complex formation and for 

the engineering of the interacting molecules. 

Successful predictions of binding affinities have been achieved by analysing the 

structures of the binding partners in known macromolecular complexes12, 13: 

examples are the predictions of the interactions characterising the Ras-effectors and 

the predictions on the binding of PDZ and SH3 domains with their targets13-16. 

A second essential point for the characterisation of macromolecular complexes is 

the rate of association or dissociation of the binding partners. Rate constants define 

the kinetics of the association/dissociation processes in a molecular complex. The 

collection of structural information and the understanding of the forces involved in 

stabilising binding interfaces have made possible the design of algorithms not only 

able to identify hot spots of association but also capable of yielding information on 

how to increase the association rate between binding partners without affecting the 

dissociation rates of the complex17, 18.  

Nevertheless, a structural characterisation of all the interacting partners in the 

cellular environment is too challenging to be considered as a plausible strategy at the 

moment. Therefore, the identification of the most important targets accomplishing 

functional roles needs to be the first step at the beginning of any structural 

investigation. This concept is immediately clear in the case of enzymatic pathways. 

Indeed, very often the first enzyme, upstream in an enzymatic cascade, is the most 

important in regulating the activity of all the others along the pathway as its catalytic 

action is the rate-limiting step of the metabolite production. Such enzymes are often 

subject to feedback inhibition or control by the final product of the metabolic 

pathway. 

In this work for example, the choice to investigate the interaction between pectin 

methylesterase (PME) and pectin substrates (chapter 3) has been driven by the 
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importance of PME as the principal regulator of plant cell wall physiology and by the 

role of the bacterial PME in starting plant infection. On the other hand, the study of 

β-lactoglobulin self-association also presented here has been investigated because β-

lactoglobulin is of great interest in basic and applied research, especially for its 

capability to interact with anionic polysaccharides such as pectin. 

Since, as mentioned above, the interaction between molecules represents the 

central concept around which biology develops, it is imperative to understand the 

features of molecular complexes in all their facets. The next section will briefly 

illustrate the general features of protein and polysaccharide structures, as the 

understanding of molecular structures of the individual binding partners is the first 

step in order to elucidate, at an atomic level, the features of molecular association. 

 

1.2. Proteins 

 

Proteins are biopolymers consisting of around 50 or more repeating units linked 

through a series of chemical bonds defined as peptide bonds. In the case of proteins, 

however, this simplistic description does not appropriately highlight the 

characteristics and the function of such molecules in the biological world. Indeed, the 

repeating units composing proteins are the amino acids that can significantly differ 

for molecular weight, physico-chemical properties and conformational states. Amino 

acids are small molecules with chiral properties due to a chiral carbon defined as Cα. 

The term “amino acid” refers to the presence of an amine and a carboxylic acid 

substituent co-existing in the same molecule. 

Considering the presence of a single chiral carbon two different stereoisomers are 

possible, levo (L) and dextro (D). Proteins, for some reasons still unknown, contain 

only amino acids of the L-series in nature. Glycine is the only exception as it does not 

have a chiral carbon in its structure.  

 



 
 

11 

 
Figure 1.1 Chemical formula for a generic amino acid. 

Each amino acid features a chiral carbon (Cα) bound to a unique R group which  confers the 

physico-chemical properties to the molecule and is responsible, in polymeric chains, for the 

chemical properties of the polypeptides. Photo courtesy of “iGenetics, 3rd edition”. Russel, P. J,  

(© Benjamin Cummings). 

 

The number of different amino acids found in proteins is 20 (without considering 

the rare selenocysteine) (Figure 1.2). The chiral carbon is linked to the amine and 

carboxylic acid functions, to a hydrogen atom and to a side-chain (R group) that 

characterises the properties of each amino acid (Figure 1.1). The chemical functions 

found in the amino-acid side-chains can be polar or apolar, aromatic or aliphatic, 

positively or negatively charged and their conformations and location in the protein 

structure determine the properties of the molecule. Aliphatic amino acids have side-

chains featuring hydrocarbon chains and therefore are poorly soluble in water. 

However, such hydrophobic moieties have also been identified as fundamental for 

the binding of ligands such as carbohydrates19. Among the aromatic amino acids, 

histidine represents a particular case, as the imidazole ring can be protonated at low 

pH. Cysteine contains a thiol group that can be de-protonated at alkaline pH holding 

a permanent negative charge. On the other hand, two thiol groups in proximity of 

each other can react forming a disulfide bond important for the protein stability20. 

Proline belongs to the group of apolar amino acids and constitutes an interesting 

example of how its presence, in particular locations along the protein structure, can 

influence the structural properties of the entire polymer. Indeed, proline is the only 

amino acid where the side chain is bound through a covalent bond to the residue 

backbone. This property determines an enhanced rigidity of the protein structure 
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where proline residues are present: sometimes this rigidity determines a spatial re-

arrangement of secondary structure elements such as α-helices and β-sheets21, 22.  

Finally, polar and ionisable amino acids can carry partial or permanent charges 

that may be crucially important in favouring the establishment of functional contacts 

for the binding of exogenous or endogenous ligands. While polar amino acids are 

weak bases (asparagine and glutamine) or weak acids (serine and threonine), 

ionisable amino acids are strong bases and/or acids and remain protonated or 

deprotonated in a wide pH range. Charged amino acids can be subdivided into two 

different sub-groups depending on whether the side chains are basic (lysine and 

arginine) and therefore positively charged, or acidic (aspartic and glutamic acid) and 

therefore negatively charged. 

A table of the most common amino acids found in proteins is given in Figure 1.2. 
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Figure 1.2 Structures of the amino acids commonly found in proteins. 

Sidechains (R groups in figure 1.1) are shown in gold while the atoms constituting the backbone 

are in black. Proline is an exception because the sidechain is covalently linked to the Cα  (see text 

for details).. Photo courtesy of “Biochemistry 6th edition. Berg, J. M. et al. (© 2006, W. H. 

Freeman and Company)”. 

 

Proteins are polymers formed by one or multiple chains of amino acids linked 

through peptide bonds. The unique structural properties of proteins are determined by 

the chemical properties of the peptide bond linking the amino acids. A peptide bond 

is established through the condensation of the amine function of one amino acid with 

the carboxylic acid function of another. Therefore the formation of a series of peptide 

bonds to form a polypeptide produces a chain with a free amine function at one end 

of the polymer (defined as the N-terminal) and a free carboxylic acid function at the 

other end (defined as the C-terminal). 

Since the peptide bond is a partial double bond due to electronic delocalisation 

between a carbon and a nitrogen atom (-C(O-)=NH+-), rotation around the peptide 

bonds are not permitted; therefore the degrees of freedom of a polypeptide chain are 



 
 

14 

reduced to the rotation along the bonds involving the Cα. The torsion or dihedral 

angle formed by the bond between the Cα and the carbonyl carbon is called psi (ψ) 

while the angle formed by the bond between the Cα and the peptide nitrogen atom of 

the amine nitrogen is defined as phi (φ). The values of these angles are directly 

related to the structural organisation of proteins and determine the formation of the 

protein secondary structure. 

Indeed, a remarkable property of protein molecules is their ability to arrange in 

super-assembled structures establishing numerous and diverse interactions between 

different amino acids along the chain. There are several, hierarchical degrees of 

structural organisation in proteins. The sequence describing the simple order of 

amino acidic residues along the chain from the N-terminal to the C-terminal is 

defined as the primary sequence, whereas the simplest three-dimensional 

organisation of amino acids is determined by the secondary structure elements.  

The most common structural motifs of a protein’s secondary structure are α-

helices and β-sheets. In the α-helices the nitrogen and oxygen atoms of the protein 

backbone are linked through hydrogen bonds determining the pitch of the helix 

usually 3.6 residues per turn (Figure 1.5); however, rarer versions of such structures 

in which the helix pitch is shorter or longer (310-helix or π-helix) can be found. In 

the α-helices the φ and ψ angles can range between -60º (± 15º) and -45º (± 15º) 

respectively. α-Helices have also weak electrical properties: indeed, since each 

peptide unit contains polar chemical groups (such as NH and CO), the orientation of 

these groups along the axis of the helix produces an overall dipole moment. The 

presence of a dipole moment can be important for charged ligands or ions because 

they can bind at one end of an α-helix and stabilise protein structure23. 
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Figure 1.3 Examples of α-helices.  

In (A) the Cα  twisting around the axis of the helix is shown. In (B) a more detailed image of the 

helix is represented, showing the organisation of the peptide bonds around the helix. In (C) the 

organisation of hydrogen bonds along the peptide chain of the α-helix is shown. Photo courtesy 

of “Essential Cell Biology 2nd edition Alberts, B. et al. (© 2004 Garland Science)”. 

 

The other common secondary structural motif in proteins is the β-sheet. β-Sheets 

are a combination of different short sections of the protein sequences composed of 5-

10 residues and defined as β-strands connected by unstructured regions (loops or 

turns). β-Sheets occur when hydrogen bonds between NH and CO groups of the 

peptide bonds are established. Interestingly there are two possible structural 

arrangements for β-sheets: parallel and anti-parallel. In the anti-parallel β-sheets two 

adjacent strands composing the sheet are oriented inversely from each other (figure 

1.4), one from the N-terminal to the C-terminal and the other from the C-terminal to 

the N-terminal. In the parallel β-sheets, on the other hand, all the strands forming the 

sheet have the same orientation. Secondary structure elements have the lower 

conformational flexibility in solution. However, the unstructured regions connecting 
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α-helices and β-sheets have an enhanced conformational freedom. These regions are 

generally defined as loops or turns and often constitute functionally important regions 

of proteins. Indeed, many enzymes have their catalytic residues located in such 

regions24, 25. The combination of more secondary structure elements creates super-

assembled motifs constituting a further stage of structural organisation in proteins: 

the tertiary structure. The term “tertiary structure” defines assemblies of two or more 

secondary structure elements that often have a functional or structural role.  

 
Figure 1.4: Representation of anti-parallel β-strands forming a β-sheet.  

Groups of bonded atoms lie on different planes along the strands (A-B). In (C) a schematic 

representation of a β-sheet is shown. The single strands are showed as arrows pointing in 

opposite (anti-parallel β-sheet) or same direction (parallel β-sheet). Photo courtesy of “Essential 

Cell Biology 2nd edition Alberts, B., et al. (© 2004 Garland Science)”. 

 

Moreover, the interaction between protein subunits characterised by tertiary 

structure elements determines a higher structural organisation called quaternary 

structure. The most widely described quaternary structure in proteins refers to the 

molecule of hemoglobin, which is composed of four subunits organised as a dimer of 

slightly different dimer subunits (αβ)2 interacting and acting as a single bigger 

molecule. The super-assembly of more subunits in the case of hemoglobin is aimed 
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to the binding of more than one oxygen molecule26. A summary of the different 

levels structural organisation in proteins is given in Figure 1.5. 

 
Figure 1.5 Schematic representations of protein structural organisation.  

The sequence of amino acids composing the chain is defined as primary structure (a). The most 

basic three-dimensional organisation of the polypeptide chain is defined as secondary structure 

and consists mainly of α-helices and β-sheets (b). Secondary structure elements assemble 

defining the tertiary structure (c). Different domains showing a folded tertiary structure can 

assemble in a further level of structural organisation defined as quaternary structure (multi-

domains protein) (d). In (c) and (d) are showed coarse-grained structures of myoglobin and 

hemoglobin respectively. Photo courtesy of “Protein Structure. Griffiths, A. J. F., et al. New 

York. (© 1999, W. H. Freeman and Company)”. 
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Overall, the formation of the three-dimensional structure is achieved through the 

process known as protein folding. The central dogma of protein folding states that all 

the information useful to determine the final structure of a protein is included in its 

initial amino acid sequence. This implies that the folding of a polypeptide chain is 

based on the interplay of non-covalent interactions between amino acids. The 

understanding of such interactions is a fundamental step to investigate molecular 

complexes.  

 

1.3. Carbohydrates: structural diversity and functional properties in 

complexes with polypetides 

 

Carbohydrates constitute a wide group of compounds with chemical formula 

CnH2nOn. They can be divided into monosaccharides, disaccharides, oligosaccharides 

and polysaccharides depending on the number of units composing the molecule. A 

monosaccharide is the simplest constituent of longer carbohydrate chains 

(disaccharides, oligosaccharides and polysaccharides). Carbohydrates may contain 

aldehyde or ketone chemical groups in combination with many hydroxyl groups. 

They are classified in terms of different properties such as the number of carbon 

atoms and chirality. Carbohydrates containing aldehyde and ketone functions are 

defined aldoses and ketoses respectively. The first and the last carbon atoms of the 

molecule are asymmetrical (chiral centers) with two possible configurations: 

carbohydrates can therefore exist in different stereoisomers as well, as seen for amino 

acids, dextro (D-) or levo (L). Beside their linear conformation, in solution 

carbohydrates assume a cyclic conformation subsequently to an intra-molecular 

reaction occurring between the aldehyde or ketone functional group and a hydroxyl 

group in the structure. The formation of the ring creates two isomers that can be 

distinguished considering the position of the hydroxyl group linked to carbon 1. If the 

hydroxyl group lies below the plane of the ring the monosaccharide will be an α-

anomer while if the hydroxyl group lies above the plane of the ring it will be a β-

anomer (Figure 1.6).  

The binding of two (disaccharides) or more (oligo- and polysaccharides) 

monosaccharide units occurs through the formation of a glycosidic bond. A 

glycosidic bond is established between two carbons of two different sugar rings after 
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a reaction of dehydration (reaction involving an elimination of a water molecule). 

Carbohydrates are classified as oligosaccharides or polysaccharides depending on the 

number of monosaccharides linked through glycosidic bonds: oligosaccharides are 

formed by the binding of 3 to 10 monosaccharide units whereas the polymerisation of 

a higher number of monosaccharide units takes to the formation of polysaccharides.   

Disaccharides and oligosaccharides have been identified in many biological 

processes as regulators of protein stability: for example, it has been shown how 

trehalose can stabilise proteins and help to preserve them for longer periods through 

freeze-drying processes27. Moreover, carbohydrates have been shown to cover 

important physiological roles in vivo such as regulation of the enzymatic activity.  

 

 
 

Figure 1.6. Chemical structures of glucose. 

The linear structure (A) exists in less than 1% in solution where the cyclised chair conformation 

(C and D) is largely favoured. The reaction of the aldehyde functional group (B) (in the case of 

glucose) with the C5-hydroxyl group along the carbon chain determines the formation of a 

pyranose ring and the cyclisation of the structure shown in C and D. The C1 of the ring is chiral 

and therefore the molecule can assume two different representations called β  if the hydroxyl 

group bonded to the C1 is above the plane of the ring or α  if it is below the plane (C and D 

respectively). Image courtesy of “Organic chemistry with a biological emphasis” Sodenberg T., 

(© 2011, Standard Copyright) 



 
 

20 

 

In eukaryotic organisms, sequences of carbohydrates (oligosaccharides or short 

polysaccharides) are sometimes covalently attached to the terminal regions of 

proteins. The role of glycosylation is still being investigated but it seems most likely 

that the sequence of carbohydrates has a regulatory effect on the function of protein 

molecules. Nevertheless, even disaccharide units have been shown to have a role in 

important physico-chemical processes such as cell signaling and chemotaxis28, 29. For 

example, the pectin methylesterase enzyme from Jelly Fig (Ficus awkeotsang) has 

been shown to have a slightly different enzymatic activity depending on whether it is 

glycosylated or not30.  

Overall it can be assumed that carbohydrates, in complex with proteins, have an 

important role in regulating biochemical processes.  

Polysaccharides, on the other hand, have different physico-chemical properties 

due to the greater length of the polymeric chain. Additionally, they can be chemically 

modified with the addition of acidic, basic or hydrophobic chemical functions that 

may modulate their function in different contexts.  Networks of polysaccharides have 

been identified at the interface between cells and the external environment (for 

example in the case of the plant cell wall). Indeed, the thick web of long carbohydrate 

chains constitutes an efficient barrier to protect the organisms from outside 

intrusions. Nevertheless, such polysaccharide networks do not act only as a barrier 

but undergo several structural modifications at different stages of cellular life. In this 

context, the interaction between proteins and polysaccharides is of crucial importance 

as the formation of protein-polysaccharide complexes is responsible for many 

fundamental physiological properties of organisms. A good example for this is 

represented by pectin methylesterase enzymes (PME), which are involved in the 

modification of the pectin polysaccharides inside the plant cell wall. Although plants 

physiologically express PME, the infective organisms express their own set of PME 

(able to escape the mechanisms of inhibition of the host) to act on the polysaccharide 

network of the plant cell wall in order to breach the cell. A detailed description of 

PME biology, its role in physiological and infective processes and an overview of the 

literature around the topic will be discussed in Chapter 3 as the interactions between 

PME and pectin oligomers are part of the current work. 

Another example of protein-polysaccharide interactions is given by the bacterial 

cell membrane. In bacteria, the outer part of the cellular membrane is composed of 
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the peptidoglycan, a mesh of chemically modified carbohydrate chains (N-

acetylglucosamine and N-acetylmuramic monomers) cross-linked to short peptides. 

The linkage of peptides and sugar-like molecules is fundamental to give three-

dimensionality to the outer layer of the membrane and give the required strength to 

the cell to counteract the osmotic pressure of the internal environment31; such three-

dimensionality determined by the interaction between peptides and sugar units is 

fundamental for the maintenance of the cellular shape32. 

More generally, the interaction between two macromolecules and, more 

specifically, between protein and polysaccharides, can be fully described by the 

analysis of the different forces acting between the two binding partners. Indeed, the 

combination of such forces, which derive from inter-atomic interactions at the 

binding interface, gives to the complexes the structural and functional properties 

described in the examples reported above.  

Interactions such as hydrogen bonds, hydrophobic contacts, electrostatic 

attraction define the nature of a macromolecular complex, which can be 

physiologically functional or designed in vitro for biotechnological or industrial 

applications.  

Generally, macromolecular complexes can be qualitatively divided into soluble 

(coacervates) and insoluble (network) aggregates as the quality and quantity of the 

interactions occurring between protein and polysaccharides can be very different 

under different micro-environmental conditions.  

Hydrogen bonds are ubiquitous in defining protein-polysaccharide complexes 

and are mainly involved in the formation of coacervates such as in chitosan-collagen 

interactions. The strength of hydrogen bonds depends on geometrical factors and can 

be additive in the case that a high number of hydrogen bonds is present in the 

complex. For example, in the binding of collagen to chitosan, hydrogen bonds are 

responsible for the modifications of the collagen structure33. 

Hydrophobic interactions are also particularly interesting in the case of 

polysaccharide-protein interactions: they are strong interactions (pseudo-forces – for 

details see chapter 2), which are entropically driven and therefore strictly dependent 

on the temperature of the system34. Electrostatic interactions, on the other hand, are 

probably the driving forces of the non-specific interactions between proteins and 

polysaccharides35. Indeed, the establishment of electrostatic interactions counteracts 

the loss of entropy occurring upon the formation of complexes in solution.  
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Considering the nature of the different interactions that can occur between 

proteins and polysaccharides, a set of chemical parameters influences the formation 

of protein-polysaccharide complexes. 

The most important parameters influencing the binding are pH and ionic strength. 

The influence of such parameters on the formation of protein-polysaccharide 

coacervates in solution has been studied for a considerable number of different 

complexes such as gum arabic-bovine serum albumin36 and pectin-lactoferrin37. The 

optimisation of the interaction as a function of pH and ionic strength is directly 

related to the electrostatic properties of the molecules in terms of titratable chemical 

functions. Polypeptides and chemically modified carbohydrates contain many 

ionisable groups. The binding between molecules is optimised when the binding 

partners have opposite charges. However, the process of gaining or losing charges 

gradually changes with the pH of the microenvironment. The maximum interaction 

occurs usually below the isoelectric point (pI) of the polypeptide or more precisely at 

the electric equivalence pH value. The electric equivalence pH is defined as the pH 

value where the charge difference between the binding partners is highest. 

The effect of ionic strength is usually deleterious for the complex formation as 

the ionic species compete for charge during the binding process. However, in the case 

of charge repulsion the ions in solution can favour the establishment of binding by 

screening the repulsion of opposite charges. 

Additionally, charge density on the polymer surfaces has been shown to be an 

important parameter to determine the specificity of binding between polypeptides and 

polysaccharides38, 39.  

The charge density of the polysaccharide also determines conformational 

changes of the polysaccharide molecules in solution. Indeed, a polysaccharide chain 

with 15 or more charges shows a polyelectrolyte behaviour. The presence of 

consecutive charges along the chain is responsible for conformational changes of the 

chain and for the formation of helical moieties. The distance between ionic sites 

along the polysaccharide can be monitored to obtain the shape of the chain, which is 

indirectly correlated to the thermodynamic properties of the molecule. Potentiometric 

analyses used to determine the activity coefficients of counter-ions neutralising the 

ionic species on the polysaccharide chain are useful to determine the conformation of 

the polysaccharide in solution, as the ionic activity coefficients are inversely 

proportional to the distance between charges40. 
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Polysaccharides have a noticeably lower conformational freedom than 

polypetides. Indeed, the great number of chemical functions (such as hydroxyl 

groups) found along the polymer, establish many intra-molecular and inter-molecular 

interactions that increase molecular rigidity. The substitution of hydroxyl groups with 

charged species (such as COO- or NH3
+) also increases chain rigidity. Secondary 

structure elements in polysaccharides are also present and are stabilised by hydrogen 

bonds and destabilised by electrostatic repulsion between chemical groups having the 

same charge along the chain and occurring in proximity of each other. The presence 

of ions decreases the electrostatic repulsion and has a favouring effect on the folding 

of helical segments along the polymer. For example, in pectin polymers the presence 

of divalent ions favours the reorganisation of the polysaccharide chain in ordered 

structures. An exhaustive overview of pectin, its structure and its physico-chemical 

properties will be provided.  

It is still controversial whether or not the binding between polysaccharides and 

polypetides can affect the conformation of the individual binding partners 

participating to the complex. Indeed, detailed structural information on such 

complexes is still lacking even when the binding between these two classes of 

polymers has been successfully used for industrial applications41, 42. 

 

1.4. The investigation of protein-protein and protein-polysaccharide 

interactions: a review of the literature 

 

As shown in the previous sections, polypeptides and polysaccharides constitute a 

group of polymeric molecules with high versatility in terms of structure and function. 

The study of polypeptide-polysaccharide complexes has been performed on 

many different levels and different facets of such systems have been investigated. An 

analysis of the literature about the topic shows that three different fields of 

investigation have developed around the interactions between polysaccharides and 

proteins: firstly, the energetics of the interaction have been largely investigated to 

understand the enthalpic and entropic contributions to polyelectrolyte binding. The 

temperature independence of phase transition and the strong effect of ionic strength 

on polypeptide-polysaccharide complex formation have suggested that the interaction 

between such biopolymers is mainly driven by electrostatic effects. The research 
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performed in order to elucidate such interactions has been focused on the 

determination of the enthalpy and entropy of the binding using calorimetric 

techniques. The greatest part of the investigations about the formation of protein-

polysaccharides coacervates has suggested that the formation of the complex is 

almost entirely driven by the increase of entropy generated by the release of 

condensed ions at the complex interfaces upon association43-45. Additionally, a 

considerable number of ITC experiments has been performed on many different 

complexes promoting the opinion that the binding between polyelectrolytes having 

opposite charges is mainly characterised by an increase of entropy in the system46-48; 

however, the difficulty of analysing accurately ITC data to obtain precise values for 

the thermodynamic parameters of of binding leads to questions about the accuracy of 

the entropy values obtained in such experiments. A detailed description of the ITC 

limits regarding the analysis of binding events of globular proteins to lattice-like 

chains (such as polysaccharides) will be presented in chapter 6. 

The mechanism proposed for the binding of oppositely charged polyelectrolytes, 

independently from their structure, involves the concept of condensation. If the 

distance between opposite charges of different polyelectrolytes is shorter than the 

Bjerrum radius (distance at which the thermal motions are higher than the 

electrostatic attraction between opposite charges) ions are trapped at the dimer 

interface. 

However, a theoretical study performed by carrying out Langevin dynamics on 

strong and weak interacting systems has proposed that only in the case of strong 

interaction between binding partners is the binding energy driven by the entropic 

component through the displacement of ions in the microenvironment. Indeed, in the 

case of weak interaction between the polyelectrolytes, ion displacement does not 

occur and the interaction is favoured by the decrease in enthalpy favoured by the 

establishment of electrostatic interaction49. Overall, the dependence of the ionic 

strength on the entropy of association has been found only for strongly interacting 

polyelectrolytes.  

Besides the effect of electrostatic interactions, little is known about the 

importance of hydrogen bonds and hydrophobic forces in stabilising the complexes 

between polyelectrolytes. The importance of hydrogen bonding and hydrophobic 

interactions in the formation of complexes between polyelectrolytes can be assessed 

by varying the temperature of the system. There is evidence that a decrease in 
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temperature increased the pH at which phase separation occurred in complexes 

established between partners that are not highly charged50, 51.  

Important information about the nature of the interactions involved can be 

obtained by ITC experiments, which can determine the molar heat capacity of the 

system (ΔCp). A positive ΔCp indicates the occurrence of a ionisation/charge 

neutralisation reaction while a negative value usually indicates the interaction of 

weakly charged groups giving indication of hydrogen bonding and hydrophobic 

interactions. However, the fitting of ITC data for protein-polysacharide interactions 

needs appropriate mathematical binding models that are not yet fully implemented 

for the analysis of ITC experiments. An implementation of such binding models 

represents the next step towards the correct determination of molar heat capacity and 

other thermodynamic parameters involved in the association of globular molecules to 

lattice-like chains.  

Secondly, besides the determination of the complex thermodynamics, the 

structure of protein-polysaccharide complexes has also been investigated52. However, 

high-resolution details are still missing and protein-polysaccharide complexes have 

been only described at low resolution by monitoring indirect parameters. For 

example, changes in the structure of polysaccharides in protein-polysaccharide 

complexes have been identified by monitoring the formation of helices44 in the 

polysaccharide structure, indicative of secondary structure changes as described in 

section 1.3. In contrast, changes in protein structure upon binding of polysaccharides 

have been more commonly documented. This can be partially due to the fact that the 

globular structure of proteins with respect to the linear conformation of 

polysaccharide, makes the investigation easier using techniques such as Fourier 

Transform Infrared Spectroscopy (FTIR) and other spectroscopic (e. g. Circular 

Dichroism) or calorimetric (Differential Scanning Calorimetry) methods. 

Interestingly changes in protein structures and increases or decreases in secondary 

structure elements have been observed before and after the complex formation50, 53. 

Since the electrostatic interactions certainly play a fundamental role in defining the 

formation of such complexes the effects of pH on the structural features of the 

binding partners have been investigated using a combination of many different 

techniques such as electrophoresis, circular dichroism, phase contrast microscopy and 

turbidimetry. The best characterised complex as a function of pH, is probably the one 
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composed by the interaction between β-lactoglobulin and acacia gum. Six different 

phases for the complex formation (corresponding to six different pH values in 

solution) have been identified leading to the hypothesis that the complex observable 

is a resulting of a multi-scale process involving many different phases54. 

Such a multi-scale process has been also identified for β-lactoglobulin in 

complex with pectin polymers at different pH55. Interestingly, recent studies have 

been focused on the investigation of the complex stability in the presence of 

stabilising agents such as quercetin56, 57. 

The observed conformational changes of the proteins involved in a complex have 

also lead to the investigation of the thermal stability of the molecules after complex 

formation. The stability of protein molecules has been shown to increase in the 

presence of polysaccharides in solution 

Interestingly, it has been showed that protein aggregation is inhibited in protein-

polysaccharide complexes, most probably because the formation of the complexes 

depletes the solution of protein molecules that could otherwise aggregate58. 

Thirdly, the rheology of protein-polysaccharide complexes has been widely 

investigated in order to identify parameters helpful to optimise the formation of 

protein-polysaccharide complexes for industrial applications. 

One of the most important characteristics of some protein-polysaccharide 

complexes is their ability to have a double rheological behaviour. Indeed, many 

studies show that such macromolecular aggregates can have both a gel-like and a 

solution-like behaviour. In such cases a combination between structural and 

electrostatic factors is responsible for the ability to form gels or highly concentrated 

solutions.  

An increase of viscosity has been observed in response to charge neutralisation 

upon complex formation59-62, and gel-like properties have also been observed in the 

case of globular proteins forming complexes with linear polysaccharides63, 64.  

A second interesting property of protein-polysaccharide complexes is represented 

by the capacity to modify the kinetics of protein absorption at air/water interfaces. 

This capacity modifies the foaming properties of the protein solution and makes 

complexes having such features suitable for the preparation of edible films in the 

food industry. A re-organisation of the interfacial layer in the presence of protein-

polysaccharide complexes in respect to the absorption of protein alone has been 
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observed. Such re-organisation results in a considerable increase of the shear 

modulus and the viscoelasticity of the solution at the air/water interface65. Such 

behaviour is strictly dependent on the concentration ratio between the binding 

partners of the complex66.  

Moreover, protein-polysaccharide complexes are able to stabilise oil/water 

emulsions with important applications in food preparation such as, for example, the 

creation of micro- or nano-capsules able to deliver compounds with low solubility 

that are particularly sensitive to oxidation67, 68.   

Overall, micro- and nano-encapsulation69, 70, design of multi-layer structures71, 

food emulsion stabilisation72 and food gel design73 are the principal reasons that 

make protein-polysaccharide complexes so interesting for the industry along with 

their intrinsic biological significance. 
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Chapter(2!–!Principles)of)molecular!recognition!

2.1 Physical descriptors of molecular complexes: affinity and kinetics of 

molecular interactions 

 

Molecular complex formation obeys the laws of thermodynamics. Any binding 

process between two or more molecules reaches a state of equilibrium in which the 

concentrations of bound and free molecules in solution do not change over time. This 

condition of equilibrium is normally studied and described through the use of 

experimental or computational approaches. 

Two main parameters can be defined to characterise the association between 

macromolecules: a thermodynamic constant, or association constant, and a kinetic 

constant or rate constant. Such parameters describe two different facets of the binding 

between molecules. The association constant takes into account the enthalpic and 

entropic contributions to the binding, which are respectively determined by the 

interactions established between the single atoms and by the degree of 

conformational freedom of the molecules in solution. 

The rate constant, on the other hand, describes the kinetics of the association and  

is determined by a series of parameters sometimes not directly involving the binding 

interface. For example, from a kinetic point of view, the ability to form a stable, 

functional complex, can be influenced by a series of factors such as the shape of each 

molecule, the ability to diffuse towards the other binding partner and the ability to 

orientate correctly in order to establish specific interactions 

Overall, association and rate constants are strictly related to the structure of 

molecules, to the quality and the quantity of the interactions established and to the 

microenvironmental conditions of complex formation. 

This chapter will focus on such parameters starting from the description of the 

thermodynamic and kinetic constants and then relating those concepts to the inter-

atomic interactions found in macromolecular complexes (van der Waals and 

electrostatic interactions, hydrogen bonds, hydrophobic forces). Finally, the use of 

free-energy landscapes for the description of the molecular complexes energetics will 

be explained. Indeed, the measure of the energy associated to particular 
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conformational state is essential to fully understand how the formation of a 

macromolecular complex occurs and how it can be enhanced or inhibited. 

 

2.1.1 Association and dissociation constants 

 

The characterisation of any macromolecular complex can be achieved with the 

determination of mainly two parameters: the stoichiometry of the reaction and the 

affinity of the interacting partners. The chemical reaction describing the formation of 

a one-to-one complex between the molecules A and B can be written as: 
Eq. 2.1 

! + ! ⇌ !" 

 

Eq. 2.1 states that the molecules A and B associate to form the complex AB and 

that, at the equilibrium, the concentrations are constant and can be defined by the 

association constant (Ka). This is also true for the contrary where the complex AB, at 

equilibrium, dissociates into the single components A and B and the dissociation is 

described by the dissociation constant (KD). The association and dissociation 

constants are directly related to the concentration of the interacting partners by the 

law of mass action:  
Eq. 2.2 

! [!]
[!"] =

1
!!

= !! =
!!""
!!"

 

 

 

In Eq. 2.2 !!"" and !!" are the rate constants defining the kinetics of dissociation 

and association at equilibrium respectively, and will be treated extensively in the next 

section.  

!!  is a thermodynamic parameter related to the binding energy (Gibbs free 

energy) of the complex by the following equation: 
Eq. 2.3 

∆!!! = !−!" ln!! = ∆!!! − !∆!!! 
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where R is the gas constant having a value of 8.3144621 J K-1 mol-1, T is the 

temperature (expressed in Kelvin), ∆!!! and ∆!!! are the standard enthalpy and 

entropy of dissociation respectively. The series of mathematical relations describing 

the thermodynamics of a macromolecular system are given in Table 2.1. 
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Change in the dissociation Gibbs energy 

Eq. 2.3 
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Eq. 2.4 

∆!!! = −!!(!"!!)
!(! !)  

 

 
                       Entropy change 

Eq. 2.5 

∆!!! = !−
!(∆!!!)
!"  

 

Table 2.1 Equations describing the thermodynamics of macromolecular association.  

 

The KD in macromolecular complexes of biological significance cover an 

extremely wide range of values going from 10-3 to 10-16 M and reflect the different 

affinities that the binding partners can have when they form a complex. Different 

techniques need to be used to determine the values of KD in different concentration 

ranges. Analytical ultracentrifugation74 (AUC), Isothermal Titration Calorimetry75 

(ITC) and fluorescence quenching76 are largely used to measure the KD in the 

micromolar range. However, recent development of micro-calorimetric equipment 

has lowered the detection range of ITC experiments77. Nevertheless, the 

determination of KD in the nanomolar range requires more sensitive experimental 

strategies such as ELISA (enzyme-linked immune absorbent assay), which is a 

method to study the interaction of partners with high affinity (such as antibody-

antigen complexes). 
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As pointed out before, KD is related to the energetics of the association as it is 

directly linked to the concentrations of the binding partners and of the final complex. 

However, the definition of the Gibbs free energy for a molecular interaction does not 

necessarily imply the complete understanding of the association. Indeed, the Gibbs 

energy is the resultant, temperature-dependent, of enthalpy and entropy contributions 

to the of binding. Isothermal Titration Calorimetry is the only technique that allows 

the determination of ∆!! directly from experimental evidence. However, the entropy 

and the dissociation constant are not directly measured but determined through the 

mathematical fitting of the data collected and, therefore, the quality of the fitting 

procedure determines the accuracy of such parameters. The interplay of water 

molecular in the determination of binding is of particular importance. The Gibbs free 

energy is directly related to the accessible surface area of a molecule. In the case of 

macromolecules such as proteins the adoption of a three-dimensional structure that 

positions the hydrophobic moieties inside a core and the hydrophilic ones in contact 

with the aqueous solvent decreases the total accessible surface. This is observed also 

in the case of macromolecular complexes formation. Indeed, the interaction between 

the binding partners increases the hydrophobic effect by decreasing the accessible 

surface area. The free enthalpy of hydration is approximately 10 kcal mol-1 78 at a 

standard size protein-protein interface and this makes the hydrophobic effect 

probably the most important aspect of the complex stability. The hydrophobic effect 

is an entropic effect as it is correlated to the increase of entropy deriving from the 

displacement of highly ordered water molecules on the molecular surface upon the 

binding event.  

The set of parameters including the association and dissociation constants, the 

enthalpy and entropy of the binding describe the thermodynamic behaviour of the 

macromolecular association. However, in the next paragraph the parameters used to 

describe the kinetics of molecular association will be considered.  
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2.1.2 Rate constants: kinetics of macromolecular complex formation 

 

Thermodynamic equilibrium is reached when, over time, the concentrations of 

the complex and the unbound molecules do not vary. However, when the equilibrium 

is reached, the complex still undergoes to the dissociation and re-association. Indeed, 

equilibrium in molecular complexes is dynamic.  

The dissociation and re-association of the binding partners occurs at a rate 

described by the kinetic constants !!""  and !!" . The thermodynamic constant 

discussed in section 2.1.1 does not provide any information on the kinetics of the 

association. On the contrary, the activation free energy is indicative of the 

association/dissociation kinetics of the binding partners of a molecular complex. The 

energy profile for a bimolecular reaction, as expressed in Eq. 2.1, is given in Figure 

2.1. The activation energy represents the energy barrier that the reactants (in this case 

the binding partners) need to overcome to form a stable complex. The kinetics of 

association/dissociation for a system at equilibrium is directly related to the 

activation energy, whereas the Gibbs free energy describes the whole energetic 

process of binding (Figure 2.1).  
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Figure 2.1 Schematic representation of the energy profile for a molecular association. 

The formation of the complex AB from the binding partners A and B can be achieved after 

overcoming an energetic barrier defined as the activation energy. In macromolecular 

association, the activation energy is represented by the effects disfavouring the complex 

formation (e.g desolvation effects). The overall process is, however, driven by an energetic gain 

for the complex (AB) in respect to the energy of the unbound binding partners (A+B). 

 

While it is not possible to derive the kinetics parameters from the association or 

dissociation constants, the contrary can be achieved and it is a good strategy to adopt 

when the direct determination of KD is too difficult. Indeed, from the law of mass 

action KD is defined by the ratio between !!"" and !!" (Eq. 2.2).  

At and below the nanomolar concentration range, the kinetic constants can be 

measured using a wide range of techniques79-81. Usually, the determination of the 

association constants is achieved by the titration of one component in a solution 

containing the other component. The titration can be recorded by spectroscopic 

measurements or alternatively by detection of heat changes as happens in 

calorimetric measurements.  
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Beside such detection strategies, the behaviour of macromolecular complexes 

under certain physico-chemical conditions can reveal, through a series of analysis, 

the thermodynamics and kinetic constants of binding.  

As an example, analytical ultracentrifugation monitors the migration of binding 

macromolecules under high centrifugal forces and it is useful to determine the rate 

constant of a macromolecular association from sedimentation velocity experiments if 

KD is in the concentration range explored by the experiment and the koff is relatively 

slow (~10-2 s-1)82. In the current work the study of a macromolecular association of 

the βLg homodimer has been carried out defining the thermodynamic and kinetic 

properties of the system using sedimentation velocity and sedimentation equilibrium 

analytical ultracentrifugation data. The details of the data analysis are given in 

chapter 4 in greater detail.  

 

2.1.3 From affinity to specificity: collision theory 

 

Thermodynamic and kinetic constants are quantitative parameters directly 

determined by the affinity between the binding partners. The enthalpy and entropy of 

a molecular association are, as well, linked to the inter-atomic interactions occurring 

between binding partners. More precisely, while enthalpy is associated with the 

interactions established between the single particles of the binding partners, increases 

in entropy, favouring a decrease of the total Gibbs free energy, are most likely 

associated to conformational dynamics and displacement of water molecules 

occurring upon the binding83. Nevertheless, an important question to consider is how 

two binding partners encounter each other in solution and form a high affinity 

complex. Even at low concentrations there are many examples of how molecular 

complexes can be highly stable. Antibody-antigen complexes represent the best 

examples, as the antibody is able to bind an antigen at nanomolar concentrations or 

less. Another example can be represented by the hormone receptors that can respond 

very sensitively to very low concentrations of metabolites.  

In most cases, the binding pockets are well defined and the establishment of 

contacts between the surfaces of the binding partners is directed towards certain 

regions more than others. Considering that in solution the diffusion of molecules is a 
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chaotic process, the statistical probability that the molecules would establish highly 

specific interactions upon a casual binding is remote. Therefore, the formation of 

macromolecular complexes needs to be driven, at least at the beginning of the 

molecular recognition process, at high distances. Electrostatic forces are forces that 

have a longer range of action in respect to the other known forces such as, for 

example, van der Waals interactions. The action of electrostatic forces in favour of 

the formation of a complex has been shown to be very important as mutations of 

selected residues involved in electrostatic interactions at the binding interface result 

in a decrease in the association rate constant of several orders of magnitude84, 85. It is 

currently believed that complementary electrostatic potentials generated by the 

binding partners orientate the molecules for a correct binding event. In this way the 

increase in binding affinity occurs after the correct orientation of the associating 

molecules leading to the formation of a functional (final) complex. The final complex 

is, in fact, the optimisation of a first, less specific complex defined as the encounter 

complex and deriving from the collisions (driven by complementary electrostatic 

potentials) of the interacting molecules. In the final stage of the recognition process, 

short-range interactions such as van der Waals and hydrophobic forces, play an 

important role in the formation of the final complex86.  

Certainly, of the total set of collisions between the interacting partners only a 

subset of the collisions will be useful to the formation of a final complex. The 

calculated kinetic rate constants for protein-protein complexes in solution are 

between 105 and 107 M-1 s-1. Considering that the collision rate is strictly dependent 

on the electrostatic properties of the molecules, it is not surprising that the ionic 

strength of the solution highly affects the association rate constants87, 88.  

Overall, the intra-molecular and inter-molecular forces involved in the 

stabilisation of the complex regulate the interactions through the geometrical re-

arrangements of the interacting moieties in three-dimensional space. The following 

sections will be focused on the discussion of the type of interactions that can be 

found in molecular complexes and on the geometrical and structural properties of 

binding interfaces. 
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2.2 Structural basis of molecular recognition: polar and non-polar 

interactions 

 

The association between macromolecules implies the interaction, regulated by 

different forces, between the atomic particles composing each binding partner. Forces 

between particles are mainly related to the nature of the atoms interacting. For 

example, charged particles will be involved in electrostatic interactions while non-

polar chains will be responsible for dispersion forces and hydrophobic interactions. It 

is important to note that the principles generating such forces are ascribable to 

quantum-mechanical effects. However, even if all the inter-atomic forces are based 

on quantum-chemistry properties, the study of macromolecular association must 

proceed considering approximations, as it is unfeasible to investigate the quantum-

mechanical behaviour of the particles interacting.  

In the following sections descriptions of the most common forces involved in the 

interaction of macromolecule are presented.  

 

2.2.1 Van der Waals interactions 

 

Van der Waals interactions are a group of forces established between all atoms 

and include attractive and repulsive forces. 

It is important to understand that van der Waals forces are different from 

hydrophobic forces. In fact, while van der Waals forces are real forces, hydrophobic 

forces are a consequence of the re-arrangement of water molecules around 

hydrophobic moieties. Hydrophobic forces will be treated in detail in section 2.2.3.  

Van der Waals forces are associated with quantum effects arising from the 

motions of electrons around the positively charged nuclei. The fluctuations of the 

electronic clouds around the nuclei are a phenomenon described by the Schroedinger 

equation, which assumes that the average displacement of the negative charge in a 

three-dimensional space can be equalised to zero. This practically means that the 

average dipole moment generated by fluctuations of the negatively charged electrons 

is null and therefore the dipole moment of an isolated atom is zero. However, in the 

case where two identical atoms arrive in proximity of each other, the electron clouds 
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around each nucleus can fluctuate with synchronised motions. This synchronisation 

creates a dipole moment that is greater than 0. In this case a quasi-elastic force acts 

on the charge to cause a reduction in the displacement. Considering the displacement 

x the force F acting towards reduction of the electronic displacement is given by: 
Eq. 2.6 

! = −!" 

 

where !  is the elasticity constant determining the force !  associated with the 

displacement !. Due to the circular trajectories of the electronic fluctuations the 

charge oscillates with an angular frequency ! (Eq. 2.7): 
Eq. 2.7 

! = !
! 

 

where ! is the mass of the oscillator. 

Therefore, the potential energy U of an oscillator behaving under the rules 

described above will be: 
Eq. 2.8 

! = 1
2 !!

! 

 

For two oscillators coming in proximity of each other and having an istant charge 

displacement x, the potential energy will be: 
Eq. 2.9 

!! =
1
2 !!!

!; !!! =
1
2 !!!

! 

 

However, the electronic behaviour is regulated by quantum-physics rules by 

which the energy for each electron is associated only in discrete quantities described 

by the quantum numbers and the Planck constant. The energy associated to the 

fluctuations can be expressed as follows in a general equation: 
Eq. 2.10 
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!! = ℏ! ! + 12  

 

where n describes the quantum number that can theoretically assume integer values 

between 0 and +∞ and ℏ is the reduced Planck’s constant ℎ (ℏ = !
!!). In addition, the 

electrostatic interactions occurring from the charge displacement associated with 

synchronised fluctuations of the electron clouds can be calculated by means of 

Coulomb’s law, which gives the potential associated with the charges of two particles 

q1 and q2 interacting in a medium with a defined permittivity at a distance between 

the particles: 
Eq. 2.11 

!!,! =
!!!!
4!!!!

 

 

where ! is the charge of the single particle, !! is the permittivity of the medium and ! 

is the inter-atomic distance. 

 

 

 

Considering the quantum behaviour of the oscillation and the effect associated 

with the electron-clouds charge, the total energetic potential between two particles 

subject to dispersion forces !! !assumes the following form given in Eq. 2.12. 
Eq. 2.12 

!! = − ℏ!
2 4!!! ! ⋅

!!
!! ⋅

1
!! 

 

All the quantities represented in the right hand side of Eq. 2.12 are positive so 

that the resulting !!  is always negative and the dispersion forces are always 

attractive. A second matter of interest is represented by the dependence of dispersion 

forces on the inter-atomic radius r. The interaction energy decreases with the distance 

with an order of magnitude of !!!. Such dependence makes dispersion forces short-

range forces. On the other hand, the strength of dispersion forces is directly 

proportional to the electronic-cloud displacement in response to an external electric 
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field, which is higher in the case where an external electric field acts in the proximity 

of the interacting particles.  

Beside the dispersion forces occurring between non-charged molecules, the 

dipole-dipole interactions and the dipole-induced dipole interactions can also be 

associated with the van der Waals forces. Dipole-dipole interactions occur between 

particles that carry permanent partial poles. Omitting the details behind the definition 

of the dipole-dipole interactions potential (!!!! ), the energy of such forces is 

described by the relation: 
Eq. 2.13 

!!!! = − 1
6!!!!!!

⋅ !!
!!!!
!!  

 

where !! and  !! are the permanent dipole moments of the two interacting particles, 

!! is the Boltzmann constant and T is the temperature.  

From Eq. 2.13 can be seen that, with the dispersion forces, the dipole-dipole are 

also short-range forces, decreasing sharply as a function of the inter-atomic distance. 

On the other hand, in the case where only one of the particles carries a permanent 

dipole moment, the non-charged particle can be induced to generate a dipole moment 

by the polar one. This third group of interactions is therefore defined as dipole 

induced-dipole interactions. The potential of dipole induced-dipole interactions is 

described by equation 2.14. 
Eq. 2.14 

!!!!"# = − 1
16!!!!!

⋅ !
!!!
!!  

 

Eq. 2.14 features terms already found in Eq. 2.12 and 2.13 and also in this case 

shows a drastic decrease of the potential as a function of the distance. Dispersion, 

dipole-dipole and dipole induced-dipole forces are collectively called van der Waals 

forces. Therefore the potential described by equations 2.12, 2.13 and 2.14 can be 

merged under a unique equation for systems, such as liquids, where the dipoles are 

nearly free to rotate and re-arrange the direction of their dipole moments. However, 

in the case of biomacromolecules the orientation freedom of the dipole moments is 

restrained. The restraints are mostly caused by the interactions that macromolecules 
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normally establish in the ensemble of native conformations that they explore in 

solution and reduce the distance dependence to 1/r3.  

On the other hand, even if the synchronised fluctuations, casual or induced by a 

neighbouring dipole moment, generate attractive forces, the van der Waals potential 

also includes a repulsive term. The explanation of this is totally related to quantum-

chemistry. In fact, repulsive forces arise when the electron orbitals start to overlap 

and electrons with the same spin number compete for the same space. This behaviour 

violates Pauli’s principle by which two electrons with the same spin cannot occupy 

the same orbital space.  

Therefore, the potential functions used to compute the interactions of particles in 

macromolecular systems need to include the attractive and repulsive forces described 

above. 
Eq. 2.15 

!!"# = −!! − !!!! − !!!!"# + !!"#$%&'(" 

 

There are different potential functions to compute van der Waals forces and they 

will be briefly discussed in the next chapter where the potential energy equations 

used to carry out the molecular dynamics simulations presented in the current work, 

will be illustrated. 

 

2.2.2 Hydrogen bonding in molecular complexes 

 

The significance of hydrogen bonds can be related to the appearance of life on 

earth89. As an immediate example, the physical state of water, intended as the 

medium where the first chemical reactions occurred, is determined by hydrogen 

bonds between water molecules.  

The hydrogen atom has the simplest electronic arrangement as it consists of a 

single electron (balanced by a single proton composing the nucleus) but it can 

establish covalent bonds with a large number of other atoms by sharing its single 

electron. However, in the case where the electronegativity of the atom linked to the 

hydrogen is high enough to delocalise the shared electron away from the hydrogen 

nucleus, a partial dipole is created. In such a case, the hydrogen atom carries a partial 
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positive charge while the atom covalently linked to the hydrogen is characterised by 

the presence of a negative partial pole. This is a situation common to many molecules 

such as water, but is absent in aliphatic and aromatic compounds where the 

electronegativity difference between the carbon and the hydrogen atoms is not high 

enough to generate a significant dipole in the molecule.  

In the case where the hydrogen nucleus remains un-shielded, it is prone to 

establish a second, weaker, non-covalent interaction with another neighbouring 

electronegative atom. This second, non-covalent, interaction represents a hydrogen 

bond. The atom covalently linked to the hydrogen is referred to as a hydrogen donor, 

while the atom establishing a non-covalent interaction with the hydrogen is a 

hydrogen acceptor. In simple systems, such as a group of water molecules, hydrogen 

bonds occur between different molecules; however, in macromolecules such as 

proteins, different residues belonging to the same molecule can also be engaged in 

hydrogen bonding. While in the first case we talk of inter-molecular hydrogen bonds, 

the second is an example of intra-molecular hydrogen bonds.  

It is relevant that the strength of hydrogen bonds is considerably weaker than the 

one of covalent bonds as it is a non-covalent interaction. Nevertheless, hydrogen 

bond strength varies within a range of values as a function of many parameters and is 

crucial for the stabilisation of macromolecular complexes. Firstly, it is related to the 

electronegativity of both the hydrogen acceptor and secondly it is highly dependent 

on the geometry between the three atoms (donor, acceptor and hydrogen) involved in 

the interaction. There are two conditions to fulfil in order to achieve the formation of 

a hydrogen bond: first the donor should approach the acceptor in proximity of its lone 

electron pair and second, the unshielded hydrogen should face the lone electron pair. 

In these conditions the geometry of the hydrogen bond is defined by the angle (θ) 

formed between the hydrogen, the hydrogen-donor and the hydrogen-acceptor (as 

shown in Figure 2.2 the value of θ is equal to 180º). 
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Figure 2.2 Schematic representation of a hydrogen bond. 

The hydrogen bond (dashed line) occurs between an electropositive hydrogen atom (H) and an 

electronegative acceptor. The hydrogen is covalently bonded to an electronegative atom defined 

as the donor. The hydrogen donor and acceptor both carry partial negative charges (δ -) while 

the hydrogen carries a partial positive charge (δ+).  

 

However, the values of the angle θ found in macromolecular structures can differ 

largely from ideality and can assume values between 100° and 180°. The average 

value of θ found in a great number of crystal structures is 170° for inter-molecular 

hydrogen bonds and 140° for intra-molecular hydrogen bonds89. The deviation from 

the ideal value of 180° can be caused by conformational restrictions that the 

molecules can adopt to stabilise their structure. In fact, hydrogen bonds are not the 

only interactions occurring; other forces such as van der Waals or electrostatic 

interactions occur and the geometry of each hydrogen bond is modulated depending 

on the occurrence of other forces acting in the surroundings. 

Another important parameter to take into consideration is the bond distance as it 

is directly related to the bond’s strength. Hydrogen bond distances can vary 

considerably as a function of two parameters. One of them is the already discussed 

θ angle. There is a significant correlation between the value of the θ angle and the 

length of the bond as the cases where the angle value drifts away from 180° usually 

result in a considerable increase in the bond length. The second parameter 

responsible for the variation in hydrogen bond length is the electronegativity of the 

hydrogen acceptor. High electronegativity of hydrogen acceptors decreases the bond 

distance by dragging the shared hydrogen in their proximity. A proof of this 

dependence is the length of the hydrogen bonds measured in HF molecules, for 

which the shortest have values of 1.13-1.7 Å90, 91 as the fluoride atom is the most 

electronegative proton acceptor. 
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The hydrogen bond length and geometry are key parameters to define the 

strength of the bond. Generally, hydrogen bonds can be divided into three classes: 

strong hydrogen bonds have an energy equal or lower than -15 kcal/mol, moderate 

hydrogen bonds have energy values between -15 kcal/mol and -4 kcal/mol and weak 

hydrogen bonds have energy value higher than -4 kcal/mol but less than zero. 

Considering the purpose of the current work, the most interesting of these classes is 

moderate hydrogen bond because this is usually the class represented in biomolecular 

interactions. As will be shown below, interacting biomolecules have developed 

different strategies to achieve the necessary stabilisation through the establishment of 

moderate hydrogen bonds in combination with other forces89. 

The potential functions used to model hydrogen bond interactions need to take 

into account the values of the θ angle. As seen for van der Waals forces, the 

principles at the base of hydrogen bonding are quantum-mechanical. However, the 

study of macromolecular complexes cannot consider the evaluation of the electron 

densities around all the nuclei. For this reason, the hydrogen bond potentials need to 

include some approximations. For large complexes there are other parameters, other 

than the geometry and the length of single bonds to take into consideration. One of 

them is the electrostatic nature of the groups involved. One of the most widely 

adopted strategies to stabilise the structure of a single macromolecule or a molecular 

complex is the creation of a hydrogen-bond network. A network of this type may 

contain multiple hydrogen bonds or salt bridges, which additively contribute to the 

stabilisation of the complex92. This is an interesting observation especially for 

biomolecules. The establishment of such hydrogen-bond networks is favoured by the 

activity of functional water molecules at the molecular interface. In the case of the 

alcohol dehydrogenase from Drosophila lebanonensis the contacts between the 

protein and the NAD+ cofactor are mediated by a series of hydrogen bonds93. 

This example demonstrates the enormous significance of hydrogen bonds in 

stabilising macromolecular complexes in a short-range distance. Nevertheless, the 

contribution of hydrogen bonds to the stability of macromolecular complexes is only 

a single facet of all the forces involved in the interaction. Indeed, the equilibrium 

between the different forces occurring at the interface is determined by the structural 

and dynamical properties of the binding partners and is the crucial prerequisite for the 
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formation of stable complexes. The next paragraphs will treat in detail the remaining 

sets of forces involved in functional macromolecular associations. 

 

2.2.3 Hydrophobic interactions 

 

To introduce hydrophobic interactions it is useful to define the difference 

between real forces and pseudo forces. For real forces are those developed by the 

interaction between individual particles carrying well defined characteristics. Pseudo 

forces are, instead, created by indirect effects such as consequences occurring from 

the properties of the particles interacting. For instance, van der Waals forces and 

hydrogen bonds are interactions that involve real forces. In this respect hydrophobic 

interactions must be considered as fictitious forces as they derive from the behaviour 

of water molecules when hydrophobic moieties are placed into an aqueous solution.  

The term hydrophobic refers to all the molecules that have a distinct tendency to 

avoid contact with water. The establishment of extended hydrogen-bond networks 

characterises water molecules. When a hydrophobic molecule comes into contact 

with water, some of these bonds re-arrange so that a set of water molecules form 

cages around the hydrophobic molecule without establishing contacts with it. If, at 

this stage, more hydrophobic molecules are added, a second re-arrangement occurs, 

in which all the hydrophobic entities cluster together in a bigger cage of surrounding 

water molecules. The effect is characterised by an unfavourable enthalpy because 

water molecules need to break hydrogen bonds to surround the hydrophobic 

molecules. However, the entropy associated by the water displacement is largely 

positive and brings the system to have a final free energy lower than before the 

hydrophobic clustering. This phenomenon is defined as the hydrophobic effect.  

The hydrophobic effect is probably the most important effect stabilising protein 

folding. Protein sequences contain many hydrophobic residues, which tend to pack 

together constituting the internal core of the proteins.  

Interestingly, the “packing” of the hydrophobic groups is directly correlated to a 

decrease of the water accessible surface area (WASA). This parameter is directly 

related to the free energy deriving from the hydrophobic effect. The accessible 

surface area is usually calculated using probing methods where a spherical probe 

rolls on the macromolecule’s surface. On the other hand, the extension of the 
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hydrophobic effect for a macromolecule is calculated with respect to the accessible 

surface area of the totally unfolded molecule. 

 

2.2.4 Ionisation equilibria and electrostatic interactions  

 

The establishment of electrostatic interactions between charged groups occurs 

between atoms carrying permanent opposite charges. The presence of a charge on a 

chemical group is often associated to the ability of the group to lose or gain a proton. 

Titratable or ionisable groups are chemical functions able to become charged by a 

deprotonation/protonation event. For instance the groups that assume a charge 

consequently to a deprotonation event are defined as acidic groups while, on the 

other hand, basic groups become charged after they bind a proton. Acidic and basic 

groups are therefore negatively and positively charged respectively89.  

The ionisation of groups of atoms in solution is represented by the Henderson-

Hasselbalch equation: 
Eq. 2.17 

!" = !!! + !"#
[!!]
[!"] 

 

where !!! is the negative logarithm of the dissociation constant for the acid AH 

(acidity constant). 

For a basic titratable group Eq. 2.17 becomes: 
Eq. 2.18 

!" = !!! + !"#
[!"!]
!  

 

Theoretically, knowing the nature of the chemical groups getting 

protonated/deprotonated it is possible to calculate exactly the protonation states for 

each atom at a defined pH. However, in reality, especially for macromolecules, the 

calculation of the single !!!is not trivial. Indeed, it can depend on many parameters 

that are difficult to evaluate. It mainly depends on the micro-environment of the 

titratable groups, from the desolvation penalty of the titration process and from the 
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conformational flexibility that is always associated with macromolecules. The 

desolvation process refers to the energy gap that needs to be paid to transfer an 

ionisable group from a medium at high dielectric constant (water) to one at lower 

dielectric constant (macromolecule). The desolvation energy is always positive and 

therefore tends to increase the Gibbs free energy. 

For a macromolecule, assuming a particular tertiary and/or quaternary structure, 

looks unfavourable considering the desolvation penalties represented by burying of 

ionisable groups into the structure. However, in the overall process of folding, 

macromolecules achieve an energetic compensation to the desolvation effect. Such 

compensation is represented by the effect of the overall electrostatic potential of the 

molecule, which is generated by the total number of positive or negative charges in 

the structure. Considering that the electrostatic potential depends on the overall 

charge of the molecule (while its geometry depends on the position and the 

orientation of the titratable groups), at low pH a molecule with positively ionisable 

groups, such as lysine, arginine and histidne, will have a positive charge. The average 

positive electrostatic potential created by the positively charged groups on the protein 

surface shifts the !!! of the acidic groups to lower pH values lowering the Gibbs 

free energy. In the same way at alkaline pH, the !!! of the basic groups will be 

shifted to higher values. It is important to note, however, that the average electric 

field generated by macromolecules also depends on the position of charged groups 

along the structure. In some cases the compensation of the desolvation effect for 

single amino acids can be missing and some titratable residues in the structure can 

behave unusually. An example, reported in chapter 4, is the Glu 89 of β-

lactoglobulin, which is characterised by an unusually high !!! value of 8.994. In 

proteins amino acids with unusual !!!/! are often functionally important95, 96. 

Electrostatic interactions defining the electrostatic potential and therefore 

influencing the formation and the regulation of molecular complexes are a natural 

consequence of the !!!/!values of acidic and basic groups. The number of charges is 

a relative parameter and, to have a functional significance, needs to be related to the 

relative orientation of such charges on the macromolecular structure.  
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2.3 Structural properties of molecular interfaces 

 

The correlation of the binding and kinetic constants to the structural properties of 

macromolecular complexes should result in an overall understanding of the complex 

formation, function and regulation. Virtually all the quantities behind a molecular 

association are implied in the structure of the molecules and in the number and the 

geometry (deriving directly from geometrical restraints of the interacting groups of 

atoms) of the interactions between binding partners. Therefore, it is of fundamental 

importance to characterise the structure of complexes at an atomic level at the 

binding interface. The most common (and probably most powerful) technique to 

solve the structure of macromolecular complexes at high resolution is X-ray 

crystallography although NMR is slowly overcoming the limitations about the 

molecular weight of the molecules that can be analysed. However, the limits of X-ray 

crystallography are set by the low electron density around hydrogen atoms, which 

makes difficult the identification of such atoms. Moreover the impossibility to detect 

the motions of the binding partners in solution (which are a contribution to the 

overall Gibbs free energy of binding) and the inability to identify dynamic water 

molecules that can be functionally important, set an additional limit to the only use of 

X-ray crystallography for the understanding of macromolecular function. 

Additionally, the macromolecular structure is resolved by analysing the crystals 

formed by the molecule and this may create artefacts due to the establishment of 

crystal packing contacts not necessarily occurring in vivo. Nevertheless X-ray 

crystallography (and NMR in some cases) is widely used and very important to 

determine the structure of a complex at an atomic, highly resolved level as well as to 

have a set of coordinates useful in order to start computational studies on the 

molecular structure.  

The application of NMR and X-ray crystallography to the determination of 

molecular structures has led to the characterisation of the molecular architectures of 

the binding interfaces, with the aim to enhance or inhibit the association between 

binding partners97-100. In this way, it has been possible to rationally design small 

molecule inhibitors in which the drug binds at the predicted hot spot101. It has been 

also possible to identify low-scale and large-scale recognition factors for the binding 

based on geometric criteria102 and other surface properties103. The next sections will 
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elucidate the structural and conformational properties of molecules in order to predict 

and modify their capacity to establish interactions. 

 

2.3.1 Architecture of molecular binding sites: modularity and 

heterogeneity of interfaces 

 

The most targeted molecules in the design of bioactives are proteins. Therefore, it 

is not surprising that the most numerous studies would have been focused on 

proteins. Effectively, proteins are the most powerful regulators of cellular functions 

and carry out their activity through the formation of transient molecular complexes. 

However, as elucidated in the previous chapter, protein-carbohydrate complexes and 

coacervates have been showing a great number of uses and in vivo carbohydrates are 

directly involved in many crucial physiological processes. The understanding of the 

principles regulating the establishment of protein-protein or protein-carbohydrate 

complexes is a fundamental step to control and enhance, where useful, the 

macromolecular interactions in the field of applied science. 

While carbohydrates can form a narrower range of three-dimensional structures 

in space, in the case of proteins the binding interfaces show a high degree of 

heterogeneity. The type and the number of amino acid residues change considerably 

between different protein structures. However, considering that protein tertiary 

structure is achieved through the assembly of a limited number of domains104, the 

molecular structure is most often characterised by a considerable degree of 

modularity. Without considering in detail the conformation of the single side-chains 

at the binding interface, it can be assumed that the same modularity is observed also 

at the interface of macromolecular complexes105-107. These findings have suggested 

that molecular interaction is based on a recognition code represented by the repeating 

number of structural domains at the binding interface. 

However, the full understanding of such recognition code is far from trivial and 

remains incomplete. In fact, although numerous algorithms have been developed in 

order to predict the residues participating in order to achieve specific binding108, the 

ability to predict the residues involved in the binding just considering the primary 

sequence of the binding partners remains difficult. This failure can be attributed to 
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mainly two reasons: firstly the descriptors used to identify the interacting residues are 

far too general to describe their potential contribution to the binding (sequence 

conservation at the interface, amino acid type - hydrophobic or polar-solvent 

accessibility, conformational entropy of the side chains) and secondly, the residues at 

the interface do not participate equally in the determination of the binding energy, so 

that it is not possible to predict, de novo, the tertiary structure from primary sequence. 

Additionally, often water molecules mediating electrostatic interactions at the 

interface are not taken into account. A good approach to the definition of the single 

energetic contribution of each amino acid at the interface is represented by the 

alanine scanning experiments where each amino acid, possibly contributing to the 

binding, is mutated to alanine and the differences in the energy of binding are 

estimated. This approach has favoured the identification of the amino acids that 

mostly contribute to the stability of protein complexes and which have been defined 

as “hot spots” for the interaction. However, surprisingly only in some cases have the 

hot spots been identified at the binding interface109, 110, whereas in other cases such 

residues are at the periphery of the interface111. The difficulty in the identification of 

hot spots is also related to the fact that the same residues do not have equal 

importance in defining the formation and stability of macromolecular complexes. In 

addition, even residues that make only few contacts at the interface can crucially 

define the binding energy as they sometimes can destabilise the unbound state.  

A more important characteristic of the amino acids involved in the formation and 

stabilisation of macromolecular complexes is their ability to be organised in groups 

most probably because, in this way, a cooperative effect on the binding is 

achieved112. Prediction of the binding cooperativity in macromolecular complexes is 

the other challenge of computational structural biology. Indeed, the cooperative 

character of the binding events needs to be taken into account and its effect needs to 

be computed for an accurate prediction of the structure and stability of the final 

complex. Binding cooperativity is a concept which can be described and understood 

by the analysis of the different roles that different parts of the same molecule (or two 

different molecules interacting with a third one) can have in the establishment of the 

complex. Recognition factors play a cooperative role in the formation of the final 

complexes and will be extensively treated in the next section. 
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2.3.2 Long-scale and short-scale recognition factors 

 

The great number of structures solved and collected in databases has 

cumulatively facilitated the elucidation of the nature and the function of the binding 

interfaces of single components113-116. However, often the bound form of the binding 

partners has been structurally elucidated without the corresponding free form117.  

Especially in protein-protein interactions, binding interfaces have been revealed 

to be unique but at the same time there are repeated structural elements storing well-

defined physico-chemical properties among the different protein families. In fact, it 

has been observed that protein interfaces are particularly hydrophobic with a precise 

distribution of polar and non-polar moieties118, 119. In particular, the structural 

analysis of a statistically significant number of protein complexes has made possible 

the formulation of a model that may be extended to a great number of structures. The 

so-called CORE/RIM model describes the binding interfaces in terms of position and 

distribution of hydrophobic and polar amino acids. At the interface, several 

hydrophobic residues are surrounded by a ring of polar and charged residues that are 

exposed to the solvent and interact with semi-immobile water molecules120. While 

the hydrophobic residues (mainly aromatic) in the buried part of the interacting 

interface compose the CORE, the RIM composition accounts for the presence of 

positively and negatively charged residues (lysine, aspartic, glutamic and arginine 

residues). As a confirmation of the CORE/RIM model, evolutionary studies have 

shown that the CORE residues are likely to be conserved121, 122. 

Analysis of the binding interfaces also revealed that the hydrophobicity of the 

CORE region is fundamental for the establishment of the interaction123-126. This is a 

main parallelism between macromolecular association and macromolecular folding in 

which intra-molecular interactions take place. Secondary structure elements formed 

during the folding of proteins are in fact characterised by interactions between atoms 

of the backbone (see section 1.3 for details). In the formation of a macromolecular 

complex, interactions between the backbones of interacting partners are considered as 

long scale recognition factors, whereas the interactions between sidechains are 

considered as short scale recognition factors. Surprisingly, the interaction between 

backbones of different macromolecules has been revealed to be significantly 
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important, and suggests that different parts of the same molecule could play a 

cooperative role in the definition of the final complex structure. The docking of 

coarse-grained models (structures lacking of the amino acid side-chains) for 

macromolecular complexes deposited in the RSCB database has revealed that the 

52% of the complexes in the databases and the 76% of the complexes having a 

surface area >4000 Å2 showed the presence of large scale recognition127 (recognition 

of the backbone only). Nevertheless the results do not converge when antibody-

antigen complexes are studied. Indeed, in this case the presence of large scale 

recognition factors has not been found128; furthermore, in the case of antibody-

antigen complexes the binding interfaces show significant differences compared to 

the rest of the complex. Such complexes, in fact, show low-resolution surface 

complementarity. An obvious explanation for this is that the shape of the antibodies 

is constant but the number of antigens that the antibodies need to recognise varies 

largely. For this reason similar backbones would not be able to recognise a so diverse 

pool of antigens. Indeed, it can be easily shown that the binding of an antibody to an 

antigen involves significant changes in the side-chain conformations at the interface: 

such recognition is therefore dominated by short-scale recognition factors. 

Considering the limitations of the docking procedures, the number of complexes 

showing large scale recognition factors could be even higher. Indeed, a different 

study based on random matches between binding partners of molecular complexes, 

confirmed and enlarged the results collected in many studies129 underlying the 

importance of backbone interactions in the establishment of macromolecular 

complexes. 

In conclusion, the cooperative action of short scale (side-chains recognition) and 

long scale (backbone recognition) recognition factors is crucial for the complex 

establishment. 

 

2.3.3 Intermolecular free-energy landscapes 

 

The second parallelism that can be found between the process of folding and the 

formation of macromolecular complexes involves the energetics of the system. 

Usually the description of the folding process on an energetic base is achieved 

through the characterisation of a three-dimensional funnel. The concept of the folding 
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funnel is very straightforward: in unfolded conditions a macromolecule is in a high 

energetic state corresponding to the conical mouth of the funnel (Figure 2.3). During 

the folding, the potential energy of the system decreases bringing the system towards 

an overall energy minimum (stem of the funnel – Figure 2.3). The final 

macromolecule conformation corresponds to the bottom of the funnel where the 

potential energy of the system is minimised. This minimum is defined as the global 

minimum. On the other hand the ensemble of higher energy states explored by the 

macromolecule during the folding are defined as local minima. 

 

 

 

 
 

Figure 2.3: Funnel representation of a protein folding event.  

The same representation can be also used to represent the formation of a macromolecular 

complex. The native state (folded structure) corresponds to the point of lowest energy (global 

minimum). Image courtesy of Christopher Nicolas Marai in “Probing the protein folding 

mechanism by simulation of dynamics and linear infrared spectroscopy”. Doctoral thesis. State 

University of New York, 2010.  

The funnel representation of the process is not arbitrary. Indeed, it has got a 

defined physical meaning. A “flat” representation doesn’t describe fully the process 

and would not reproduce the native structures observed or the folding intermediates 

sampled.  

Moreover, the description of complex formation cannot be described by a flat 

representation of the binding energy. This can easily be understood taking into 
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account that the interactions regulating the folding of macromolecules and the 

molecular association are of the same nature. The funnel concept has, for this reason, 

been extended to the description of the energetic behaviour of molecular 

complexes130. Interestingly, the large scale recognition factors treated in the previous 

section are correlated to the energy basins lying beside the global minima131. 

Considering a single energetic pathway for the establishment of the final complex the 

long range recognition factors assume a fundamental role in the determination of the 

ultimate conformation. In this scenario the conformational ensemble explored by the 

side-chains refines the complex formation in order to reach the functionally important 

global minimum.  

An interesting study has been performed to associate the structural features of a 

complex to the free-energy landscape. This approach is interestingly important also 

for testing the procedures normally used to determine the free energy of binding 

using computational techniques (docking, MD, etc.) as the potentials applied in these 

studies are distance-dependent. The size of the energy funnel for intermolecular 

complexes can vary between 6-8 Å. In other words, the conformational ensemble 

explored by the binding partners of a molecular complex covers a large distance 

range. 

The implications of this for the docking of macromolecular compounds are many 

and very important. Usually, the docking procedures adopt a multiscale/multistage 

approach to obtain more reliable results, the information collected from the study of 

short and long range recognition factors and their connections with the energy 

landscapes of any complex favour the possibility to create algorithms that use an 

initial global search mainly considering backbone conformation and dynamics and a 

final refinement where the most importance would be given to the different 

conformers that the side-chains can adopt. Indeed, a major problem of the docking 

procedures has been related to the uncertainty in the prediction of the free-energy 

landscape transformation132, 133. Furthermore, the refinement step for the optimisation 

of the final complexes would be favoured by more detailed information derived from 

the first scoring step. Indeed, the refinement step needs to start with a number of set 

interactions to be able to reproduce the native structure of the complex. Such 

interactions are obviously associated to the energetic wells of the energy landscape. 

Some others, on the other hand, will lead to association that does not reproduce the 

native complex. Knowledge of the funnel size and shape would filter the fruitful 
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matches from the ones leading to aberrant complexes and would increase the 

efficiency (and the velocity) of the refinement step. 

A different problem of molecular docking procedures is that the energy functions 

used to define the conformational energy do not take into account the geometrical 

descriptors of the funnel itself (distance between the single energy basins and the 

shape and roughness of the basins); the knowledge of the funnel geometry can be 

included in the scoring functions with an increase in successful refinements reaching 

the native structure of the complex. Indeed, the refinement step would discharge the 

possible complexes that do not satisfy the geometrical features identified 

experimentally. 

Finally, the future of docking and other computational structural biology 

procedures needs to be linked with the structural and energetic analysis of the 

macromolecular structures. 
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Chapter( 3! –! Study& of& pectin& methylesterase)

enzymes'in'complex'with'pectin'substrates!

Introduction 

3.1 Pectins: key molecules for plant cell wall integrity 

 

The term “pectin” or “pectic substances” refers to a group of complex 

polysaccharides structurally associated to form intricate supramolecular structures in 

the plant cell wall. Pectin is involved in many important physiological processes of 

flowering plants where it forms the most abundant part of the middle lamella and the 

primary cell wall134. 

Because of their complexity, a complete description of pectin molecules needs to 

take into account the different properties of the polysaccharides in terms of (i) types 

and sequence of the sugars observed, and (ii) the structures of the carbohydrates 

composing the pectin polymers.  

The composition and the structure of pectin is species-dependent with great 

differences observed among different classes of plants135-140. The main chemical 

component of plant cell wall is α-D-galacturonic acid (Figure 3.1A), which is, 

according to histochemical measurements, particularly abundant in the primary cell 

wall of leaf cells and in the middle lamella136, 141. In pectin, α-D-galacturonic acid (α-

D-GalpA) residues are covalently linked by glycosidic bonds (α-1,4) to form long, 

linear chains defined as homogalacturonan chains (HG) (Figure 3.1B).  
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Figure 3.1 Chemical structures of an α-D-galacturonic acid and a homogalacturonan (HG) 

chain section.  

A) The chemical unit of pectin is represented by α-D-galactopyranosiluronic acid residues that 

can be partly methylesterified (B) on the carboxylic group bound to the C6 of the sugar. (C) α-

D-galacturonic acid residues polymerise in order to form the HG polysaccharides found in the 

plant cell wall.   

 

HG chains constitute a considerable amount of the polysaccharides found in the 

plant cell wall, accounting sometimes for up to 20% of the pectin polymers142 143. 

The α-D-galacturonic acid of the cell wall can be methylesterified on the O6 atom of 

the carboxylic function of the sugar ring. Methylesterification of the α-D-

galacturonic acid subunits in the plant cell wall pectin is a highly regulated process 

and is selectively regulated in different plant tissues144 as it influences the physico-

chemical properties of pectin. Methylation of the carboxylate groups of an α-D-

galacturonic acid subunit suppresses the electrostatic properties of the 

polygalacturonate chains. In muro, α-D-rhamnopyranose subunits are linked to HG 

chains by α-1,2 glycosidic bonds and, sparsely distributed through HG chains, 
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constitute approximately 5% of the carbohydrate content of pectin polysaccharides. 

Upon treatment of plant cell wall material with endo-polygalacturonase, neutral 

sugars are eluted after size-exclusion chromatography, suggesting that the HG chains 

are covalently linked to xylogalacturonans (XGA) and to rhamnogalacturonans I 

(RG-I) and II (RG-II) polymers145. 

Xylogalacturonan polymers are mainly substituted on the C3 carbon atom of α-

D-galacturonic acid residues present along the HG chains and consist of disaccharide 

units of xylose linked by (α-1,2) glycosidic bonds. The XGA polymers can be found 

in different ratios among plant species146, 147 and in some cases the xylose residues 

can be replaced by apiogalacturonan fragments148.  

Rhamnogalacturonans I are polymers consisting of disaccharide repeating units 

of galacturonic acid and rhamnopyranose (α-D-GalpA-1,2-α-L-Rhap-1,4-). These 

chains constitute the backbone on which branched polymers can then be additionally 

attached by a (α-1,4) glycosidic linkage to the rhamnose subunits. In particular, 

arabinans and galactans constitute the branches, which can then be additionally 

linked to ferulic acid.   

Rhamnogalacturonan II, on the other hand, accounts for only a small quantity of 

the plant cell wall polysaccharides. It is composed of stretches of α-D-galacturonic 

acid residues (α-1,4) linked, which are branched with 12 different types of 

glycosides142.  

The presence of such complex polymers in the plant cell wall raises a question of 

how the polysaccharides are structurally organised to form three-dimensional 

structures. A schematic model of the pectin structure has been formulated whereby a 

linear region composed of an HG chain constitutes the site of attachment for 

branched regions represented by RG-I and RG-II polymers134, 149 (Figure 3.2). 
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Figure 3.2 Structure of pectic polysaccharides 

Schematic representation of pectic polysaccharides. RG-I = rhamnogalacturonan I, XG = 

xylogalacturonan, RG-II = rhamnogalacturonan II, HG = homogalacturonan. Figure adapted 

from Mohnen (2008)134. 

  

A very important feature of plant cell wall polysaccharides is their mechanical 

properties, which are directly related to polysaccharide conformation and are 

responsible for the resistance of the cell wall to the external environment. It is most 

likely that the chemical modifications of the plant cell wall polysaccharides and their 

ability to cross-link via ions or other polymers are the key features for such a variety 

of mechanical properties. For example, it has been demonstrated that 

rhamnogalacturonan II associates into dimers in the presence of borate ions and that 

borate deficiency is responsible for illness of the plant150-152. 

Furthermore HG domains of pectic polysaccharides are able to self-associate in 

the presence of divalent cations such as calcium ions. The gelation properties of HG 

polymers are strictly dependent on calcium ions forming cross-links153. The structural 

rearrangement of pectin chains in the presence of calcium ions has been named as 

egg-box153 because the pectin chains bind dicovalent ions through the binding of the 

negative carboxylate groups of pectin to the positively charged ionic species (Figure 

3.3).  

 

 RG-I RG-II XGA HG 
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Figure 3.3 Pectin egg-box model.  

The figure shows two polygalacturonic acid chains running in parallel to each other and cross-

linked through the binding of calcium ions. Figure adapted from Mohnen and Caffall (2009)154. 

 

Pectic polysaccharides are important in crucial physiological properties of plants 

as demonstrated by the great accuracy and complexity of the enzymatic pathways 

devoted to the synthesis and modification of the cell wall. 

The first stage of maturation involves the re-arrangement of methyl groups on the 

HG chains by pectin methylesterase (PME). PME are key enzymes for the 

development and the integrity of the cell wall, not only because they are the first 

enzymes along the pathway, but also because the chemical modifications operated by 

PME radically change the chemical and physical properties of pectin. Indeed, the 

removal of methyl groups along HG chains modifies the polysaccharide’s ability to 

interact with calcium ions and to cross-link with other polymers. Additionally, the 

removal of methyl groups increases the methanol concentration in the cellular 

environment. The chemical modifications operated by plant PME on pectin in the 

plant in the plant cell wall are coordinated to maintain the integrity of the wall and to 
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adapt the physico-chemical properties of the plant cell wall to the different life-stages 

of the plants. However, PMEs expressed by bacteria and fungi aim to remove methyl 

groups along HG chains in order to de-stabilise the plant cell wall and breach the 

plant cell to initiate the host infection. The next paragraph will focus on the structure 

and activity of PMEs and in particular on the structural features of the PME from the 

plant-pathogenic bacterium Erwinia chrysanthemi involved in phenomena of plant 

infection and co-crystallised in the presence of HG chains with different degree and 

distribution of methylation.  

 

3.2 Pectin methylesterase enzymes  

 

Pectin methylesterases (PME) catalyse the de-esterification of O6 

methylesterified α-D-galacturonic acid residues (D-GalpAO6Me) composing the 

homogalacturonan (HG) chains of pectic polysaccharides in the plant cell wall. The 

removal of methyl groups from D-GalpAO6Me subunits causes the HG chains to 

become highly charged polymers and to change their physico-chemical properties155. 

Plant cell wall pectins are constantly modified by the action of several enzymes 

during different life-stages of the plant, as was also presented in paragraph 3.1156, 157. 

PME reaction products are the substrates for other pectinolytic enzymes present in 

the plant cell wall such as polygalacturonase and pectate lyase enzymes, which 

catalyse the breakdown of HG polymers after they have been partially de-

esterified158. The activity of PMEs has been shown to be strictly correlated to crucial 

physiological process of plants such as cell wall stiffening and extension159, 160, cell 

division and seed germination161-163, leaf polarity164 and fruit ripening165-167. The 

crucial role of plant PMEs in the fine regulation of the cell cycle is strongly 

suggested by the high number of enzyme isoforms that constitute between 5 and the 

7% of the total carbohydrate-active enzymes in higher plants168. Despite the 

importance of plant PMEs in regulating vital roles of plant cell life, bacteria and 

fungi express PMEs to start host invasion by de-esterifying HG chains of the plant 

and creating a breach in the plant cell wall169-173. Indeed, while plant PME action is 

finely regulated through mechanisms of control, such as the expression of highly 

selective proteinaceous inhibitors (PMEIs) that bind the enzyme preventing substrate 

binding174, 175, bacterial and fungi PME have no affinity for plant PMEIs and are able 
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to de-esterify HG chains, immune to the inactivation strategies of the plant host. 

Although, among different organisms, PMEs have sequences of variable length (> 

300 amino acids) and a molecular weights (MW) of > 30,000 Da, PMEs from plant 

show a higher similarity with bacterial PME while PME expressed by fungi have 

been classified in a different clade. The structures of PMEs have been determined 

from several plants such as carrot (Daucus carota) and tomato (Solanum 

lycopersicum), and from the bacterium Erwinia chrysanthemi (Ec-PME)175-177.  X-ray 

structures revealed that PMEs are carbohydrate-binding proteins shaped in a triple β-

helix fold composed by 366 amino acids with a molecular weight of 39,319 Da. Each 

pitch of the helix is composed of three parallel β-strands that bend on average 60° 

with respect to the central axis of the molecule. The folding of the parallel β-strands 

along the protein axis creates a cleft (binding groove) functional to the binding of the 

polygalacturonic substrates and common to other carbohydrate-binding proteins 

(Figure 3.4)178, 179.  

 
 

Figure 3.4 Structure of pectin methylesterase from the bacterium Erwinia chrysanthemi (Ec-

PME). 

(A and B) The enzyme folds in a triple β-helix, forming a groove functional to the binding of 

polysaccharide chains. In (C) a section of the folding is shown evidencing the bending of the 

three β-strands at each pitch of the helix. Image created by using VMD software180. 

 

The binding groove can be sectioned in smaller structural units called subsites, 

each one able to dock one sugar subunit of the polysaccharide chain bound to the 

enzyme. The subsite where the catalysis occurs is conventionally defined as +1. The 

+1 subsite is located in the middle of the binding groove where the enzymatic 
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conversion of the substrate takes place; all the other subsites of the binding groove 

are named sequentially starting from the subsite +1. The subsites towards the 

reducing end of the binding groove are named using a “+” sign (+2, +3, …) while the 

subsites towards the non-reducing end of the groove are named using a “-“ (minus) 

sign (-1, -2, -3, …) (Figure 3.5)181. It is important to note that the expression 

“reducing (or non-reducing) end of the binding groove” may seem used 

inappropriately. That is because as part of the protein structure the binding groove 

does not have a reducing nor non-reducing end. The reducing and non-reducing ends 

are referred to as the polysaccharide, but semantically translated to the parts of the 

cleft devoted to the binding of the reducing and the non-reducing end of the 

polysaccharide. In carbohydrate chemistry, in fact, a polysaccharide chain is 

characterised at one end by a hemiacetal (or hemiketal) chemical function able to 

reduce the Tollens’ reagent (reducing end) and at the other end by an acetal group, 

which does not have reducing capacity of the Tollens’ reagent (non-reducing end). 

Conventionally, oligosaccharide and polysaccharide chains are always drawn from 

the non-reducing (far left) to the reducing (far right) end.  

 
 

Figure 3.5 Schematic representation of Ec-PME binding groove. 

The boxes represent the subsites along the groove in which, when in complex with the enzyme, 

each subunit of a HG chain docks. A representative structure of a half-methylated decamer is 

shown. 

 

Unlike the common hydrolases, the catalytic triad of Ec-PME is composed of 

two aspartic acid residues (Asp 178 and Asp 199) and one glutamine residue (Gln 

177), while a fourth conserved arginine residue (Arg 267) has been identified as 

important to the catalysis without participating directly in it (Figure 3.6) 176, 177, 182. 
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Figure 3.6 Conformation of a HG fully methylated decamer segment docked in the Ec-PME 

binding groove. 

The aminoacids important to the catalysis are shown to aid the visualisation of subsite +1. 

 In the proposed mechanism of action, one aspartic acid residue (Asp 199) is 

permanently deprotonated and acts as a nucleophile on the substrate. The tetrahedral 

intermediate formed by the nucleophilic attack of the aspartate on the ester carbon 

atom is then transformed by the action of the second aspartic residue (Asp 178) 

which, being protonated, acts as an acid-base during the catalysis and donates a 

proton to the substrate. Subsequently, a water molecule regenerates the active site by 

transferring a proton to the now deprotonated aspartate (Asp 178) and an OH- to the 

substrate to generate the carboxylic acid group on the HG chain (Nett reaction). The 

amine group of the glutamine residue stabilises the anion that is formed after the 

nucleophilic attack181 (Figure A1).  

Since PMEs act on polymeric chains containing many potential substrate units, a 

processive catalysis on contiguous methylated subunits along the chain has been 

proposed. In particular, three possible mechanisms of action have been proposed for 

PME: (i) a single-chain mechanism in which the enzyme catalyses the de-

esterification of all the methylesterified subunits present on the HG chain before 

dissociating from the polysaccharide, (ii) a multiple-chain mechanism in which the 

enzyme catalyses a single reaction on the chain before dissociating from it and a (iii) 

multiple-attack mechanism in which the enzyme catalyses a series of reactions on the 

chain and then dissociates from it. Many hypotheses on the putative processive 

catalytic activity of PMEs have been proposed, starting from the observation that 

some PMEs are able to de-esterify groups of contiguous subunits along the chain 
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(blocks)183. Specifically, while plant and bacterial PMEs have the ability to de-

esterify HG chains in blocks183, fungi PMEs seem to de-esterify HG chains randomly 

and it has been suggested that they do not perform processive catalysis on the 

polymeric substrates184, 185.  

However, evidence of the enzyme mode of action is still missing, and the basis, 

at an atomic level, of PME processivity is poorly understood.  

Kinetic studies have revealed that the activity of plant PMEs is slower in the 

presence of a highly methylated pectin chain and is enhanced only after a series of 

galacturonan subunits has been de-esterified186, 187. This finding has been proposed 

also for Ec-PME181, which has been co-crystallised with  homogalacturonan 

hexamers having different degrees of methylation. In the investigation of the 

interactions between bacterial PMEs and pectins, Ec-PME assumes a particular 

importance as, in this case, high-resolution structures are available in complex with 

natural substrates. In particular, the mutant D199A has been expressed and co-

crystallised in complex with a series of substrates in order to avoid catalysis181. From 

the analysis of the docked complexes the binding selectivity of Ec-PME for 

substrates with different degrees of methylation has been proposed. It has been 

suggested that the enzyme binds preferentially un-methylated residues at the non-

reducing end of the binding groove (subsites defined with the sign “-“), while it 

preferably binds methylated residues at the reducing end of the HG chain. Of 

particular importance seems to be the sugar subunit docked in the subsite -1, which 

has been shown to be un-methylated in all the co-crystallised complexes observed. 

Furthermore, six sugar subunits have been proposed to interact with the enzyme, 

binding the protein in the central part of the groove from the subsites -3 to +3. In 

contrast, a lack of selectivity for methylated or un-methylated subunits was observed 

for the subsites +/- 4 and +/- 5, as lack of specific interactions between the protein 

and the homogalacturonan hexamers was observed in such subsites. A series of 

conserved residues along the binding groove has been found to be important for the 

binding of carboxylate or methylester groups; generally, the formation of salt bridges 

and hydrogen bonds has been proposed for the binding of un-methylated residues, 

while hydrophobic moieties have been suggested to be important in anchoring 

methylated galacturonan subunits to the protein181.  
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In this study MD simulations  of complexes between Erwinia chrysanthemi PME 

(Ec-PME) and modelled homogalacturonan decamers are presented and interpreted to 

give insight into the mechanism of action of the enzyme.  

 

Methods 

3.3 Basics of molecular dynamics simulations and force field functions 

 

The characterisation of macromolecular complexes at a detailed atomic 

resolution is a difficult task although many single-molecule experimental techniques 

have emerged in the last few years. 

More particularly, experimental techniques that allow the study of the dynamical 

properties of macromolecules or macromolecular complexes are few and too often 

limited by the size of the molecules (or the complexes) under investigation. This is, 

for example, the case of NMR experiments where the size of the system being 

investigated is the biggest limitation to the acquisition of the data. 

On the other hand, the role that molecular dynamics has in many crucial 

processes of the molecular complex formation and enzyme activity has become 

increasingly clear. Molecular motions, over a series of different time-scales, have a 

crucial role in determining the correct functioning of cellular processes. MD 

simulation techniques have the obvious advantage of exploring the dynamics of 

molecules occurring on time-scales from ps to sub-µs. 

MD simulations are carried out by solving Newton’s equation of motion, for a 

determined number of particles (all the equations presented in this section have been 

obtained from Gromacs188 manual): 
Eq. 3.1 

!! = !!!
!!!!
!!!  

 

Eq. 3.1 describes the force f acting on a particle i which has a mass m and a 

position r determined by a set of three-dimensional coordinates x, y and z. 
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The forces are obtained by the computation of the potential energy of the particle 

having a position (inside a set of three-dimensional coordinates) described by r: 
Eq. 3.2 

!! = !−
!!
!!!

 

 

where ! defines the potential energy. 

The potential energy functions ! are determined by the kind of interactions 

occurring between two particles and can be subdivided into three general categories: 

 

• Bonded potential functions: relative to two particles bound through 

covalent bonds and describing bond stretching, angle bending and 

dihedral angle values (proper and improper dihedrals). 

 

• Non-bonded potential functions: relative to particles interacting through 

non-bonded interactions such as Lennard-Jones interactions, Coulomb 

interactions and long-range electrostatic interactions. 

 

• Restraints potential functions: relative to restraints between particles, 

which can involve positional restraints, angle restraints, dihedral restraints 

or orientation restraints. 

 

The simplest bonded potential function describes the stretching of the chemical 

bonds linking two particles, i and j, and in the current work this has been treated 

using a harmonic potential described by the following equation (see also Figure 3.7): 
Eq. 3.3 

!!(r!,!) = !
1
2 !!!,!

! (!!,! − !!,!)! 

 

where ! is the initial bond length (or the bond length of the previous step along 

the MD run), r is the distance between the two particles and !! is the elasticity 

constant as the bond is treated as a spring. 
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On the other hand, the corresponding force is calculated as: 
Eq. 3.4 

!! !!,! = !!!,!! !!,! − !!,! !
!!,! !
!!,! !

 

 

where !!,! ! and !!,! ! are the coordinates of two particles in two subsequent 

steps (times) along the simulation. At the start of the run !!,! = !!,!.  

 
Figure 3.7 Schematic representation of a covalent bond stretching between two particles and the 

potential energy function describing the stretching. 

The potential energy function describing the bond stretching using a harmonic potential is 

shown in the right panel. The values of the bond distance (r) and the potential energy shown are 

merely representative and do not refer to any particular chemical bond. Figure adapted from 

Gromacs software manual, version 4.5.4. 

 

Besides the potential function describing bond stretching, the potential function 

computing the variations of the angle formed by three particles is also computed 

using a harmonic potential described by the following equation (see also Figure 3.8): 
Eq. 3.5 

!! !!,!,! = !12 !!,!,!
! !!,!,! − !!!,!,!! !

 

 

where !!,!,! is the angle formed by the particles i, j, and k, and !!,!,!!  is the initial 

value of the angle.  

 

i j 



 
 

68 

Therefore, the force derived from the angle potential for the three particles i, k 

and j can be calculated by the following chain rule: 
Eq. 3.6 

!! = !
!!! !!,!,!

!"!
! 

Eq. 3.7 

!! = !
!!! !!,!,!

!"!
 

Eq. 3.8 

!! = !−!! − !! 

 

where !"! , !"! , and !"!  are the derivatives of the coordinates for the atoms 

defining angle θ and: 
Eq. 3.9 

!!,!,! = !"##$% !!" ⋅ !!"
!!"!!"

 

 

The nomenclature used to define the particles is used to describe atoms 

covalently linked in sequence. In this respect, particles i and k are at the ends and j is 

in the middle. !!, !! !and !! are the positions of particle i, j and k respectively.   
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Figure 3.8 Schematic representation of the angle formed by three particles bound through 

covalent bonds and the potential function describing the angle.  

The potential function describing the bond angle is shown on the right panel. The values of the θ  

angle and the potential energy shown in the graph are purely representative and do not refer to 

any particular angle between atoms. Figure courtesy of Gromacs software manual, version 4.5.4. 

 

The last term composing the bonded potential is represented by the angles 

formed between four particles i, j, k, and l. Such angles are called dihedral angles and 

are very commonly found in the structures of proteins and carbohydrates. Generally, 

the potential associated to each dihedral angle in a macromolecular system can be 

calculated using the following equation (see also Figure 3.9): 
Eq. 3.10 

!! !!,!,!,! = !!! 1+ !"# !" − !!  

 

where !! is the dihedral potential, and !" and !! are the dihedral angle values 

at two subsequent steps of the simulation. 
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Figure 3.9 Schematic representation of the dihedral angle formed by four particles bound 

through covalent bonds and the harmonic potential describing the dihedral variations. 

The potential function describing the dihderal angle is shown on the right panel. The values of 

the φ  angle and the potential energy shown in the graph are purely representative and do not 

refer to any particular dihedral angle between quadruplets of atoms.  Figure courtesy of 

Gromacs software manual, version 4.5.4. 

 

The non-bonded interactions calculated in the present work, included three terms: 

an attractive term, a repulsion term and a Coulomb term that describes the long-range 

electrostatic attraction/repulsion occurring between two particles carrying the 

opposite or the same charge. The concept of non-bonded interactions can be retrieved 

from chapter 2 for more theoretical details.  

In the current work, Lennard-Jones interactions have been computed using the 

equations 3.11 and 3.12 in order to derive the potential energy and the force 

associated to attractive and repulsive non-bonded interaction terms of the potential:  
Eq. 3.11 

!!" !!" = !!!,!
!"

!!,!!"
− !!,!

!

!!,!!
 

Eq. 3.12 

F! !!" = ! 12
!!,!(!")

!!,!!"
− 6

!!,!(!)

!!,!!
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where !!,!(!") and !!,!(!) are parameters that depend on the pair of particles involved in 

the interaction. The choice to treat non-bonded interactions using a Lennard-Jones 

potential is related to the computational efficiency gained by using such an approach. 

Indeed, the equation describing the Lennard-Jones potential (Eq. 3.11) reports the 

repulsive term (deriving from the violation of the Pauli principle – see chapter 2 for 

details) as an approximation of ~1/r12. The description, in the Lennard-Jones 

potential, of the repulsive forces through the relation ~1/r12 has no physical 

explanation, but in this work the use of the Lennard-Jones potential has been 

preferred as it is able to describe well empirical observations and, at the same time, to 

cope with the available computing time. Indeed, in the Lennard-Jones potential 

calculations of the repulsive and attractive terms are particularly fast as they are 

functions of the square root of r. Nevertheless the choice of an exponential relation 

(such as the one used by the Buckingham potential) would be more appropriate to 

describe non-bonded interactions but this would be more computationally 

demanding.  

The other term defined by ~1/r6 accounts for the attractive forces and describes 

the distance at which the interaction of the electronic clouds of each particle occurs 

(see chapter 2 for more details). The Lennard-Jones potential describes weak 

interactions (van der Waals forces), which are dominant at short distances where the 

cohesion between particles is significant. The graph showing the Lennard-Jones 

potential function (VLJ) used to compute Lennard-Jones interactions in the current 

work is shown in Figure 3.10. 
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Figure 3.10 Evolution of Lennard-Jones potential (VLJ) for two particles at a distance r.  

Graph courtesy of Gromacs software manual, version 4.5.4 

 

Considering the starting coordinates available for the simulations, a matrix listing 

all the pairs of particles within a set cut-off has been created and referred as the 

neighbouring list. The neighbouring list states which particles participate in non-

bonded interactions. 

Short-range electrostatic interactions occurring have been considered as regulated 

by the Coulomb law (reported in chapter 2) and the Coulomb potential has been 

calculated in the simulations, as follows: 
Eq. 3.13 

!! !!" = ! !!!!!!!!,!
 

 

where !! !and!!!  are the charges of the interacting particles, !!,!  is the distance 

between the particles and !! represents the permittivity of the medium (dielectric 

constant).  
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From the computation of the Coulomb potential, the force can be calculated using the 

following equation: 
Eq. 3.14 

F! !!" = ! !!!!!!!!,!!
!!,! !
!!,! !

 

 

In the calculations reported in the current work the dielectric constant !! has been 

set considering that the complexes are in an aqueous solvent (!!"#$%~78.5). 

Besides short-range electrostatic interactions, long-range electrostatics have also 

been computed. A particle mesh Ewald method has been used to compute long-range 

interactions. The particle mesh Ewald method is an evolution of the Ewald 

summation method commonly used to calculate the electrostatic binding energy of 

two particles in a system189. 

The electrostatic binding energy of a system composed of N particles in three-

dimensional space is given by the summation of the Coulomb potential for each pair 

of particles and the box vectors. Mesh Ewald summation was first introduced to 

calculate the electrostatic potential of periodic images in crystals.  

On the other hand, the particle mesh Ewald algorithm discretises (divides on a 

number of discrete elements) the charges on a three-dimensional grid instead of 

directly summing them. The grid is then transformed through a Fourier 

transformation and the energy terms are obtained over a single sum. Using this 

strategy the particle mesh Ewald algorithm scales considerably faster (Nlog(N) where 

N is the number of particles of the system) in respect to the Ewald summation 

algorithm (scaling as N2). To large systems, the traditional Ewald summation 

algorithm is effectively not applicable190.  

In the current work a positional restraint potential has also been calculated. 

Positional restraints algorithms apply a restraint on a particle or a group of particles 

keeping their position fixed on a predefined set of coordinates. The application of 

positional restraints is particularly useful during equilibration steps to avoid drastic 

re-arrangement of critical parts of the system under investigation. For example, it is 

advisable to restraint the motions of a macromolecule characterised by strong 

interactions with the solvent when the solvent is not yet well equilibrated. In the 



 
 

74 

presented simulations positional restraint has been applied on the Ec-PME complexes 

during the equilibration of the solvent. 

Finally, considered the potential functions used to compute the forces between 

the particles of the investigated systems, an example of the MD algorithm used to 

perform the simulations carried out and presented in the current study is given in 

Figure 3.11.  

At the beginning of the simulation (time = 0), velocities are assigned to each 

particle through a Boltzmann distribution. At each time step, Newton’s equation of 

motion (Eq. 3.1) is solved and the new positions and velocities are updated. At the 

end of a MD step, the atom coordinates produced at each output are set as input for 

the following MD step. 
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Figure 3.11 Workflow of the Molecular Dynamics (MD) algorithm. 

Diagram from Gromacs software manual, version 4.5.4188. 

 

However, there are some issues that MD algorithms need to solve before 

performing a run. Firstly, the problem of translational motions of the simulated 

molecule needs to be solved. The MD algorithm overcomes the possibility that a 

molecule could move out of the set boundaries of a simulation by using a 

computational artefact known as periodic boundary conditions. In a run performed 
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using periodic boundary conditions, the system is simulated in a box that is 

surrounded by translated copies of itself (as would be for the periodic images of a 

crystal). If, during the MD run, the molecule translates out of a box an image of it (or 

of the particles out of the box) is replaced (Figure 3.12).  

 
Figure 3.12 Schematic representation of the periodic boundary conditions artefact used in MD. 

The molecules are simulated in a box with shape and dimensions (box vectors) defined by the 

user. The box is surrounded by exact copies of itself. If the translational motions shift part of the 

molecule out of the simulation box the “lost” information is then recorded in the surrounding 

box. Image courtesy of Gromacs software manual, version 4.5.4188. 

 The box can have different shapes and it is defined by three vectors in three 

different dimensions. The fundamental condition to correctly run MD simulations 

using periodic boundary conditions is that the cut-off length of the image needs to be 

shorter than half the length of the shortest vector defining the box size; this is because 

otherwise more than one image would be written in the same box in the same time.  

Given this preamble, a MD simulation can start after the setting of initial 

conditions, which include a set of three-dimensional coordinates and a set of initial 
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velocities useful to solve the equation of motions for a set of particles after having 

calculated the potential for bonded and non-bonded interactions at each step.  

 

3.4 Molecular modeling of Ec-PME in complex with homogalacturonan 

decamers 

 

Pectin methylesterase from the bacterium Erwinia chrysanthemi has been 

crystallised by Fries et al.181 in complex with homogalacturonan (HG) hexamers 

(composing the smooth region of pectin) characterised by a different distribution of 

methylated subunits. 

However, to simulate conditions similar to the ones encountered by the protein in 

vivo (where PME binds long chains of pectin polysaccharide, which occupy all the 

subsites along the binding cleft), two structures deposited by Fries et al.181, in which 

the hexamers were docked in the subsites -5 to +1 and -1 to +5 (pdb codes 2nsp and 

2nt9 respectively), were used to model a complex in which all ten subsites of the Ec-

PME binding groove were occupied by α-D-galacturonic acid(O6Me) subunits. This 

complex, derived from the fusion of two hexasaccharides, is labelled as chimera 

(Figure 3.13). Single HG subunits along the decamers were then methylated in silico 

and the different complexes shown in Figure 3.13B have been simulated following 

the MD protocol illustrated in the next section. 

Fully methylated (FM), half methylated (HM) and fully un-methylated (FU) 

decamers were initially simulated in order to monitor the dynamics of substrates (in 

the cases of FM and HM) and a product of reaction (in the cases of FM and HM). 

The complex denoted as HM, having the methylated subunits docked in the subsites 

+1 to +5, has been simulated as it has been proposed as the ideal substrates for 

enzymatic activity181. 

Additionally, in order to investigate the processive action of Ec-PME on de-

methylated substrates, the subunits docked in the subsite +1 (catalytic subsite) for the 

FM and HM decamers were de-methylated (X subunits) and the systems FXM and 

HXM were simulated.  
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 Figure 3.13. Schematic representation of the Ec-PME-HG complexes simulated using MD 

simulations. 

A) (Next page) Modeling the HG decamers from X-ray structures. The HG ligands have been 

obtained using the structures of HG hexamers already co-crystallised with the enzyme (PDB 

codes – 2nsp and 2nt9)181. Root Mean Square Deviation (RMSD) of C� atoms of the protein in 

the two structures is 1.6 Å. A chimera decamer HG chain was obtained by merging the 

coordinates of the two hexameric chains, which overlap in the subsites (black dotted squares) -1 

and +1. The plots (bottom) report schematic representations of the occupied subsites in the X-

ray structures and in the chimera model. B) Representation of the methylation states 

investigated in the MD simulations presented in the current work. A representative HM chain is 

drawn. Abbreviations are: M - methylated subunit, U – unmethylate subunit, FM – fully 

methylated HG chain, HM- half methylated HG chain composed of un-methylated residues 

docked in the subsites -5 to -1 and methylated residues docked in the subsites from +1 to +5, FU 

- fully un-methylated HG chain, FXM - fully methylated HG chain with an un-methylated 

subunit at the subsite +1. HXM – half methylated HG chain (HM) with an additional un-

methylated subunit at subsite +1. 
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3.5 Molecular dynamics simulations set-up on PME-homogalacturonan 

complexes 

 

Molecular dynamics simulations of the Ec-PME in complex with HG chains or in 

the unbound state were performed by using the GROMACS package188 with full 

titration of the protein and carbohydrate atoms and explicit TIP4Pew water 

molecules. The systems were accommodated in cubic boxes of 6.28 X 6.28 X 6.28 

nm3. To simulate the HG decamers GLYCAM06191 force field was used, whereas 

AMBER03 force field192 was employed in the case of the protein193. The net charge 

of the complexes was neutralised by adding counter-ions where necessary. Prior to 

the start of the simulations, the systems were energy minimised and further 

equilibrated by means of a 100 ps of positional restraints to allow the relaxation of 

the solvent molecules around the protein or the protein-HG complexes. All the MD 

simulations described in this work were extended for 50 ns and carried out at 300 K 

by using periodic boundary conditions. Electrostatic interactions were treated using 

the Particle Mesh Ewald algorithm190. Simulations were performed in the NPT 

ensemble (isothermal and isobaric ensemble, where concentration, temperature and 

pressure are kept constant) by coupling the system with weak external pressure (1 

atm) and temperature baths (coupling constants 0.1 ps and 1.0 ps, respectively). To 

achieve a statistically robust description of the conformational dynamics of the 

various complexes in the timescales here simulated, each system was simulated six 

times by using different random seeds for initial velocities. 

The simulations were analysed by in-house and GROMACS analysis tools and 

visualised using the Visual Molecular Dynamics (VMD) software180. Images were 

created by rendering VMD scenes with the POV-Ray 3.6 graphical rendering 

software194. 
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Results and discussion 

3.6 The binding affinity of pectin methylesterase from the bacterium 

Erwinia chrysanthemi 

3.6.1 Interaction dynamics of fully methylated, half-methylated and fully 

un-methylated homogalacturonan decamers  

 

The analysis of the MD simulations has been focused on monitoring the 

dynamics of the protein and of the oligosaccharides in complex with the enzyme. The 

averaged root mean square fluctuations (RMSF) calculated for the Cα of the protein 

revealed that the dynamics of the enzyme is not significantly affected by the degree 

and distribution of methylation along HG decamers (Figure A2 in Appendix A). 

Nevertheless, the highest dynamics (high RMSF) is recorded for regions of the 

enzyme flanking the binding groove. Overall, RMSF is slightly reduced in the case 

where the enzyme is bound to a fully methylated decamer (blue line in Figure A2). In 

this particular case, the loop located between Leu 100 and Gln 125 is directly 

involved in the binding of the HG decamer in proximity of the subsite -2 where Thr 

109 and Ala 110 have been found in contact (hydrogen bonding) with an α-D-

galacturonate carboxylic group181 (Figure A2).  

On the other hand, the autocorrelation function calculated for fully methylated 

(FM), half-methylated (HM) and fully un-methylated (FU) decamers for the first 6 ns 

revealed the differences in dynamics as a function of the degree and distribution of 

methylated subunits along the decamers (Figure 3.14). FU (green line in Figure 3.14) 

decamers have been shown to have the highest dynamics whereas the lowest 

fluctuations were observed for FM (blue line). HM (red line) is characterised by an 

intermediate dynamics with respect to FU and FM decasaccharides. It is therefore, 

possible to conclude that the amplitude of the dynamics for HG ligands bound to Ec-

PME is a result of the number of methylated subunits along the chain and therefore 

directly correlated to the affinity of the enzyme for the substrate in the different 

subsites along the groove. 

The time autocorrelation function P(τ) was adopted to infer on the dynamical 

behaviour of the HG chains. This function is described by the following equation: 
Eq. 3.15 
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Ξ t − Ξ ! + ! d! 

 

where the delta function δ(Ξ(t), Ξ(t + τ)) assigns the value 0 or 1 whether the 

dihedral configuration (calculated, in the current work, on 6 consecutive dihedral 

angles between sugar subunits docked in subsites +1 to +3) of the partners at times t 

and t + τ differ or not. A window tolerance of 30º is used for comparing angle values 

at different time steps of the simulation. The resulting function is then fitted with an 

exponential decay function to provide the residence time of the dihedral 

configuration states. 

 
Figure 3.14 Dihedral autocorrelation functions of HG chains with different degree of 

esterification docked to Ec-PME.  

Autocorrelation functions calculated for FM (blue), HM (red) and FU (green) decamers. Each 

function has been fitted (black lines) to an exponential function. Rates of inter-conversion 

between conformational states have been calculated and are: FM, t1 = 0.08614 ns, t2 = 4.23565 ns; 

HM, t1 = 0.24623 ns, t2 = 19.41452 ns; FU, t1 = 0.33669 ns, t2 = 12.01377 ns. rex values were 

computed as 1/t1 values. The autocorrelation functions have been averaged over the six 

simulations performed. 

 

3.6.2 Enzyme affinity in the single binding sites along the groove 

Considering that the overall ligand dynamics are quantitatively correlated to the 

number of methyl groups along the chain (as shown in Figure 3.14), the investigation 
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of the dynamics of the single carboxylate or methylester groups docked along Ec-

PME binding groove, has led to the identification of the structural moieties 

determining the binding affinity of the protein for the substrates or products of the 

reaction.  

The root mean square fluctuations (RMSF) calculated for the 

carboxylate/methylester groups of the sugar units of HG decamers bound to Ec-PME 

revealed that the sugar subunits docked in the subsites -/+4 and -/+5, i. e. on the outer 

ends of the groove, are characterised by high dynamics with respect to the sugar 

subunits docked in the center of the binding cleft (Figure 3.15). This is in line with 

the observation that such residues do not establish any specific interaction with the 

enzyme, are largely exposed to the solvent and are free to rotate. An apparent 

exception to this is represented by FU where the subunits docked in the central 

subsites show higher dynamics with respect to the ones docked at the terminal 

subsites of the groove. However, FU has revealed to dissociate from the enzyme in 

all the 6 simulations performed. The dynamics of the FU subunits shown in Figure 

3.15 has been calculated also after the dissociation when all the subunits along the 

FU decamer are not subject to the restraint of the protein as they no longer interact 

with the enzyme (Figure A5). In fact, in the case of a FU decamer, the subunit 

docked in the subsite +1 loses the interactions with the catalytic residues (Gln 177, 

Asp 178 and Asp 199).  A visual representation of such dissociation is given in the 

video V1 extracted directly from the collected trajectories of one of the simulations 

and is attached to the present work (Video V1 – Dissociation of FU.avi).  
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Figure 3.15  Conformational dynamics of differently methylated homogalacturonan decamers in 

complex with Ec-PME.  

Root Mean Square Fluctuations (RMSF) of the carboxylate groups of FM (blue), HM (red) and 

FU (green) decamers in complex with Ec-PME. The RMSF values have been averaged for the six 

simulations performed on each complex and the standard deviations are reported by the bar 

graphs. A representative FU chain is represented above the graph. Lines between points were 

drawn to aid visual understanding. 

 

The 2D plot (obtained plotting the interactions between the enzyme and the 

oligosaccharide using a distance cut-off of 5 Ångstroms) representing the interactions 

between the protein and a representative FM decamer conformation averaged along 

the 50 ns simulated (Figure A3) reveals the absence of interactions by the terminal 

residues.  

For the remaining 6 out of 10 sugar subunits that interact with the protein, the 

highest dynamics has been found in all cases at the non-reducing end of the binding 

groove (subunits docked in the subsites -1, -2 and -3), whereas the subunits docked in 

the subsites +1 to +3 are characterised by a lower dynamics (Figure 3.15). Moreover, 

within the subunits interacting with the protein in the subsites +1 to +3, the sugar unit 
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docked in the subsite +2 has shown the highest dynamics, demonstrated by the 

highest standard deviation resulting from the 6 independent simulations performed. 

Indeed, the sugar subunit docked in the +2 subsite is highly exposed to the solvent 

(Figure A4), and the carboxylate (in the case of a FU decamer) or methylester groups 

(in the cases of FM or HM decamers) do not stably interact with the protein (Figure 

3.16C).  

A detailed structural analysis of the binding groove revealed that the subsites +1 

and +3 are characterised by the presence of hydrophobic pockets that bind the 

methylester moieties of methylated residues along the decamers Figure 3.16A and B 

– top panels).  

The structural determinants responsible for the observed dynamics of FM, HM 

and FU ligands have been identified as hydrophobic, establishing hydrophobic 

interactions with the methylester function of methylated α-D-galacturonic acid units, 

or charged, establishing hydrogen bonding or salt bridges with the carboxylate 

groups of un-methylated α-D-galacturonic acid residues. In the subsite +1, although 

the catalytic pocket is characterised by a strong negative electrostatic environment 

(oxyanion) determined by the un-protonated Asp 199181 (Figure 3.6), the 

hydrophobic residues Phe 202, Ala 233 and Trp 269 stabilise the methylester (Figure 

3.16A). Similarly, in the subsite +3, Val 198, Val 227 and Tyr 230 keep the 

interaction between the protein and a methylated α-D-galacturonic acid unit while 

Arg 219 established electrostatic interactions with the carboxylic group (Figure 3.16).  
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Figure 3.16 Key interactions influencing the dynamics of HG decamers bound to Ec-PME.   

The histograms show the distance distributions between the carboxylate/methylester groups of 

HG subunits docked in the subsites +1 (A), +3 (B) and -2 (C) for FM (blue bars), HM (red bars) 

and FU (green bars) decamers. In the top panels, representative structures of the sugar subunits 

and some of the amino acids found in the hydrophobic pockets at the three different subsites are 

shown. The distributions are relative to the distances calculated between the O6B carboxylic 

oxygen of each subunit and the sidechains of W269 (subsite +1), V198 (subsite +2), F202 (subsite 

-2). The reported frequencies are represented as the average of the distributions for the six 

independent simulations performed on each system. 

 

Interestingly, the collected crystal structures of Ec-PME/HG complexes181, have 

revealed in all cases the presence of an un-methylated sugar subunit in the subsite -2. 

Nevertheless, the analysis of the MD simulations of Ec-PME in complex with FM 

decamers suggested that the lowest overall dynamics observed for FM decamers is 

determined by additional hydrophobic interactions between the methyl group docked 
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in the subsite -2 and the hydrophobic pocket composed by Val 155, Tyr 158 and Tyr 

181 that add up to the electrostatic interactions between the negatively charged 

carboxylic group of the HG subunit and the nitrogen atoms of the backbone of Thr 

109 and Ala 110 already observed in the crystal structures181. Figures 3.16C and 3.17 

show the shift in the distributions of the distance between the center of mass (COM) 

of the the hydrophobic pocket at the -2 subsite and the COM galacturonic acid 

residue docked in such a subsite. 
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Figure 3.17 Key interactions stabilising the sugar subunit docked in the subsite -2 of Ec-PME 

binding groove. 

Distance distributions between a carboxylate/methylester function of de-methylated sugar 

subunits docked in the subsite -2 and the COM of the group of residues Val 155, Tyr 158 and 

Tyr 181 for a (A) fully methylated (FM) and a (B) half methylated (HM) decamer,. The peptide 

N-H of Thr 110 and A 109 have been observed experimentally to interact with the carboxylate 

group of an α-D-galacturonic acid residue181. The reported frequencies have been calculated 

after 50 ns of MD simulations and are represented for the six independent simulations 

performed on each system. The broader distribution registered at higher distance values in the 

case of an un-methylated sugar subunit docked in the -2 subsite (histogram in the bottom panel) 

shows weaker affinity between the protein and an un-methylated sugar in such a subsite. Beside 

the histograms the initial conformations of the sugar subunit docked in the -2 subsites are shown 

for an un-methylated (A) and methylated (B) sugar units.  

 



 
 

89 

Overall, the monitoring of the dynamics of HG decamers with different degrees and 

distribution of methylated sugar subunits has revealed the scaffold used by the 

enzyme to recognise and selectively bind the substrate of reaction. The dynamical 

properties observed for the substrates or products of reaction along the collected MD 

trajectories revealed that the protein can still bind FM substrates but that such ligands 

have a lowered dynamics in respect to HM decamers. This observation is in line with 

the experimental evidence that the activity on highly methylated pectin polymers is 

significantly reduced compared to the activity on partially methylated pectin. The 

implications of such findings in respect to the processive action of the enzyme on 

polymeric pectin chains are profound and will be discussed extensively in chapter 7. 

The next step of the investigation has focused on the analysis of the hypothesis that 

Ec-PME could operate a processive catalysis on pectin chains and on the 

identification of a structural mechanism able to account for the processive action of 

the enzyme. In order to investigate such an enzymatic property, the potential 

substrates identified for the protein (FM and HM) have been converted (in silico) into 

the reaction products. The modelling and the results of MD simulations on such 

complexes will be reported in the next sections. 

 

3.7 Identification of the structural basis for processive catalysis 

3.7.1 Difference between a product of reaction and a converted substrate 

 

The study of the putative processive activity of Ec-PME has been carried out 

simulating two additional Ec-PME/HG complexes. Since the first part of the study, 

presented in the previous sections, has shown that both FM and HM chains can 

constitute potential substrates for the enzyme, the subunits docked in the catalytic 

subsite +1 for FM and HM decamers have been de-methylated to create the decamers 

FXM and HXM respectively (Figure 3.13).  

FXM and HXM are effectively products of the enzymatic reaction because of the 

de-methylated subunits docked in the catalytic pocket at +1, but the difference 

between such decamers and a FU decamer lies in the presence of methylated subunits 

at the non-reducing end (-1) and/or reducing end (+2) of the groove. Indeed, in the 

case of such decamers the enzyme putatively can perform a second, or further de-
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methylation along the chain. For this reason such chains could be defined more 

precisely as “converted substrates” rather than products of reaction. 

 

3.7.2 The conformational problem occurring in the case of processive 

catalysis 

 

The ability to process pectin chains catalysing several reaction cycles before 

dissociating from the polymer is related to the re-establishment, at the beginning of 

each reaction cycle, of the initial steric conditions. Considering the conformation of 

the ligand collected in X-ray crystals181 and shown in Figures 3.5 and 3.6, the 

orientations of the carboxylate/methylester groups alternate along successive subunits 

of the decamer. Therefore if the subunit docked in the subsite +1 shows the 

carboxylate/methylester group facing the active triad, the subunits docked in the -1 

and +2 subsites are orientated towards the solvent, and face the opposite site of the 

groove. 

The need to re-establish the same conformation of the ligand can be defined as 

topological problem.   

The solution of the conformational problem implies that, after the de-methylation 

occurring in the subsite +1 a structural re-arrangement needs to occur in order to 

bring the subunit docked in +2 to have the same conformation that the subunit 

docked in +1 had before the de-methylation.  

At this stage a conformational re-arrangement would involve two main 

possibilities. In one case, the enzyme could rotate around the chain and slide in order 

to accommodate the methylester docked in the in +2 subsite inside the catalytic 

pocket or, conversely, the conformation of the polymer re-arranges so that the +1 

subsite accommodates the +2 subunit of the polymer.  

The MD simulations performed in the current work addressed the solution of the 

conformational problem by identifying a mechanism used by the enzyme to utilise 

the chemical potential “locked” inside the product of reaction and transform it into 

mechanical work favouring the needed conformational re-arrangement of the chain. 

The next paragraph is focused on the illustration of the conformational changes 

occurring during the dynamics and links the findings presented previously with 
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regard to the binding affinity and selectivity of the enzyme, to its ability to act 

processively on the polymeric chain. 

 

3.7.3 Flipping of the subunits along the glycosidic bonds upon enzymatic 

de-methylation 

 

The dynamics of FXM and HXM decamers docked in the Ec-PME binding 

groove showed substantial differences in respect to FU. Considering that the only 

difference between FM and FXM, and HM and HXM is the lack of the methylated 

subunit in the catalytic subsite (+1), the effects of the de-methylation on the substrate 

dynamics have been firstly investigated locally (in the single subsite +1).  

In the early stage from the start of the simulation, the dynamics of the de-

methylated sugar in +1 increases linearly in the case of HXM compared to HM. On 

the other hand, such increase is still observed but not at the same extent for the de-

methylated sugar of FXM in +1 (Figure 3.18). Such a difference can be explained by 

the effect of the additional hydrophobic interactions occurring at the non-reducing 

end of the binding groove (subsite -2). 

 
Figure 3.18 Effect of the de-methylation on the dynamics of the subunits docked in the catalytic 

subsite (+1) of Ec-PME. 

Root mean square fluctuations (RMSF) for the atoms composing the methylester group of HM 

(left panel – red values) and the atoms of the carboxylate of FXM (right panel – black values) 

and HXM (right panel – blue values). The RMSF in Ångstrom is relative to the atomic distance 

between the same particles in the structure at the start of the simulation (t = 0; X-ray crystal 

structure coordinate) and the average along the time.  
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The observed RMSF for HXM and FXM are indicative of the electrostatic 

repulsion between the unveiled charge of the carboxylate group docked in the +1 

subsite upon de-methylation, and the oxyanion represented by the catalytic pocket in 

which Asp 199 is deprotonated.  

Importantly, the electrostatic repulsion between the freshly formed carboxylate 

group in the +1 subsite and the catalytic pocket (negatively charged), displaces the 

group out of the pocket and causes a rotation around the glycosidic bond of the single 

subunits along the binding groove. Such repulsion generates a global re-arrangement 

of the chain in a way that the original orientation of the functional groups 

(carboxylate or methylester functions) is maintained. In all the collected X-ray data 

of Ec-PME in complex with HG hexamers, the functional groups of two subsequent 

subunits along the chain, always orient towards opposite sides of the binding groove 

of the enzyme. For example, considering that the methylester function of the subunit 

docked in the subsite +1 faces the binding groove, the functional groups (carboxylate 

or methylester functions) of the subunits docked in the subsites -1 and +2 face the 

opposite side of the groove and protrude towards the solvent (Videos V2 and V3 – 

Flipping.avi, Sliding.avi).  

The rotation around the glycosidic bonds brings the methylester docked in +2, to 

face the binding groove and brings it into proximity of the catalytic pocket for a 

second catalytic event along the chain which is in line with the hypothesis of a 

processive action for Ec-PME (Video V2 – Flipping.avi).  

The flipping around the glycosidic bond has been confirmed by monitoring the 

distribution of the glycosidic dihedral angles between the subunits in the +1 and +2 

subsites before and after the de-methylation of FM and HM (Figure 3.19). A more 

detailed analysis of the conformational variations of the decamer revealed that the all 

the subunits rotate around the glycosidic linkage so that the initial orientation of the 

single carboxylate/methylester groups is maintained (Figure A6). 
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Figure 3.19 Dihedral angle distributions for HXM and FXM converted substrates. 

(Next page) Dihedral distributions at equilibrium for the φ  (A) and ψ  (B) glycosidic dihedrals linking the subunits docked in the +1 and +2 subsites. The 

distributions have been calculated and averaged along the six independent simulations performed on FM (black), HM (red), FXM (blue) and HXM (green) 

decamers bound to Ec-PME. The dashed lines report the values of the φ  (A) and ψ  (B)  angles at the start of the simulation as found in the crystallographic 

structure (pdb code 2nsp). The insets on the top of the dashed lines report the initial, crystallographic, configuration of the subunits docked in the +1 and 

+2 subsites and the catalytic triad, while the insets in (B) report the average structures and dihedral values found for the subunits and catalytic triad for 

HXM (green) and FXM (blue) at the equilibrium.  
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Figure 3.19 shows that for FM the φ dihedral angle between sugar subunits at the 

+1 and +2 subsites does not shift appreciably from its starting value (dashed line) 

during the simulation. Greater change is observed however, for the φ dihedral of HM. 

The mean value for HM is very similar to HXM, as expected by the similarity 

between the two decamers. On the other hand, FXM shows the greatest shift for the φ 

angle.  

The greatest variations have been found for the ψ dihedral angle. In this case, as 

observed for the φ dihedral angle, the ψ dihedral angle of FM decamers do not shift 

consistently away from the initial value at the start of the simulations, as there is no 

electrostatic repulsion in the subsite +1 and no flipping around the glycosidic bond is 

needed to relieve the repulsion. The ψ dihedral angle of HM (red) also remains close 

to its initial value with a distribution of similar width to that observed for FM. For the 

ψ dihedral angles the greatest shifts from the initial values are observed for FXM and 

HXM but with noticeable differences between the two systems. Due to the 

electrostatic repulsion in the +1 subsite, the displacement of the group out of the 

catalytic pocket generates an increase in dynamics for the HXM decamer that results 

in the wider distribution of the ψ angle as depicted in Figure 3.19B. However, in the 

case of FXM, the restraints at the non-reducing end of the binding groove (Figure 

3.16C and 3.17) do not favour the complete rotation around the glycosidic bond due 

to the additional interactions established at the non-reducing end of the groove 

(average structure reported as inset in Figure 3.19B). Such complete rotation around 

the glycosidic bond is, on the other hand, observed for HXM in which the 

distribution becomes wider and the ψ angle shifts to negative values, ~180° different 

to the starting value. In the average structure shown for HXM in Figure 3.19B, the 

methylester of the subunit in +2 is, after the flipping around the glycosidic bond, 

facing the catalytic triad.   

Moreover, for the HXM decamer, the distribution of the distances between Asp 

199 of the catalytic triad and the methylester in +2 subsite or the carboxylate group of 

the subunit displaced from the +1 subsite, revealed that: firstly, the increase in 

distance between the catalytic pocket and +1 is followed by a decrease in the distance 

between the catalytic pocket and the methylester of the subunit docked in the subsite 

+2; secondly, after the de-methylation, an increase in the thermal fluctuations 

characterising the ligand can be observed and is demonstrated by the widening of the 
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distributions of the distance between the functional groups of the subunits docked in 

the subsites +1 and +2 and the catalytic triad before and after the catalysis (Figure 

3.20). The bias of such thermal fluctuations in a single direction along the groove can 

be crucially important to determine the uni-directionality of the catalysis along the 

chain (see chapter 7 for a detailed discussion).  
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Figure 3.20 Dynamics of the subunits docked in the subsite +1 and +2 before and after flipping around the glycosidic bond. 

Distribution of the distances between the carboxylate group of the sugar subunit docked in the subsite +1 (green bars) or the methylester group of the 

subunit docked in +2 (red bars) and the catalytic triad residues, before (A – HM decamer) and after (B – HXM decamer) the catalysis.  In the right panels 

average structures, obtained at the equilibrium, of the subunits docked in the subsites +1 and +2 and the catalytic residues are shown.  
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3.7.4 Sliding of the homogalacturonan chain along the binding groove 

 

After the conformational re-arrangement of the sugar generated by the 

electrostatic repulsion between the carboxylate group unveiled by the de-methylation 

of the subunit docked in +1 subsite, the flipping around the glycosidic bond brings 

the methylester of the subunit docked in the subsite +2 to face the catalytic triad. 

However, in order to proceed with a second catalytic event, the new methylester 

group needs to be docked inside the catalytic pocket at the +1 subsite.  

In order to achieve this, a sliding of the HG chain along the binding groove of the 

protein is required. The MD simulations performed in the current work have provided 

evidence, but not direct proof, of such sliding. Indeed, out of six simulations 

performed on HXM, only one simulation has shown the chain moving towards the 

non-reducing end of the binding groove (Video V3 – Sliding.avi).  

The low statistical significance for the sampling of the sliding event can be 

mainly attributed to the different time-scales that characterise the events of flipping 

and sliding. Indeed, while the flipping is caused by the local destabilisation of the 

product through the electrostatic repulsion and displacement of the carboxylate group 

unveiled upon the catalytic de-methylation, the sliding of the chain is a global, more 

complex, event and can, with the highest probability, be caused by different effects 

such as the ability of the protein to bias thermal fluctuations in order to achieve a 

useful movement of the chain from the reducing towards the non-reducing end of the 

groove.  

As demonstrated by the evidence that the flipping does not occur when the FM 

decamer gets de-methylated (FXM system), the FXM does not constitute an ideal 

candidate to investigate the ability of the enzyme to perform processive catalysis. 

Nevertheless. FM is still a substrate for the action of Ec-PME although upon the first 

de-methylation the enzymatic activity is not likely to be processive on fully 

methylated chains. This is in line with the experimental observation that the kinetics 

of PME decreases in the presence of highly methylated pectin chains195 as they are 

not able to efficiently perform the catalysis in a processive manner. A more detailed 

discussion about this topic is given in the general discussion to this work (chapter 7).  

In the case where the sliding has been observed, the calculation of dynamical 

cross-correlation maps (DCCM) reveals that, after the flipping, the methylester of the 
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subunit docked in +2 subsite starts to acquire correlated motions with the catalytic 

triad in the subsite +1 (Figure 3.21). Although it is not possible in classical MD 

simulations to simulate the occurrence of chemical reactions, the establishment of 

such correlated motions is an encouraging indication that the group is getting ready to 

partake in the catalysis. The increase of the Pearson’s coefficient (showed as 

coloured squares in the matrix presented in Figure 3.21) calculated between the 

catalytic amino-acid atoms and the methylester atoms of the subunit originary docked 

in the +2 subsite are indicative of the arising of correlated motions after the catalysis 

(Figure 3.21B).  

Since the current work has not been focused on the calculation of the energetic 

parameters of such conformational changes, future investigation may reveal the 

energetic changes accompanying such structural re-organisations of the ligand in 

complex with the enzyme. The understanding of the energy terms behind the sliding 

of the chain along the binding groove is fundamental to understand if the protein can 

be considered as a Brownian motor (power stroke or ratchet) and how the potential 

energy is biased towards the production of useful work.  

A detailed discussion of the implications of the findings presented in this chapter 

can be found in the general discussion to this work presented in sections 7.1 and 7.2. 
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Figure 3.21 Correlated motions of ligand and catalytic triad after substrate de-methylation. 

Dynamics cross-correlation maps (DCCM) between the amide group of Q177 (atoms 1-3), the carboxylic groups of D178 and D199 (atoms 4-6 and 7-9 

respectively) and the methylester group of the α-D-methylgalacturonate subunit docked in the subsite +2 (atoms 10-13) before (A – HM) and after (B – 

HXM) the catalysis. The Z-values of the matrix in each square report the correlation coefficients between pairs of atoms. The insets show average 

structures of the groups chosen for the cross-correlation analysis. The structures of the HG subunits and the catalytic triad are represented in licorice 

mode and colored by atom types. Upon the catalysis (HXM) and after the flipping around the glycosidic bond of the subunits docked at +1 and +2, the 

sugar residue docked at the +2 subsite slides towards subsite +1 establishing correlated motion with the catalytic triad for a second catalysis event.  
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Chapter( 4! –! Study& of& β "lactoglobulin+ self"

association#

Introduction 

4.1 β-Lactoglobulin - A known structure for an unknown function 

 

β-Lactoglobulin (βLg) is the most abundant whey protein in bovine milk and it is 

widely expressed in other ruminant species. Different variants of a single gene have 

been identified in the cow, where there are at least five isoforms denoted with the 

letters A-E196. The most expressed variants in cow’s milk are the A and B variants 

while the C, D and E variants are much rarer. The A and B variants differ by two 

amino acid substitutions. Relative to the A variant, in the B variant Asp 64 and Val 

118 are replaced by Gly and Ala respectively. In the C variant His replaces the Gln 

59 found in the sequence of variant A.  

Overall, βLg is a small protein of 162 amino acids belonging to the lipocalin 

family197. Members of this family feature a central cavity, commonly described as a  

calyx (or cup) that is able to bind small hydrophobic molecules198-201. In common 

with other lipocalins, βLg folds into an eight-stranded β-barrel composed of two anti-

parallel sheets. Strands A to D form the first sheet while the strands E to F are 

involved in the formation of the other sheet. The folding of these two sheets shapes 

the barrel and is achieved by a 90° bending of the strand A which establishes 

interactions with strand H of the second sheet. Strands D and E also stabilise the 

entrance of the barrel forming a less pronounced interaction. On the outer surface of 

the calyx, a 3-turn α-helix on one side, and an α-helix on the loop connecting the A 

and B strands (denoted as AB loop) and a ninth strand, called strand I, on the other 

side form the dimer interface Figure 1 A and B. The α-helix and strand I have 

particular importance in stabilising the dimer interface as βLg has been found as a 

homodimer by X-ray crystallography studies around neutral pH94, 202 (Figure 4.1).  
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Figure 4.1 Primary sequence and structural representation of β-lactoglobulin A. 

(A) β-Lactoglobulin A (pdb code 3BLG) sequence and secondary structure as reported in RCSB 

database (http://www.rcsb.org/pdb/home/). The strands along the sequence are labelled. The 

loops assume the names of the β-strands they link. (B) β-Lactoglobulin homodimeric tertiary 

structure. The protein is represented in Cartoon mode. α-Helices are coloured in red, β-sheet 

are coloured in green, turns and coils are coloured in white. The β-strands and the AB loop of 

the left monomer are labelled accordingly. Panel (B) drawn with Visual Molecular Dynamics 

(VMD) software180. 

 

The great number of structures determined for bovine βLg has revealed that the 

opening and the closure of the central cavity is a pH-dependent process. Indeed, 

around neutral pH the protein undergoes a structural transition, called the Tanford 

transition, which involves the motion of the EF loop and the subsequent opening of 

the calyx203. The flipping of the EF loop (figure 4.1) is determined by the unusually 
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high pKa of Glu 89 on the EF loop, which is deprotonated above pH 7.3. Indeed, 

above pH 7.3, the carboxylate group of Glu 89 is exposed to the solvent and causes 

the conformational change of the EF loop that opens the access to the calyx94. This is 

consistent with the observed behaviour of βLg during titration experiments204. In the 

closed conformation the EF loop functions as a lid to the calyx entrance. In this state, 

hydrophobic residues inside the cavity surround Glu 89: the structure is locally 

stabilised by the hydrogen bond between the carboxyl group of Glu 89 and the 

carbonyl of Ser 11694. The open structure allows βLg to bind small hydrophobic 

molecules such as fatty acids, retinol and vitamin D205-208. Several βLg X-ray 

structures have been determined in complex with hydrophobic ligands docked in the 

central cavity of the protein207, 209-212. However, a second binding site has been 

identified on the outer surface of the calyx at low pH and in low ionic strength 

conditions211. NMR structures for βLg have also been collected and contributed to 

the hypothesis that the protein is monomeric at low pH. 

Bovine βLg has also been crystallised in complex with a molecule of IgE (Figure 

4.2). Interestingly, the complex revealed that IgE epitopes recognise the protein in its 

dimeric form and do not have affinity for the monomer (Figure 4.2)213. Indeed bovine 

βLg has been identified as the major allergen in milk. βLg molecules are, in fact, 

highly resistant to the action of the stomach proteases at low pH. This ability to 

escape the digestion inside the stomach and to arrive intact in the intestinal tract, 

makes the molecule a strong allergen and a protagonist in milk intolerance 

phenomena214-216. It has been observed that one of the mechanisms by which βLg 

acts as an allergen is the activation of an IgE-mediated response217, but the 

involvement of other mechanisms cannot be excluded. Recently, an IgG-stimulated 

immune response has been proposed218, 219.  
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Figure 4.2 Representation of the complex between the β-lactoglobulin dimer and two molecules 

of IgE. 

The structures of the molecules are drawn in Cartoon mode. β-Lactoglobulin monomers are 

coloured in green; IgE molecules are coloured by B-factor from red (lowest B-factor) to blue 

(highest B-factor) (pdb code 2R56). Figure drawn with Visual Molecular Dynamics (VMD) 

software180. 

 

The finding that βLg allergenicity is directly related to the fixed state of the 

protein has great implications in the attempts to develop new strategies able to 

combat milk intolerance. 

Additionally, although βLg structure has been extensively determined by 

different high-resolution techniques, the function of βLg still remains unknown. 

However, the high quantity found in milk suggests an important physiological role 

for βLg. Several hypotheses have been proposed on βLg function in vivo. It has been 

postulated that the protein could be involved in cellular transport and function as a 

molecular modulator that could facilitate the activity of the gastric lipase by 

sequestering (binding) fatty acids once they are produced. Unfortunately, this 

function is not consistent with the observation that porcine βLg does not bind fatty 

acids209. However, since many other whey proteins influence the activity of protein 

phosphatase it has been proposed that βLg could modulate the activity of such 

enzyme rather than gastric lipase220.  On the other hand, observations took to the 

hypothesis that βLg function is directly related to the maternal physiology, although 
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it is not expressed in all species of mammals. In other species, such as humans and 

other primates, the gene of a single protein called glycodelin has been identified and 

proposed as a homologue of βLg (βLg-II gene). Glycodelin is widely expressed in 

the endometrium of many species including humans. It has been hypothesised that 

probably glycodelin reflects the role of βLg after it has been lost in some species. 

Indeed, the βLg gene has undergone duplication events and is expressed during 

mammalian lactation. In many species such as rodents, lagomorphs and humans the 

βLg gene could have been lost by the formation of a pseudo-gene that is not 

expressed anymore. However, the presence of such pseudo-genes in these species has 

not been found yet and further investigation is still to come. 

On the other hand, the structural similarity of βLg with the retinol binding 

protein (RBP) has suggested that βLg could have a role similar to the one of RBP. 

However, RBP and βLg have both been found in cow’s endometrium221, 222, but a 

genetic analysis has revealed that βLg is genetically and evolutionarily separated 

from RBP223. 

Overall,the exact role of the protein in vivo has not been determined. Although 

βLg physiological function is still unknown, its physico-chemical properties are of 

great interest. Such properties will be treated in the next paragraph that will elucidate 

the roles of βLg in applied science and industrial processes.  

 

4.2 The importance of β-lactoglobulin in industry and applied science. 

 

Bovine βLg has a great number of useful properties resulting in numerous studies 

about its potential applications in the industry and applied sciences. Many drugs and 

nutraceuticals as, for example, diet supplements and fish oils have the problem of 

being too hydrophobic and not easily deliverable inside the body. βLg has been 

proposed as a carrier of small hydrophobic molecules of pharmaceutical and 

nutritional interest224, 225 because of its central hydrophobic cavity and the pH-gated 

opening and closing of access to this cavity. Besides the ability to bind small 

hydrophobic ligands, βLg has also shown the capacity to interact with many 

biopolymers226-228, forming complexes with polyphenolics that increase the anti-

oxidant potential of food formulations229. 
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However, the most prominent interest around the use of βLg in the food industry 

is probably the ability of the protein to bind anionic polysaccharides. Indeed, the use 

of polyelectrolyte complexes is common in the formulation of foams, emulsions and 

dairy drinks. One of the most studied βLg complexes is the one formed by the 

interaction of the protein with pectin polysaccharides226, 229-232. The thermodynamics 

of the interaction between βLg and pectin have been extensively investigated to 

understand which forces contribute to the stabilisation of the complex. It has been 

observed that there is a significant difference in the binding between βLg and low-

methoxy or high-methoxy pectins. Nevertheless, the quantification of the 

thermodynamic parameters of the interaction has been achieved by using numerous 

approximations38, 233. The limitations regarding the exact definition of the 

thermodynamic parameters of βLg-pectin complexes will be discussed later. It has 

also been observed that the formation and the stabilisation of the complex is a pH-

dependent process and that the quantity of the charges on both polyelectrolytes are 

crucial to create a stable complex39. The interaction between the binding partners is 

balanced by the equilibrium between repulsive and attractive electrostatic forces. 

Indeed, while the effects of attractive opposite surface charges determine the 

formation of the complex in solution, the repulsive forces between the molecules 

assure the stability of the complex avoiding its precipitation. Generally the formation 

of βLg-anionic polysaccharides complexes is favoured at a pH below the isoelectric 

point of the protein (pI 5.2-5.3) at which the pectin is negatively charged and βLg 

carries an overall strong positive charge. The flocculation in the form of macro-

particles is observed in proximity of the isoelectric point where the protein loses its 

overall charge. On the other hand, above the pI the repulsive forces between negative 

charges do not promote intermolecular interactions36. However, although the 

physicochemical and thermodynamics properties of the interaction between βLg and 

pectin polysaccharides have been extensively characterised, a detailed structural 

model of the complex is still lacking and its achievement appears challenging. 

A first step towards the creation and control of macromolecular complexes aimed 

to the design of pharmaceutical and food formulations is related to the understanding 

of the oligomerisation state of the protein in solution in different micro-

environmental conditions. 
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βLg oligomerisation has been widely investigated over the years and the latest 

hypotheses formulate that the protein is monomeric at low pH and dimeric at neutral 

pH values. However, the definition of βLg oligomeric states in solution has been as 

controversial as the definition of its function. The research efforts about the definition 

of βLg oligomeric states will be treated in the next paragraph.  

 

4.3 Studies on β-lactoglobulin oligomerisation. 

 

The best way to reveal the oligomeric state of a protein would appear to be the 

visualisation of the structure defined by high-resolution techniques such as X-ray 

crystallography or NMR spectroscopy. However, these approaches do not necessarily 

show the real oligomerisation state of molecules in solution. Indeed, the molecular 

assemblies found in crystals may force molecules to establish interactions that are not 

functional and are probably never observed in solution or in vivo. On the other hand, 

NMR techniques need to adopt experimental conditions (aiming to increase the 

resolution of the measurement and achieve better refined data) that sometimes may 

not be physiological. 

βLg structure has been defined at high resolution with both NMR techniques and 

X-ray crystallography and in a series of different conditions of pH, concentration and 

ionic strength. It has been observed as a monomer at pH ~3 (by NMR) and as a dimer 

between pH 5.5 and 8.2 (X-ray methods). βLg variant A has been reported as an 

octamer at low temperature (< 10 °C) and in proximity of the protein isoelectric 

point234 (pI = 5.1-5.3). However, the ability to assemble in higher oligomers seems to 

be variant-specific as βLg B does not show the capacity to form octamers. 

Nevertheless, the two most represented oligomeric species for all βLg variants are the 

monomer and the dimer. The analysis of the dimeric structure reveals that it is a 

symmetric homodimer (Figure 4.1). The I-strands of two monomers interact forming 

a two-stranded anti-parallel sheet as part of the dimer interface. Other regions of the 

protein such as the α-helices and the AB loops of each monomer, however, also form 

the dimer interface as shown in Figure 4.3.  
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Figure 4.3 Representation of β-lactoglobulin dimer interface.  

The structure of the protein is represented in Cartoon mode and coloured using the same colour 

code used in Figure 4.1. Side-chains of the residues at the dimer interface are represented in 

licorice and coloured by atom name: carbon = cyan, nitrogen = blue, oxygen = red. β-strands of 

the left represented monomer are labelled using capital letters A-I. Figure drawn with Visual 

Molecular Dynamics (VMD) software180. 

 

There has been a wide speculation about the driving forces that regulate the 

dimer formation: the observation that it is a pH-dependent process has raised some 

hypotheses about  electrostatic interactions favouring the formation and stabilisation 

of the dimer. In this regard, His 146 on strand I (Figure 4.4) has been suggested as 

crucial to destabilise the dimer promoting repulsion between monomers at low pH as 

it carries a positive charge235. The hypothesis that repulsive forces act at low pH and 

impede dimer formation is based on the observation that the screening of the protein 

overall charge by increasing ionic strength stabilises the dimer by reducing repulsion 

between the monomers236. The importance of intermolecular electrostatic interactions 

has also been strengthened by the observation that mutations of charged residues to 

neutral residues at the dimer interface decrease dimer dissociation237. For these 

reasons the hydrophobic effect has been postulated to stabilise the dimer at low pH; it 

has been theoretically formulated that the hydrophobic effect is driven by an increase 

of water accessible surface area (WASA) upon dimer formation235. However, an 

analysis of the dimer interface indicates that other residues, apart from His 146, could 
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have a central role in promoting the electrostatic repulsion of βLg monomers at low 

pH. Indeed, the α-helices of each monomer carry a series of lysine residues (Lys 135, 

Lys 138 and Lys 141) that face each other upon dimer formation (Figure 4.4). 

Although the positive charges carried by these residues could be neutralised by the 

establishment of hydrogen bonds with acidic amino acids in their proximities (Glu 

134, Glu 131, Asp 129), such contacts have not been reported in any of the structures 

collected so far94, 209-211. An argument against the hypothesis that lysine residues 

could be involved in the repulsion of βLg monomers would be that these residues at 

neutral pH still carry a positive charge as they have a pKa of ~10. However, the 

charges on lysine nitrogen atoms are reduced at high pH and it is unknown the effect 

that the repulsion between partially charged atoms could have in destabilising the 

dimer.  

 
Figure 4.4 Representation of the charged residues at the β-lactoglobulin dimer interface. 

Protein structure is represented using ribbons and coloured with the same color code used in 

Figures 4.1 and 4.3. Residues at the interface are represented in licorice and coloured by atom 

type. Amino acid residues discussed in the text are shown on both monomers and labelled on 

either one or the other monomer of the homodimer. Figure drawn with Visual Molecular 

Dynamics (VMD) software180. 

 

Additionally attempts have been made to quantify the dimerisation 

thermodynamically. Many studies performed using a range of different techniques 

have tried to calculate equilibrium constants (KD) for the dimer formation in different 



 
 

110 

conditions34, 234, 236-239. At neutral pH the dimer formation can be modulated by 

mutating residues on the strand I. The interaction between Asp 33 and Arg 40 (Figure 

4.4) seems to be crucial to maintain the dimer stability; mutating Asp 33 to an Asn or 

Gln weakens the dimer interface. On the other hand, the dimer where the basic and 

acidic residues have been swapped between the monomers (Arg 33 and Asp 40) 

shows KD
2-1 similar to the wild type and KD

2-1 is in the micro-molar (µM) 

concentration range. Proline residues on the strand I are deleterious to dimer 

formation but the mutation of Arg 148 to Ala does not affect much the dimer 

stability237. In complementary studies, equine and porcine βLg have been shown to 

be unable to form dimers with the same mutations applied to bovine βLg240, 241.  

NMR studies have been performed at pH ~2, in very low ionic strength 

conditions and at protein concentrations of approximately 1 mM. These studies have 

assumed that βLg at low pH is almost exclusively monomeric. However, there are 

several studies supporting the presence of small quantities of dimer in solution in 

these conditions. SAXS and light scattering at 20 °C pH 2.5 and ionic strength 7 mM 

NaCl claimed that the quantity of the monomer is > 90%242. Temperature-dependent 

studies suggest that βLg at concentrations higher than 2 mg mL-1 generates non-ideal 

solutions236, 243. Thus, the structural determinants and the mechanism of dimer 

stabilisation remain somewhat uncertain.  

The core of this chapter will describe and discuss the study of βLg A and B 

oligomerisation by using analytical ultracentrifugation techniques. The study 

revealed the pH and concentration dependence of βLg oligomerisation and for the 

first time analytical ultracentrifugation was applied to quantify the kinetics of the 

dimer formation for βLg. The equilibrium and kinetic constants defined a trend not 

observed before for the dimer formation through the pH range explored and revealed 

new insights into the βLg dimerisation process. Furthermore, experiments performed 

in different buffers revealed the effect of micro-environmental conditions on βLg 

oligomerisation properties. 

However, before the analysis and the discussion of the data collected, a 

description of analytical ultracentrifugation techniques, indispensable for the 

complete understanding of the data presented, will be outlined in the following 

paragraphs. 
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4.4 Analytical ultracentrifugation to study molecular association in 

solution 

 

Analytical ultracentrifugation (AUC) techniques have played a crucial role in 

protein science244, and during the last few years new instrumentation and, above all, 

more sophisticated software tools for the AUC data analysis245, 246 have promoted a 

new flowering of the technique. Indeed, AUC can be considered as a gold standard to 

qualitatively and quantitatively define the hydrodynamic properties of 

macromolecular complexes, the oligomerisation properties of associating partners, 

and the stoichiometry and the thermodynamics of the interaction74.  

Particularly important for the complete understanding of all AUC capabilities is 

the recent development of sophisticated computational tools able to extract 

information from the collected data so that the analysis of the experimental data is  

now able to reveal an understanding of the behaviour of many macromolecular 

complexes247-249. 

Therefore, the short review on the analytical ultracentrifugation technique 

provided in the following pages will not only focus on the importance of the basic 

principles and instrumentation of the method, but will also give a considerable 

attention to the software resources for AUC data analysis. 

 

4.5 Principles of analytical ultracentrifugation 

 

Analytical ultracentrifugation is firmly based on the equilibrium and non-

equilibrium thermodynamics of the solutions under investigation. For the study of 

macromolecular complexes in solution two different and complementary approaches 

can be used: sedimentation velocity and sedimentation equilibrium experiments. The 

two approaches are based on different basic principles and can retrieve different 

information about the system. Therefore, the correlation of outcomes from 

sedimentation velocity and sedimentation equilibrium experiments can depict an 

exhaustive description of the molecular arrangement in solution250. 
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4.5.1 Principles of basic hydrodynamics 

 

When a high centrifugal force is applied to a macromolecule or a 

macromolecular complex, solute particles migrate from a side (top) to the other side 

(bottom) of a cell in which the solution has been placed. The migration of the 

particles ends when all the particles in solution reach the opposite side of the 

measuring cell (though a process defined as sedimentation). Svedberg’s equation 

calculates the sedimentation coefficient (!) of a particle under the effect of such 

centrifugal force: 
Eq. 4.1 

! = ! !
!!!! = !

!(1− !!!!)
!!!

= !"(1− !!!!)
!"  

 

where u is the observed radial velocity of the macromolecule, ω2r is the applied 

centrifugal field (ω is the angular velocity of the rotor while r is the radial position), 

M is the molar mass and ! is the partial specific volume of the macromolecule, ρ is 

the viscosity of the solution, NA is the Avogadro’s number and f is the frictional 

coefficient. D, R and T are the diffusion coefficient, the gas constant and the 

temperature respectively. The frictional coefficient of a spherical object subjected to 

centrifugal force is given by the Stoke’s equation: 
Eq. 4.2 

!! = 6!"!! 

 

where !! is the frictional coefficient of the particle having radius !! in a solvent 

having viscosity !. The combination of Svedberg’s equation with Stoke’s equation 

allows the calculation of the sedimention coefficient of a particle in solution: 
Eq. 4.3 

!!"!!"! = !
!(1− !!!!)

!!6!" 3!!!
4!!!

! ! 

 

where !!!!
!!!!

! !
has substituted for !! in the Stoke’s equation. 
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Rearranging we have: 
Eq. 4.4 

!!"!!"! = 0.012!!
! !(1− !!!)
!! !  

 

The sedimentation coefficient is directly related to the mass of the 

macromolecule in solution as well as to its hydrodynamics properties described by !. 

However, in analytical ultracentrifugation the experimentally calculated 

sedimentation coefficient !!"!!"! is adjusted to its standard equivalent calculated in 

water at 20 °C (s20,w), for comparisons between the data from different research 

groups. A correction equation is used to calculate s20,w from the experimental s-value: 
Eq. 4.5 

!!",! = ! !!,!
!!,!
!!"

! (1− !!!)!"(1− !!!)!,!
 

 

where η defines the viscosity of the solution and T and B are the temperature and 

the buffer conditions of the experiment250.  

It is interesting to notice that the ratio !!"!!"!/!!",!!directly correlates with the 

ratio ! !!  which defines the shape asymmetry of the molecules from a sphere. 

Computational tools developed for the analysis of analytical ultracentrifugation data 

allow the calculation of !!!,! from the determination of the experimental s-value. 

The software SEDNTERP (http://www,rasmb.bbri.org)246, 251 calculates the !!",! 

starting from the s-values but also theoretically determines the ! of any protein from 

the amino acid sequence. The comparison of the expected and experimentally derived 

!!",! as a function of the protein molecular weight can lead to the investigation of the 

hydrodynamic properties of the molecule in solution. Indeed, a higher sedimentation 

coefficient than the one expected can reveal an asymmetric shape of the molecules 

and can reveal the presence of different oligomers in solution. The analysis of the 

boundary throughout an analytical ultracentrifugation run can therefore promote the 

modelling of the protein hydrodynamics properties. Indeed, the total shape 

asymmetry of the molecule can be divided into two factors: the geometrical shape 

asymmetry and the hydration expansion. 

These factors are described by the following equation: 
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Eq. 4.6 

!
!!
= ! !
!!!!"#

! !! + !!!!!!

! !
 

 

Where δ denotes the hydration of a protein and a commonly accepted value for it 

is defined to be 0.3 gH2O/gdry protein
252. By calculating the frictional ratios for any 

protein and comparing the obtained values with the expected ones, it is possible to 

determine shape information for the molecule in the experimental conditions 

explored. 

 

4.5.2 Sedimentation velocity experiments 

 

At high rotor speeds, the analysis of the data can reveal qualitative and 

quantitative information about the studied system. AUC runs performed at 45,000 – 

50,000 rpm are defined as sedimentation velocity experiments (SV) and differ from 

the sedimentation equilibrium experiments where the rotor speed is lower. 

In a sedimentation velocity experiment, the main parameter under analysis is the 

movement of the boundary through the cell because the analysis of the boundary 

position at different times is correlated to the sedimentation coefficient (s-value).  

Nowadays, thanks to the collection of digital data, sophisticated analyses of the 

boundary are possible and a lot of different information about the molecules involved 

can be obtained. The s-value is usually obtained modeling directly the data using 

Lamm’s equation: 
Eq. 4.7 

!"(!, !)
!" = !1! !

!
!" !" !"(!, !)!" − !!!!!!(!, !)  

 

The equation describes the concentration distribution of the solute as a function 

of the radial position !"(!, !) and time !". This equation predicts that the resolution 

of the species in solution increases with increasing rotor speed. 
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Lamm’s equation (Eq. 4.7) can be re-arranged as a function of the sedimentation 

coefficient distribution, c(s), which is the most commonly used parameter to define 

the behaviour of the molecules in solution. 

One of the most used applications of Lamm’s equation involves the 

characterisation of protein-protein and protein-DNA mixtures 247, 248, 253-257. 

Applications of SV experiments include also the molar mass determination of 

macromolecules. Indeed, as pointed above, the Svedberg’s equation correlates the 

sedimentation coefficient to the molar mass of the macromolecule under 

investigation. The modeling of the boundary throughout the AUC run allows the 

transformation of the sedimentation coefficient distribution, c(s), to a molar mass 

distribution, c(M). 

On the other hand, the study of macromolecular association mostly requires a 

different approach that does not involve sedimentation velocity experiments but 

sedimentation equilibrium experiments (SE). A combined approach of SV and SE 

experiments can be used to define more accurately the thermodynamic parameters of 

molecular association.  

This approach has been successfully applied in many studies to give information 

about the association scheme, the sedimentation coefficients and the hydrodynamic 

shape of the reversibly formed oligomers in solution249, 256, 258, 259.  

The the major and most useful approach to study quantitatively the interactions 

between macromolecules is represented by sedimentation equilibrium experiments. 

 

4.5.3 Sedimentation equilibrium experiments 

 

Sedimentation equilibrium experiments (SE) require lower centrifugal fields than 

the one used in sedimentation velocity analyses. During a SE run, the sedimentation 

process and the diffusion process are balanced and equilibrium is reached when the 

net transport vanishes throughout the solution. SE data are usually shaped by an 

exponential function. 

The balancing between sedimentation and diffusion processes nullifies the effects 

of reactions occurring not at equilibrium (such as the kinetics of complex formation) 

but allows the determination of the thermodynamic parameters of a system. SE 
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experiments do not give the information about the reaction kinetics of 

macromolecular association. 

The sample is required to have a higher purity than for SV experiments as in SV 

runs each contaminant separates differently along the boundary. In the case of SE 

experiments species are not completely separated. 

The radial concentration ! ! !is given by: 
Eq. 4.8 

! ! = ! !!!"#
!!!!

!"
!! − !!!
2 = !!!"# ! !! − !!!

2  

 

where !! is the concentration at a distance !! along the cell and !!!!
!"  is often 

referred as the reduced molecular weight and defined with the symbol !. Eq. 4.8 

allows the calculation of the molecular weight of the species in solution with high 

precision and therefore SE experiments are often used to define the oligomeric state 

of the molecules under investigation250. 

The implementation of software for the fitting and the analysis of sedimentation 

equilibrium data has favoured the development of analytical ultracentrifugation in 

protein science. Currently, few software programs are available for the analysis of 

such data covering a great number of capabilities and running on different operating 

systems from Windows to Unix/Linux. In particular the program SEDPHAT 

(http://www.analyticalultracentrifugation.com/sedphat/sedphat.htm) has proven to be 

very useful and has been preferred for the analysis of the data collected for the study 

of βLg A and B self association.  

 

4.5.4 Instrumentation for analytical ultracentrifugation 

 

Currently, there are two models available for analytical centrifuges both 

produced by Beckman-Coulter: XLA and XLI centrifuges (Figure 4.5). 
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Figure 4.5 Example of analytical ultracentrifuge from Beckman-Coulter. 

 

The XLA system uses traditional UV-vis absorption to detect the migration of the 

molecules in solution, while the XLI system has introduced the integrated absorbance 

and interference optics for the detection of the sample. The new XLI system has 

several advantages. Indeed, the use of interference optics allows the detection of non-

absorbing molecules and makes possible the analysis of any biological 

macromolecule. Consequently, the interactions between macromolecules and small 

ligands and/or the conformational changes upon such interactions can be analysed 

without worrying if the ligand (often drugs are chromophores) absorbs in the UV-vis 

spectrum.  

However, the choice of an appropriate optical detection of the sample is 

dependent by the nature of the macromolecules under investigation and by the choice 

of the experimental conditions260. 

The sample is placed in measuring cells consisting of many pieces (figure 4.6). 
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Figure 4.6 Schematic representation of an analytical ultracentrifugation measuring cell.  

The cell is sectioned in all its different parts. A central compartment called centerpiece 

represents the core of the cell where the sample is loaded. Above and below the centerpiece the 

same assembly holds the quartz glass and seals the cell. The assembled cell is then placed in the 

cell housing that holds all the pieces together and assures an hermetic closure. Image (a) 

Reprinted with permission from G. Kegels, American Chemical Society (© 2004). 

 

The cells need to fulfill two fundamental requirements for the correct measuring 

of the sample: i) they need to seal completely the sample and not to leak and, ii) they 

need to be transparent to allow the concentration determination of the sample through 

its migration during the spin. To assure transparency the most used material 

composing the cells is sapphire but quartz can represent a cheaper substitution to it. 

As the instrument needs to record the absorbance difference between the sample 

solution and the blank, which is a solution exclusively composed of buffer, the cells 

are usually divided in two sectors parallel to each other. The centerpiece is the heart 

of analytical ultracentrifugation measuring cells and it can exist in different variants. 

A single sector centerpiece contains a single channel in which only the sample 

solution is placed. However, a double-sector centerpiece is the most used, as in the 
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two sectors blank and sample solutions are placed and parallel measurements of the 

absorbance can be performed. A multi-channel centerpiece contains 5-6 sectors in 

which different sample and/or concentrations can be placed (Figure 4.7). 

 

 
Figure 4.7 Different types of centerpiece, part of analytical ultracentrifugation measuring cells. 

A) Two monosector centerpieces (12 mm and 3 mm). B) Two double-sector centerpieces (12 mm 

and 3 mm). C) Three 12 mm multichannel double-sector centerpieces used for sedimentation 

equilibrium runs. 

 

In order to perform analytical ultracentrifugation experiments, the cells need to 

be inserted in a rotor (Figure 4.8). To avoid convection of the sample due to the 

strong centrifugal force the horizontal axis of the cell needs to be parallel to the axis 

of the rotor; cells are designed in order to be possible to adjust their orientation once 

they have been inserted inside the rotor. 

The rotors used for analytical ultracentrifugation must have particular 

characteristics of size and material to resist the extreme centrifugal force to which 

they are subjected. Despite the fact that in the early days they were built in steel or 

aluminum, currently rotors are shaped from a single block of titanium. The block 

may contain four or eight holes in which the measuring cells are placed. The distance 

between the midpoints of the holes and the axis of rotation is usually 650 mm. The 

radial calibration of analytical ultracentrifuges is achieved by spinning a reference 

cell in one of the holes (and counterbalancing it) at a given speed. The weight of the 

reference cell is known as it has radius reference marks at 570 and 720 mm distant 

from the axis of rotation of the instrument. It is important to know the maximum 

speed for each rotor as it influences its shelf life. Usually the maximum rotational 

speed allowed for the rotors is, nowadays, between 50000 and 60000 rpm. However, 

if the rotors are always used at the 95% of their maximum speed their shelf life is 

practically unlimited. The rotor carrying the cells containing one or more sample 
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solutions is placed in the centrifuge chamber and locked to the driveshaft. To avoid 

friction between the rotor and the air in the chamber all the experiments are 

performed in vacuum conditions. In addition, the chamber is under a strict 

temperature control. For thermodynamic measurements the error in temperature 

setting needs to be less than 0.3 K. To check the temperature with high accuracy the 

modern Beckman ultracentrifuges are equipped with a detector at the bottom of the 

chamber.  

 
Figure 4.8 Eight-hole analytical rotor made of titanium from Beckman-Coulter.  

 

Modern ultracentrifuges can detect temperature changes in the 0.1 K range. To 

accomplish the purposes of research on biological samples the temperature range that 

currently is possible to explore is from 0 to 40 °C. 

Besides the necessity to keep the temperature constant the centrifugal force 

applied on the sample also needs to be kept constant. To finely regulate the velocity 

of its rotation, the rotor inside the chamber is under the control of a computer. 

However, in the early days speed control was exclusively mechanical. The actual 

velocity was recorded via a stroboscopic ring fixed at the bottom of the chamber. The 

stroboscopic ring rotations were read by a photoelectric relay making the changes of 

speed finely detected. On the other hand, to improve the safety of AUC 

measurements a flexible axle is assembled on the bottom of the centrifuge to detect 

minimal imbalances. If such imbalances are present after reaching 1000 rpm from the 

starting of the run the centrifuge will stop.  

A fundamental step of each AUC experiment is the detection of the signal from 

the sample. Data collection involves the recording of the radial concentration c(s) of 
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the sample at defined intervals from the starting of the run. To achieve this, detectors 

mainly use three possible characteristics of the sample: the capacity to respond to 

light at a particular wavelength, the turbidity and different refraction indexes between 

different components in solution so that detectors can be classified into three types. 

Detectors that perceive the sample concentration using the intrinsic response of the 

sample at a defined wavelength are the most used, especially for the analysis of 

protein samples as some amino acid residues (i. e. phenylalanine or tryptophan) are 

light-sensitive in the far UV. These are UV-absorption detectors. The use of these 

detectors allows the determination of different classes of compounds in 

heterogeneous mixtures and is widely used for biophysics purposes.  

The detection of the absorbance in a modern analytical ultracentrifuge is part of a 

complex process. The light source is a Xenon lamp that emits light all the 

wavelengths between 190 and 800 nm. However, most measurements need to be 

performed at a single wavelength. To select a specific wavelength from the wide 

spectrum produced by the Xenon lamp the light hits a monochromator before 

reaching the sample. The monochromator selects the required wavelength 

discharging all the rest that are not suitable for the experimental purposes.  

Due to the high velocity of the rotor, excellent precision is required to read the 

sample absorption in the exact time when the cell passes in proximity of the detector. 

To achieve such precision the trigger of the light is based on the application of a 

Hall-effect device that is placed at the bottom of the chamber. The device responds to 

the magnetic field produced by a little magnet at the bottom of the rotor. When the 

magnet passes in proximity to the Hall-effect device it responds to the magnetic field 

and the light is triggered to the detector for the small time of 2-3 µs allowing the 

sample detection. A schematic representation of the absorption system for analytical 

ultracentrifugation experiments is showed in Figure 4.9. 
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Figure 4.9 Schematic representation of the absorption optics system for sample detection in an 

analytical ultracentrifuge. 
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Materials and methods 

4.6 Protein expression and purification 

 

The βLg A and B variants were expressed and purified by Dr. Trevor Loo and 

Dr. Gill Norris at the Institute of Fundamental Sciences of Massey University in 

Palmerston North, New Zealand, following the protocol described by Ariyaratne et 

al.261 and Ponniah et al.262. βLg was over expressed, along with a chaperone disulfide 

bond isomerase DsbC on a pETDUET-1 plasmid in Escherichia coli Origami (DE3) 

cells, which offer a more oxidising environment than standard cell lines, such as 

BL21. The cells were lysed using a French press. Following a centrifugation step, the 

supernatant was subjected to ion-exchange chromatography at pH 6.5 (20 mM BNis-

Tris, stepwise NaCl gradient from 0.05-1.0 M). Following the established procedure 

for purifying βLg from milk263, the protein was then dialysed against 50 mM 

phosphate buffer, pH 7.5, before dropping the pH to 2.6, to precipitate out unwanted 

E. coli proteins and misfolded βLg, followed by addition of NaCl to a final 

concentration of 30% (w/v) NaCl, which then precipitates βLg.  

The βLg A and B variants were greater than 95% pure when stored at 4 °C.  

Mass-spectrometry confirmed that the proteins expressed in E. coli, retain the N-

terminal methionine, which is cleaved in wild-type βLg. Mass-spectrometry also 

established that two disulfide bonds are present, as in native βLg262.  

The samples were frozen and delivered at the Bio21 Institute at the University of 

Melbourne (Melbourne, Australia) and further purification and analytical 

ultracentrifugation experiments were performed in collaboration with Dr. Renwick 

Dobson (Biomolecular Interaction Center University of Canterbury. Christchurch, 

New Zealand). 

Immediately prior to the analytical ultracentrifugation experiments, the βLg A 

and B variants were further purified using size-exclusion chromatography. For each 

pH, a HiPrep 16/60 Sephacryl S-200 HR column (GE) was equilibrated with buffer 

prior to injection of the proteins. Protein fractions were collected and then quantified 

by measuring their absorbance at 280 nm. The buffers were chosen according to their 

buffering capacity at the desired pH value: 20 mM citrate buffer in 100 mM NaCl 

was used to study the proteins at pH 2.5, 3.5, 4.5, 5.5 and 20 mM MOPS (MOPS [3-
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(N-morpholino)propanesulfonic acid]) buffer in 100 mM NaCl was used to perform 

the experiments at pH 6.5 and 7.5. MES (MES [2-(N-morpholino)ethanesulfonic 

acid]) buffer was used also at pH 5.5. 

 

4.7 Analytical ultracentrifugation experiments 

 

Sedimentation velocity experiments were performed using a Beckman model 

XL-I analytical centrifuge and a run temperature of 25 °C.  βLg A (and separately 

βLg B) was pooled after gel filtration and diluted to three different concentrations for 

the analytical ultracentrifugation experiments [~5, ~15 and ~45 µM (~0.09, ~0.28 

and ~0.83 mg/mL); see Table B1 for the precise experimental concentrations].  

The density and the viscosity of the buffers used in the AUC runs are shown in 

Table 4.1 and were experimentally determined using a densitometer (Anton Parr) and 

a viscometer (Anton Parr) or, where possible, calculated using SEDNTERP 

(http://www.rasmb.bbri.org).  V-bar was calculated using SEDNTERP and is based 

on the amino acid sequence of βLg A and B. The protein concentration was 

determined prior to the experiments by measuring the absorbance at 280 nm and 

using the extinction coefficient (determined also by SEDNTERP) of 0.96 L g−
1 cm−

1 

(17,210 M−
1 cm−

1) for βLg A and for βLg B236, 264. 

 

 

 

 

 
Table 4.1 Buffer density and viscosity values used for the AUC experiments at 25 oC and ionic 

strength of 100 mM NaCl.  

The values for citrate buffer were retrieved from SEDNTERP 1.09 database 

(http://www.Jphilo.mailway.com/download.htm).  The density and viscosity for MES and MOPS 

buffers at the different pH values were experimentally determined using a densitometer and a 

viscometer (Anton Parr).  

 

pH Buffer (20 mM in 100 mM NaCl) Density  
(�, g cm-3)) 

Viscosity  
(�, poise) 

2.5-5.5  Citrate 1.0027 0.008904 
5.5 MES [2-(N-morpholino)ethanesulfonic acid] 1.0025 0.00902 

6.5-7.5 MOPS [3-(N-morpholino)propanesulfonic acid] 1.0022 0.00902 
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For the sedimentation velocity experiments, sample (380 µL) and buffer (400 

µL) were loaded into the two sectors of a double-sector quartz cell and mounted in a 

Beckman eight-hole rotor similar to the one showed in Figure 4.8. The samples were 

centrifuged at 50,000 rpm.  Data were collected in continuous mode using a step size 

of 0.003 cm without averaging and without a time lag between scans. 

To estimate the sedimentation parameters of the βLg A and B at different pH 

values data were fitted to a c(s) distribution or a c(M) distribution model using the 

software SEDFIT256, available from http://www.analyticalultracentrifugation.com. 

The c(s) analyses were performed with a regularisation at a confidence level of 

0.95 (maximum entropy), a floating frictional ratio and baseline, Smin = 0.2 and Smax 

= 6 and a resolution of 100.  Weight-averaged s-values for the c(s) distributions were 

also determined using SEDFIT and converted to the standardised sedimentation 

coefficient (s20,w) using SEDNTERP.  Sedimentation coefficients and fit statistics for 

βLg A and B are provided in Tables 4.2 and 4.3, respectively.  The boundary shape 

was examined with a van Holde-Weischet analysis265 at all the pH values and 

concentrations explored. 

Sedimentation-equilibrium experiments were also undertaken. βLg A and B 

samples (100 µL) and the control buffer (120 µL) were loaded into a six-sector quartz 

cell.  Sedimentation-equilibrium experiments were carried out at a run temperature of 

25 °C and at four rotor speeds: 12,000, 15,000, 18,000 and 24,000 rpm.  Once 

equilibrium was obtained at each speed, the data were collected in step mode using a 

step size of 0.001 or 0.003 cm.  Sedimentation-equilibrium and sedimentation-

velocity data were globally fitted to appropriate mathematical models implemented in 

the software SEDPHAT266. Where only a single species was observed in solution, as 

at pH 4.5 and 5.5, a single interacting species model, which uses mass conservation, 

best fitted the data.  Where two species were detected in solution, as at pH 2.5, 3.5, 

6.5 and 7.5, a monomer-dimer self-association model was used to fit both the 

sedimentation velocity and sedimentation equilibrium data.  The fits were refined by 

alternating simulated-annealing with the Marquardt-Levenberg and simplex 

algorithms and included radial-invariant (RI) and time-invariant (TI) noise 

corrections. Radial-invariant noise is a (radially constant) background offset 

commonly encountered in interference optics and better known as jitter effect 

(undesired deviation from periodicity), whereas time-invariant noise is a background 
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offset that changes with radius and can be caused by variations in the pathlength due 

to possible imperfections found in optical components. The default weighting 

estimates employed by SEDPHAT for both the sedimentation velocity and 

sedimentation equilibrium data were used, and all parameters were checked to ensure 

they influenced the fit.  Since the data were collected at various wavelengths, protein 

concentrations were determined using the absorbance at 280 nm prior to the 

experiment and fixed, and the extinction coefficients were instead floated when the 

data were fitted with SEDPHAT. The extinction coefficients were, however, 

constrained across experiments collected at the same wavelength.  The sedimentation 

coefficients for the monomer (s1) and the dimer (s2), were also floated. Error 

estimates were determined using conventional F-statistics, as implemented in 

SEDPHAT, and represent the 69% confidence interval. The sedimentation data and 

residuals are provided in Figures B1-B14 of Appendix B. Moreover, Z-tests scores 

(proportional to the standard deviation from the fitting) confirming if the data fitting 

follows a normal distribution, have been calculated.  
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Results and discussion 

4.8 Elucidating the quaternary structure of β-lactoglobulin A and B in 

solution 

 

In the work presented here, SV and SE experiments were performed to 

characterise the oligomerisation of two βLg variants in solution. The initial work 

employed SV experiments to assess the oligomeric state of the βLg A and B variants 

over a broad pH range (2.5, 3.5, 4.5, 5.5, 6.5 and 7.5), for which citrate, MES and 

MOPS buffers were used.  SV data for each variant at three concentrations (see 

Figures B1-B7 for βLg A and Figures B8-B14 for βLg B, in Appendix B) were 

collected at each pH.  A summary of hydrodynamic properties and fit statistics is 

provided in Tables 4.2 (βLg A) and 4.3 (βLg B).  Following this, SE experiments, 

conducted under the same conditions, were used to determine the equilibrium 

constant for dimer dissociation (KD
2-1) (Table B2). Additionally, KD

2-1 values were 

optimised by globally fitting the SV and SE data.  Rate constants (koff) for the dimer-

monomer reaction at different pH values were also determined by fitting the SV data. 

An attempt to determine koff by globally fitting SV and SE data resulted in a decrease 

of accuracy in the case of βLg B at pH 2.5 (Table 4.5). Overall, individually and 

globally fitted koff and KD
2-1 show the same trend along the pH range explored. 

 Sedimentation velocity data and, where appropriate, sedimentation equilibrium 

data, and fits to these data for βLg A and B are provided in Appendix B (Figures B1-

B14). The measured βLg concentrations are provided in the captions to the figures 

and Table B1. Continuous size distribution, continuous mass distribution, van Holde-

Weischet analysis and the measured KD
2-1 and koff values  
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!
Table 4.2: Hydrodynamic properties and fit statistics for SV data of βLg A at three loading concentrations over the pH range 2.5-7.5. 

Sample Model s20,w peak 
(S) 

Weight-averaged 
s20,w 

Mass 
(Da) 

f/f0
 Runs-Z test 

score 
r.m.s.d. 

Citrate pH 2.5        
5.3 µM c(s) distribution 2.1 2.2  1.26 7.6 0.005 
15.7 µM c(s) distribution 2.4 2.3  1.15 13 0.006 
33.4 µM c(s) distribution 2.6 2.5  1.17 12 0.006 

        
Citrate pH 3.5        

4.8 µM c(s) distribution 2.7 2.6  1.23 1.3 0.008 
15.8 µM c(s) distribution 2.7 2.7  1.24 0.5 0.009 
26.7 µM c(s) distribution 2.8 2.7  1.25 1.7 0.009 

        
Citrate pH 4.5        

2.5 µM c(s) distribution 2.7 2.6  1.16 4.3 0.004 
14.5 µM c(s) distribution 2.8 2.8  1.20 5.8 0.004 
43.9 µM c(s) distribution 2.8 2.8  1.23 5.5 0.006 

        
Citrate pH 5.5        

6.5 µM c(s) distribution 2.6 2.6  1.20 2.5 0.004 
16.8 µM c(s) distribution 2.7 2.7  1.22 4.7 0.005 
47.3 µM c(s) distribution 2.8 2.7 - 1.23 14 0.01 
47.3 µM c(M) distribution - - ~33,000 1.24 12 0.01 
47.3 µM discrete species 2.7 - 33,900±1,400 - 3.9 0.005 
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Table 4.2 cont.: Hydrodynamic properties and fit statistics for SV data of βLg A at three loading concentrations over the pH range 2.5-7.5.  (follows from 

previous page). 

Sample Model s20,w peak 
(S) 

Weight-averaged 
s20,w 

Mass 
(Da) 

f/f0
 Runs-Z test 

score 
r.m.s.d. 

MES pH 5.5        
5.0  µM c(s) distribution 2.6 2.5  1.20 4.03 0.006 
18.7  µM c(s) distribution 2.7 2.6  1.22 5.73 0.006 
46.9 µM c(s) distribution 2.7 2.6  1.22 6.19 0.01 
46.9 µM c(M) distribution   ~33,000 1.24 8.7 0.01 
46.9 µM discrete species 2.7 - 33,300±1,700 - 9.0 0.007 

        
MOPS pH 6.5        

3.5 µM c(s) distribution 2.1 2.3  1.30 4.3 0.007 
11.0 µM c(s) distribution 2.5 2.6  1.24 4.8 0.01 
33.0 µM c(s) distribution 2.6 2.7  1.37 10 0.007 

        
MOPS pH 7.5        

5.13 µM c(s) distribution 2.1 2.0  1.32 1.5 0.005 
22.6 µM c(s) distribution 2.6 2.3  1.30 6.8 0.006 
36.5 µM c(s) distribution 2.9 2.4  1.31 9.6 0.007 
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Sample Model s20,w peak 
(S) 

Weight-averaged 
s20,w 

Mass 
(Da) 

f/f0
 Runs-Z test 

score 
r.m.s.d. 

        
Citrate pH 2.5        

6.76 µM c(s) distribution 2.2 2.3  1.26 1.0 0.005 
19.2 µM c(s) distribution 2.5 2.5  1.17 0.11 0.006 
53.0 µM c(s) distribution 2.7 2.6  1.22 4.4 0.007 

        
Citrate pH 3.5        

5.1 µM c(s) distribution 2.7 2.7  1.27 11 0.008 
15.0 µM c(s) distribution 2.8 2.8  1.23 2.4 0.012 
44.1 µM c(s) distribution 2.8 2.8  1.26 3.5 0.008 

        
Citrate pH 4.5        

63.6 µM c(s) distribution 2.7 2.7  1.24 2.5  0.006 
13.9 µM c(s) distribution 2.8 2.8  1.23 2.3 0.004 
47.8 µM c(s) distribution 2.8 2.8  1.24 10.15 0.01 

        
Citrate pH 5.5        

6.5 µM c(s) distribution 2.7 2.7  1.21 4.6 0.004 
17.6 µM c(s) distribution 2.8 2.8  1.21 3.7 0.004 
50.0 µM c(s) distribution 2.8 2.8 - 1.23 10.16 0.02 
50.0 µM c(M) distribution - - ~33,000 1.25 14 0.02 
50.0 µM discrete species 2.9 - 34,200±1,100 - 3.0 0.005 

 
Table 4.3: Hydrodynamic properties and fit statistics for SV data of βLg B at three loading concentrations over the pH range 2.5-7.5. 
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Sample Model s20,w peak 
(S) 

Weight-averaged 
s20,w 

Mass 
(Da) 

f/f0
 Runs-Z test 

score 
r.m.s.d. 

MES pH 5.5        
5.7 µM c(s) distribution 2.7 2.6  1.20 1.7 0.004 
17.8 µM c(s) distribution 2.7 2.7  1.20 5.0 0.005 
49.8 µM c(s) distribution 2.7 2.7  1.22 9.81 0.009 
49.8 µM c(M) distribution - - ~33,000 1.24 10.7 0.01 
49.8 µM discrete species 2.9 - 33,200±1,400 - 7.0 0.007 

        
MOPS pH 6.5        

4.3 µM c(s) distribution 2.5 2.6  1.33 7.8 0.007 
11.9 µM c(s) distribution 2.8 2.7  1.22 8.9 0.007 
36.5 µM c(s) distribution 2.9 2.9  1.23 7.8 0.009 

        
MOPS pH 7.5        

5.22 µM c(s) distribution 2.3 2.2  1.46 1.6 0.005 
15.4 µM c(s) distribution 2.6 2.4  1.29 0.69 0.006 
43.3 µM c(s) distribution 2.7 2.7  1.26 2.7 0.006 

        
 

Table 4.3 cont.: Hydrodynamic properties and fit statistics for SV data of βLg B at three loading concentrations over the pH range 2.5-7.5 (follows from 

previous page). 
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4.8.1 Weight-averaged size distribution 

 

Sedimentation velocity data for βLg A and βLg B were initially fitted to a 

continuous c(s) distribution using the program SEDFIT256. The use of c(s) 

distribution analysis is useful for characterising molar mass and size distributions in 

heterogeneous samples, particularly where one of the species is less represented in 

comparison to the other267. Representative fits of the data to continuous c(s) 

distributions for βLg A and βLg B at pH 2.5 and at three protein concentrations of 

~5, ~15 and ~45 µM (Figures 4.8 and 4.9) show features that suggest that under these 

conditions both βLg variants self-associate, with dissociation constants (KD
2-1) close 

to, or in the range of, the concentrations investigated. Dissociation constants within 

or very close to the concentration range explored in the experiment are essential for 

high precision in calculating KD
2-1. Indeed, in the case where the obtained KD

2-1 

would have fallen outside the concentration range investigated, the calculated 

constant would have been subject to a higher error. Figure 4.8A shows the continuous 

c(s) distribution plot for βLg A at ~5, ~15, and ~45 µM at pH 2.5 as a function of the 

standardised sedimentation coefficient at 20 °C in water (s20,w). At ~5 µM protein 

concentration (Figure 4.8A, solid line), the c(s) distribution for βLg A shows an 

asymmetric shape with a maximum at 2.2 S that tails to higher sedimentation 

coefficients indicating the presence of higher molecular weight species.  In contrast, 

at ~45 µM (Figure 4.8A, dashed line), the c(s) distribution for βLg A shows a 

maximum at 2.5 S that tails to lower sedimentation coefficients indicating the 

presence of lower molecular weight species, while at ~15 µM (Figure 4.8A, dotted 

line) the c(s) distribution evidences a more symmetrical peak with a maximum at an 

intermediate value of 2.4 S.  

Similarly, the continuous c(s) distribution of βLg B at pH 2.5 over three 

concentrations also displays behaviour (Figure 4.9A) consistent with a self-

association between two species of comparable size to βLg A (Figure 4.8).  For both 

βLg A and βLg B, the c(s) model gave a good fit to the data, as judged by the low 

r.m.s.d., runs test-Z scores, and random distribution of residues, as shown in the top 

panels of frames B, C and D in Figures 4.8 and 4.9. 
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Figure 4.10 Sedimentation velocity data for βLg A at pH 2.5 in 20 mM citric acid, 100 mM NaCl and at 25 oC. 

A) Continuous c(s) analysis derived from SV data for βLg A at concentrations of 5.3 µM (solid line; SV data and least-squares fits and residuals shown in 

panel B), 15.7 µM (dashed line; panel C) and 33.4 µM (dotted line; panel D). Statistics for the non-linear least-squares fits: B) r.m.s.d. = 0.005, runs test-Z 

score = 7.6; C) r.m.s.d. = 0.006, runs test-Z score = 13; D) r.m.s.d. = 0.005, runs test-Z score = 12. 
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Figure 4.11 Sedimentation velocity data for βLg B at pH 2.5 in 20 mM citric acid, 100 mM NaCl and at 25 oC. 

A) Continuous c(s) analysis derived from SV data for βLg B at concentrations of 6.7 µM (solid line; SV data and least-squares fits and residuals shown in 

panel B), 19.2 µM (dashed line; panel C) and 53 µM (dotted line; panel D). Statistics for the non-linear least-squares fits: B) r.m.s.d. = 0.005, runs test-Z 

score = 0.9; C) r.m.s.d. = 0.006, runs test-Z score = 0.2; D) r.m.s.d. = 0.007, runs test-Z score = 5.  
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The weight-averaged s20,w, describing the weighted species population in solution 

for βLg A and βLg B at pH 2.5 were calculated for each concentration (Table 4.4). 

Consistent with a self-association and a KD
2-1 close to, or within, the range of 

concentrations investigated, an increase in the weight-averaged s20,w with increasing 

protein concentration was observed for both βLg A (2.2 S at ~5 µM to 2.5 S at ~45 

µM) and βLg B (2.3 S at ~5 µM to 2.6 S at ~45 µM).  

On applying the above analyses to βLg A and βLg B over the full pH range, both 

variants displayed similar pH-dependent behaviour. At pH 3.5, 6.5 and 7.5 (Figure 

4.12 and 4.13, frames B, E and F), βLg A and βLg B demonstrate a concentration-

dependent change in the oligomeric state, similar to that observed at pH 2.5. Also, 

similar to results at pH 2.5, the weight-averaged s20,w values for βLg A and B 

increase as a function of increasing protein concentration at pH 6.5 and 7.5 (Table 

4.4). 

 

 Weight-averaged s20,w (S) 
 pH 2.5 

citrate 
pH 3.5 
citrate 

pH 4.5 
citrate 

pH 5.5 
citrate 

pH 6.5 
MOPS 

pH 7.5 
MOPS 

βLg A       
  ~5 µM  2.2 2.6 2.6 2.6 2.3 2.0 
  ~15 µM 2.3 2.7 2.8 2.7 2.6 2.3 
  ~45 µM 2.5 2.7 2.8 2.7 2.7 2.4 
βLg B       
  ~5 µM  2.3 2.7 2.7 2.7 2.6 2.2 
  ~15 µM 2.5 2.8 2.8 2.8 2.7 2.4 
  ~45 µM 2.6 2.8 2.8 2.8 2.9 2.7 

 
Table 4.4 Weight-averaged s20,w coefficients calculated for βLg A and βLg B at 5, 15 and 45 µM 

over the pH range 2.5 – 7.5 in different buffer solutions and at an ionic strength of 100 mM 

NaCl. 
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Figure 4.12 Normalised c(s20,w) distribution plots for βLg A over a pH range of 2.5 to 7.5. 

Figures show the distribution plots for βLg A obtained from the fitting of sedimentation velocity 

data using a continuous c(s) distribution model.  The three protein concentrations explored are 

approximately 5 µM (solid line), 15 µM (dashed line) and 45 µM (line of dots); loading 

concentrations are given in parentheses. In 20 mM citrate and 100 mM NaCl: (A) pH 2.5 (5.3, 

15.7, 33.4 µM), (B) pH 3.5 (4.8, 15.8, 26.7 µM), (C) pH 4.5 (2.5, 14.5, 43.9 µM) and (D) pH 5.5 

(6.5, 16.8, 47.3 µM). In 0.0200 M MOPS and 100 mM NaCl: (E) pH 6.5 (3.5, 11.0, 33.0 µM) and 

pH 7.5 (5.15, 22.6, 36.5 µM). Statistics for the fits can be found Appendix B (Figures B1-B7). 
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Figure 4.13 Normalised c(s20,w) distribution plots for βLg B over a pH range of 2.5 to 7.5.  

Figures show the distribution plots for βLg B obtained from the fitting of sedimentation velocity 

data using a continuous c(s) distribution model.  The three protein concentrations explored are 

approximately 5 µM (solid line), 15 µM (dashed line) and 45 µM (line of dots); loading 

concentrations are given in parentheses. In 20 mM citrate and 100 mM NaCl: (A) pH 2.5 (6.76, 

19.2, 53.0 µM), (B) pH 3.5 (5.1, 15.0, 44.1 µM), (C) pH 4.5 (3.6, 13.9, 47.8 µM) and (D) pH 5.5 

(6.5, 17.6, 50.0 µM).  In 0.02 M MOPS and 100 mM NaCl: (E) pH 6.5 (4.3, 11.9, 36.5 µM) and 

(F) pH 7.5 (5.22, 15.4, 43.3 µM). Statistics  for the fits can be found in the Appendix B (Figures 

B8-B14). 
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4.8.2 Continuous mass distribution analysis 

 

The symmetrical c(s) distributions for βLg A and βLg B at pH 4.5 and 5.5 are 

consistent with a single species predominating at all concentrations (Figures 4.12 and 

4.13, frames C and D).  In addition, the weight-averaged s20,w values for βLg A at pH 

4.5 and 5.5 (Table 4.4) exhibit only a small increase as the protein concentration 

increases. To verify that this species is indeed dimeric βLg, the SV data for βLg A 

and βLg B at pH 5.5 and at 45 µM, where the c(s) distributions presented the sharpest 

and most symmetrical peaks at 2.8 S for βLg A and 2.7 S for βLg B, were fitted to a 

continuous mass distribution model. Figures 4.14 and 4.15 display a single peak with 

an ordinate maximum at ~33000 Da for both βLg A and βLg B, which is close to the 

expected molecular weight of ~36,700 Da for the sedimentation of a βLg dimer. 

When the data were fitted to a discrete species model, the mass was again estimated 

to be 34,000 ± 1,200 Da. Estimated molecular weights and ranges are given in 

Figures B3-B5 for βLg A and Figures B10-B12 for βLg B.    

Thus, for both βLg A and βLg B the dimer is the predominant species in solution 

at a concentration of approximately 45 µM over the full pH range investigated and 

there is no evidence in any of the SV data to suggest the presence of a larger 

oligomeric species in solution (i.e. trimer, tetramer, octamer, etc). In the mid pH 

range (pH 4.5 to 5.5), compared to the lower end (pH 2.5 and 3.5) and the higher end 

(pH 6.5 and 7.5), the dimer appears notably more stable with a KD
2-1 in the sub-µM 

range. This is near the isoelectric points for βLg A and βLg B (5.23 and 5.26, 

respectively 268, 269). The SV data at the lower and higher pH values and especially at 

the lowest concentrations, show evidence for dimer dissociation and for KD
2-1 to be in 

the range of, or close to, the concentrations tested. 
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Figure 4.14 Continuous mass distribution c(M) of βLg A and B. 

Continuous mass distribution c(M) of βLg A (A) and B (B) were obtained from the fitting of SV 

data at pH 5.5 (20 mM citrate buffer, 100 mM NaCl) at 47.3 µM. The apparent molar mass of 

the species represented by the peaks has been found to be 33,900±1,300 Da and 34,200±900 Da 

respectively for βLg A and B. 

A) B) 
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4.8.3 van Holde-Weischet analysis 

 

To further investigate the boundary shape as a function of concentration and pH, 

the SV data were analysed by the van Holde-Weischet method265.  

The van Holde-Weischet analysis is a fast and accurate method to quantify the 

species present in solution exempting the data from diffusion events occurring during 

the analytical ultracentrifugation run. The method, in fact, is based on the assumption 

that sedimentation and diffusion are processes occurring on different time-scales. 

Indeed, while sedimentation evolves linearly in time, diffusion evolves as the square-

root of the time in an AUC run. Starting from this assumption, if the experiment runs 

for an infinite time the complete separation of all the species present in solution 

would occur. The van Holde-Weischet extrapolation plots represent the 

sedimentation coefficient S20,w as a function of the time assuming an infinite time for 

the run. An example of van Holde-Weischet extrapolation plots is represented in 

Figure 4.15. 

 
Figure 4.15 Example of van Holde-Weischet extrapolation plot.  

In a van Holde-Weischet analysis the boundary is divided in equally spaced boundary sections 

(divisions) from the baseline to the plateau region (B. F. = boundary fraction).  

The intercept on the y-axis represents the sedimentation coefficient of the species in solution 

after a full separation (considering that the sedimentation velocity run would last for an infinite 

time). Image adapted from the Ultrascan manual, courtesy of Boris Demeler, The University of 

Texas, San Antonio, (© 1998, 1999). 
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In an extrapolation plot a sample with a single species in solution will therefore 

show a theoretically single intercept (s-value) on the y-axis of the extrapolation plot. 

On the other hand, more than one species in solution will be separated on the y-axis 

depending on their different sedimentation properties, as shown in the example 

depicted in Figure 4.15 where two species appear to exist. 

In order to quantify the species in solution the s-value calculated by the 

extrapolation plot can be plotted against the boundary fraction. The graph showing 

the extrapolated sedimentation coefficients versus the boundary fraction constitute 

the van Holde-Weischet full integral distribution (Figure 4.16). Homogeneous 

samples show a single vertical distribution without spanning along the x-axis 

 

 
Figure 4.16 Example of full integral van Holde-Weischet plot.  

The sedimentation coefficient of the species in solution (x-axis) is plotted against the boundary 

fraction. Single species show a single vertical distribution along the x-axis. In the case reported 

in this particular example two species can be clearly detected. Image adapted from Ultrascan 

manual, courtesy of Boris Demeler, The University of Texas, San Antonio, (© 1998, 1999). 
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As for the c(s) analysis above, the van Holde-Weischet G(s) (integral 

sedimentation coefficient distribution) plots revealed a self associating system for 

βLg A and βLg B, which is both concentration and pH-dependent. The G(s) plots at 

all the pH and concentrations experimentally explored are shown in Figures 4.10 and 

4.11 for βLg A and βLg B respectively. At the lower concentration (square dots) the 

curves systematically show a half-parabolic shape with a shift on the x-axis, which is 

evidence for two different species in solution, in this case the monomer and the 

dimer. A half-parabola-shaped curve is characteristic of a reversible self-association 

between two or more species and the shift along the x-axis indicates that the 

association can be resolved through dilution of the sample270. An increase in loading 

concentration determines, on the other hand, a shift of the graph to higher 

sedimentation coefficients and changes the shape of the curve towards linearity 

(Figures 4.17 ad 4.18, circle and triangle dots). At pH values at least one integer 

below and above the protein pI (pH 2.5, 3.5, 6.5 and 7.5), the half-parabolic shape of 

the curve is more defined than in the mid-pH range (pH 4.5 and 5.5), which is near 

the protein isoelectric point (pI = 5.1-5.3). At pH 4.5 and 5.5 for both βLg A and βLg 

B, the graph shows a more pronounced linearity even at the middle concentration 

explored. At the highest concentration, the curve assumes a linear trend and situates 

in proximity of a single sedimentation coefficient value, giving evidence of an 

almost-exclusive presence of a species consistent with βLg A and βLg B dimers. 
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Figure 4.17 van Holde-Weischet integral distribution plots for βLg A over the pH range of 2.5 to 7.5. 

(A) pH 2.5 in 20 mM citrate, 100 mM NaCl, (B) pH 3.5 in 20 mM citrate, 100 mM NaCl, (C) pH 4.5 in 20 mM citrate, 100 mM NaCl, (D) pH 5.5 in 20 mM 

citrate, 100 mM NaCl, (E), pH 6.5 in 20 mM MOPS, 100 mM NaCl, (F) pH 7.5 in 20 mM MOPS, 100 mM NaCl. The van Holde-Weischet analysis is shown 

in each graph at three different loading concentrations of approximately 5, 15 and 45 µM (loaded concentration values can be found in Table B1 of 

Appendix B) showed in squares (black), circles (red) and triangles (green). 
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Figure 4.18 van Holde-Weischet integral distribution plots for βLg B over the pH range of 2.5 to 7.5. 

(A) pH 2.5 in 20 mM citrate, 100 mM NaCl, (B) pH 3.5 in 20 mM citrate, 100 mM NaCl, (C) pH 4.5 in 20 mM citrate, 100 mM NaCl, (D) pH 5.5 in 20 mM 

citrate, 100 mM NaCl, (E), pH 6.5 in 20 mM MOPS, 100 mM NaCl, (F) pH 7.5 in 20 mM MOPS, 100 mM NaCl. The van Holde-Weischet analysis is shown 

in each graph at three different loading concentrations of approximately 5, 15 and 45 µM (loaded concentration values can be found in Table B1 of 

Appendix B) represented using squares (black), circles (red) and triangles (green). 
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4.9 Thermodynamic and kinetic parameters of the monomer-dimer self-

association of β-lactoglobulin A and B 

 

Multi-speed sedimentation equilibrium (SE) experiments were performed to 

further investigate the self-association of βLg observed in the SV experiments at pH 

2.5, 3.5, 6.5 and 7.5. Equilibrium constants for βLg A and βLg B dimer dissociation 

(KD
2-1) were calculated by fitting SE data and further optimised by integrating SV 

data into the fit. From the SV experiments above, at pH conditions of 4.5 and 5.5, 

even at the lowest loading concentration, there appeared to be largely dimer in 

solution. As such, SE data in these conditions were fitted to a single species model, 

which gave molecular weights close to that of the calculated mass in the continuous 

mass distribution analysis shown in Figure 4.14 (for the fitting of the raw data see 

Figures B3-S5 for βLg A and Figures B10-B12 for βLg B).  Clearly the KD
2-1 in these 

conditions is below the micromolar range. 

By globally fitting the SE data with the SV data, the dimer dissociation 

equilibrium constants (KD
2-1) have been more accurately determined. Indeed, globally 

fitted KD
2-1 show a narrowed error range compared to the one obtained for KD

2-1 

calculated through individual SE fitting. Regardless of fitting procedure the same 

trend was observed for KD
2-1 through the pH values investigated (Table 4.5). 

 

 

A 

 

 

 

 

 

A 
Table 4.5 Equilibrium constants calculated for βLg A and βLg B dimer dissociation from the 

fitting of SE data only and from the combined fitting of SE and SV data. 

Calculated error ranges representing an estimated 69% confidence interval are reported in 

parentheses. 

*SE data fitting; ** SV and SE data global fitting 

 KD(2-1) 

(/µM) 
 βLg A* βLg B* βLg A** βLg B** 

pH 2.5 
citrate 

19.3 
(14.9 –26.2) 

15  
(11 – 21) 

14.8 
(11.2 – 18.4) 

8.2 
(5.8 – 11.1) 

pH 3.5 
citrate 

1.4 
(0.2 – 4.4) 

11.6 
(6.6 – 20.6) 

4.0 
(2.3 – 6.0) 

1.4 
(1.1 – 4.5) 

pH 6.5 
MOPS 

11.9 
(5.5 – 23.7) 

1.0 
(0.3 – 4.8) 

4.0 
(2.7 – 5.6) 

2.5 
(1.0 – 7.1) 

pH 7.5 
MOPS 

24 
(13 – 43) 

17 
(10 – 27) 

10.8 
(7.6 – 15.8) 

8.6 
(6.3 – 10.9) 
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Accordingly, the SV and SE data at pH 2.5, 3.5, 6.5 and 7.5, where the self-

association was clearly evident in the SV data, were globally fitted to the monomer-

dimer self-association model implemented in SEDPHAT.  Other models, such as the 

monomer-trimer and monomer-tetramer self-association models, were also evaluated 

for the βLg system, but provided worse fits than the monomer-dimer self-association 

model. The globally fitted SE and SV data at each pH, along with the fit statistics, are 

provided in Appendix B (Figures B1-B2, B6-B7 for βLg A and B8-B9, B13-B15 for 

βLg B). As can be seen from Table 4.6 the S values for the dimer are closely matched 

(2.76 - 2.92) across the pH range for βLg A and βLg B, whereas there is somewhat 

more variability in the S values for the monomer (1.40-2.26), which may reflect a 

change in the shape or dynamics of the monomer in varying pH conditions as the 

monomer could be characterised by higher fluctuations overall a conformational 

ensemble as it lacks of the stabilising contacts at the dimer interface. 

 

 Monomer 
sedimentation 

coefficient 

Dimer 
sedimentation 

coefficient 

 βLg A βLg B βLg A βLg B 
pH 2.5 citrate 1.79 1.83 2.90 2.76 
pH 3.5 citrate 2.27 2.28 2.79 2.76 
pH 6.5 MOPS 1.98 1.91 2.91 2.90 
pH 7.5 MOPS 1.40 1.66 2.93 2.92 

 
Table 4.6 The S values for βLg A and B monomer and dimer. 

 

For both βLg variants, KD
2-1 values at pH 3.5 and 6.5 are smaller than those at pH 

2.5 and 7.5, and at pH 4.5 and 5.5 the KD
2-1 values have clearly decreased further, 

now falling into the sub-µM range, outside our instrument’s sensitivity in absorbance 

mode (Table 4.7). These trends are consistent with the weight-averaged c(s) 

distribution analyses shown in Figures 4.12 and 4.13. Across the full pH range the 

KD
2-1 parameters for βLg A are systematically larger than those for βLg B, but in 

each pairwise comparison at a given pH, the differences are only marginally 

significant. 

The measured values for the rate constant (Table 4.7) for the dimer dissociation, 

koff, reveal a significant difference at acidic pH when compared to near-neutral pH.  
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The measured koff for βLg A at pH 2.5 is 0.008 (range: 0.002−0.019) s-1 and that for 

βLg B is 0.009 (range: 0.003−0.029) s-1. In contrast, at pH 6.5 and 7.5 the dimer 

dissociation occurs on a time faster scale where the koff is over the measurable limit 

allowed by analytical ultracentrifugation techniques (koff > 0.1 s-1).  

In summary, our analysis of the SV and SE data suggests real differences in both 

the KD
2-1 and koff over the pH range, while both variants maintain very similar 

hydrodynamic properties. The values for the equilibrium constant for dimer 

dissociation (KD
2-1) indicate the dimer is most stable at the intermediate pH 

conditions (pH 4.5 and 5.5) and comparatively weaker in more acidic and neutral pH 

conditions.  In addition, the rate constant for dimer dissociation (koff) is slow in acidic 

conditions, but much faster in near neutral conditions. 

 

 koff   

(/s−1) 
kon (calculated) 
(/(M-1 s−1)) 

 βLg A βLg B βLg A βLg B 
pH 2.5 
citrate 

0.008  
(0.002-0.019) 

0.009  
(0.003-0.029) 

 580 
 

1,084  
 

pH 3.5 
citrate 

[0.007]b [0.041]* ---* --- * 

pH 6.5 
MOPS 

Fast (> 0.1) Fast (> 0.1) >25,000 >45,000 

pH 7.5 
MOPS 

Fast (> 0.1) 
 

 Fast (> 0.1) >9,600 
 

>11,900 

 
Table 4.7 Rate constants calculated for βLg A and βLg B dimer dissociation fitting SV data 

points. 

Calculated error ranges representing an estimated 69% confidence interval are reported in 

parenthesis. *Indicative value as no error could be determined or koff calculated. 

 

The observed trend is confirmed also by the comparison of the KD
2-1 and koff 

constants calculated by combining the fitting of SV and SE data. For the calculations 

of KD
2-1 the global fitting of SV and SE data points showed an increase of precision if 

compared to the values obtained by fitting the SE data only (Table 4.8). 
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Table 4.8 Equilibrium constants calculated for βLg A and βLg B dimer dissociation at different 

pH and different buffer solutions at ionic strength of 100 mM NaCl obtained fitting SE data 

points. 

Calculated error ranges representing an estimated 69% confidence interval are reported in 

parentheses. 

 

It is important to note that, since SE data do not add information about the 

reaction kinetics of monomers association, they participate only in adding noise to 

the determination of the koff values and, indeed, the global fitting of SV and SE data 

to obtain the kinetic constants for the βLg dimer dissociation has shown a decrease in 

precision resulted in the widening of error ranges in some cases (i. e. βLg A at pH 

2.5). Globally fitted koff values are reported in Table 4.9. 

 KD
(2-1) 

(/µM) 

 βLg A βLg B 

pH 2.5 

citrate 

13.8  

(10.1-17.7) 

8.3  

(5.5-11.1) 

pH 3.5 

citrate 

4.2  
(1.8-7.0) 

1.1  
(0.7-2.3) 

pH 6.5 

MOPS 

3.9  
(2.5-5.8) 

2.2  
(1.3-3.7) 

pH 7.5 

MOPS 

10.4  

(6.1-15.0) 

8.4  

(7.8-10.3) 
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 koff   
(/s-1) 

kon (calculated) 
(/(M-1 s-1)) 

 βLg A βLg B βLg A βLg B 
pH 2.5 
citrate 

0.009  
(0.002-0.018) 

0.013  
(0.003-0.045) 

 608 
 

1,585 
 

pH 3.5 
citrate 

[0.007]b [0.037]b ---b --- b 

pH 6.5 
MOPS 

Fast (> 0.1) Fast (> 0.1) >25,000 >40,000 

pH 7.5 
MOPS 

Fast (> 0.1) 
 

 Fast (> 0.1) >9,200 
 

>11,600 

 
Table 4.9 Rate constants calculated for βLg A and βLg B dimer dissociation at different pH and 

different buffer solutions at ionic strength of 100 mM NaCl by globally fitting SE and SV data 

points. 

Calculated error ranges representing an estimated 69% confidence interval are reported in 

parentheses. bIndicative value, as no error range could be determined or kon not calculated. 

 

As these remarkable kinetic results cannot easily be rationalised by the extra 

carboxylic acid/carboxylate group that βLg A has on an external loop (Asp64) in 

comparison to βLg B (Gly64) continuum electrostatic energy calculations (treated 

extensively in Chapter 5) were performed in an attempt to gain insight into the role 

that ionic strength may play in the association processes of βLg. 
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Chapter( 5! –! Investigation+ of+ the+ ionic+ strength+

dependence&of&β "lactoglobulin+self+association#

Introduction 

5.1. Solving the Poisson-Boltzmann equation in structural biology 

 

An important component of macromolecular interaction and recognition is the 

electrostatic field associated to the number and distribution of charged amino acids at 

the binding interfaces271-273. 

The electrostatic fields generated by biopolymers, as polyelectrolytes, profoundly 

influence the kinetics and the binding affinity of molecular association274-276, as well 

as protein structural stability277-280, and enzyme catalysis281, 282. 

Although there are several theoretical models available to describe electrostatic 

interactions283-285 qualitative and quantitative descriptions of macromolecular 

electrostatics are mostly achieved by solving the Poisson-Boltzmann equation 

(PBE)286. Poisson-Boltzmann models employed for the solution of the PBE around 

macromolecules of biological interest are founded on several assumption summarised 

in Table 5.1. 

 

Assumption of Poisson-Boltzmann models  
for the solutions of the PBE for biomolecules 

A charge line of infinite length represents a polyelectrolyte with cylindrical symmetry 

The solvent is a continuous medium with a defined dielectric constant ε 

Ions are point charges whose dimension and solvation can be neglected and  
whose distribution in space can be represented by a continuous distribution 

 
Table 5.1 Common assumptions of the Poisson-Boltzmann models used to perform electrostatic 

calculations on biomolecules. 

 

The PBE calculates the electrostatic potential of a solute immersed in a solvent 

having a higher dielectric constant284. Generally, there are two ways to consider the 

effect of the solvent in theoretical studies. Solvents can be treated at low or high 
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resolution. This is the major difference between implicit and explicit solvent models. 

In the explicit solvent models, each solvent molecule (for example water) is defined 

by a set of atomic coordinates for all the atoms composing it287. This suggests the 

advantages of using explicit solvent for biomolecular complexes where the 

interactions with solvent molecules are often specific and functional. On the other 

hand, implicit solvents, also called continuum solvents, are not represented by single 

solvent molecules complete with three-dimensional coordinates, but are considered as 

a uniform medium of solvent molecules (lacking therefore coordinates) having the 

same characteristics in different parts. The advantages of implicit solvent models 

applied to biomolecular simulations lie in the lowered computational power required 

to perform calculations but at the cost of resolution loss. Attempts to perform 

electrostatic calculations bridging the effects of implicit and explicit solvent models 

on the solute behaviour have been tried for membrane proteins288. However, 

nowadays the computation (using high resolution) of the Poisson-Boltzmann equation 

for explicit solvent models for biophysical applications still remains computationally 

expensive. 

The electrostatic potential (!) generated by a macromolecule in a sector of space 

! !can be calculated considering the concentration and the charge (number and 

distribution of the charges over the molecular structure) of the macromolecule and, as 

well as, the charge and concentration of the ions in solution.  

A non-linear form of PBE is given in Eq. 5.1. 
Eq. 5.1 

∇ ! ! ∇! ! = !−4!!! ! − 4! !!!!!! exp
−!!!" !

!"
!

!! !  

 

In Eq. 5.1 ∇ represents a vector operator that measures the magnitude of the 

electric field, (divergence operator), ! !  is the position-dependent dielectric, and 

∇! !  represents the gradient of the electrostatic potential. !! is the charge of the 

solute, !!! is the concentration of an ion particle “i” at an “infinite” distance from the 

solute, !! is the valence of the ion, q is the proton’s charge, k is the Boltzmann 

constant (the particles are assumed to have a Boltzmann distribution in solution), T is 

the absolute temperature, and ! !  is a parameter representing the accessibility of the 

ion in a sector of space ! . 
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The PBE is a differential equation that is time consuming to compute in the case 

of macromolecules and often its linear form (Eq. 5.2) is substituted when a small 

potential is assumed in solution.  
Eq. 5.2 

∇ ! ! ∇! ! = !−4!" ! + 4! !!!!!!!!! !!
!" !! !  

 

Usually for most biological systems with a moderate number of net charges and 

consequently a small electric field, the solution of the non-linear (NPBE) and linear 

Poisson-Boltzmann equations (PBE) are comparable. On the other hand, for systems 

showing regular net charges along the structure the two forms of the same equation 

can lead to different electrostatic potentials and NPBE solutions must be chosen. This 

is for example the case of nucleic acids where the phosphate groups carrying a 

negative charge are characterised by strong potentials289, 290. 

The electrostatic potential decreases exponentially with increasing distance from 

the macromolecule. 

Such exponential decay is described by the Debye-screening constant defined as 

follows: 
Eq. 5.3 

!!! = !8! !!!!!!!!!
2!"# = ! 1!!!

 

 

where !!is the Debye length. 

The energetics of association of macromolecules calculated considering the 

electrostatic components of the binding interfaces, is defined as electrostatic binding 

energy. In a molecular complex, the difference in electrostatic energy between bound 

and un-bound partners can therefore reveal the electrostatic contribution to the 

binding free energy and the importance that charged chemical functions can have in 

the establishment of the complex. The macromolecular processes described by a 

change of energy are defined by the thermodynamic cycle (Figure 5.1). It is possible 

to calculate the free energy for the complex formation by solving the Poisson-

Boltzmann equation at each step of a thermodynamic cycle. 
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Furthermore, by mutating charged to apolar chemical groups it is possible to 

determine the contribution of each charged group to the definition of the electrostatic 

binding energy. 

Moreover, the electrostatic binding energy can be decomposed into two terms: the 

solvation contribution to the binding and the Coulombic contribution to it. 

Additionally, the solvation energy can be subsequently decomposed into polar and 

apolar solvation energies.  

All these energy terms are part of the same process and belong to the same 

thermodynamic cycle. Coulombic energies refer to the pairwise Coulombic 

interactions between all the atoms of the interacting partners. On the other hand, the 

solvation energy refers to the energy difference of the polar (polar solvation) and non-

polar (apolar solvation) residues in an implicit solvent.  

 

 
 

Figure 5.1 Binding free energy cycle of a macromolecular complex composed of two generic 

binding partners A and B. 

Step 1 represents the free energy transfer for the complex dissociation in a homogeneous 

dielectric environment (where the transfer is exclusively regulated by Coulomb’s law). Step 3 

represents the same process in a heterogeneous environment where the molecules and the solvent 

are characterised by low (green) and high (blue) dielectric constants respectively. Steps 4 and 2 

(from right to left of the Figure) show the solvation processes for the complex and the separate 

binding partners respectively. 
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The binding free energy for a macromolecular complex in solution is given by the 

calculation of step 3 (Figure 5.1): 
Eq. 5.4 

∆!!"#$"#% = !−∆!! = !∆!! − !∆!! − ∆!! 

 

As mentioned before the total binding energy is the combination of different 

parameters including solvation and Coulombic components: 
Eq. 5.5 

∆∆!!"#$"#% = !∆!!"#$%&'"( + !∆!!"#$"%&'! 
 

In turn, the solvation contribution to the free energy of binding is given by the 

difference between the free energies of the macromolecule in vacuum and in a 

solvated environment where the dielectric constant is higher (step 4 and step 2 

respectively): 
Eq. 5.6 

∆∆!!"#$%&'"( = !∆!! − !∆!! = !∆!!"#$%&'"(!!" − !∆!!"#$%&'"(!! − !∆!!"#$%&'"(!! 

 

The second term defining the total binding energy of the complex is given by the 

Coulombic contribution to the binding. 

 
Eq. 5.7 

∆∆!!"#$"%&'! = !−∆!! = !∆!!"#$"%&'!!!" − ∆!!"#$"%&'!!! − ∆!!"#$"%&'!!! 

 

It must be said that despite the numerous advantages associated to this approach 

the definition of the complex formation energy has considerable limitations for very 

big molecules. Indeed, the finding of numerical solutions of the Poisson-Boltzmann 

equation for all the atoms of a macromolecular complex is severely time consuming 

from a computational point of view, and different algorithms have been designed to 

overcome the weight of the numerous and complicated calculations required291. The 

most used approach consists in dividing the solution of the PBE for the entire 

molecule in the different domains defined by a three-dimensional grid in which the 
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molecule is placed. However, in this case the accuracy of the calculation will be 

highly influenced by the parameters regulating the size of the grid.  

The approaches used to numerically solve the Poisson-Boltzmann equation for 

biophysical problems, including the decomposition of PBE solutions on a three-

dimensional grid, will be discussed in the next section in order to introduce the 

electrostatic calculations performed on the βlg homodimer. 

 

5.2. Algorithms to perform numerical solutions of the Poisson-Boltzmann 

equation: continuum electrostatic calculations 

 

The different strategies adopted to solve the Poisson-Boltzmann equation for 

macromolecules are related to the nature of the PBE. The algorithms developed to 

deal with the calculation of the PBE for all the atoms of macromolecule use a finite 

difference method. Practically, the molecular charges and dielectric constants are 

discretised on a 3D-grid and the PBE is then integrated in a finite difference for all the 

points of the grid (Figure 5.2). Several software packages use such method to find 

solutions of the PBE applied to biological systems275, 292, 293.  

 
Figure 5.2 Schematic representation of the finite elements method for the solution of Poisson-

Boltzmann equation. 

The macromolecule is placed at the center of a three-dimensional grid (most commonly having a 

cubic shape). The Poisson-Boltzmann equation is solved for each space section determined by the 

grid points and a finite difference is calculated to determine the final solution of the equation. 
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However, the construction of a grid brings some  disadvantages. Indeed, the grid 

needs to be fine enough to accomplish an accurate calculation. The accurate definition 

of the binding free energy is, in fact, highly sensitive to the size of the grid and its 

mesh resolution (distance between the single points)294.  

The choice of grid dimensions and spacing (mesh resolution) is dependent on the 

computational power available and consequently is indirectly related to the size of the 

macromolecule under investigation: a small molecule can reveal the free energy 

minimum using a small grid while large molecules need bigger and finer grids which 

are not always possible to use because of limitations in computing power (in terms of 

memory) available. Grids that are not fine enough will develop free energy values 

different from the experimental values.  

Nonetheless, the dependency between the binding energy and some physical 

parameters of the system can still be qualitatively evaluated even without a grid 

resolution reproducing the experimental free energy of binding. For example, in the 

case of calculations trying to determine the electrostatic binding energy with respect 

to ionic strength,  the contribution of the ionic strength to the free energy of complex 

association can be qualitatively described by the changes of free energies for different 

ionic strengths, although the value of the electrostatic binding energy calculated 

overestimates or underestimates the electrostatic free energy values found 

experimentally. 

The applications of the PBE to solve biological problems are many and allow the 

investigation of the micro-environmental effects on the electrostatic properties of 

macromolecular complexes. The analysis of the molecular electrostatic potential is 

probably the most straightforward application of PBE. Electrostatic surface potential 

is dependent on the charge distribution and the shape of the macromolecule. Partial 

charges on the macromolecular surface create strong electrostatic potentials that can 

be smoothed by the solvent accessibility and ion concentration; therefore small 

cavities on the protein surface can be characterised by strong electrostatic potential 

values. By looking at this behaviour it is theoretically possible to identify potential 

binding pockets at the complex interface. Consequently a small conformational 

change of the residues inside such small pockets can result in big differences in the 

macromolecular potential. For example, in the case of β-lactoglobulin, it has been 
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observed that small re-orientations of the side-chains can significantly change the 

magnitude of the protein electrostatic potential295. 

To avoid such imprecision, the use of NMR structures, which result from an 

average of conformational ensembles, can significantly increase the reliability of the 

results and is advised when possible.  

A second application of continuum electrostatic calculations for the study of 

macromolecular complexes is the analysis of the association kinetics. The calculation 

of the association rates of molecular interaction looking at the importance of 

electrostatic effects has been possible mainly by the design of the Ermak-McCammon 

algorithm296, implemented to perform Brownian Dynamics simulations (BD). In BD 

simulations, after the computation of the electrostatic potentials of the single binding 

partners one of the molecules is kept in the center of a three-dimensional space with 

360° rotational freedom around its own axis and trajectories through the space are 

simulated for the second molecule subject, in this case, to rotational and translational 

motions. The long-scale recognition driven by the electrostatic potentials favours the 

encounter of the two binding partners to form a low specificity complex (encounter 

complex). Subsequently short-range interactions such as hydrophobic or Lennard-

Jones forces would address the formation of a more specific association generating 

the final complex observed in solution297-301. The analysis of encounters due to the 

attraction of oppositely charged potentials on the molecular surfaces of the binding 

partners is related to the association rates. BD is therefore useful to calculate the 

association kinetics as it can reveal the structural determinants of complex formation 

and can be possibly applied to design complexes with an increased association rates 

after mutating key charged amino acids at the complex interface. This has been, for 

example, the case of superoxide dismutase enzyme that after mutations of charged 

residues has increased the association rate to its substrate with a consequent 

improvement of the reaction rate87, 302.  

However, there are a number of limitations to the study of the association rates 

using BD. Indeed, the molecular details are not taken into account, as it would be too 

computationally demanding to run BD simulations on a fully detailed complex. 

Nevertheless, the dependence of the association rates as a function of mutations and 

micro-environmental parameters, such as for example ionic strength, can be easily 

and accurately obtained. 
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In addition to the application of Brownian Dynamics simulations to elucidate the 

association kinetics of a macromolecular complex and to understand which parts of 

the molecular structures are involved in the formation of the encounter complex and 

therefore what is the mechanism of recognition for the binding partners. 

To further investigate the structural determinants of complexes mainly regulated 

by electrostatic interactions, molecular mechanics simulations, such as molecular 

dynamics (MD), and numerical solutions of the Poisson-Boltzmann equation have 

been combined. In this way the effect of implicit (solving PBE) and explicit (usually 

used in MD simulations) solvent models on the complex formation can be 

investigated at the same time. Molecular mechanics/Poisson-Boltzmann surface area 

calculations (MM/PBSA) represent an approach to reach such a result. They represent 

a post-processing of MD trajectories by solving the PBE after each step of a MD 

simulation. Although the development of MM/PBSA methods has offered a 

possibility to improve calculation accuracy, the implementation of structured solvent 

models in the computation of the macromolecular electrostatic properties is still 

considerably time consuming and effectively MM/PBSA computations can be solved 

only on small sections of macromolecular systems. To increase the calculation 

accuracy without increasing extensively the time of the computation the particle 

decomposition (or finite elements) method has shown consistent results for many 

different systems303-305.  

In the next paragraphs continuum electrostatic calculations on βLg A will be 

described and discussed. Considering that βLg dimer consists of more than 320 

residues, the Poisson-Boltzmann equation has been solved by using a discretisation 

method. The protein surface has been discretised on a grid and the electrostatic 

properties of the molecule have been computed at each point of the three-dimensional 

grid.  

The calculations revealed the mechanism by which ionic strength of the solution 

stabilises dimer formation and why dissociation constants decrease at higher ionic 

strength as observed experimentally in a previous study236.  
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Methods 

5.3. Continuum electrostatics calculations set-up at different pH values 

 

Continuum electrostatic calculations have been performed on two different 

structures of βLg A dimer (pdb codes 3BLG and 2BLG) and on the dissociated 

monomers by solving a linear form of the Poisson-Boltzmann equation (PBE). The 

need to perform the calculations on two different structures is directly related to the 

different conformations that the protein adopts at two different pH values as observed 

experimentally94: indeed, around neutral pH the protein undergoes a structural 

transition that involves the flipping of the EF loop. The electrostatic properties of the 

protein are actively involved in the structural transitions, as the flipping of the EF 

loop is generated by the high pKa of Glu 89, which, at low pH, is protonated and is 

positioned in proximity of the protein hydrophobic core while at neutral pH it 

becomes deprotonated and causes the movement of the loop away from the core. Such 

structural changes, related to the change in protonation of Glu 89 can have a big effect 

on the calculation of the electrostatic potential and binding energy of the dimer.  

Preliminary calculations were set-up to determine the radius and the charge of 

each atom in the structures as defined by the PARSE force field using the PDB2PQR 

server306. Hydrogen atoms were added assuming the protonation states of each amino 

acid at pH 2.5 and 7.5 calculated by the PROPKA307, 308 package. Finally, the 

structures were minimised performing 1000 steps of steepest descent energy 

minimisation in explicit solvent (SPC water model) using the GROMACS package. 

Continuum electrostatic calculations were then carried out using APBS software309-

312. The solvent probe radius was set at 1.4 Å and the dielectric constants (ε) were set 

at values of 4.0 and 78.5 for the protein and the solvent respectively. The temperature 

was set at  298.15 K (25 °C). A cubic grid having dimensions 193x193x193 Å was 

adopted for all the calculations in a multigrid approach. A first calculation was carried 

out using a 1.042 Å step per grid point employing Debye-Hückel (full Coulombic) 

boundary conditions. In these conditions, the βLg dimer occupies approximately 50% 

of the grid space. To refine the calculated binding energy the grid of the first 

calculation was used as boundary for a second calculation. The second calculation 

used a 0.523 Å step per grid point. In these new conditions, the βLg dimer occupies 

approximately 90-95% of the grid. The grid size and spacing chosen gave the best 
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possible resolution of the calculation considering the computing power available. 

Indeed, an additional increase in grid size or grid resolution would have overcome the 

maximum amount of random-access memory (RAM) available (4 GB) as the 

calculation of the electrostatic potential on each grid point takes up approximately 1 

MB of RAM.  The electrostatic binding energy has been calculated by subtracting the 

energies of the solvated βLg monomers from the energy of the solvated dimer. This 

work presents the results obtained by the second, more accurate, calculation.  

To understand the ionic contribution to the binding energy, the same calculation 

has been carried out, for each structure, at a series of ionic strength values in the range 

0 to 500 mM using NaCl as salt. The radii used to represent ionic species in solution 

were 0.95 Å and 1.81 Å for Na+ and Cl- respectively. The electrostatic potential of the 

dimer at pH 2.5 and 7.5 was recorded and represented in a three-dimensional space 

around the protein. Additionally, such potential has been visualised by coloring the 

protein surface by the calculated potential. 

The electrostatic binding energy as a function of the ionic strength has been 

monitored considering an extended Debye-Hückel model described by the following 

equation: 
Eq. 5.8 

lnK!" = !
−|z!z!|A Ionic!strength
1+ B! ∙ ! Ionic!strength

 

 

where z+ and z- are the positive and negative charges of the ion in solution and A 

and B are temperature-dependent constants having the values of 0.5085 and 1 

respectively. The distribution of the ion charge around the βLg structure upon dimer 

formation has been computed by subtracting the ion charge distribution of the 

monomers from the ion charge distribution of the dimer at different ionic strength 

values. 

Furthermore, the resulting ion charge distribution has been visualised around the 

protein surface to determine the regions of the molecules featuring the highest ion 

localisation.  
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Results and discussion 

5.4. Ionic strength dependence of β-lactoglobulin association 

 

Electrostatic calculations performed at different ionic strength showed a high 

dependence of the electrostatic dimerisation energy as a function of the salt 

concentration. Indeed, the increase in ionic strength in solution, results in a drop in 

electrostatic energy of binding (Figure 5.3). Comparing the obtained energy with the 

experimentally determined values in similar conditions313 it can be noted that the 

computed values are higher than the ones determined experimentally. 

 The overestimation of the calculated binding energy is due to the lack of grid 

convergence (for the problem of grid convergence in solving the PBE refer to section 

5.2), which is directly related to the limited grid size in respect to the size of the 

dimer. However, the computational limitations occurring in solving the PBE for the 

βLg dimer do not generate inaccuracies when the trend of the binding energy as a 

function of micro-environmental conditions such as the ionic strength is discussed. 

The electrostatic binding energy calculated for βLg dimer has been plotted as a 

function of the ionic strength using a Debye-Hückel extended mathematical model287 

(Figure 5.3A and B). 

Interestingly, in the Debye-Hückel regime (at ionic strength ≤ 15 mM), an 

increase in ionic strength drastically reduces the electrostatic binding energy of the 

dimer both at pH 2.5 and 7.5 (Figure 5.3A and B – red and black dots respectively). 

Indeed, between 5 and 20 mM NaCl the electrostatic binding energy of the dimer 

decreases almost linearly. On the other hand, the observable difference between the 

initial energy values calculated at zero ionic strength and at pH 2.5 and 7.5 (Figure 

5.3) are directly linked to the different charge density and distribution around the 

protein surface at the different pH values. Considering that at pH 2.5 the βLg dimer 

has a higher overall charge (+36) than at pH 7.5 (-20) it would have been expected 

that the slope of the curve reported in Figure 5.3 would be much steeper at pH 2.5. 

However, this is not the case. This possibly occurs because some of the charged 

particles in the βLg structure used at pH 2.5 are buried in apolar environments and are 

affected by an energy penalty as they lack solvation. The electrostatic energy values 

calculated at different salt concentrations are indicative of the ionic counterbalance of 
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the net charges on the protein surface; in this case the higher electrostatic energy 

values found for βLg at pH 2.5 (Figure 5.3) are determined by the higher number of 

net charges on the protein surface than at pH 7.5. 

 
Figure 5.3 Electrostatic dimer formation energy of βLg A at pH 2.5 and 7.5. 

The figure shows the electrostatic formation energy at pH 2.5 (red circles) and 7.5 (black 

squares) as a function of the ionic strength of a solution of NaCl in the range 0 to 500 mM. The 

inset (B) shows that over the range 0 to 15 mM the dependence is linear in the Debye-Hückel 

regime. The ionic strength values have been plotted using an extended Debye-Hückel model with 

the coefficient a = 1. 

 

Outside the Debye-Hückel regime the binding energy changes less as ionic 

strength increases. This is explained by the observation that after an initial 

neutralisation of the charges on the protein surface, excess salt does not have a great 

effect on the binding energy as the charges to neutralise are saturated. In these 

conditions, the ions not directly involved in the interaction with the protein would be 

part of the bulk interacting with the ions directly binding βLg. These interactions have 

much smaller effects on the macromolecular binding energy.  
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5.5. β-Lactoglobulin electrostatic potential at different pH values 

 

The protonation state of each amino acid changes as a function of the chemical 

nature of the ionisable group and as a function of its surroundings. Basic residues 

have high pKa and carry a positive charge over a wide pH range while acidic residues 

usually have low pKa (see chapter 2 for details). Considering such properties, proteins 

tend to have a positive overall electrostatic potential at pH lower than their pI and a 

negative overall potential above the pI.  

The analysis of the βLg electrostatic potential has been performed in order to 

understand which parts of the protein structure would be characterised by the 

strongest electrostatic properties and potentially discourage or promote monomer 

association. To extract information on the electrostatic properties of the protein, the 

visualisation of the potential has been performed in different ways. Firstly, a 

projection of the potential in a three-dimensional space has been useful to understand 

the amplitude of the electric field and its geometry around the protein (Figure 5.4A 

and B and 5.6A and B): this representation is also accompanied by a field-line 

visualisation of the electric field generated around the molecule (Figure 5.4C and 

5.6C). Secondly, the βLg surface has been colored with respect to the amplitude of 

the electrostatic potential giving clearer evidence of which parts of the structure have 

the strongest electrostatic properties (Figure 5.5 and Figure 5.7).  

βLg A exhibits a strongly positive potential at pH 2.5 (Figure 5.4 and Figure 5.6), 

where the greatest number of positive charges is found at or near the dimer interface 

especially in proximity of the α-helices of each monomer. A more detailed analysis of 

the protein structure reveals that a series of basic residues can be found in this region. 

Lys 135, Lys 138 and Lys 141 are the amino acids crucially responsible for the 

potential observed around the helices at the dimer interface, as they are fully 

protonated at low pH. Interestingly, these residues could establish a series of contacts 

with acidic residues located nearby; however, such interactions that could possibly 

smooth the electrostatic repulsion at the dimer interface have not been observed in 

any of the protein crystal structures94, 202, 314, 315. The analysis of the calculated 

potential suggests that electrostatic repulsion could play a significant role in the dimer 

dissociation at low pH. Indeed, the visualisation of the field lines relative to the 

calculated potential shows how the direction and the length of the field lines protrude 



 
 

164 

towards the top of the molecule without encountering any countercharge able to 

balance the strong positive charge (Figure 5.4C).  

 

 
 

Figure 5.4 Electrostatic potential of βLg A at pH 2.5. 

Isosurface representation of the electrostatic potential of βLg A at pH 2.5 (A and B). The blue 

and red colors represent a positive and negative electrostatic potential respectively. (C) 

Representation of the electric field generated by the protein. The density and the direction of the 

lines are proportional to the magnitude and the directionality of the field through the space. 

 

Moreover, it can be observed that in proximity of the dimer interface the positive 

potential magnitude is considerably high (+10 kT/e). All the rest of the protein surface 

is characterised by lower electrostatic potentials with the exception of the outer 

surface of the calyx located far from the interface (Figure 5.5). 

 

180
° 
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Figure 5.5 βLg A surface colored by the protein electrostatic potential calculated at pH 2.5. 

The scale is showed below (-/+ 10 kT/e). 



 
 

166 

The field line visualisation shows a strong concentration of lines between the α-

helices at the dimer interface at pH 2.5.The directions of the field lines suggest that 

the positive electric field generated is not neutralised by any partial negative charge in 

the vicinities. On the other hand, at the larger entrance of the calyx and in proximity 

of the AB and GH loops the positive electric field appears neutralised by the partial 

negative charges at the entrance of the calyx, that are observable also from the patch 

of negative potential represented in Figure 5.5 (red patch).  

 

 
Figure 5.6 Electrostatic potential of βLg A at pH 7.5. 

Isosurface representation of the electrostatic potential of βLg A at pH 7.5 (A and B). The blue 

and red colors represent a positive and negative electrostatic potential respectively. (C) 

Representation of the electric field generated by the protein. The density and the direction of the 

lines are proportional to the magnitude and the directionality of the field through the space. 

 

At pH 7.5 a negative electrostatic potential is predominant as the de-protonation 

of acidic residues such as glutamic and aspartic acid occurs. At this pH value different 

regions of βLg bear the strongest potentials. The GH loop at the dimer interface is 

characterised by the strongest negative potential (~ -10 kT/e) (Figures 5.6 and 5.7) 

180
° 
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determined by localisation of the acidic residues Asp 129, Asp 130 and Glu 134. The 

negative potential in proximity of the GH and AB loops shows a well defined shape 

and protrudes out of the protein while at pH 7.5 the positive potential on the α-helices 

at the dimer interface has lost magnitude compared to that possessed at pH 2.5 (Figure 

5.6A-B). 

This observation suggests that the structural determinants responsible for the 

dimer dissociation at acidic and neutral pH values could be different as the repulsion 

between monomers occurs in two different regions of the dimer interface. 

Furthermore, the nature of the two parts of the βLg structure involved in the strongest 

electrostatic potentials at pH 2.5 and 7.5, are considerably different in terms of 

conformational flexibility. Indeed, while at pH 2.5 the α-helices constitute a well 

structured element of the molecule, the GH and AB loops are unstructured and highly 

dynamic in solution. Thus, assuming a dimer dissociation driven by the electrostatic 

repulsion at the dimer interface, the different nature of the regions showing a strong 

repulsive potential could explain the different kinetic and thermodynamic constants of 

dissociation obtained at low and high pH by the analytical ultracentrifugation 

experiments discussed in chapter 4. 
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Figure 5.7 βLg A surface colored by the protein electrostatic potential at pH 7.5.  

The scale is showed below (-/+ 10 kT/e). 
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5.6. Ion charge density maps around β-lactoglobulin dimer reveal the 

mechanism of dimer stabilisation as a function of the ionic strength. 

 

The main effect stabilising the formation of the dimer is considered to be the 

hydrophobic effect235. However, the βLg dimer interface contains many charged 

residues and, as shown by the computed electrostatic potentials at different pH values, 

strong electrostatic potentials (of opposite sign) are found below and above the pI. 

Moreover, the finding of such strong dependence between the dimer formation energy 

and the ionic strength suggests that the electrostatic properties of the molecules are 

considerably responsible for the stability of the dimer.  

Aiming to understand the mechanism of stabilisation of the dimer in the presence 

of increasing salt concentrations, the ion charge density around the βLg dimer at 

several ionic strength values within and outside the Debye-Hückel regime has been 

calculated, visualised and shown at pH 2.5 and 7.5 in Figure 5.8.  

Upon dimer association, the ion charge density is mainly localised around the 

dimer interface. At pH 2.5 (Figure 5.8A), negatively charged density (relative to the 

Cl- ions in the simulation) clusters in proximity of the α-helices characterised by the 

strong positive electrostatic potential (for the charges carried by Lys 136, Lys 138 and 

Lys 141) (see section 5.3 for details). At low ionic strength, in the Debye-Hückel 

regime (5-15 mM NaCl), the ionic cloud patches the protein surface until the ion 

charge density dissolves into the bulk (≥20 mM NaCl). A similar effect is observed 

around neutral pH but in different regions of the dimer interface. At pH 7.5 a 

positively charged ionic density is located around the GH loop, which is characterised 

by a strong negative potential due to the presence of acidic residues on the protein. 

That ionic clouds have been found in proximity to βLg structural elements at the 

dimer interface and where the electrostatic potential is strongest gives plausible 

evidence that the dimer dissociation is triggered by electrostatic repulsion between 

monomers and that the ion activity at the dimer interface would screen the strong 

repelling monomers lowering (i. e. strengthening) the electrostatic binding energy of 

the dimer as presented in Figure 5.3. This effect would be particularly strong in the 

Debye-Hückel regime, as at very low ionic strength the ions would directly interact 

with the protein surface. On the other hand, at higher ionic strength a second group of 

ions oppositely charged to the ions interacting with the protein would interact with the 
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first ionic layer favouring the slow changes in electrostatic binding energy as shown 

in Figure 5.3. 

 

 

Figure 5.8 Ionic atmosphere calculated for NaCl surrounding βLg A dimer at pH 2.5 and 7.5. 

Top panels. Wireframe mesh representation of the ion charge-density maps calculated around 

the βLg A dimer in NaCl at pH 2.5 (A) and pH 7.5 (B), and represented around a single 

monomer for clarity. The ion charge density is shown at ion concentrations of 5 mM (red), 10 

mM (blue), 15 mM (yellow) and 20 mM (cyan). βLg A is represented in cartoon mode and 

colored by secondary structure elements (cyan - loops, blue - turns, violet - α-helices, yellow - β-

strands). Bottom panels. Ionic atmosphere calculated around βLg A dimer at pH 2.5 (C) and 7.5 

(D) and projected onto a plane parallel to the dimer interface. Only one monomer of the protein 

is shown for clarity. Positive and negative ion atmospheres have been colored in red and blue 

respectively at -/+ 0.1 kT/e contour levels. 

 

Overall, the evidence suggests a mechanism by which an increase in ionic 

strength in solution would increase the stability of the dimer. Furthermore, the 
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representation of the ionic clouds on the protein structure makes possible the 

identification of the regions directly interacting with βLg at the dimer interface. 

The experimental validation of the continuum calculations will be treated in the 

next section where the electrostatic properties observed at acidic and neutral pH 

values will be discussed in relation to previous experimental evidence. 

 

5.7. Continuum electrostatic calculations explain the relationship between β-

lactoglobulin dynamics and dimer stability. 

 

The conformational transitions of βLg as a function of pH have been extensively 

monitored with a wide group of techniques such as X-ray crystallography and NMR. 

In particular, NMR has been very useful to detect conformational transitions for the 

protein at different time-scales. In the ps to ns time-scale heteronuclear single 

quantum coherence NMR (HSQC-NMR) experiments revealed that the 

conformational transitions involving the movements of βLg loops are a result of 

collective motions. Interestingly, at low pH the highest chemical shift has been 

observed at the dimer interface in proximity to the α-helices316. On the other hand, at 

pH close to neutrality (pH 6.8) the highest chemical shift difference has been found 

on the GH loop. Moreover, by monitoring the signal intensity  at different pH, βLg 

motions occurring in the ms (or slower) time-scale have been characterised. In this 

time-scale the GH loop has been found responsible for the highest fluctuations at 

neutral pH. Most interestingly, it has been proposed that the fluctuations of the GH 

loop on this slower time-scale (ms or slower) are triggered by de-protonation events 

of ionisable groups in neighbouring regions of the loop. In particular, the de-

protonation of Glu 89 on the EF loop has been suggested to have a role in the 

dynamics of the GH loop317.  

The evidence that the highest fluctuations observed by heteronuclear NMR at 

different pH values involve regions of the protein responsible for the highest 

calculated electrostatic potential and electric field relates the dimer dissociation to the 

electrostatic properties of βLg and more generally to the high dynamics of the dimer 

interface. Such dynamics are generated by protonation or de-protonation events of 

titratable residues in key positions at the binding interface, and therefore are pH-
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dependent, as observed. Furthermore, experimental evidence showed the importance 

of charged residues at the dimer interface in defining the dimer stability (study 

conducted at pH 3) and that the mutations of charged to apolar residues are the most 

destabilising for the dimer237.  

The ions sequestered by the protein have been calculated at different pH 

considering the dependence between the dissociation constants of the dimer and the 

ionic strength. It has been estimated that the dimer stability at neutral pH is 

marginally affected by the ion concentration while at acidic pH higher ionic strength 

are required to stabilise the dimer and lower the dissociation constant238. This is in 

agreement with the size of the ion clouds calculated at the different pH (Figure 5.8) 

and with the fact that at acidic pH, the ions are interacting with highly structured 

elements (α-helices at the dimer interface), while at neutral pH they are clustered with 

a highly dynamic loop (GH loop) with higher associated displacement.  

Furthermore, experimental evidence on entropy and enthalpy values of βLg dimer 

formation are also in agreement with the continuum electrostatic calculations 

performed. An increase in salt concentration is associated with a strong decrease in 

the enthalpy for association. The dependence between enthalpy and ionic strength is 

exponential for some ionic species (e. g. Na+ and ClO4
-)236. This indicates the 

establishment of stable contacts between βLg and the ions present in solution. As a 

result the overall Gibbs free energy is considerably lowered 

In conclusion, electrostatic properties of βLg have been shown to be of crucial 

importance for the stability of the dimer both at low and high pH values. The 

electrostatic repulsion between monomers is proposed to be the trigger for the dimer 

dissociation and explains the monomer-dimer equilibrium behaviour observed from 

the analytical ultracentrifugation studies presented and discussed in chapter 4. Such 

consideration is supported by a large group of previous experimental evidence 

collected by different research groups. In this scenario, the ionic contribution 

increases the stability of the dimer because of the direct interaction found within the 

regions of the dimer characterised by the highest repulsion and identified as the most 

dynamic by NMR experiments. The contribution of the ions in stabilising the dimer is 

different at different pH values as the structural components responsible for the 

instability of the dimer are different at acidic and neutral pH. Overall, the calculations 
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performed are of significance in the identification of the structural moieties that 

influence βLg dimer association and dissociation. 
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Chapter( 6! –! Study& of& β "lactoglobulin"pectin'

interactions*#

Introduction 

6.1. Isothermal titration calorimetry: principles, applications and limitations 

 

Isothermal titration calorimetry (ITC) is a useful technique for the investigation of 

the thermodynamic profile of macromolecular complexes. ITC experiments can result 

in the direct determination of multiple thermodynamic parameters such as the 

stoichiometry of the reaction, the enthalpy of the interaction and the equilibrium 

constant of the reaction. In an ITC experiment, a solution containing one of the binding 

partners is placed into a reaction chamber while the other ligand is placed at higher 

concentration in a syringe (Figure 6.1A). The solution in the chamber is titrated with 

the solution placed into the syringe through a series of injections. At each injection a 

peak describing the heat involved in the binding (any binding process involves 

temperature changing) is recorded, and expressed in µcal/sec, as the heat required to 

return the temperature of the reaction chamber to the value preceding the reactant 

injection. The graph showing the injection peaks (µcal/sec) versus the time constitutes 

the set of “raw data” of an ITC experiment (Figure 6.1B – top panel). Control 

experiments in which the buffer in combination with the single binding partners and 

the buffer alone need to be performed as well and the heat recorded in such 

experiments must be substracted from the experimental heat recorded during the 

experiment where the formation of the complex occurs. 

The integration of the area under the injections peaks yields an isotherm containing 

all the thermodynamic parameters describing the binding (Figure 6.1B – bottom 

panel). The binding isotherm depicts the enthalpy change (ΔH) versus the molar ratio 

of the reaction. The reaction stoichiometry (n) of a binding event is directly measured 

and corresponds to the inflection point of the isotherm (Figure 6.1B)318. 
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Figure 6.1 Schematic representations of an isothermal titration calorimeter and ITC data.  

(A) The titrant is injected into the reaction cell at set times and the heat generated at each 

injection is measured in µcal/mol, described as the heat due to reset the temperature back to the 

value of the reference cell. The peaks associated with each injection are plotted as a function of the 

time in a raw data plot (B) and the integration of the area under the peaks gives the points of the 

binding isotherm (C). The fitting of the isotherm obtained gives the thermodynamic parameters of 

the interaction. In particular, the association constant (Ka in the figure) is defined by the slope of 

the isotherm and the inflection point of the curve defines the stoichiometry of the binding (n). 

Image courtesy of Valazquez-Campoy et al. (2004)318. 

 

The analysis of the ITC data is mainly concerned with the calculation of the 

association/dissociation constants and free energy of binding. However, the correct 

calculation of the thermodynamic parameters describing the interaction must be 

achieved through a non-linear least-squares fitting of the points in the binding 

isotherm.  

The non-linear least-squares fitting implies the use of a mathematical model that 

correctly describes the nature of the interaction in the reaction cell.  

At each injection a small volume of the solution containing the titrant is introduced 

in the reaction chamber altering the concentration of the macromolecule. Considering 

that the association constant describes a process at equilibrium and as a function of the 

molar concentration of the binding partners, the concentrations of macromolecule and 
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ligand need to be re-calculated considering the dilution factor associated with the 

injection. 

The total ligand [!]!,! and macromolecule [!]!,!  concentrations after each 

injection take therefore into account the volume displacement created by the titration 

and are given as described by Brown (2009)319: 

 
Eq. 6.1 

[!]!,! = [!]! 1− 1− !
!!

!
 

Eq. 6.2 

[!]!,! = [!]! 1− !
!!

!
 

 

where !! and ! are the cell volume and the injection volume for each injection (i) 

respectively and [!]! and [!]! are the initial concentrations of macromolecule and 

ligand respectively. 

The simplest event of binding involves the association between two molecules 

with a stoichiometry of 1:1. In such case, the heat generated upon each interaction of 

the binding partners (!!) is a function of the association constant !!  and can be 

described by the following equation: 

 
Eq. 6.3 

! = !!∆H! !" ! − ! !" !!!  

 

where ! is the cell volume, ∆H! is the change of enthalpy associated with each 

injection, and [!"] is the concentration of the molecular complex formed318. 

The binding event with a 1:1 stoichiometry generates an isotherm defined as the 

Wiseman isotherm320. The plateau of the isotherm represents the saturation point of the 

complex inside the cell. 

The global least-squares fitting of the isotherm points is performed considering the 

macromolecule and ligand concentrations as the known variables and allows the 

determination of the thermodynamic parameters such as the association constant, the 

enthalpy associated with the interaction and indirectly the entropy.  
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The association parameters determined by the least-squares fitting are 

subsequently used to obtain a complete thermodynamic profile of the binding using the 

traditional Gibbs energy equation relating the free energy to the enthalpy and entropy 

of the association. 
Eq. 6.4 

Δ!! = !Δ!! − !Δ!! = !−!" ln!! 

 

However, in most cases the association between biological components involves 

the binding of the ligand to multiple sites on the target surface. If the binding occurs on 

independent sites that do not influence each other, the model described by Wiseman et 

al.320 is valid. In this case the binding event is is not characterised by cooperativity. 

In non-cooperative binding, the binding event is described by the following 

equation (Eq. 6.5), which can be used to extrapolate the thermodynamic parameters of 

the interaction. 

 
Eq. 6.5 

!"
![!]!

= !Δ!" 1
2+

1− !! − !
2 !! + ! + 1 ! − 4!!

 

 

In Eq. 6.5 !!  is the molar fraction of the ligand and macromolecular 

concentrations and ! = 1 !![!]!. 

In the case where multiple binding sites are present on the macromolecule and the 

binding to one site influences (positively or negatively) the binding to one or more 

other sites, different mathematical models need to be used, as Eq. 6.5 would not 

produce the correct values for the equilibrium constants of reaction and the free energy 

of binding. The process describing the influence of a binding event on a second 

binding event in a different site is defined as cooperative binding. A cooperative 

binding implies that the association constants in the different binding sites have 

different values.  

In particular, association constant can be separated into macroscopic and 

microscopic association constants. The macroscopic association constant describes the 

overall, stepwise, binding event of the ligand molecules to multiple binding sites of the 
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target, but does not give any quantitative information on the specific association events 

occurring in different binding sites.  

Defining the association process between a ligand at multiple binding sites as 

following: 
Eq. 6.6 

! + !" ⇌ !!! 
 

where j is an integer with a value between 0 and the total number of available 

binding sites, the macroscopic association constant !! is defined as follows321: 
Eq. 6.7 

!! = !
[!!!]
! [!]! 

 

On the other hand the microscopic association constant relative to each site is 

defined by: 
Eq. 6.8 

!! = !
[!!!]

!!!!! [!]
 

 

Microscopic and macroscopic binding constants are related by the following 

relationship:  
Eq. 6.9 

!! = !!; !!! =
!!
!!!!

!

!!!
 

 

The parameter that mathematically quantifies the cooperative binding is defined by 

the cooperativity constant α, which is a unitless number. 

More generally, in the case of cooperative binding there are two possible 

scenarios: the first binding event affects positively the second binding event and 

therefore facilitates the binding in the second site or, on the other hand, the binding in 

the first site is deleterious for the binding in the second site322. These two possible 

outcomes result in a positive and negative cooperative binding respectively. In the case 
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of a positive cooperativity α > 1 whereas in a negative cooperative binding α < 1. For 

α = 0 the two or more binding sites act as independent and in this case the binding is 

considered non-cooperative. 

Considering what has been stated so far, one obvious and, in the same time, 

important question is how to choose the appropriate mathematical model to fit ITC 

data. However, the answer to this question is not straightforward. Indeed, with the 

absence of knowledge about the system under investigation and about the possible 

cooperativity of the binding, the identification of the binding constants and, therefore, 

the definition of the full thermodynamic profile for a binding event, need to be 

performed through trial and error. A gold standard method in this regard is the so-

called binding polynomial method. The assumption of the binding-polynomials method 

is that the binding between two molecules can be described by a polynomial321, 323. In 

the case of biomolecular association events the degree of the polynomial is 

proportional to the number of binding sites on the macromolecule. The aim of the 

binding-polynomials method is to calculate the macroscopic association constants and 

the enthalpy of binding to further insert these parameters into a more specific 

mathematical model. 

The binding-polynomials method implies the determination of a partition function 

directly related to the macroscopic binding constant through the following equation: 
Eq. 6.10 

! = ! ! [!!]
[!]!

= !![!]!
!

!!!

!

!!!
 

 

From the partition function reported in Eq. 6.10 some of the associating 

parameters, as the fraction of the associating species !! , the enthalpy!Δ! and the 

macroscopic constant of the interaction !!, the average Gibbs free energy Δ! and the 

number of ligand molecules bound per macromolecule ! can be calculated. 

 
Eq. 6.11 

!! =
! [!!]
[!]!

= !!![!]
!

!  
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Eq. 6.12 

< Δ! >= ! !! ! !Δ!!!
!!!

! = !!Δ!!
!

!!!
 

Eq. 6.13 

< Δ! >= !−!"#$! !![!]!
!

!!!
 

Eq. 6.14 

! = !![!]!j!
!!!

! = !!! =< ! >
!

!!!
 

 

 

In the simplest case of two binding sites the polynomial appears as: 
Eq. 6.15 

! = 1+ !! ! + !![!]! 

 

As stated before for binding events occurring with no cooperativity the value of the 

macroscopic association constants !!are calculated through the non-linear least-square 

fitting of the experimental data: 
Eq. 6.16 

!! = !! ! !,! < Δ!! > !− ! 1−
!
!!

! ! !,!!! < Δ!!!! >  

= !!! Δ!!! [!!!]! − ! 1−
!
!!

[!!!]!!!!
!

!!!
 

 

In Eq. 6.16 !! is the heat generated during the experiment at each injection i. 

In the analysis of a system using the binding polynomial method, it is possible to 

estimate the cooperativity of the binding by calculating the cooperativity constant α. 

Indeed it can be calculated as follows: 
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Eq. 6.17 

! = 4!!
!!!

 

 

As previously mentioned ! > 1 describes a positive cooperativity while ! < 1 

describes a negative cooperativity of binding. The meaning of the cooperativity 

constant is fundamental because sets the limit of the binding polynomial analysis.  

Indeed, when the binding is not cooperative the polynomial describing the partition 

function for a macromolecule having two binding sites can be factorised from: 
Eq. 6.18 

! = 1+ !! ! + !![!]! 

 

to: 
Eq. 6.19 

! = 1+ !! ! 1+ !! ! = 1+ !! + !! + !!!![!]! 

 

However, in the case when the binding is cooperative the cooperativity constant 

(!) needs to be included into the equation and the factorisation of the polynomial 

describing the model is not possible. This is the ultimate limit of the binding 

polynomial method that, however, constitutes the best way for a first analysis of ITC 

data. Indeed, it relates association parameters such as the number of ligand molecules 

bound to the macromolecule, the macroscopic association constant and the interaction 

enthalpy as the first step for a deeper analysis of the binding. For the limits related to 

the presence of the cooperativity constant in the binding polynomial, the microscopic 

association constants cannot be established and therefore a complete thermodynamic 

profile cannot be retrieved. Therefore the choice of a suitable mathematical model able 

to describe the physical events upon the binding is essential.  

Generally, the completion of the data analysis and the extrapolation of the binding 

parameters must be achieved through an iterative process involving several steps. 

Firstly, a suitable mathematical model able to describe the complex formation must be 

chosen (in the absence of information about the system under investigation, the use of 

the binding polynomial approach is advised321). Secondly, the concentrations of ligand 

and macromolecule after each injection must be calculated taking into account the 
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volume displacement at each injection. Thirdly, the calculation of the expected signal 

must be performed assuming plausible values for the binding enthalpies so that the 

final constants and enthalpies would then be obtained through an iterative method such 

as non-linear least-squares regression. 

In the next paragraph an overview of the mathematical model proposed for the 

description of binding events to lattice-like chains will be presented, discussing the key 

features of macromolecular binding to long polymers such as pectin. Such a model has 

not been implemented yet in an informatics tool for the analysis of ITC data and this is 

unfortunately the most severe limit of the ITC experiment analysis conducted, in the 

current work, to study the binding to of β-lactoglobulin to pectin. 

For this reason, the data achieved through the experimental measurements 

presented in this work will be discussed only qualitatively. 

 

6.2. Thermodynamic characterisation of biopolymer interactions through 

isothermal titration calorimetry 

 

The interest in protein-polysaccharide complexes has promoted a great number of 

studies to determine the thermodynamics of the complex formation324-327. Indeed, a 

complete knowledge of the forces involved in such interactions would greatly advance 

the food industry in the development of new formulations. Protein-polysaccharides 

complexes have already been discussed in detail in section 1.4. The fundamental 

understanding of the complex formation between protein and polysaccharides would 

help food scientists to design superior foods with controlled structure, texture and 

functionality328, 329. The aim of this section is to discuss (i) the possibility of studying 

the interaction between globular proteins and lattice-like polysaccharide chains 

through ITC and (ii) the current limitations of ITC as applied to these studies. In 

particular, this section will discuss the interaction between βLg and pectin, and will 

compare experiments presented in the current study with the ones reported in the 

literature.  

The complex formation between milk proteins and pectic polymers has great use in 

food formulations for the enhanced stability shown by milk drinks in the presence of 

low concentrations of pectin. The increased stability is reached through the binding 
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between βLg and the pectin. It is known that parameters such as pH, ionic strength and 

degree of methylation of the pectin chains are crucial for the successful establishment 

of the complex and these observation have led to the hypothesis that complex 

formation is driven by electrostatic forces330. Nevertheless, the effects of short-range 

hydrophobic forces have not been documented. To elucidate the thermodynamic 

features of the complex, ITC has been one of the techniques chosen to determine the 

association constant and the free energy of βLg binding to pectin polymers with 

different degree of methylation233.  

βLg-pectin complexes represent a system with unique characteristics due to the 

structural and physical properties of the binding partners. In particular, the methylated 

residues along pectin polysaccharides can show a random or block distribution.  

The theory behind ITC data fitting for the binding of a globular molecule, such as 

βLg to lattice-like chains, is considerably different from the one describing the binding 

of small molecules to macromolecular targets (Section 6.1). 

Indeed, in the case of a globular molecule binding to a lattice-like chain, the 

number of parameters to take into consideration increases considerably.  

A lattice-like chain is generally conceived as a long linear chain of repeating units. 

Examples of lattice-like chains are DNA molecules or carbohydrate polymers such as 

pectin. The binding of a ligand onto the chain can therefore occur to one or more of the 

polymer repeating units. Indeed, the first parameter to consider in the analysis of 

ligand binding to lattice-like chains is the total number of ligand molecules bound per 

chain!(defined!by!the!greek!letter!!). As described for single and double binding site 

events this is a function of the total concentration of macromolecule and the 

concentration of bound ligand: 
Eq. 6.20 

! = [!]!
[!]!

 

 

where [!]! is the concentration of bound ligand.  

Generally, the binding events to lattice-like chains can be simplified by a few 

assumptions: for example, there may be a limited number of possible binding events. 

Indeed, the possible ways by which a ligand can bind to a lattice-like polymer are 

three: (i) isolated binding, occurring when the ligand binds the polymer without 
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influencing the binding of neighbouring ligand molecules on adjacent binding sites, (ii) 

a cooperative binding where the ligand binding influences the binding of one adjacent 

bound ligand and (iii) a cooperative binding where the ligand binding influences two 

adjacent bound ligands. These last two possibilities are defined as single-contiguous 

and double-contiguous binding respectively (Figure 6.2)319. In addition, another crucial 

parameter to consider in the description of the binding to lattice-like molecules is the 

number of repeating units bound by a single ligand on the chain. This parameter is 

commonly named ligand footprint and it can be defined with the letter !. 

 
 

Figure 6.2 Representation of the binding between a globular molecular and a polymeric chain. 

Schematic representation of the possible binding events occuring during the association of a ligand 

(yellow) to the monomers of a lattice-ike chain (cyan). The number of possible binding events is 

limited and can be described by a set of parameters as, for example, the ligand footprint (see text 

for details). Image adapted from Alan Brown (2009)319 

 

The binding equation for the analysis of the data can be expressed relating the ratio 

between ! and [!] or in other words as (! [!]) as a function of !: 
Eq. 6.21 

!
[!] = !(!;!, !, !,!) 
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In Eq. 6.21 ! is the association constant and α is the cooperativity constant (it can 

be omitted in the case of an isolated binding event), ! is the total number of binding 

sites available on the chain and l is the ligand footprint on the chain. The plot 

representing the data is linear only if ! = 1. This is a rare event especially when large 

biopolymers such as proteins bind to lattice-like chains.  

The procedures to analyse binding events to lattice-like chains were first proposed 

by McGhee and von Hippel in 1974331 and subsequently translated to the analysis of 

ITC isotherms by Velazquez-Campoy in 2006322. The Velazquez-Campoy 

interpretation of the McGhee-von Hippel model for the fitting of ITC data, is 

practically the only example in the literature for the thermodynamics analysis of 

binding events to polymeric chains and it must be considered as the best approach for 

the analysis of ITC experiments aimed at such systems. Additionally, it must be 

considered as the theoretical background for the development of computational tools 

and mathematical functions able to analyse ITC isotherms. 

Considering a non-cooperative binding to a theoretically infinite lattice-like chain 

! [!] as a function of ! is described by the following equation: 
Eq. 6.22 

!
[!] =

! − !"
!

! − !"
! − ! − 1 !

!!!
 

 

The McGhee-von Hippel model ignores end-effects, which may be present in real 

experiments. An extension of the model has been made to take into account the end-

effects: however, for systems where !/! is smaller than 30 the McGhee-von Hippel 

assumption constitutes a good approximation. To solve the equation from the data 

available in an ITC experiment, it is necessary to express [!] as the total concentration 

of ligand and macromolecule at each injection so that the previous equation can be 

written as a polynomial (for the polynomial binding method see details in section 6.1): 
Eq. 6.23 

0 = ! ! − ! ! !! ! − !" ! − !"(! − ! − 1 !)!!! 

 

The solutions of Eq. 6.23 as a function of !!can be found by a Newton iteration in 

order to obtain the smallest roots having a physical meaning (they need to be positive 
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and lower than !/!)322. An iterative sequence is created and a low threshold ! can be 

set to define whether or not stop the iteration: 

 
Eq. 6.24 

!!!! = ! ! ! − ! ! !! ! − !" ! − !"(! − ! − 1 !)!!!
! ! − ! ! !! ! − !" ! − !"(! − ! − 1 !)!!! ! < !! 

 

with ! < 10!!"  

 

The appropriately defined ! values are useful to determine all the thermodynamic 

parameters characterising the interaction, knowing the heat effect associated with each 

injection (Eq. 6.25): 
Eq. 6.25 

!! = !!Δ! [!]!,!!! − 1− !
!!

[!]!,!!!!!!!  

 

The optimal parameters for !, !, ! and Δ! are found through a linear regression 

analysis of the points included in the isotherm. 

In the case where cooperative binding occurs (which is not a rare case in binding 

events to lattice-like polymers), the calculation of !!  is more complicated in the 

presence of the cooperativity constant. 

Indeed, solving the expression for (! [!]) as a function of ! on inserting into the 

equation the cooperativity constant dramatically changes: 
Eq. 6.26 

!
[!] =

! − !"
!

2! − 1 ! − !" + ! − !
2 ! − 1 ! − !"

!!! ! − ! + 1 ! + !
2 ! − !"

!
 

 

with: 

! = ! − ! + 1 ! ! + 4!" ! − !"  
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The function can then be expressed as a polynomial where [!] can be written as 

(! [!]), and the equation can be solved as a function of ! for each injection where the 

concentration of ligand and macromolecule have been calculated.  
Eq. 6.27 

0 = ! [!]! −!!! ! − !" 2! − 1 ! − !" + ! − ! !!! ! − ! + 1 ! + ! !

− !" 2 ! − 1 ! − !" !!! 2 ! − !" !
 

and the heat genereated at each injection is given by: 
Eq. 6.28 

!! = !! Δ! [!]!,!!!"#$,! − 1− !
!!

[!]!,!!!!!"#$,!!!

+ Δ! + Δℎ2 [!]!,!!!",! − 1− !
!!

[!]!,!!!!!",!!!

+ Δ! + Δℎ [M]!,!ν!",! − 1− v
V!

[M]!,!!!ν!",!!!  

 

where Δℎ is the enthalpy associated with the interaction between the nearest bound 

lignads and !!"#$, !!", and !!", describe an isolated binding, a single continuous and a 

double continuous binding respectively (see above for details). They can be defined as 

follows: 
Eq. 6.29 

!!"#$ = ! ! − ! !!
! − !"
!

2! − 1 ! − !" + ! − !
2 ! − 1 ! − !"

!!!
 

 

 

Eq. 6.30 

!!" = ! [!]! − [!]!!
!

! − 1
! − 1 ! − ! + !

!
2! − 1 ! − !" + ! − !

2 ! − 1 ! − !"
!
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Eq. 6.31 

!!" = ! ! ! − ! !!
!!

2 ! − 1
! − 1 ! − ! + !!

! ! − !"  

2! − 1 ! − !" + ! − !
2 ! − 1 ! − !"

!!!
 

 

The total binding is described by the contribution of ! for each binding event.  

Considering the differences between binding events to lattice-like and globular 

targets without the application of a suitable theoretical model, the determination of the 

association constants and other thermodynamic parameters of the interaction in the 

case of binding to lattice-like chains can lead to severe inaccuracies. 

Unfortunately, currently the software available to process ITC data and to 

extrapolate the thermodynamic parameters of binding only supports mathematical 

models that do not take into account the binding to lattice-like polymers. 

In the following sections the study of the interaction between βLg and pectin 

through ITC experiments will be presented. Considering the impossibility to calculate 

correctly the association parameters for the formation of βLg-pectin complexes, the 

data will be exclusively commented in relation to the physico-chemical properties of 

the system and discussed in comparison with previous work on the topic found in the 

literature. 

 

6.3. Thermodynamics of β-lactoglobulin-pectin complexes 

 

Although ITC is, currently, the only technique able to define directly the enthalpy 

associated to macromolecular complex formation, a suitable mathematical model 

without excessive approximations is needed to fit the data. In the case of binding of 

globular molecules to lattice-like polymers such as pectin, the most exhaustive 

theoretical model describing the binding process has been formulated by McGhee and 

von-Hippel331 and translated by Velazquez-Campoy for the analysis of experimental 

ITC data322. Therefore, any other model used to describe complex binding processes 

could lead to highly inaccurate values for the parameters of the interaction. 
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An attempt to define the thermodynamics of the complex between pectin and βLg 

as a function of the pectin degree of methylation has been carried out by Girard et 

al.233. ITC experiments were performed using βLg as a titrant into two different 

solutions of low methylated (LM) (28.3%) and high methylated (HM) (73.4%) pectin. 

The LM and HM pectin molecules were in a polydisperse state with an apparent 

molecular weight of 94.3 and 118 kDa respectively. In the study, the analysis of the 

binding isotherms was carried out using two different mathematical models. In a first 

case, a 2-sites binding model, implemented in the ORIGIN® software, was used 

considering that the isotherms showed a bimodal shape describing the binding to two 

different binding sites (Figure 6.3). However, the assumption that the only interacting 

groups on the pectin molecules are the D-galactopyranosyl uronic acid (D-GalpA) 

residues, made the authors semantically redefine the process as a 2-steps binding rather 

than a 2-sites binding event233. On the other hand, considering that previous capillary 

experiments on the same system showed an overlapping binding332, the ITC data were 

also fitted with an overlapping binding sites model. The overlapping binding sites 

model resembles that proposed by McGhee and von Hippel 331 (and by Velazquez-

Campoy for the analysis of ITC data)322. Nevertheless, the assumption that the only 

interacting unit on the pectin molecule is D-GalpA takes the authors to an 

approximation of ! as the average number of D-GalpA monomers on the pectin chain.  
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Figure 6.3 ITC data collected upon the titration of βLg in low methoxy and high methoxy pectin 

solutions. 

 

ITC titrations of low methoxy (A) and high methoxy (HM) pectin using βLg as titrant as reported 

by Girard et al.233. In the top panels the raw ITC data are reported. The bottom panels show the 

binding isotherms derived from the integration of the peaks area in the raw data. Isotherms have 

been fitted using a 2-binding-site model implemented in the ORIGIN® software for the analysis of 

ITC data.  

A first analysis of the raw ITC data shown in Figure 6.3 (top panels) suggests that 

globally a small difference in the heat generated between LM and HM pectin can be 

detected. However, in both cases the peaks show a marked variability in intensity 

during the titration, and a scattering of the integrated values of the area under the peaks 

(represented by the points composing the binding isotherms) can be observed (bottom 

panels of Figure 6.3). The shape of the isotherms appears to be bimodal suggesting the 

binding to two different binding sites that, as stated before, has been interpreted as a 2-

step binding event as the pectin chain is assumed to contain only a single interacting 

unit. The fitting shown in Figure 6.3 has been performed using the 2-step binding 

model, and the thermodynamic parameters calculated are shown in Table 6.1. 
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Thermodynamic 

parameters 

βlg-LM pectin complex βlg-HM pectin complex 

Step 1 Step 2 Step 1 Step 2 

N 8.3±0.9 16.5±1.0 6.1±0.5 15.1±0.7 
K(M-1) (4.48±2.6) x 107 (4.5±3.0) x 106 (1.9±1.0) x 107 (6.3±3.5) x 105 

ΔH (kcal mol-1) -12.6±1.94 -5.5±0.7 -10.0±0.6 -3.6±0.5 

TΔS (kcal mol-1) -2.5±2.8 3.5±0.5 -0.2±0.04 4.1±0.4 

ΔG (kcal mol-1) -10.4±4.8 -9.1±1.2 -9.9±0.6 -7.7±0.9 

 
Table 6.1 Thermodynamic parameters of the association of βLg to low methoxy (LM) and high 

methoxy (HM) pectins reported by Girard et al233. 

The evaluation of the thermodynamic profile for the complexes has been achieved by least-square 

regression of the binding isotherms shown in Figure 6.3A and B for LM and HM pectin 

respectively.  

 

The parameters calculated for the two different binding steps show remarkable 

differences. However, the errors associated with the parameters show a margin of 

variance for the association constants close to 50% of the estimated value. The binding 

enthalpy on the other hand, is affected by a lower error. This is typical because the 

binding enthalpy is a parameter directly measured by the experiment while association 

constants and the entropy of binding are mathematically derived. Additionally, 

between the first and the second binding step a strong decrease in enthalpy followed by 

a considerable increase in entropy can be observed. The gain in entropy in the second 

step would suggest a conformational rearrangement of the complex subsequent to the 

first binding event, as also confirmed by the authors. In the discussion of the data, the 

binding of βLg to LM and HM pectin chains was defined as lacking of cooperativity. 

Nonetheless the absence of cooperativity has been assumed based on previous 

observation from capillary electrophoresis experiments, in which the mixing of 

reactants in acidic conditions showed an independent binding event332. 

It is important to point out that such an assumption can lead to a misinterpretation 

of the data, as it is not assured that the complex would be detected in the same way by 

ITC and capillary electrophoresis. As stated before, the presence of cooperativity needs 

to be defined after a first analysis of the ITC data using the binding polynomial 

method. The macroscopic association constants, in the case of multiple binding, are 

able to reveal the value of the cooperativity constant (as shown by Eq. 6.7).  
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A point to support a possible misleading interpretation of the ITC data presented 

by Girard et al.233 is that a mathematical model for overlapping binding sites shows a 

remarkable difference for the values of the association constants. Indeed, the values of 

the association constants calculated with the overlapping binding sites model are 

halved in respect to the values calculated using the 2-site binding mathematical model 

implemented in ORIGIN®. Obviously one of the two calculated values for βLg binding 

to LM and HM pectin must be wrong. On a purely mathematical basis the fact that the 

overlapping binding sites model considers only the D-GalpA residues as the interacting 

units of a pectin chains and not the whole pectin molecule can explain an 

underestimation of the binding constant. As discussed in section 1.4 it is not yet clear 

the role that hydrophobic interactions have in stabilising protein-polysaccharide 

complexes. 

On the other hand, it is not proven that the 2-binding site model achieves a correct 

definition of the association parameters. If, as assumed, a non-specific electrostatic 

attraction occurs between βLg and pectin the binding sites are expected to be 

independent, and the values of the association constants should approximately fall in 

same range. However, the association constants between the first and second step 

differ by one order of magnitude (Table 6.1). Additionally, the high errors associated 

with all the parameters mathematically derived (ΔS and association constants) suggest 

a possible inaccuracy in the fitting of the data.  

In consideration of all the reasons stated above, the analysis of the ITC raw data 

and binding isotherms can only be done on purely qualitative basis. Any attempts to 

define and discuss the association constants and the other thermodynamics parameters 

of the βLg-pectin complexes using inappropriate mathematical models could lead to a 

misleading understanding of the system.  

More precisely, pectin molecules are not composed of single repeating units along 

the polymer, but are the result of the linkage of two different monomers, one where the 

D-GalpA is negatively charged and the other where a methylesterified monomer could 

lead to hydrophobic interactions with the protein. The addition of this variable to the 

system under investigation makes even the McGhee-von Hippel model an 

approximation of the mathematical model needed to correctly define the binding 

between βLg and pectin. Indeed, also if the long-range electrostatic interactions 

occurring between βLg and D-GalpA residues lead to complex formation, it is not 
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excluded that the methylesterified monomers on the pectin chain have a significant role 

in the definition of the association constants. 

The next section will focus on the discussion of the ITC experiments conducted in 

the current study on similar βLg-pectin systems. Contrary to Girard et al.233 The 

current work has aimed to investigate the effect of distribution of methyl groups on the 

pectin chains in determining the formation of βLg-pectin complexes at acidic pH. 

Nevertheless, for the lack of a suitable mathematical model able to fit the acquired 

data, the binding isotherms will be discussed on a qualitative basis and compared, with 

the ones collected by Girard and co-workers233. 

 

6.4. Study of β-lactoglobulin-pectin complexes as a function of methyl 

distribution 

 

The assumption that only the degree of methylation on the pectin chains regulates 

the association of βLg and pectin can be considered reductive for the understanding of 

the complex formation. Indeed, further evidence has suggested that the overall and 

local charge densities have a great impact on the polysaccharide-protein association38, 

39. In respect to βLg-pectin complexes, the distribution of methyl groups along the 

polysaccharide chain is crucial for the distribution of the local and overall charge of the 

molecule.  

To investigate the binding of βLg to pectin as a function of the methyl distribution 

of pectin chains, isothermal titration experiments have been carried out and will be 

presented in this section. Since the implementation of a mathematical model suitable 

for ITC data fitting in a computing code is beyond the purposes of this project, the data 

collected for the various experiments will be discussed purely on a qualitative basis. 

More precisely, only the information directly measured by the ITC experiments such 

as binding enthalpy and complex stoichiometry will be discussed leaving the definition 

of association constants, entropy and Gibbs free energy to future analysis of the data. 
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Materials and methods 

6.5.  Isothermal titration calorimetry experiments on β-lactoglobulin-pectin 

complexes: experimental set-up 

 

β-Lactoglobulin A and B were purchased from Sigma Aldrich® New Zealand as 

a 95% pure mixture of the two variants. Pectin samples were isolated from apple and 

subsequently modified to match the desired methylesterification. They were provided 

by Associate Prof. Martin A. K. Williams (Biomaterials group in the Institute of 

Fundamental Sciences, Massey University Palmerston North, New Zealand). 

Samples and solvents were of analytical grade and stored at 4 ºC before use. Pectin 

molecules consisted of approximately 500 residues with a molecular weight varying 

in respect of the chain length and the degree of methylation.  

Pectin samples with two different degrees and distribution of methylation were 

used in the experiments: 35% and 58% methylated polymers both randomly and 

block-methylated. Considering a chain of 500 residues the two polymers would have 

an approximate molecular weight of 98.9 kDa and 101.37 kDa for 35% and 58% 

methylated pectins respectively. Before the experiments the samples were dialysed 

against 20 mM citrate 100 mM NaCl buffer at pH 4 for 24 h to remove impurities. 

The same buffer was also used to carry out the ITC experiments. After dialysis the 

sample solutions were filtrated using a 0.22 µm membrane to increase their purity for 

the ITC runs. The concentrations of βLg and pectin were investigated through 

spectrophotometric assays recording βLg wavelength at 280 nm. The samples were 

then dissolved in the dialysis buffer reaching final concentrations of 1500 µM and 10 

µM for βLg and pectin polysaccharides respectively. ITC experiments were carried 

out after degassing the samples for 10 minutes at 20 ºC. Pectin solutions were placed, 

one at the time for each experiment, in the reaction chamber (total volume 1.445 

mL), while βLg was used as the titrant and placed into the syringe for the injections. 

It was not possible to use pectin as the titrant because of the viscosity of pectin 

solutions at the concentrations required. Indeed, in ITC experiments, the 

concentration of the titrant needs to be at least one order of magnitude higher than 

that for the molecule placed into the reaction chamber. The reaction cell was 

equilibrated at a temperature of 22 ºC before starting the titration. Pectin solutions 
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were titrated with 50 successive 5 µL βLg micro-injections with a spacing time 

between injections of 800 s. The long spacing time was necessary in order to have a 

stable baseline dissipating the heat generated by molecular association. During the 

run the solution was stirred at 310 rpm. Control experiments were carried out 

injecting βLg into the buffer solution, buffer into the pectin solution and buffer into 

buffer. The heat generated during the control experiments has been subtracted from 

the heat generated by the titration of βLg into pectin. Binding isotherms have been 

obtained by the integration of the peaks showed by the raw data. 

 

Results 

6.6. Qualitative study of the binding between β-lactoglobulin and pectin 

polymers  

 

The experiments revealed the importance of the distribution of methyl groups on 

the pectin chain in defining the binding of βLg to pectin at low pH. Indeed, the data 

collected showed a great difference in the heat generated by each injection and in 

respect of the ability of βLg to fully saturate the pectin solutions.  

The complete titration of a 35% methylated pectin solution with the methyl 

groups randomly distributed along the chain (Figure 6.4A) occurs in less than 50 

injections suggesting that βLg saturates all the available sites for the binding on the 

pectin polymers. The overall heat generated by the injections at the beginning of the 

run is quite consistent (~2.0 µcal/sec) developing a binding enthalpy (ΔH) of ~10 

kcal/mol (~41.8 Kj/mol) However, the presence of two steps during the titration 

process as reported by Girard et al. in similar experimental conditions233, was not 

observed (Figure 6.3A).  

On the other hand, the titration of pectin with the same degree of methylation but 

where the methyl esterified monomers were concentrated in groups along the chain 

(block-methylated pectin) (Figure 6.4B) generates less heat (~0.6 µcal/sec per 

injection compared to > 1.5 µcal/sec registered by Girard et al.233) and the total 

number of injections was not enough to fully saturate the pectin solution even at a 

50:1 molar ratio βLg:pectin. On the contrary, in this case two different events seem to 

occur during the run. Such occurrence has often been reported in previous studies and 
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has been linked to the formation of coacervates and an increase in the turbidity of the 

solution containing the protein-polysaccharide complexes333-335. However, in the case 

of the experiments presented in the current work the presence of coacervates has not 

been recorded. 

A cause for the observed second step could involve the displacement of 

counterions from the biding interface upon complex formation as proposed by 

Gummel et al.336. Such an effect cannot be excluded in the interpretation of the 

presented data for the presence of Na+ and Cl- ions present in solution.  

Indeed, rather than decreasing, the heat generated tended to slightly increase 

towards the end of the run. The derived isotherm obtained by integrating the raw 

data, shows a noticeably reduced enthalpy of binding (~1.5 kcal/mol) for βLg bound 

to randomly methylated pectin (Figure 6.4B). Unfortunately without the possibility of 

fitting the data, it is not possible to define the thermodynamics of the interaction 

quantitatively. In particular, even if the enthalpic contribution to the binding is 

favourable, an unfavourable entropic effect could lead to a positive free energy of 

binding. Therefore, although a qualitative analysis of the ITC data (Figures 6.4A and 

B) indicates that the association is exothermic, the binding event could still be 

thermodynamically unfavourable. 
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Figure 6.4 Thermograms and binding isotherms describing the interaction between βLg and low 

methoxy pectin. 

The thermograms (top panels) show the binding between βLg and 35% randomly (A) and block-

methylated (B) pectin. The respective binding isotherms obtained by the integration of the area 

under the peaks in the thermograms are shown in the bottom panels. 

 

Increasing the methylation along the pectin chains to 58% results in a decrease in 

the heat generated upon titration (Figure 6.5A-B lower panels). Additionally, as 

observed for low methylated pectin, the distribution of methyl groups along the chain 

noticeably affects the association. Indeed, in the case of a 58% randomly methylated 

pectin the measured ΔH of binding is ~-6.5 kcal/mol (Figure 6.5A). In the other case, 

with the same number of methyl groups but in blocks along the chain, the amount of 

heat generated is greatly reduced and the overall enthalpy of binding measured is ~-

1.5 kcal/mol (Figure 6.5B). Comparing the two randomly methylated pectin samples 

it is noticeable that the degree of methylation increases the reaction stoichiometry. 

Indeed, in the case 35% random methylation the inflection point of the isotherm is 

found at a molar ratio of approximately 15 while with 58% random methylation there 
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is a pronounced a lag phase and the inflection occurs at a higher molar ration of 

approximately 25. 

Thus for the two randomly methylated pectin samples, the degree of methylation 

highly influences the association. 

The observed trend (Figure 6.4A and 6.5A) where the stoichiometry of binding 

increases with the degree of methylation agrees with the observation of Girard et 

al.233 (Figure 6.3A and B). 

  
 

Figure 6.5 Thermograms and binding isotherms describing the interaction between βLg and 

high methoxy pectin. 

The thermograms (top panels) show the binding between βLg and 58% randomly (A) and block 

(B) methylated pectin. The respective binding isotherms obtained by the integration of the area 

under the peaks in the thermograms are shown in the bottom panels. 

 

From a comparison between the data presented in the current work with those 

collected by Girard et al.233 the latter experiments may have been carried out using 

block-methylated pectin as the binding isotherms collected in similar micro-

environmental conditions by Girard et al233 resemble the ones collected in the case 

βlg was used to titrate block-methylated pectin. A random distribution of methyl 

groups along pectin chains does not show the presence of a 2-step mechanism for the 

binding. On the other hand, for experiments carried out using block-methylated 

pectin the saturation of the sites occurs at higher molar ratios for the corresponding 
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randomly methylated pectin and the binding is much weaker, suggesting that a 

rearrangement in the structures of the polysaccharide and/or the protein is occurring. 

Whereas, for the randomly methylated pectin the isotherms are indicative of 

independent (non-cooperative) binding, for the block-methylated pectin, the 

isotherms indicate poorly configured binding sites for βLg and, possibly, non-

independent binding. 
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Chapter(7(–!General'discussion#

7.1 The interaction of Erwinia chrysanthemi pectin methylesterase and 

pectin 

 

The interest in pectin methylesterase enzymes (PME) concerns the important role 

that such enzymes have in both plant physiology and pathology. They are expressed 

by many bacterial and fungal pathogens in order to infect the plant cell after an 

efficient de-esterification of cell wall pectin polysaccharides. On the other hand, the 

food industry is interested in controlling PMEs in order to optimise processes such as 

the clarification of fruit juices337-339. Pectin methylesterase enzymes belong to the 

family of carbohydrate esterase enzymes (CE8s) that are characterised by a triple β-

helix fold common to many carbohydrate-binding proteins. The interactions between 

PME from the plant pathogen Erwinia chrysanthemi (Ec-PME) and pectin oligomers 

have been previously investigated with the determination of the crystal structures of 

the protein in complex with pectin hexamers characterised by different degrees of 

methylation. However, the dynamical properties of such complexes have never been 

elucidated, as X-ray crystallography does not generally provide information 

regarding the dynamics of molecules. Moreover, to avoid the catalysis on the co-

crystallised pectin oligomers, a mutant of the enzyme (D178A) was incubated with 

potential substrates of the reaction and the structure of the complex was 

determined181.  

In the current work, a series of full-atom molecular dynamics simulations on the 

wild-type protein have revealed the structural determinants of the interaction between 

the enzyme and the substrate and product of reaction.  

A series of hydrophobic interactions occurs between the methylester groups of 

single monomers of the pectin chain and hydrophobic pockets along the binding 

groove of the enzyme. However, not all the subsites along the groove equally 

contribute to the binding.  

Although the length of the binding groove suggests that the protein could interact 

with ten adjacent GalpA(O6Me) subunits, molecular modelling performed to dock a 

decamer into the binding cleft of Ec-PME revealed that only 6 out of the 10 subunits 
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stably interact with the protein (from subsite -3 to +3). Indeed, it has not been 

established that sugar subunits docked in the subsites -/+4 and -/+5 have specific 

interactions with the enzyme. 

Moreover, considering the catalytic subsite (+1) as a reference to identify all the 

other subsites along the binding groove, the subsites towards the non-reducing end of 

the groove (-1 to -2) preferentially bind carboxylate subunits whereas, on the other 

hand, the subsites at the reducing end of the cleft (subsites from +1 to +3) 

preferentially interact with methylated subunits.  

Therefore, an ideal substrate for Ec-PME is a half methylated decamer where the 

methylated sites occur at the reducing end of the groove (subsites +1 to +5). 

Noticeably, the analysis of the complexes between Ec-PME and fully methylated 

decamers revealed that the protein is still able to bind a fully methylated chain. This 

is in line with the observation that in vivo PMEs need to act on highly methylated as 

well as partially methylated pectin chains. However, the analysis of the dynamics of 

fully methylated substrates and the comparison between the interaction of Ec-PME 

with partially methylated chains revealed that a fully methylated decamer is subject 

to lower dynamics (Figures 3.14, 3.15 and 3.16). The higher rigidity of the fully 

methylated decamer, compared to the dynamics of a half methylated chain, is 

determined by additional, hydrophobic interactions between the protein and the 

oligosaccharide. In particular, in proximity of the -2 subsite Tyr 155, Val 158 and Tyr 

180 stabilise the methylester docked in this position through hydrophobic 

interactions. Such interactions have never been observed experimentally as X-ray 

crystallographic studies, involving the incubation of fully methylated chains with the 

Ec-PME, reported the de-esterification of the chain in approximately 20 minutes from 

the start of the incubation181. This observation is indicative of very slow enzymatic 

kinetics on a fully methylated chain. X-ray crystallography studies only recorded the 

interaction between a carboxylate group and the backbone nitrogen atoms of Ala 110 

and Thr 109 in this subsite. Such interactions have been observed during the MD runs 

on complexes where the -2 subsite was occupied by an un-methylated residue. The 

simulations of a fully methylated (FU) decamer in the Ec-PME binding groove 

showed that in the -2 subsite the methylester moiety establishes additional 

hydrophobic contact with the protein (Figure 3.17). The ability of the protein to 

establish additional hydrohpobic contacts suggests that the protein is able to bind 

fully methylated substrates but that highly methylated polysaccharides are not as 
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ideal substrates as partially methylated chains. This observation confirms the 

experimentally established low kinetics of the enzyme acting on highly methylated 

pectin chains195. 

Considering half methylated (methylation occurring at the reducing end of the 

decamer) and fully methylated HG decamers as two potential substrates for the 

enzyme, the in silico de-methylation of the subunit docked in the catalytic subsite 

(+1) has elucidated a mechanism by which a processive catalysis can occur. The 

concept of processive catalysis is, for example, largely used to describe DNA/RNA 

polymerase enzymes that can catalyse addition of many nucleotides to the 

DNA/RNA filaments before dissociating from the polynucleotide chain. However, 

the processive action of such enzymes is associated to the binding of processivity 

factors such that assist the polymerase to carry out many reaction cycles before the 

complex dissociation340, 341. In addition, in the case of DNA or RNA polymerase 

enzymes, the energy necessary to perform the catalysis at each reaction cycle is given 

by the hydrolysis of a phosphate group or other enzymatic cofactors. Recently, also a 

glycosyltransferase (an example of carbohydrate polymerase) has been identified as 

processive but also in this case it uses the hydrolysis of uracil-diphosphate to catalyse 

each reaction cycle342.  

A processive catalysis would imply the regeneration of the steric and energetic 

conditions for a new substrate at the beginning of each catalytic cycle and without the 

dissociation of the complex.  

From an energetic point of view, the re-construction of the conditions favourable 

to a second catalytic event means surmounting the energy barrier occurring between 

the conformational states of the enzyme-product and the enzyme-substrate 

complexes. 

 

7.2 Evidence for a mechanism of processive catalysis  

 

Full-atom molecular dynamics simulations conducted on partially methylated 

products of the reaction (HXM, and FXM) have revealed a mechanism by which the 

enzyme is able to regenerate the initial conformation of the HG chain before the 

subsequent catalysis, using the chemical potential of the product inside the catalytic 

pocket after the initial catalysis. 
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As mentioned before, HM (methylated subunits docked in the subsites +1 to +5) 

has been identified as the optimal substrate for the enzymatic activity. In the case of 

the HXM decamers, a conformational variation of the ligand is observed. The 

electrostatic repulsion in the active site between the freshly de-carboxylated sugar 

subunit and Asp 199, displaces the carboxylate group out of the catalytic pocket by 

the rotation of the subunits around the glycosidic bond. The methylester docked in 

the subsite +2 is exposed to the solvent, rotates around the glycosidic bond and 

assumes a conformation in which it now faces the active site (Gln 177, Asp 178 and 

Asp 199). Such a transition around the glycosidic bond between the subunits docked 

in the subsites +1 and +2 is shown by the distribution of φ and ψ dihedral angles 

sampled over the simulated time. In this respect, the conformation of the sugar 

always retains, as also shown in the collected crystal structures (pdb codes 2ntp, 

2nsp, 2nst, 2nt6, 2nt9, 2ntb, 2ntq), a configuration where the functional groups of 

GalpA or GalpAO6Me subunits face alternative sides of the binding groove. 

After the de-methylation in +1 the electrostatic repulsion favours a partial loss of 

affinity for the binding between the polymeric chain and the enzyme. Such affinity 

loss, however, it is not so severe as to cause the dissociation of the complex. 

Therefore, the observed rotation (flipping) around the glycosidic bond, is 

suggested to be the first step for a processive catalysis. The potential energy 

difference between the product and a new substrate along the chain is, at least 

partially, generated by the electrostatic repulsion (and rotating around the glycosidic 

bond) between negatively charged groups occurring in proximity of each other after 

the de-methylation: these are the carboxylate of the de-methylated sugar and 

carboxylate of Asp 199. 

The rotation around the glycosidic bond alone does not insure the occurrence of a 

second catalytic event, as the sliding of the polymeric chain along the binding groove 

is now required to re-establish the initial conditions for a second catalysis (Figure 

7.1). 
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Figure 7.1 Schematic representation of the interaction established by the HXM homoglacturonan chain bound to Ec-PME.  

Subsites numbering remains unchanged. The sugar subunit that was docked in the +1 subsite has moved to the -1 after the sliding and so for each subunit 

along the polysaccharide chain.  
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The sliding event has not been completely sampled by the performed simulations, 

although some evidence for it has been recorded. Indeed, the analysis of the 

correlated motions between the methylester docked in the subsite +2 and the catalytic 

triad after the flipping has revealed an increase in the correlated motions between the 

two groups suggesting the uni-directionality of the motion. Nevertheless, the length 

of time sampled by the simulations is still not enough to statistically reproduce the 

sliding of the chain for all but one of the six simulations performed. 

In the case of the FXM decamer, the dynamics of the ligand increases but the 

restraints occurring in the subsite -2 do not allow the same conformational transition 

observed for a half methylated chain. The flipping event is never fully recorded, as 

the repulsion between the negatively charged product of reaction and catalytic Asp 

199 is not able to break the interactions at the -2 subsite (Figure 7.2). 

 
 

Figure 7.2 Schematic representation of the interaction established by the FXM homoglacturonan 

chain bound to Ec-PME. 
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This observation suggests a reason for the low enzymatic kinetics observed 

experimentally when PMEs are incubated with highly methylated pectin polymers195. 

Indeed, in the case the catalysis occurs on a highly methylated chain and all the 

interactions observed during the MD simulations restrain the flipping around the 

glycosidic bond, the sliding of the chain along the groove cannot occur and the most 

likely scenario is the dissociation of the complex with consequent slow down of the 

pectin de-methylation.  

Overall, the molecular dynamics simulations performed in the current work have 

provided, for the first time, details of the molecular interaction between a bacterial 

PME (Ec-PME) and HG decamers having different degrees of methylation. The 

analysis of the dynamics of the ligand and the enzyme has elucidated the enzyme 

specificity and, most interestingly, has placed the hypothesis that Ec-PME acts 

processively on pectin chains without the employment of additional energetic 

cofactors. This hypothesis is supported by the collected evidence, which has provided 

a detailed mechanism, at atomic level, by which the enzyme re-generates the 

structural and steric conditions for a second catalysis without dissociating from the 

polymer. If confirmed, such findings would place pectin methylestearase as a new 

class of enzymes able to act as Brownian motors. 

 

7.3 Pectin methylesterase enzymes as molecular motors: hypotheses and 

future strategies of investigation 

 

The efficiency of enzymes is most commonly measured as the ability to convert 

the substrate into the product with respect to the non-enzymatic reaction in solution. 

However, in some cases proteins are required to generate useful mechanical work to 

accomplish their function. This is the case for proteins such as myosin or kinesin that 

need to move along polymeric chains in a single direction343. Such molecules are 

often called molecular motors for their ability to produce mechanical work using the 

chemical potential associated with a catalytic event or the dynamics of entire domains 

in the protein structure344. The efficiency of molecular motors is directly related to 

their ability to produce useful work, which in the case of proteins such as myosin or 

kinesin means moving along the chain in a single direction and avoiding backwards 

movements.  
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The difference between motors conceived by the human mind and molecular 

motors lies in the fact that molecular motors, acting on a nanoscale, work in thermal 

baths where the thermal noise (or thermal fluctuations) is not negligible. Molecular 

motors use thermal fluctuations to accomplish their function. However, the statistical 

probability that the movement of a protein along a lattice-like polymeric chain occurs 

in one direction or the other is basically equal as thermal fluctuations are stochastic 

and regulated by the Boltzmann constant !!! . The unidirectional movement is 

achieved through the bias of the thermal fluctuations and therefore the construction of 

an asymmetric potential along the coordinate of reaction is required.  

In the case of PME, the processive catalysis by the enzyme along the HG chain 

needs to occur uni-directionally because, as demonstrated by the molecular dynamics 

simulations presented in the current work, the sliding cannot occur in the presence of 

the restraints acting on a fully methylated product of reaction (FXM simulated 

system). The chemical potential trapped in the +1 subsite after the de-methylation 

and represented by the electrostatic repulsion between the carboxylate group of the 

HXM subunit docked in the +1 subsite and Asp 199, is used to “capture” ligand 

configurations useful for the subsequent sliding of the polymer along the binding 

groove. In the case of a half-methylated product of reaction such configurations are 

generated by the flipping around the glycosidic bonds of each residue of the chain. 

The flipping brings a second substrate along the chain (previously docked in the +2 

subsite) in proximity of the catalytic triad (in the subsite +1). The electrostatic 

repulsion favours the overcoming of the energy barrier occurring between two 

catalytic events. The protein needs to bias the potential by creating an energy 

difference between the non-reducing and the reducing end of the groove favouring 

the movement of the chain in a single direction (when subunit at site n moves to site 

n-1). In the current study the difference between the chemical potential of the 

reducing and non-reducing end of the groove has been identified in the asymmetry in 

dynamics observed along the groove. Such asymmetry has been suggested as the key 

feature of carbohydrate binding enzymes in order to ensure a processive enzymatic 

activity along the polysaccharide chains345. The filling of such asymmetry through 

the insertion of methyl groups at the non-reducing end of the binding groove (FM) 

lowers the dynamics and disfavours the flipping and therefore the processive activity 

of PME (FXM).     
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The sliding of the chain, most probably occurring on longer time-scales than 

possible with the computing resources available for the simulations performed, is the 

next step for the occurrence of a second catalysis along the chain. It could be 

favoured by the occurrence of additional forces and future strategies devoted to 

characterise the free energy landscapes of the flipping and sliding events, will further 

elucidate the activity of pectin methylesterase enzymes to act as Brownian motors. A 

key target is to quantify the bias of !!! in order to classify the enzyme as a Brownian 

ratchet (high modifications of !!!) or power stroke machinery (low modification of 

!!!). 

 

7.4 Susceptibility of β-lactoglobulin A and B dimerisation to the 

microenvironment 

 

There is a considerable body of work that shows that bovine βLg experiences a 

variety of conformational states and quaternary associations as a function of pH, 

temperature, ionic strength and genetic variant. In particular, extensive studies by 

different techniques have been performed on the dimer-monomer equilibrium234-238, 

243, 269, 313, 346-358. A summary of the literature published about βLg oligomerisation is 

given in Table B2. In addition, there is copious literature on the structure, dynamics 

and folding-unfolding processes of bovine βLg359-363. However, no studies have been 

reported on the rate constants that describe the kinetics of the dimer dissociation. 

At pH values greater than one pH unit away from the isoelectric point of bovine 

βLg, this dimer is less strongly associated, with the dimer dissociation constant KD
2-1 

ranging from ~5−500 µM, and, at low pH, KD
2-1 is extraordinarily sensitive to ionic 

strength (Table B2). This dissociation is the key first step of physical denaturation. In 

the course of obtaining these rate constants by AUC methods, the equilibrium 

constants for dimer dissociation were obtained over the pH range 2.5 to 7.5. 

Considerable care was taken to ensure that the thermodynamic and kinetic parameters 

were responsive to changes in the AUC data. Accordingly, the current work also 

modelled the sensitivity of a parameter of interest to variations in other variables used 

to fit the sedimentation velocity and sedimentation equilibrium data in order to derive 

realistic estimates of the errors in our results. 
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Although different techniques performed using different sources of protein, 

report similar values for the equilibrium constant KD
2-1 at near-neutral pH, there is a 

considerable range of values reported at low pH, where the effects on the monomer-

dimer equilibrium of ionic strength236, 243, 346 and ionic species used236 are substantial. 

There is also persistent evidence that where variants A and B of bovine βLg have 

been measured in the same laboratory by the same technique, the variant B dimer is 

the more stable by a factor of 2-3 in KD
2-1 (corresponding to ~2−3 kJ mol−1 in Gibbs 

free energy)238, 313, 348, 350, 354, 364. However, this difference is swamped by the different 

values for KD
2-1 reported by different techniques, such as light-scattering versus AUC 

versus isothermal dilution calorimetry, such that, at pH 2.46 to 2.7, 100 mM ionic 

strength and 20-25 oC, values for KD
2-1 for βLg A span the range 130 µM354 to 310 

µM358, while those for βLg B span the range 32 µM243 to 159 µM356. At pH 6.5 to 7.0 

values for KD
2-1 for βLg A span the range 4.9 µM237 to 24 µM238, 358, while βLg B 

spans the range 7.0 µM350 to 14 µM313. Notwithstanding variability in values, the 

further from the isoelectric point (~pH 5.3) that the measurements are made, both in 

acidic and basic directions, the less stable is the dimer (i.e., increased KD
2-1). The 

effect of ionic strength on the KD
2-1 at near-neutral pH is less pronounced than at 

acidic pH, consistent with the smaller magnitude of charge on the protein (-9 at pH 

~7.5 and +20 at pH ~2.5). 

The values of KD
2-1 observed in the present work for recombinant βLg A (and 

also βLg B) are all smaller than the corresponding values reported for the same 

variant at comparable pH and concentration of NaCl, especially at pH 3.5 and 2.5 

(Table B2). For example, at pH 2.5, the measured KD
2-1 for βLg A is 15 µM, a value 

substantially smaller than that reported for native βLg A (62.5 µM) at the same ionic 

strength and temperature (but at pH 3) determined by Sakurai et al. 236. Their value at 

200 mM NaCl is not significantly different to ours, suggesting that at low pH citrate 

and ClO4
- anions exert a similar effect on dimer stability, as reported in a previous 

study exploring the dependence of βLg KD
2-1 as a function of different ionic species 

in solution236. At pH 6.5 and 7.5, the KD
2-1 values reported in the current work 

approach those reported by others, but they still remain slightly smaller. The 

difference in dimer-dissociation constants invariably observed between variants A 

and B under identical conditions, is noticeably less pronounced for our 

measurements. Indeed, for a given pH, the differences observed in the current study 
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are of marginal significance, but collectively over four pH values, KD
2-1 for βLg A is 

always greater (dimer less stable) than that for βLg B, indicating that there is a real 

difference in dimer stability. Our recombinant βLg differs from native βLg only in 

the presence of a neutral methionine at the N terminus, but in all other respects it 

resembles wild-type262. The stability of bovine βLg is known to be sensitive to site-

directed mutations in unexpected ways361, 363-365. Nevertheless, in our studies the 

presence of oligomers bigger than the dimer have not been found either for βLg A or 

B. 

βLg A and βLg B differ at two sites, one involving Asp (βLg A) for Gly (βLg  B) 

at position 64 on an exposed external loop, the other involving Val (βLg A) for Ala 

(βLg B)  at a buried site at position 118. At low pH, then, both variants bear the same 

charge and thus the similarity in rate constants for dissociation, koff is not surprising. 

Dissociation appears to be remarkably slow, but when kon is calculated from koff/KD
2-

1, association is also slow, being far from diffusion-controlled association, consistent 

with the high charge and the requirement to organise electrostatic shielding in the 

dimer. On the other hand, at near-neutral pH, dissociation is too fast to be measured 

by AUC (that is koff > 0.1 s-1), but using this as an estimated lower boundary leads to 

values for kon nearly two orders of magnitude higher than those at acidic pH, a result 

consistent with the greatly reduced charge on the protein subunits. Such findings 

confirm the well-established role of charge-charge interactions in the definition of the 

rate constants for protein association, as reported in many previous studies86. 

Furthermore, considering the importance of electrostatic interactions and diffusion 

rates of the interacting partners, ionic strength has a considerable influence on protein 

association kinetics366, 367. 

The remarkable shielding is effected by anions that allow the highly charged βLg 

molecules to form a dimer at acidic pH that is only slightly less stable than that 

formed at near-neutral pH where the protein charge is much less. Continuum 

electrostatic calculations showed where the neutralising charges congregate on the 

surface of the protein. These calculations reveal that upon dimer formation at pH 2.5, 

there is increased negative charge at the dimer interface around the side chains of 

Arg148. Arg148 sits at the middle of the β strand (I) that forms the extended 

antiparallel β sheet on dimer formation. Thus, by bridging repelling charges at the 
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dimer interface, anions can actively stabilise the dimer as shown by changes in the 

ion distribution at the dimer interface at different pH (Figure 4). 

By means of a covalent disulfide-bridged dimer (Ala34Cys) NMR studies are 

possible at pH > 5. Interestingly, higher dynamics have been reported in proximity of 

charged residues of βLg, especially Asp 64317. Thus, the substitution of Asp 64 in 

βLg A by an apolar Gly amino acid in βLg B appears to favour a higher stability for 

the latter due to reduced protein dynamics at a site on a loop adjacent to the AB loop 

that forms part of the dimer interface. Moreover, for both variants, changes in ion 

charge distribution upon dimer formation are also concentrated in those regions that 

have been shown to have the highest dynamics316, the negatively charged AB and GH 

loops. Thus, dimer association appears to be driven, at least in part, by neutralisation 

of charge with resultant loss of conformational flexibility. 

 

7.5 From the assessment of β-lactoglobulin oligomeric nature to the 

definition of its interactions with pectin  

 

The identification of the dimeric nature of βLg in solution is the first, obligatory 

step to study the formation of βLg-pectin complexes. Indeed, considering what was 

discussed in chapter 6, the binding of globular macromolecules to lattice-like chains 

is affected by the chemical properties of the binding partners but also, and not 

secondarily, by steric effects that influence the ability of the globular molecule (in 

this case βLg) to bind a defined number of binding sites on the polymeric chain 

(pectin). The finding that βLg has been found as largely dimeric in solution also at 

acidic pH, supports the hypothesis that a greater steric effect occurs when a βLg 

dimer binds a polymeric pectin chain. 

The binding of βLg and pectin has been extensively studied, and the 

thermodynamics, as well as the structural determinants of the interactions have been 

investigated38, 39, 233. The dependence of the association as a function of pH has led to 

the assumption that the driving force of the interaction is electrostatic and occurs at 

acidic pH because, in such micro-environmental conditions, βLg is extensively 

positively charged while pectin is negatively charged. In this respect the interacting 

units along a pectin polymer are assumed to be α-D-GalpA residues, as such 
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monomers carry a full negative charge. The methyl-esterification of these charged 

monomers along the chains annuls the negative charge carried by the monomers and 

replaces it with a hydrophobic moiety. Therefore, an increase of methylation along 

pectin chains should result in a reduction of the binding affinity between pectin and 

βLg. The current study was focused to elucidate the dependence of the binding of 

βLg to pectin as a function of the number (degree of esterification) and distribution of 

methyl groups along the chain. Interestingly, the experiments showed that ITC 

isotherms collected by titrating βLg into pectin solutions having methylesterified 

monomers differently distributed along the chain, resulted in very different outcomes.  

βLg has been shown to bind much more favourably (from an enthalpic point of 

view) to pectin chains randomly methylated rather than block-methylated. 

Additionally, when pectin was randomly methylated the shape of the isotherms did 

not suggest any 2-step mechanism as, contrary to what has been reported for the βLg  

binding to block-methylated pectin. These observations lead to the hypothesis that the 

binding is highly influenced by the charge distribution along the chain and not just by 

the number of negative charges on the polysaccharide. 

The hypothesis that high local charge densities would favour the binding, as they 

would increase the affinity of βLg for the pectin, explains the facilitated saturation of 

the binding sites observed at the early stages of the titration. However, this would 

also lead to repulsive forces acting on βLg molecules binding to pectin in proximity 

of each other. These forces would derive from the strong positive electrostatic 

potential of βLg at low pH (the electrostatic potential of βLg at different pH values 

has been studied in the current work and is reported in chapter 5). 

The strong repulsive electrostatic potential can be responsible for structural re-

arrangements of βLg and/or pectin molecules decreasing the binding enthalpy of the 

association as observed in the analysis of the binding isotherms of block-methylated 

pectin (Figures 6.4B and 6.5B). On the other hand, it is not clear if such structural re-

organisation of the binding partners would result in an increase of entropy, thereby 

decreasing the Gibbs free energy change and therefore making the binding more 

favourable than in the case of a randomly methylated pectin chain. The binding of 

βLg to pectin chains where a strong local charge is present has been suggested by 

other experimental studies suggesting that the entropic contribution to the βLg/pectin 

complexation would increase the binding affinity of the partners38, 39. However, the 
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second event observed in the binding isotherms and described as the second step or 

second binding could be explained by the binding of βLg molecules in solution to 

βLg molecules already bound to pectin resembling an overlapping binding showed in 

Figure 6.2d. 

However, the lack of an appropriate mathematical model implemented for the 

ITC data analysis in the case of binding to lattice-like polymers, made impracticable 

the accurate estimation of the thermodynamic parameters of the binding. These 

parameters include the association constants, the binding entropy and the binding 

Gibbs free energy, as well as the stoichiometry of binding. 

Future work on the development of informatics tools able to analyse the data 

relative to such systems could lead to the exact definition of the complete 

thermodynamic profile of βLg/pectin and other protein-polysaccharide complexes. 

This possibility would open scenarios invaluable for industrial application of protein-

polysaccharide complexes. 
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Conclusions!

• The structural determinants of the interaction between pectin methylesterase from 

the bacterium Erwinia chrysanthemi and a series of homogalacturonan oligomers 

were identified. The analyses revealed that the dynamics of the ligand is directly 

correlated to the degree of methylation of homogalacturonan chains. 

 

• The enzyme shows an asymmetric binding affinity for the substrate along the 

binding groove. Such asymmetry is essential for a processive catalysis. 

 

• The identification of the flipping along glycosidic dihedral angles after the de-

methylation, has revealed the mechanism adopted by the enzyme to solve the 

conformational problem and to perform multiple catalyses along the chain before 

dissociating from the polymer.  

 

• The thermodynamic and kinetic constants defining β-lactoglobulin variants A and 

B dimerisation were determined as a function of the pH, suggesting that, in 

solution, the dimer is the species largely in excess and it is in equilibrium with the 

monomer below and above the pI.    

 

• Continuum electrostatic calculations determined the dependence of dimer 

formation as a function of the ionic strength and lead to a mechanism by which 

counterions interact with β-lactoglobulin stabilising the dimer.  

 

• The interaction between β-lactoglobulin and pectin polymers was investigated as a 

function of the degree and distribution of methylation of the pectin. The study 

revealed that the β-lactoglobulin binds with higher affinity to low methylated 

pectin chains and that a random methylation of the chain has a favourable effect 

on the binding. 
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Future&work!

The analysis of the interaction between pectin methylesterase and HG oligomers 

has revealed that the protein is able to perform a processive catalysis on 

polysaccharide chains. However, this study has identified the structural determinanats 

of the interactions without determining the energetic profile of the mechanism by 

which the enzyme is able to perform a processive catalysis.  

Future studies will involve the definition of the free-energy surface (FES) of the 

binding through the application of a series of computational techniques involving 

umbrella sampling molecular dynamics and metadynamics. The application of such 

computational tools will elucidate the energy of binding of the sugar subunits in each 

subsite of the groove and will elucidate the presence of additional factors favouring 

the sliding of the chain along the binding groove. Indeed, at the moment, it is not 

clear if additional forces are involved in favouring the sliding of the chain or the 

event of de-methylation/flipping around the glycosidic bonds are sufficient to bias the 

thermal fluctuations of the chain to produce useful mechanical work (movement of 

the chain in a single direction along the binding groove). Upon the understanding of 

the FES of the sliding process, MD simulations devolved to bias the potential energy 

of the system will be useful in order to elucidate which forces govern the sliding of 

the chain along the groove and favour the processive activity of the enzyme. 

 

The study of β-lactoglobulin/pectin complexes using isothermal titration 

calorimetry (ITC) has revealed that, beside the degree of esterification, the 

distribution of methylester groups along pectin chain largely affects the binding. 

However, due to the inaccuracy of the analysis software available, it has not been 

possible to quantify the interaction and the thermodynamic constants defining the 

binding between the two partners are still lacking. Future work will involve the 

development of analytical tools able to perform the fitting of ITC isotherms 

describing the binding events between globular proteins and lattice-like chains. In 

particular, the development of software able to fit the data using the McGhee-von 

Hippel model will be preferable as it will be useful to define the thermodynamic 

constants and the impact of cooperativity on the binding. Additionally, in order to 

define the structural determinants of the binding between β-lactoglobulin and pectin, 
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a computational approach is envisaged. Considering the high electrostatic component 

of the association between these two binding partners, Brownian dynamics will be 

preferred to define the regions of the protein mostly prone to the interaction with 

pectin chains. Indeed, after the definition of the chemical parameters (mass and 

charges of the particles) of the pectin polysaccharides using a suitable forcefield, the 

trajectories collected from the Brownian dynamics study will be useful to re-

construct occupancy maps on β-lactoglobulin surface upon the interaction with pectin 

chains. Such simulations should reveal also the probability of β-lactoglobulin 

molecules in solution interacting with other β-lactoglobulin molecules already bound 

to pectin. The study should be performed at different pH and ionic strength to 

understand the effect of the micro-environment on the interaction between the 

binding partners.  
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Appendix(A!

 
 

Figure A1 Mechanism of reaction for the de-methylesterification of pectin chains by Ec-PME.  

The mechanism showed has been proposed by Fries et al181. 
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Figure A2 Conformational dynamics of Ec-PME bound to HG decamers with different degrees of esterification 

Root Mean Square Fluctuations of Ec-PME Cα atoms averaged over six independent MD simulations performed on the protein in complex with FM 

(blue), HM (red) and FU (black) HG decamers. RMSF values for the protein backbone are similar in all cases with small but not significant differences 

among the complexes, demonstrating that the different ligands dynamics observed are not related to different protein dynamics. 
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Figure A3 LIGPLOT graph representing hydrogen bonds and hydrophobic interactions between a fully 

methylated HG decamer and Ec-PME. 

2D representation of the hydrogen bonds (left panel) and hydrophobic interactions (right panel) found on 

the average structure of a FM decamer/Ec-PME complex after 50ns MD simulations.  

The figure shows that out of the 10 sugar monomers along the HG decamer, only 6 form stable 

interactions with the protein. The graphs have been obtained using the software LIGPLOT368.   
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Figure A4 Radial Distribution function of the carboxylate or methylester groups docked at the reducing end of Ec-PME binding groove.  

The radial distribution function, g(r) (defined as the distribution of a chemical moiety with respect to another), of the carboxylate/methylester groups of 

the monomers docked in the subsites +1 (black), +2 (red) and +3 (green) along Ec-PME binding groove, for a fully methylated (FM – left panel), a half 

methylated (HM – center) and a fully un-methylated (FU – right panel) decamer.  
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Figure A5. Contact matrices (top panel) of Ec-PME in complex with a HM (left panel - green) or FU (right panel - red) HG decamer.  

The matrices have been calculated for each system at the equilibrium and using a cut-off radius of 5 Angstroms. As reported by the loss of contacts 

between the enzyme and the ligand, a FU oligomer dissociates from the protein (right panel) while a HM decamer (methylation occurring on the monomers 

docked from +1 to +5) remains in complex with it (left panel). Along the matrix, residues 1-342 define the protein sequence (y-axis) whereas residues 343-

352 (x-axis) denote the sugar residues docked from the subsites -5 to +5 respectively. The bottom panels show the average structures, at the equilibrium, 

for the complexes between Ec-PME and a HM (green) or a FU (red) decamers. 
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Figure A6 Conformations of the PME-pectin complexes showing the flipping of HG subunits around the glycosidic linkage. 

The subunits interested in the flipping are circled in black (subunits docked in the subsites -2, +1 and +3) and yellow (subunits docked in the subsites -1 and 

+2). The catalytic triad is shown as a reference to identify the subsite +1.  
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Appendix(B!

Buffer pH βLg A protein 
concentration from 
wavelength scans 

(µM) 

βLg B protein 
concentration from 
wavelength scans 

(µM) 
Citrate 2.5 5.3 

15.7 
33.4 

6.8 
19.2 
53.0 

Citrate 3.5 4.8 
15.8 
26.7 

5.1 
15.0 
44.1 

Citrate 4.5 2.5 
14.5 
43.9 

3.6 
13.9 
47.8 

Citrate 5.5 6.5 
16.8 
47.3 

6.5 
17.6 
50.0 

MES 5.5 5.7 
16.6 
52.1 

9.6 
17.8 
50.4 

MOPS 6.5 3.5 
11.0 
33.0 

4.3 
11.9 
36.5 

MOPS 7.5 5.1 
22.6 
36.5 

5.2 
15.4 
43.3 

 

Table B1 Details of experimental conditions for analytical ultracentrifugation runs. 

The loading concentration was determined prior to the experiment using the absorbance at 280 nm and an 

extinction coefficient of 17210 M-1 cm-1.  When the data were fitted using SEDPHAT, the extinction 

coefficient was floated, since the data were collected at various wavelengths. 
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βLg pH [NaCl] ΔGA  
(/kcal mol-1) 

ΔHA  
(/kcal mol-1) 

ΤΔSA  
(/kcal mol-1) 

KA (20 °C) 
(/M-1 x 10-3) 

KD (20 °C) 
(/µM) 

Technique Reference 

B 8.8 0.1    4.2 238 AUC Georges et al (1962)  
347 

A 
B 

7.5 0.1    71 
116 

11 
8.6 

AUC-SE/SV 
(25 °C) 

This work 

A 
B 
C 

7.5 0.1 -5.63 ND ND 16 
125 

>200 

63 
8.0 
<5 

AUC-SE  
(20.5 °C)  

McKenzie & Sawyer (1967)  
348 

A 
B 

7.0 0.1 -6.20 
-6.49 

-3.49 
-5.77 

2.71 
0.72 

42 
69 

24 
14 

ITC 
ITC 

Bello et al. (2008) 238 
Bello et al. (2011) 313 

A 7.0 0.1 -6.27 -15.52 -9.25 47 21 AUC-SE Kelly & Reithel (1971) 349 
A 
B 

6.9 0.13 -6.29 
-6.9 

ND ND 49 
142 

20 
7.0 

AUC-SE/SV Zimmerman et al. (1970) 350 

A 
B 

6.5 
 

0.1    250 
400 

4.0 
2.5 

AUC-SE/SV 
(25 °C) 

This work 

A* 6.5 0.1 -6.35 ND ND 54 19 AUC-SE Sakai et al. (2000) 351 
A* 6.5 0.02 -7.11 ND  ND 203 4.9 AUC-SE Sakurai & Goto (2002) 237 
A 5.2 0.1 -8.08 -6.91 1.17 1120 0.89 AUC-SE Kelly & Reithel (1971) 349 
C 4.65 0.1 -8.43 ~0 85 1930 0.52 AUC-SE Sarquis & Adams (1976) 352 
A 
B 

3.5 0.1    250 
714 

4.0 
1.4 

AUC-SE/SV 
(25 °C) 

This work 

BPrep I 3.5 0.1 -7.3   230 4.3 Light scatt.  
(25 °C) 

Townend et al. (1960) 269 

Table B2: Thermodynamic parameters characterising the monomer-dimer equilibrium of bovine βLg at 20 and 25 oC and pH 1.6 to pH 8.8. 
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βLg pH [NaCl] ΔGA  
(/kcal mol-1) 

ΔHA  
(/kcal mol-1) 

ΤΔSA  
(/kcal mol-1) 

KA (20 °C) 
(/M-1 x 10-3) 

KD (20 °C) 
(/µM) 

Technique Reference 

A 
A 
A 

3.0 0.05 / 0.5 
0.1 
0.01 

-5.1 / -7.1 -12 -6.9 / -5.0 6.9 / 162 
16 

0.18 

145 / 6.2 
63 

5,600 

AUC – ITC Sakurai & Goto (2001) 
236 

BPrep II 3.0 0.1 -5.8   18 56 Light scatt.  
(25 °C) 

Townend et al. (1960) 
269 

B 3.0 0.16    41 24 AUC-SE  
(25 °C) 

Joss & Ralston (1996) 
243 

A 
B 

2.7 0.1 -5.4 -12.4 
-12.8 

-7.0 
-6.8 

7.7 
19.6 

130 
51 

Light scatt.  
(25 °C) 

Townend et al. (1961) 
354 

C 2.7 0.1    ~17 ~61 AUC (25 °C) Townend et al. (1964) 
355 

B 2.7 0.1    6.3 160 AUC-SE  
(25 °C) 

Albright & Williams 
(1968) 356 

BPrep II 2.7 -5.7    15 67 Light scatt. 
 (25 °C) 

Townend et al. (1960) 
269 

B 2.64 0.16 -5.84 -10.4 -4.47 19 53 AUC-SE  
(25 °C) 

Visser et al. (1972) 357 

B 
B 

2.6 0.1 
0.16 

 
-6.02 

 
-15.1 

 
-9.1 

11 
31 

91 
32 

AUC-SE Joss & Ralston (1996) 
243 

A 
B 

2.5 0.1    66 
122 

15 
8.2 

AUC-SE/SV 
(25 °C) 

This work 

A 2.46 0.1 -4.71 -17.1 12 3.22 310 AUC-SE Tang & Adams (1973) 
358 

C 2.46 0.1 -5.39 -16.5 -11 10.5 95 AUC-SE Sarquis & Adams 
(1974) 353 

BPrep II 2.2 0.1 -5.5   11 91 Light scatt.  
(25 °C) 

Townend et al. (1960) 
269 

Table B2 Thermodynamic parameters characterising the monomer-dimer equilibrium of bovine βLg at 20 and 25 oC and pH 1.6 to pH 8.8 (follows from 

previous page). 
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βLg pH [NaCl] ΔGA  
(/kcal mol-1) 

ΔHA  
(/kcal mol-1) 

ΤΔSA  
(/kcal mol-1) 

KA (20 °C) 
(/M-1 x 10-3) 

KD (20 °C) 
(/µM) 

Technique Reference 

B 
B 

2.3 0.07 
0.107 

   0.08/0.033 
5/13 

12,500/30,000 
200/77 

Light/SAXS Baldini et al. (1999)  
346 

BPrep II 2.0 0.1 -4.9   3.9 260 Light scatt. (25 °C) Townend et al. (1960) 269 
B 2.0 0.16    21 48 AUC-SE Joss & Ralston (1996) 243 

BPrep II 1.6 0.1 -4.9   3.9 260 Light scatt. (25 °C) Townend et al. (1960) 269 
Table B2: Thermodynamic parameters characterising the monomer-dimer equilibrium of bovine βLg at 20 and 25 oC  and pH 1.6 to pH 8.8 (follows from 

previous page). 
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Figure B1 Sedimentation velocity and sedimentation equilibrium data for β-lactoglobulin A at pH 2.5 

Global fit of sedimentation equilibrium (A-C) and velocity (D-F) data for β-lactoglobulin A at pH 2.5 

(citrate 20 mM, NaCl 100 mM), fitted to a monomer-dimer equilibrium model, as implemented in 

SEDPHAT. The protein concentrations were 5.3 µM (A and D), 15.7 µM (B and E) and 33.4 µM (C and 

F).  The equilibrium data (A-C) were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 

18,000 - circle, and 24,000 – square, rpm) at a wavelength of 250 nm. The velocity data were collected at 

50,000 rpm at 280 nm wavelength.  Residual plots of the fit are shown above. Statistics for the non-linear 

least-squares fits were: (A) r.m.s.d. = 0.003, Z-score = 2, (B) r.m.s.d. = 0.004, Z-score = 9, (C) r.m.s.d. = 

0.006, Z-score = 9, (D) r.m.s.d. = 0.005, Z-score = 11, (E) r.m.s.d. = 0.006, Z-score = 3, (F) r.m.s.d. = 0.005, 

Z-score = 7.  The global reduced chi-squared was 0.344..  
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Figure B2 Sedimentation velocity and sedimentation equilibrium data for β-lactoglobulin A at pH 3.5 

Global fit of sedimentation equilibrium (A-C) and velocity (D-F) data for β-lactoglobulin A at pH 3.5 

(citrate 20 mM, NaCl 100 mM), fitted to a monomer-dimer equilibrium model, as implemented in 

SEDPHAT. The protein concentrations were 4.8 µM (A and D), 15.8 µM (B and E) and 26.7 µM (C and 

F).  The equilibrium data (A-C) were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 

18,000 - circle, and 24,000 – square, rpm) at a wavelength of 260 nm. The velocity data were collected at 

50,000 rpm at 237 nm wavelength.  Residual plots of the fit are shown above. Statistics for the non-linear 

least-squares fits were: (A) r.m.s.d. = 0.002, Z-score = 2, (B) r.m.s.d. = 0.003, Z-score = 4, (C) r.m.s.d. = 

0.005, Z-score = 10, (D) r.m.s.d. = 0.008, Z-score = 3, (E) r.m.s.d. = 0.009, Z-score = 0.1, (F) r.m.s.d. = 0.009, 

Z-score = 1.6. The global reduced chi-squared was 0.700. 
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Figure B3 Sedimentation equilibrium data for β-lactoglobulin A at pH 4.5 

Single species analysis of sedimentation equilibrium (A-C) data for β-lactoglobulin A at pH 4.5 (citrate 20 

mM, NaCl 100 mM), fitted to a single species of interacting system model, as implemented in SEDPHAT. 

The protein concentrations were 2.5 µM (A), 14.5 µM (B) and 43.9 µM (C).  The equilibrium data (A-C) 

were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 18,000 - circle, and 24,000 – 

square, rpm) at a wavelength of 255 nm. Residual plots of the fit are shown above. The derived molecular 

weight (and range) is 33,916 (32,130 – 34,860). Statistics for the non-linear least-squares fits were: (A) 

r.m.s.d. = 0.003, Z-score = 0.62, (B) r.m.s.d. = 0.003, Z-score = 2.31, (C) r.m.s.d. = 0.005, Z-score = 3.4. 
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Figure B4 Sedimentation equilibrium data for β-lactoglobulin A at pH 5.5 in citrate buffer 

Single species analysis of sedimentation equilibrium (A-C) data for β-lactoglobulin A at pH 5.5 (citrate 20 

mM, NaCl 100 mM), fitted to a single species of interacting system model, as implemented in SEDPHAT. 

The protein concentrations were 6.5 µM (A), 16.8 µM (B) and 47.3 µM (C).  The equilibrium data (A-C) 

were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 18,000 - circle, and 24,000 – 

square, rpm) at a wavelength of 255 nm. Residual plots of the fit are shown above. The derived molecular 

weight (and range) is 33,880 (32,521 – 35121). Statistics for the non-linear least-squares fits were: (A) 

r.m.s.d. = 0.003, Z-score = 1.5, (B) r.m.s.d. = 0.003, Z-score = 2.6, (C) r.m.s.d. = 0.005, Z-score = 3.9. 
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Figure B5 Sedimentation equilibrium data for β-lactoglobulin A at pH 5.5 in MES buffer. 

Single species analysis of sedimentation equilibrium (A-C) data for β-lactoglobulin A at pH 5.5 (MES 20 

mM, NaCl 100 mM), fitted to a single species of interacting system model, as implemented in SEDPHAT.  

The protein concentrations were 5.7 µM (A), 16.6 µM (B) and 52.1 µM (C).  The equilibrium data (A-C) 

were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 18,000 - circle, and 24,000 – 

square, rpm) at a wavelength of 250 nm. Residual plots of the fit are shown above. The derived molecular 

weight (and range) is 35808 (33,808 – 38,058). Statistics for the non-linear least-squares fits were: (A) 

r.m.s.d. = 0.003, Z-score = 0.33, (B) r.m.s.d. = 0.004, Z-score = 5.7, (C) r.m.s.d. = 0.006, Z-score = 4.8. 
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Figure B6 Sedimentation velocity and sedimentation equilibrium data for β-lactoglobulin A at pH 6.5. 

Global fit of sedimentation equilibrium (A-C) and velocity (D-F) data for β-lactoglobulin A at pH 6.5 

(MOPS 20 mM, NaCl 100 mM), fitted to a monomer-dimer equilibrium model, as implemented in 

SEDPHAT. The protein concentrations were 3.5 µM (A and D), 11.0 µM (B and E) and 33.0 µM (C and 

F).  The equilibrium data (A-C) were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 

18,000 - circle, and 24,000 – square, rpm) at a wavelength of 260 nm. The velocity data were collected at 

50,000 rpm at 237 nm wavelength.  Residual plots of the fit are shown above. Statistics for the non-linear 

least-squares fits were: (A) r.m.s.d. = 0.003, Z-score = 0.4, (B) r.m.s.d. = 0.003, Z-score = 0.4, (C) r.m.s.d. = 

0.006, Z-score = 7.7, (D) r.m.s.d. = 0.007, Z-score = 2.8, (E) r.m.s.d. = 0.007, Z-score = 13, (F) r.m.s.d. = 

0.01, Z-score = 38. The global reduced chi-squared was 0.7. 
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Figure B7 Sedimentation velocity and sedimentation equilibrium data for β-lactoglobulin A at pH 7.5. 

Global fit of sedimentation equilibrium (A-C) and velocity (D-F) data for β-lactoglobulin A at pH 7.5 

(MOPS 20 mM, NaCl 100 mM), fitted to a monomer-dimer equilibrium model, as implemented in 

SEDPHAT. The protein concentrations were 5.2 µM (A and D), 22.6 µM (B and E) and 36.5 µM (C and 

F).  The equilibrium data (A-C) were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 

18,000 - circle, and 24,000 – square, rpm) at a wavelength of 250 nm. The velocity data were collected at 

50,000 rpm at 280 nm wavelength. Residual plots of the fit are shown above. Statistics for the non-linear 

least-squares fits were: (A) r.m.s.d. = 0.005, Z-score = 10.2, (B) r.m.s.d. = 0.004, Z-score = 6, (C) r.m.s.d. = 

0.002, Z-score = 2, (D) r.m.s.d. = 0.005, Z-score = 1.6, (E) r.m.s.d. = 0.005, Z-score = 0.7, (F) r.m.s.d. = 

0.006, Z-score = 2.7. The global reduced chi-squared was 0.4. 
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Figure B8 Sedimentation velocity and sedimentation equilibrium data for β-lactoglobulin B at pH 2.5. 

Global fit of sedimentation equilibrium (A-C) and velocity (D-F) data for β-lactoglobulin B at pH 2.5 

(citrate 20 mM, NaCl 100 mM), fitted to a monomer-dimer equilibrium model, as implemented in 

SEDPHAT. The protein concentrations were 6.76 µM (A and D), 19.2 µM (B and E) and 53.0 µM (C and 

F).  The equilibrium data (A-C) were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 

18,000 - circle, and 24,000 – square, rpm) at a wavelength of 250 nm. The velocity data were collected at 

50,000 rpm at 280 nm wavelength.  Residual plots of the fit are shown above. Statistics for the non-linear 

least-squares fits were: (A) r.m.s.d. = 0.003, Z-score = 0.7, (B) r.m.s.d. = 0.003, Z-score = 4.6, (C) r.m.s.d. = 

0.005, Z-score = 4.1, (D) r.m.s.d. = 0.005, Z-score = 0.9, (E) r.m.s.d. = 0.006, Z-score = 0.2, (F) r.m.s.d. = 

0.007, Z-score = 5. The global reduced chi-squared was 0.394. 
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Figure B9 Sedimentation velocity and sedimentation equilibrium data for β-lactoglobulin B at pH 3.5. 

Global fit of sedimentation equilibrium (A-C) and velocity (D-F) data for β-lactoglobulin B at pH 3.5 

(citrate 20 mM, NaCl 100 mM), fitted to a monomer-dimer equilibrium model, as implemented in 

SEDPHAT. The protein concentrations were 5.1 µM (A and D), 15.0 µM (B and E) and 44.1 µM (C and 

F).  The equilibrium data (A-C) were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 

18,000 - circle, and 24,000 – square, rpm) at a wavelength of 260 nm. The velocity data were collected at 

50,000 rpm at 237 nm wavelength.  Residual plots of the fit are shown above. Statistics for the non-linear 

least-squares fits were: (A) r.m.s.d. = 0.002, Z-score = 0.15, (B) r.m.s.d. = 0.004, Z-score = 5.7, (C) r.m.s.d. 

= 0.009, Z-score = 13, (D) r.m.s.d. = 0.008, Z-score = 11, (E) r.m.s.d. = 0.008, Z-score = 3.6, (F) r.m.s.d. = 

0.011, Z-score = 3. The global reduced chi-squared was 0.9. 
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Figure B10 Sedimentation equilibrium data for β-lactoglobulin B at pH 4.5. 

Single species analysis of sedimentation equilibrium (A-C) data for β-lactoglobulin B at pH 4.5 (citrate 20 

mM, NaCl 100 mM), fitted to a single species of interacting system model as implemented in SEDPHAT. 

The protein concentrations were 3.6 µM (A), 13.9 µM (B) and 47.8 µM (C).  The equilibrium data (A-C) 

were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 18,000 - circle, and 24,000 – 

square, rpm) at a wavelength of 255 nm. Residual plots of the fit are shown above. The derived molecular 

weight (and range) is 33,270 (32,070 – 34,570).  Statistics for the non-linear least-squares fits were: (A) 

r.m.s.d. = 0.003, Z-score = 1.24, (B) r.m.s.d. = 0.003, Z-score = 1.19, (C) r.m.s.d. = 0.005, Z-score = 7.38. 
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Figure B11 Sedimentation equilibrium data for β-lactoglobulin B at pH 5.5 in citrate buffer. 

Single species analysis of sedimentation equilibrium (A-C) data for β-lactoglobulin B at pH 5.5 (citrate 20 

mM, NaCl 100 mM), fitted to a single species of interacting system model as implemented in SEDPHAT. 

The protein concentrations were 6.5 µM (A), 17.6 µM (B) and 50.0 µM (C).  The equilibrium data (A-C) 

was collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 18,000 - circle, and 24,000 – square, 

rpm) at a wavelength of 255 nm. Residual plots of the fit are shown above. The derived molecular weight 

(and range) is 34,162 (33,262 – 35,261). Statistics for the non-linear least-squares fits were: (A) r.m.s.d. = 

0.002, Z-score = 0.85, (B) r.m.s.d. = 0.003, Z-score = 4.35, (C) r.m.s.d. = 0.005, Z-score = 2.98. 
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Figure B12 Sedimentation equilibrium data for β-lactoglobulin B at pH 5.5 in MES buffer. 

Single species analysis of sedimentation equilibrium (A-C) data for β-lactoglobulin B at pH 5.5 (MES 20 

mM, NaCl 100 mM), fitted to a single species of interacting system model as implemented in SEDPHAT. 

The protein concentrations were 9.6 µM (A), 17.8 µM (B) and 50.4 µM (C).  The equilibrium data (A-C) 

were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 18,000 - circle, and 24,000 – 

square, rpm) at a wavelength of 255 nm. Residual plots of the fit are shown above. The derived molecular 

weight (and range) is 34939 (33,808 – 36,039). Statistics for the non-linear least-squares fits were: (A) 

r.m.s.d. = 0.003, Z-score = 0.27, (B) r.m.s.d. = 0.003, Z-score = 4.6, (C) r.m.s.d. = 0.005, Z-score = 3.8. 
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Figure B13 Sedimentation velocity and sedimentation equilibrium data for β-lactoglobulin B at pH 6.5. 

Global fit of sedimentation equilibrium (A-C) and velocity (D-F) data for β-lactoglobulin B at pH 6.5 

(MOPS 20 mM, NaCl 100 mM), fitted to a monomer-dimer equilibrium model as implemented in 

SEDPHAT. The protein concentrations were 4.3 µM (A) and 5.5 µM (D), 11.9 µM (B) and 15.4 µM (E), 

and 36.5 µM (C) and 42.0 µM (E).  The equilibrium data (A-C) were collected at 4 speeds (12,000 – 

triangle down, 15,000 – triangle up, 18,000 - circle, and 24,000 – square, rpm) at a wavelength of 260 nm. 

The velocity data were collected at 50,000 rpm at 237 nm wavelength.  Residual plots of the fit are shown 

above. Statistics for the non-linear least-squares fits were: (A) r.m.s.d. = 0.002, Z-score = 0.08, (B) r.m.s.d. 

= 0.004, Z-score = 5.6, (C) r.m.s.d. = 0.008, Z-score = 10.7, (D) r.m.s.d. = 0.007, Z-score = 7.8, (E) r.m.s.d. = 

0.007, Z-score = 12, (F) r.m.s.d. = 0.009, Z-score = 6.6. The global reduced chi-squared was 0.733. 
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Figure B14 Sedimentation velocity and sedimentation equilibrium data for β-lactoglobulin B at pH 7.5. 

Global fit of sedimentation equilibrium (A-C) and velocity (D-F) data for β-lactoglobulin B at pH 7.5 

(MOPS 20 mM, NaCl 100 mM), fitted to a monomer-dimer equilibrium model as implemented in 

SEDPHAT. The protein concentrations were 5.22 µM (A and D), 15.4 µM (B and E) and 43.3 µM (C and 

F).  The equilibrium data (A-C) were collected at 4 speeds (12,000 – triangle down, 15,000 – triangle up, 

18,000 - circle, and 24,000 – square, rpm) at a wavelength of 250 nm. The velocity data were collected at 

50,000 rpm at 280 nm wavelength.  Residual plots of the fit are shown above. Statistics for the non-linear 

least-squares fits were: (A) r.m.s.d. = 0.003, Z-score = 0.6, (B) r.m.s.d. = 0.004, Z-score = 3, (C) r.m.s.d. = 

0.005, Z-score = 3.4, (D) r.m.s.d. = 0.006, Z-score = 10, (E) r.m.s.d. = 0.006, Z-score = 5.6, (F) r.m.s.d. = 

0.007, Z-score = 9.7. The global reduced chi-squared was 0.375. 
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Figure B15 van Holde-Weischet extrapolation plot of β-lactoglobulin A at pH 2.5. 

Extrapolation plots obtained for β-lactoglobulin A at pH 2.5, citrate 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B1 (panels D-F). The plots have been obtained for the protein at the concentrations of 5.3 µM, 15.7 µM and 33.4 µM and are 

presented in A, B and C respectively. 
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Figure B16 van Holde-Weischet extrapolation plot of β-lactoglobulin A at pH 3.5. 

Extrapolation plots obtained for β-lactoglobulin A at pH 3.5, citrate 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B2 (panels D-F). The plots have been obtained for the protein at the concentrations of 4.8 µM, 15.8 µM and 26.7 µM and are 

presented in A, B and C respectively. 
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Figure B17 van Holde-Weischet extrapolation plot of β-lactoglobulin A at pH 4.5. 

Extrapolation plots obtained for β-lactoglobulin A at pH 4.5, citrate 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B3 (panels A-C). The plots have been obtained for the protein at the concentrations of 2.5 µM, 14.5 µM and 43.9 µM and are 

presented in A, B and C respectively. 
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Figure B18 van Holde-Weischet extrapolation plot of β-lactoglobulin A at pH 5.5 in citrate buffer. 

Extrapolation plots obtained for β-lactoglobulin A at pH 5.5, citrate 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B4 (panels A-C). The plots have been obtained for the protein at the concentrations of 6.5 µM, 16.8 µM and 47.3 µM and are 

presented in A, B and C respectively. 
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Figure B19 van Holde-Weischet extrapolation plot of β-lactoglobulin A at pH 5.5 in MES buffer. 

Extrapolation plots obtained for β-lactoglobulin A at pH 5.5, MES 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B5 (panels A-C). The plots have been obtained for the protein at the concentrations of 5.7 µM, 16.6 µM and 52.1 µM and are 

presented in A, B and C respectively. 
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Figure B20 van Holde-Weischet extrapolation plot of β-lactoglobulin A at pH 6.5. 

Extrapolation plots obtained for β-lactoglobulin A at pH 6.5, MOPS 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B6 (panels D-F). The plots have been obtained for the protein at the concentrations of 3.5 µM, 11 µM and 33 µM and are presented 

in A, B and C respectively. 
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Figure B21 van Holde-Weischet extrapolation plot of β-lactoglobulin A at pH 7.5. 

Extrapolation plots obtained for β-lactoglobulin A at pH 7.5, MOPS 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B7 (panels D-F). The plots have been obtained for the protein at the concentrations of 5.1 µM, 22.6 mM and 36.5 µM and are 

presented in A, B and C respectively. 
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Figure B22 van Holde-Weischet extrapolation plot of β-lactoglobulin B at pH 2.5. 

Extrapolation plots obtained for β-lactoglobulin B at pH 2.5, citrate 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B8 (panels D-F). The plots have been obtained for the protein at the concentrations of 6.8 µM, 19.2 µM and 53 µM and are 

presented in A, B and C respectively. 
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Figure B23 van Holde-Weischet extrapolation plot of β-lactoglobulin B at pH 3.5. 

Extrapolation plots obtained for β-lactoglobulin B at pH 3.5, citrate 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B9 (panels D-F). The plots have been obtained for the protein at the concentrations of 5.1 µM, 15 µM and 44.1 µM and are 

presented in A, B and C respectively. 
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Figure B24 van Holde-Weischet extrapolation plot of β-lactoglobulin B at pH 4.5. 

Extrapolation plots obtained for β-lactoglobulin B at pH 4.5, citrate 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B10 (panels A-C). The plots have been obtained for the protein at the concentrations of 3.6 µM, 13.9 µM and 47.8 mM and are 

presented in A, B and C respectively. 
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Figure B25 van Holde-Weischet extrapolation plot of β-lactoglobulin B at pH 5.5 in citrate buffer. 

Extrapolation plots obtained for β-lactoglobulin B at pH 5.5, citrate 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B11 (panels A-C). The plots have been obtained for the protein at the concentrations of 6.5 µM, 17.6 µM and 50 µM and are 

presented in A, B and C respectively. 
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Figure B26 van Holde-Weischet extrapolation plot of β-lactoglobulin B at pH 5.5 in MES buffer. 

Extrapolation plots obtained for β-lactoglobulin B at pH 5.5, MES 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B12 (panels A-C). The plots have been obtained for the protein at the concentrations of 9.6 µM, 17.8 µM and 50.4 µM and are 

presented in A, B and C respectively. 
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Figure B27 van Holde-Weischet extrapolation plot of β-lactoglobulin B at pH 6.5. 

Extrapolation plots obtained for β-lactoglobulin B at pH 6.5, MOPS 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B13 (panels D-F). The plots have been obtained for the protein at the concentrations of 4.3 µM, 11.9 µM and 36.5 µM and are 

presented in A, B and C respectively. 
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Figure B28 van Holde-Weischet extrapolation plot of β-lactoglobulin B at pH 7.5. 

Extrapolation plots obtained for β-lactoglobulin B at pH 6.5, MOPS 20 mM, NaCl 100mM after van Hold-Weischet analysis of the sedimentation velocity 

data showed in Figure B14 (panels D-F). The plots have been obtained for the protein at the concentrations of 5.2 µM, 15.4 µM and 43.3 µM and are 

presented in A, B and C respectively. 
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