[image: C:\Users\CRAPPY~1\AppData\Local\Temp\Rar$DI00.841\tuoslogo_key_cmyk_hi.jpg]

An Isothermal Titration Calorimetry Study: Complex Binding Isotherms obtained from the Interaction between Phytate and Tannins with Proteins

Samuel James Darby

A Dissertation Submitted for the Degree of Doctor of Philosophy 

Department of Chemical and Biological Engineering
University of Sheffield
February 2016
viii


[bookmark: _Toc459130646]Publications
Kilmister, R.L., Faulkner, P., Downey, M.O., Darby, S.J. and Falconer, R.J., 2016. The complexity of condensed tannin binding to bovine serum albumin–An isothermal titration calorimetry study. Food chemistry, 190, pp.173-178.
Darby, S.J., Platts, L., Daniel, M.S., Cowieson, A.J. and Falconer, R.J., 2016. An isothermal titration calorimetry study of phytate binding to lysozyme. Journal of Thermal Analysis and Calorimetry, pp.1-8.












[bookmark: _Toc459130647]Acknowledgments
I’d like to thank Dr Robert Falconer who always had his door open. I’d also like to thank Dr Jon Howse and Professor Catherine Biggs for their help. 
I would also like to acknowledge the financial support provided by the EPSRC and to thank both the departments of chemical and biological engineering and molecular biology and biotechnology at the University of Sheffield. 
I am grateful to Dr Jordan Bye and Lauren Platts for their valuable contributions to my work. I’d also like to thank Kimberly Anderson and Richard Archer for their technical assistance. I’d also like to thank my best friend Robyn for proofreading some of my literature review.  
Finally, a special thanks to all my friends in Sheffield that made this time what it is.     
I’d like to thank my Grandparents for their unwavering emotional support. 








[bookmark: _Toc459130648]Summary
In a single Isothermal Titration Calorimetry (ITC) experiment, the Gibbs free energy (∆G), the enthalpy (∆H), entropy (∆S), specific heat capacity (ΔCp) and stoichiometry of binding (n) can be identified. Non-sigmoidal binding isotherms are particularly difficult to interpret, yet these are routinely found in ITC studies. 
ITC binding studies at 25 °C between tannins and bovine serum albumin (BSA) produced biphasic binding isotherms that were suggested to be indicators of positive cooperative binding. However, reducing the temperature to 10 °C produced monophasic binding isotherms, which raised questions regarding the validity of these binding isotherms being classified as positively cooperative binding. The biphasic binding isotherm had two separate temperature dependences, with the initial stage producing a positive ΔCp and the second stage a negative one. Subsequently, this binding isotherm was suggested to essentially be a composite of two crosslinking events. 
This idea of two different crosslinking events rather than positive cooperativity was supported by an ITC study on a phytate-lysozyme interaction.  The ITC study showed that n became lower with decreasing temperature suggesting a crosslinking process became more extensive. Consequently, phytate may be less able to impair protein bioavailability at lower temperatures. 
Continuous Isothermal Titration Calorimetry (cITC) is a technique based on a continuous slow injection of titrant. The cITC binding isotherms obtained from the lysozyme-phytate interaction indicated that positive binding cooperativity was not occurring. 
To determine how phytate can be transported around the blood, an ITC study was performed using phytate and BSA in phosphate buffered saline pH 7.4. No binding was detected meaning that BSA does not transport phytate around the blood. However, in 10 mM ammonium acetate at pH 4 binding between BSA and phytate occurred. Conclusively, this reinforces earlier work that binding assays should be done in physiological conditions otherwise findings could be spurious.  
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[bookmark: _Toc459130650]Chapter 1: A Literature Review: A View of Binding Interactions from Water 





















[bookmark: _Toc459130651]Literature Review Summary

Thermodynamics underpins the driving forces behind protein folding, protein-ligand binding and biosynthesis. This review sets out an introduction to enthalpy (∆H) and entropy T∆S) and how these qualities relate to the Gibbs free energy of binding (∆G). This is then put into the context of ligand-protein interactions as this also allows for a review of advances in isothermal titration calorimetry (ITC).  Many ITC studies also suggest that water is one of the driving forces of protein-ligand interactions and a lack of a complete understanding of water is why studying entropy-enthalpy compensation, ligand binding and protein conformational changes are particularly challenging.  The subsequent part of this review sets out new theories of molecular water and how the hydration layers around both proteins and ligands can be altered using simple solutes. The last part of the review provides information on different modes of binding cooperativity identified by ITC. The literature review is set out in such a way that the reader gains an appreciation of the role of water in protein-ligand interactions and binding cooperativity, as both are critical to gaining an insight into tannin/phytate interactions with proteins. 







[bookmark: _Toc459130652]Introduction to Concepts Associated with Free Energy Changes

One of the main objectives of physical biochemistry is the explanation of driving forces for biological interactions.  A related problem for medicinal chemists is how to design compounds with high affinity for biological receptors. At the root of both problems is an incomplete understanding of the factors that determine how strong these interactions are. Thermodynamics, originally formulated to increase the efficiency of steam engines, can be applied to understand the driving forces behind biological interactions in what is known as biothermodynamics. 
Enthalpy (ΔH) is the change in heat arising from a change in internal energy (ΔU) and a change in pressure, volume or some combination of these factors (pV) (Equation 1.1).1 In a chemistry context, it is the net heat produced in the breakage and the formation of bonds. A process in a system which releases heat into the surroundings is termed exothermic. A process in a system that absorbs heat in the surroundings is termed endothermic. 
	    
	(1.1)


ΔH differs from the ΔU by the addition of the product of the pressure (p) and the volume (V) of the system. Examples from chemistry of exothermic reactions are combustion reactions in which organic compounds are completely oxidised by molecular oxygen to carbon dioxide and water. The thermodynamic driving force can be explained by a favourable reduction in ΔH meaning a negative value. Endothermic reactions cannot be explained by a favourable reduction in ΔH as they have a positive value. This means a secondary factor has to be invoked as some endothermic reactions are spontaneous.1 This is entropy. 
The expansion of a perfect gas in a vacuum is an example of a spontaneous reaction that occurs with no ΔH.2 The key feature is the dispersal of energy (and matter) so that it becomes more evenly distributed throughout the area. The measure of dispersal of energy or matter is called entropy, S (Equation 1.2). 
	
	(1.2)


This means that the ΔS of a substance is equal to the energy transferred to it as heat reversibly divided by the temperature (qrev/T).2 Since S is the change in dispersal of energy it should be proportional to the amount of heat in the system as there is a proportional effect on the random motion of molecules. Temperature in the denominator takes into the account the amount of heat already present in the system.  The concept of reversibility refers to the capacity of an infinitesimal change in a variable such as pressure to change the direction of the process. 
More recently, the long term definition of entropy has been challenged. Lambert argued that entropy is a measure of the dispersal of motional molecular energy rather than disorder.3 This interpretation is more in line with the quantum mechanical definition of entropy (Equation 1.3). 
	
	(1.3)


Equation 1.3 demonstrates entropy (S) is logarithmically proportional to the number of microstates where kB is the Boltzmann constant and W is the number of microstates corresponding to a given macrostate. Increasing the temperature increases the dispersal of energy among these microstates. A microstate represents a way of distributing energy at the quantum level. A number of microstates can make up a macrostate which is typically observable though perturbing the temperature, pressure or volume of the system.3 
The second law of thermodynamics is concerned with S, which states that “in a closed system, spontaneous processes occur in the direction of increasing entropy”, a rule which is sustained by physical and chemical experimentation. S normally increases during dissociative processes such as the breaking of bonds and, equally, decreases during associative ones such as bond formation. This does not mean association cannot occur spontaneously, which would be in contradiction to many processes in biochemistry such as some instances of ligand-receptor binding. It does however mean that a favourable ΔH must drive these interactions.  Historically, it has been theorised that a combination of both T∆S and ∆H is required to bring about a spontaneous change. This is known as the Gibbs function or Gibbs free energy (Equation 1.4). 
	
	(1.4)


ΔG gives a numerical measure of how spontaneous a reaction is. Positive values of ΔG mean the reaction is thermodynamically unfavourable, whilst negative values mean the reaction is favourable.  ΔG is related to the equilibrium constant K, a value that determines how stable the products are from the reactants. In the context of biological interactions, K is a measure of affinity of a small molecule for a macromolecule (Equation 1.5). 
	
	(1.5)


Where R is the gas constant 8.314 in J/ (mol·K) and T is the temperature of the reaction in Kelvin. Table 1.1 gives the relationship between ΔG, K and equilibrium composition for equilibria between equal numbers of reactant and product molecules. 




[bookmark: _Ref442800962]Table 1.1:The relationship between ΔG and K for A ⇄B at 298 K. Reproduced from Isaacs4
	
ΔG kJ/mol
-
	
K
	
Equilibrium percentage of more stable species

	0
	1
	50

	1
	1.5
	60

	2.1
	2.33
	80

	5.4
	9.0
	90

	17.0
	999
	99.9

	22.8
	9999
	99.99




[bookmark: _Toc459130653]Thermodynamics and Drug Design

The science of drug design has progressed rapidly since the advent of biochemistry and molecular biology, which gave us an initial understanding of ligand-receptor relationships. Advances in the –omics sciences has improved our awareness of how drugs are absorbed, distributed, metabolised and excreted (ADME), which has helped in efforts to discover and design drugs with better treatment profiles. 
The goal of drug design is to select a disease target and find a compound capable of binding to this target. 3D structural information of the target from X-ray crystallography or Nuclear Magnetic Resonance (NMR) spectroscopy can be integrated into a computer model to show how a compound could interact with said target. This approach is known as structure-based drug design and utilises two key techniques: docking and molecular dynamic simulations (MDS). MDS is a molecular mechanics program created to simulate the movement of atoms within a molecule. This can be used to understand how a ligand binds to a target. The aim of docking is to predict how a ligand will interact with the target.5 Examples of targets include receptors, enzymes and membrane channels. 
Other methods rely on producing a structure of both the ligand and the receptor. This can also be done using NMR spectroscopy and x-ray crystallography. Although a high resolution structure of a protein ligand complex is undeniably intriguing in the milieu of drug design, it is very unlikely an effective drug can be composed from structural information alone.6,7 Thermodynamics is the missing component, as it determines the affinity a ligand has for a receptor.
Theoretically, a drug with a higher affinity for a proposed target should have less affinity for other biological macromolecules. This should mean a drug with a high binding affinity should have fewer side effects if said side effects are brought about by promiscuous binding to other biological molecules such as enzymes vital for metabolism.8 However, in many cases, increasing affinity is far more complex and drugs which have been optimised may not always bind to their targets due to ADME processes.9 For example, some inhibitors of a tumour necrosis factor α converting enzyme could not penetrate the cell membrane as effectively after optimisation meaning the level of inhibition decreased.9 
Protease inhibitors of the  Human Immunodeficiency Virus (HIV) are a success story in regards to thermodynamic optimisation of small molecules.10  The first inhibitors approved in the mid-1990s had nanomolar affinity whilst those approved in 2005 and 2006 were in the picomolar range. Analysis showed that the affinity increase was due to improved binding enthalpy. Increasing binding enthalpy is much more difficult to optimise than increasing binding entropy.11 Firstly, it is difficult to engineer a new hydrogen bonding interaction between two binding partners. This is in comparison to increasing the hydrophobicity, which would increase the binding entropy. Secondly, removing water from amino acids capable of hydrogen bonding prior to a binding interaction carries an enthalpic penalty valued at around 29–37 kJ/mol at 25 °C. 10 These groups are termed polar as they carry a dipole, a measure of separation between two opposing charges. The value for desolvation of an apolar group is less at around 4 kJ/mol at 25 °C. 10  Apolar groups in proteins are normally aromatic rings and aliphatic chains of amino acids; they typically cannot hydrogen bond with water explaining the lower enthalpic penalty paid upon desolvation in comparison to polar groups.  However, there are strategies to help reduce the drop in affinity due to polar desolvation. A favourable gain in entropy will increase the binding energy if the ligand makes the same interactions with the amino acids from which the coordinated water was lost. An example of this is where ligands containing cyclic urea groups displaced a bridging water molecule between two protein isoleucines making favourable interactions with the binding site of the HIV protease as shown by crystallography. 12 
Solvation also seems to be at the root of other problems in designing better ligands such as enthalpy-entropy compensation (EEC).13-15 This is where any functional group modifications do not engender better binding affinity. For example, increasing the binding enthalpy may increase conformational restriction of the binding partners leading to a compensating drop in binding entropy. Conversely, reducing the number of binding interactions will lead to an unfavourable change in enthalpy and an increase in entropy. This example does not lend itself to the role of water in EEC phenomena but this will be explained after the role of water has been clarified. 
[bookmark: _Toc459130654]The Thermodynamics of Water-Organic Molecule Interactions

The low solubility of apolar organic molecules at room temperature is characterised by a favourable enthalpy and an unfavourable entropy resulting in an unfavourable Gibbs free energy. This suggests that water around apolar groups has stronger bonds and a higher degree of order in comparison to water in the bulk. Frank and Evans interpreted this as water having a higher degree of tetrahedral order and termed it “ice like” or as “icebergs” (Figure 1.1.) 16
[image: ]
[bookmark: _Ref457225620]Figure 1.1: Tetrahedral water adapted from Chaplin.17 
At low temperatures, (≤ 15 °C) the creation of this network is exothermic with decreasing solubility at increased temperature. The favourable enthalpy stems from water adopting a structure with stronger bonds than the bulk, overriding the endothermicity of creating a cavity in the water network.18 There is a solubility minima between 18 to 35 °C 19 (Figure 1.2)
[image: ]
[bookmark: _Ref442801357][bookmark: _Ref443580048][bookmark: _Ref443580044]Figure 1.2: Natural logarithm of the mole fraction solubility of benzene against temperature adapted from Baldwin 18
Here the solubility switches from being enthalpy and entropy driven to just entropy driven.18 It has been suggested this is due to bulk water having less conformational freedom than the water neighbouring apolar groups.19 Recent temperature-dependent Raman scattering measurements reinforce this observation. The work suggests that around apolar compounds, larger than 1 nm, water has slower dynamics and stronger bonds, whilst at higher temperatures this water has faster dynamics than the bulk and weaker bonding.20  
[bookmark: _Toc459130655]The Role of Water in Binding Affinity

The driving force behind the hydrophobic effect in aqueous solution is the exclusion of water from apolar surfaces. It can be used to explain why proteins fold or why oil droplets form in water. The hydrophobic effect is used in medicinal chemistry to drive ligand-protein interactions with the idea being the hydrophobic component of the ligand binds to the hydrophobic surface of the protein, releasing energetically unfavourable water from the binding site to the bulk. The water associated with the apolar part of the protein is disfavoured entropically and so its return to the bulk is entropically favoured. 21 However, in line of increasing evidence of enthalpy paying a major or minor role in the hydrophobic effect, these explanations are often too simplistic. In fact, it had been recognised by Frank and Evans who suggested that for water to be around apolar groups is entropically unfavourable, that the enthalpic contribution to this had been underestimated. 22  
In order to understand the hydrophobic effect on a molecular level, Klebe et al. analysed a high resolution binding pocket of the bacterial zinc metalloprotease from Bacillus thermoproteolyticus.23 Using a series of ligands Klebe et al. showed that the hydration network has a significant effect on structure-activity relationships displaying extreme enthalpy-entropy compensation with ligand amino acids of comparable sizes. Similar thermodynamic parameters were seen for amino acid side chain pairs that allowed for similar patterns of hydration in the complex. 
The Mouse Urinary Protein I (MUP-I) has been used frequently to understand the thermodynamics between small molecules and this protein. The crystal structure MUP-I was determined by Böcskei and co-workers in 1991. An eight-stranded β-barrel and a single α-helix makes up the lipocalin fold with a hydrophobic cavity forming the interior of the barrel where small hydrophobic molecules can bind. 24 This makes it an ideal model system to understand thermodynamic binding interactions specifically entropy contributions to binding affinity and specificity. 
Using two pyrazine based ligands (Figure 1.3) Bingham et al.  showed through NMR that the protein backbone and side-chain residues in the location of the binding site were contributing unfavourably to the entropy of the binding reaction, but this was counterbalanced by other residues distal from the binding pocket becoming more mobile.25 Despite the pyrazine ligands being hydrophobic, the principal driving force behind the reaction derived from isothermal titration calorimetry (ITC) was a favourable enthalpic contribution with 2-methoxy-3-isopropylpyrazine (IPMP) and 2-methoxy-3-isobutylpyrazine (IBMP) being -44.54 kJ/mol and -47.89 kJ/mol respectively (Table 1.2). NMR and MDS showed that the entropic penalty of -10 kJ/mol arose from the ligand losing flexibility rather than the amino acids in the binding pocket. The authors concluded the source of the favourable enthalpy was primarily through enthalpic effects associated with desolvation of the binding pocket since there is only one strong bond for both ligands, which can be seen from the X-ray structures. However, since no X-ray structures exist with the protein showing these water molecules, the authors suggested this based on a molecular modelling programme called PRO-ACT which approximated a maximum of six water molecules being transferred to the bulk upon ligand binding. 
[image: ][image: ]
[bookmark: _Ref442801488]Figure 1.3: 2-methoxy-3-isopropylpyrazine (IPMP) on the right and 2-methoxy-3-isobutylpyrazine (IBMP) on the left are the two ligands used by Homans to show that despite being largely hydrophobic, binding reactions can be largely enthalpy driven.
To see how much this strong bond contributed to the enthalpy of binding, site directed mutagenesis was used on Tyr120 which reduced the enthalpy of binding by 24%. However, the binding reaction was still largely enthalpy driven (Table 1.2). 26  Solvent contribution upon ligand binding was found to be negligible based on substituting the solvent with D2O meaning desolvation is essentially enthalpically neutral. However, the authors stipulate this approach is vulnerable to significant error. Molecular modelling of the binding site identified 3 and 4 water molecules for the wild type (WT) and the Tyr120Phe variant respectively. Based on this, it was assumed breaking the solvent-ligand bonds counteracted the favourable contribution to enthalpy from protein desolvation which means the enthalpic gains from van der Waals’ interactions between the ligand and the protein are larger than expected in poorly solvated binding pockets.  
Another class of lipocalin proteins are the histamine binding protein from Rhipicephalus appendiculatus. This aptly named “hydrophilic binder” can be compared to the structurally related mouse urinary protein, a so-called “hydrophobic binder.” Despite this being a good model system, a mutant had to be engineered to abolish binding at one site reducing the binding stoichiometry to 1. 27 This allowed for a better analysis of the thermodynamic data and it seemed both the WT and the Asp24Arg variant ligand-protein crystal structures superimposed well, meaning no change in the overall structure. Global thermodynamic analysis through ITC showed the Asp24Arg variant exhibits unfavourable entropic contributions at - 9.3 kJ/mol with binding being strongly enthalpy driven at -58.3 kJ/mol showing similar binding thermodynamics to the MUP-IPMP complex (Table 1.2).  NMR relaxation times showed the entropy over the backbone amides to be 12.4 (± 9.8) kJ/mol, with increased and decreased flexibility over the entire structure upon ligand binding. 13C relaxation times, which can be employed to investigate the entropic contributions of a protein, were thought to be unobtainable due to the difficulty in discerning entropic contributions from both the methyl groups on the protein and the ligand. To determine the entropic contributions, MDS were used with explicit inclusion of the solvent waters to determine side chain entropies, with the entropy value for the amide backbone comparing well with the molecular dynamic simulation 16.4 (± 1.0) kJ/mol. The MDS estimated the protein component of the ligand-protein complex contributed favourably by 33 kJ/mol. The entropic and enthalpic contribution of ligand desolvation was computed by Conductor-Like Screening Model (COSMO) and were both found to be favourable. This molecular modelling software showed good agreement with 2 reference compounds and so the authors decided the calculation was accurate. MDS showed the rotational and diffusional dynamics of water within the protein binding site were much like the dynamics found in the bulk. In conjunction with the MDS data and the crystal structure showing the presence of three water molecules in the protein-ligand complex, the authors assumed these water molecules were contributing to the unfavourable entropy of the complex. It would seem from the crystal structures that water molecules are much more easily expelled from hydrophobic surfaces than hydrophilic.23 
This idea that water molecules are more easily expelled from hydrophobic surfaces than hydrophilic is one that has been used to successfully design HIV protease inhibitors. 28  It has been articulated by Freire that achieving favourable enthalpies of desolvation from polar groups is much more difficult than attaining favourable desolvation enthalpies from apolar groups. 10 
Human carbonic anhydrase II (HCA II) is an excellent model system due to its heavy biophysical characterisation.29 Crystallography of a series of HCA II complexes with benzenesulfonamides substituted with alkyl and ﬂuoroalkyl chains in the para position showed that all ligands exhibited a similar binding geometry with the chains against the “hydrophobic wall”, a motif of hydrophobic amino acids within the binding site (Figure 1.4 and Figure 1.5). 30 ITC showed both an increase in entropy and enthalpy with increasing chain length. The Whitesides’ group believed this increase in enthalpy was due to the release of water from both the tails and perhaps suboptimal hydrated areas of the “hydrophobic wall” which were not found in the crystal structure. Those ligands substituted with ﬂuoroalkyl chains had lower dissociation constants with marginally more favourable entropy and enthalpy terms in comparison to the unsubstituted derivatives. The group suggested this was to do with the larger Solvent-Accessible Surface Area (SASA) of the fluorine substituent being able to dislodge more water from the binding site. With both the fluorine and hydrogen substituted ligands the binding reaction was largely enthalpy driven at around –40 kJ/mol with a minor entropic component of approximately 5 kJ/mol (Table 1.3).

[image: ]
[bookmark: _Ref442803140]Figure 1.4: Crystal structure of human carbonic anhydrase 1 complexed with a benzenesulfonamide with a hydrophobic tail (highlighted in purple).30,31
Using a series benzoarylsulfonamide ligands, the Whitesides’ group reinforced their previous conclusion that the hydrophobic effect is not necessarily driven by contact between the protein binding site and the ligand, but can be from structure of water around the complex(Figure 1.6).32 However, with these particular ligands, fluorination actually increased the number of water molecules found in the protein-crystal complex. In addition to this, the difference in the heat capacity of binding (ΔCp) was more negative for fluorine substituted ligand by -184 kJ/ (mol∙K) Whitesides et al.  believed this supported the idea that there is a mixture of hydrophobic driving forces that are dependent on the structure of water around the ligand and in the binding site. 


[image: ]
[bookmark: _Ref442803260]Figure 1.5: The benzenesulfonamide ligands used by Whitesides et al.  to show enthalpy has a large component to the hydrophobic effect where n = 0–4, X = H or F. Increasing the size of the alkyl or ﬂuoroalkyl chains otherwise known as the “greasy tail” made the entropy and the enthalpy more favourable.
Based on this, the group proposed a possible improvement to designing new inhibitors involving substituents with larger SASA to displace any water within the region. 32 Incorporation of fluorine instead of hydrogen could be one way to attain a larger SASA. In addition to this, fluorine has been known to decrease the metabolic susceptibility of drugs and assist in membrane permeability. 33 Perhaps, replacement of hydrogen atoms with fluorine could be a future method of improving drug-binding thermodynamics. Many would argue changes in thermodynamics due to substituting hydrogen with fluorine would be in part caused by the increased hydrophobicity of the fluorine atom. However, Lockett et al. argued that some measures of hydrophobicity, when corrected for the differences in surface area, are very similar if not identical.30,34  When measuring the partitioning coefficient of fluorine and hydrogen substituted benzoarylsulfonamide ligands between buffer and octanol they found the surface area-corrected hydrophobicity increases by 4.6 kJ/mol ∙A2 upon fluorine substitution.  
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[bookmark: _Ref442862274]Figure 1.6: The benzoarylsulfonamide ligands used by Whitesides et al.  to reinforce his previous conclusion that the hydrophobic effect can be enthalpy dominated. X and Y are one combination of X = CH and Y = S, X = N and Y = S, X = CH3 and Y = NH and X = CH and Y = NCH3
The thermodynamic data discussed here is summarised in Table 1.2. From this, it can be seen that hydrophobic interactions can be largely enthalpy driven, whilst being marginally entropically favoured or disfavoured. Table 1.3 shows thermodynamic data for a binding pocket and ligand which are more polar in comparison to the MUP-1 and its hydrophobic ligand. 
The suggestion that water plays a major role in drug-protein interactions means that it could be involved in molecular mechanisms of drug resistance and this has been indeed shown to be the case. Equipped with an understanding of how water behaves around a protein should enable a better understanding of how to meet future challenges in medicinal chemistry. The erythroblastic leukemia viral oncogene homolog (ErbB) family contains several therapeutic targets for anticancer treatments. The members of this family are highly homologous and include ErbB4, epidermal growth factor receptor (EGFR) and human epidermal growth factor receptor 2 (HER2). Despite being highly homologous, lapatinib binds fairly weakly to ErbB4 compared to EGFR and HER2. Crystallographic studies of both EGFR and ErbB4 have not offered a reason for the different binding strengths. MDS based on homology templates of the proteins identified three distinct sites with high water occupancies, defined as S1, S2 and S3, for both EGFR and HER2. With ErbB4, there was a lower level of water at S1, but similar levels of occupancy at S2 and S3.  It should be noted these water molecules were identified through MDS, as no crystallographic water molecules were included in the original setups. It seemed that in both EGFR and HER2 water played a “bridging role” between the ligand and the receptor, whilst such an interaction was missing in ErbB4 explaining the lower binding affinity. Using MDS the authors believed drug resistance could be brought about by changes in the water network located around the proteins through amino acid mutations.35 
A substantial impediment to the efficacy of drugs used against HIV and some other viruses is their high rate of mutation in the targeted biomolecules.34 The HIV proteases retain a good catalytic activity required for viral reproduction with increased resistance to inhibitors. Preferably, a HIV protease inhibitor should have a binding affinity in the picomolar range against the WT and be impinged by mutations of a factor of 100 or less. Vega et al. believes this high level of activity can only be attained if both TΔS and ΔH are optimised to achieve a favourable ΔG of binding. 36 This can be begun to be achieved with an understanding of water on the molecular level. 
ITC revealed indinavir, nelfinavir and saquinavir binding to the WT protease, Val82Tyr/Ile84Val and Leu101Ile/Gly48Val/Ile54Val/Val82Ala was entropically driven and enthalpically disfavoured. However, binding of amprenavir, atazanavir, and darunavir to WT and Leu101Ile/Gly48Val/Ile54Val/Val82Ala is both enthalpically and entropically favoured. However, with the Val82Tyr/Ile84Val variant, the binding becomes entropically driven. The large negative change in ΔCp shows the source of this favourable entropy could be due to desolvation effects rather than increased protein or ligand flexibility upon binding.37 In many cases, ligand binding causes a decrease in both protein and ligand flexibility, so this supports the authors’ speculation. However, it must be stated that drug binding thermodynamics varies between cases because of the differing nature of the interactions.  King et al. felt they could not speculate on the source of the unfavourable enthalpy based on the crystal structure and so did not provide an explanation.34
Both KNI-10033 and KNI-10075 are HIV protease inhibitors both show favourable binding entropies and enthalpies. 28 Both inhibitors are identical in structure apart from a single substitution; a SO2CH3 group in KNI-10075 replaces the –S-CH3 group in KNI-10033.  Binding of KNI-10033 to WT protease buries a total of 985 Å2 of apolar surface area and 682 Å2 of polar surface area with a ΔCp value of -1926.28 J/(mol ∙K). For KNI-10075 the amount of buried apolar and polar surfaces are 953 Å2 and 704 Å2 respectively with a much more positive ΔCp value of -1274.9 J/(mol ∙K) reflecting the smaller apolar surface burial than the previous inhibitor. From the crystallographic and thermodynamic data, Lafont et al. suggested the desolvation accounts for only 35% of the total entropy compensation, while 65% originated from structuring both the drug and the protein, caused by the SO2CH3 forming a hydrogen bond with Asp 30. 28 The authors further speculated that the source of the apparent structuring could have occurred from the freezing of three bonds or the restriction of two amino acids.  
KNI-764 and KNI-577 have ΔG of binding of -59.8 kJ/mol and -55.2 kJ/mol respectively.36 The entropic and enthalpic components calculated through ITC are -28 kJ/mol and -31.8 kJ/ mol for KNI-764 respectively. Whilst for KNI-577 the entropic contribution is slightly more at 35.5 kJ/mol and the enthalpic contribution slightly less at -19.6 kJ/mol. These contributions change for the Val82Phe/Ile84Val mutant, with KNI-764 being -22.2 kJ/mol and 29.8 kJ/mol and for KNI-577 being -8.7 kJ/mol and 32.6 kJ/mol for the enthalpy and entropy values respectively. KNI-764 had a more favourable Gibbs free energy of binding for the mutant in comparison to KNI-577. The ΔCp value for KNI-764 becomes more favourable while the ΔCp value for KNI-577 becomes less so for the mutant. This shows the malleability of KNI-764 being able to go deeper into the mutant binding pocket, which is demonstrated by increase in apolar surface area burial reflected in the ΔCp value. 36 Both KNI-577 and KNI-764 have the same molecular structure with the exceptions of KNI-577 having a t-butylamide group, whereas in KNI-764 a larger methylbenzylamide group occupies the position. 
Studies revealed tipranavir-WT HIV protease binding had a large entropic component of 58.1 kJ/mol, and a small enthalpic component of -2.9 kJ/mol.38 All inhibitors lost potency against the Val82FPhe/lleI84Val protease variant showing less favourable values for the Gibbs free energy of binding. However, tipranavir gained binding enthalpy when binding to that mutant protease. Against the Ile13Val/Val32Ile/Leu33Phe/Lys45Leu/Val82Leu/Ile84Val protease variant, tipranavir showed a favourable change in binding enthalpy, whilst for all the other inhibitors, the binding enthalpy became less favourable. However, against the HIV protease variant Leu10Ile/Leu33Ile/Met46Ieu/Ile54Val/Leu63Ile/Val82Ala/Ile84Val/-
Leu90Met tipranavir lost binding enthalpy, although it was by far the smallest decrease in enthalpy compared to the other inhibitors. The authors speculated the favourable binding entropy came from burying less water molecules upon ligand binding compared to the other inhibitors. This was based on the entropy value of tipranavir binding being more favourable than based on hydrophobic burial upon binding alone. The favourable binding enthalpy also stems from this, as more favourable van der Waals’ contacts were made as due to fewer water molecules being present in the binding site.38 All the inhibitors display a form of EEC phenomena as the Gibbs free energy of binding changes little despite the large changes in entropy and enthalpy (Table 1.4).
The studies performed by these authors’ shows that a drug could overcome resistance mutations by means of a thermodynamic mechanism. Although the mechanism needs further elaboration, the idea that future drug resistance can be overcome through thermodynamic optimisation is an interesting one and should be further investigated. As can be seen from the previous studies, water plays a role in viruses and cancer becoming resistant to small molecules.35,38  
Many proteins, including those involved in cell cycle and cancer such as the protein tyrosine kinases, have two binding pockets that have Src homology 2 (SH2). One pocket binds the phosphotyrosyl side chain of the ligand whilst the other more dynamic binding pocket binds the residue 3 residues down from the phosphotyrosyl side chain. Using a range of differing ligands containing the phosphotyrosyl head group, the Ladbury group observed a favourable increase in entropy, which they suggested reflected the release of water molecules upon binding. 39 In the X-ray structure of a Src SH2 domain bound to a peptide, a network of water molecules was identified around the drug-protein complex which was held together due to the hydrogen bonding properties of the glutamate on the drug. The peptides used by Ladbury do not have this side chain and so do not interact with these water molecules. This also reduced the enthalpy term of the Gibbs free energy of binding due to the loss of hydrogen bonding contacts. The authors also speculated the favourable entropy may be also due to the lower flexibility of the ligands used to probe the effects of water during the binding reaction.39 






[bookmark: _Ref442801704]Table 1.2. Drug, protein, the number of water molecules in the crystallographic complex, the specific heat capacity, Gibbs Free Energy of Binding, enthalpy of binding, entropy of binding and the respective reference. With the benzenesulfonamides ligands these have been abbreviated to the number of repeating units of the polymer and if the element either being F or H where H2NSO2C6H4-CONHCH2(CX2)nCX3, n = 0–4, X = H, F). It has been noted where molecular modelling (MM) has been used to ascertain the number of water molecules within the binding site. NR = not reported
	Drug
	Protein
	Solvation (Number of water molecules in the crystallographic complex)
	- ∆Cp
(J/(mol∙K))
	-∆G
(kJ/mol)
	-∆H
(kJ/mol)
	T∆S
(kJ/mol)
	Ref

	n= 0 X=H
	Human carbonic anhydrase 1
	None found in the complex
	292
	40.1
	38.5
	1.7
	30

	n=1
X=H
	Human carbonic anhydrase 1
	None found in the complex
	342.7
	42.6
	39.3
	3.3
	30

	n=2
X=H
	Human carbonic anhydrase 1
	None found in the complex
	367.8
	43.5
	39.3
	4.18
	30

	n=-0
X=F
	Human carbonic anhydrase 1
	None found in the complex
	301
	44.3
	40.5
	3.8
	30

	n=1
X=F
	Human carbonic anhydrase 1
	None found in the complex
	334.4
	46.4
	41.8
	4.6
	30

	n=2
X=F
	Human carbonic anhydrase 1
	None found in the complex
	380.4
	48.3
	43.0
	6.27
	30

	IPMP
	MUP-I
	None found in the complex – MM suggested 6
	NR
	33.9
	44.54
	-10.65
	25

	IBMP
	MUP-I
	None found in the complex – MM suggested 6
	NR
	38.5
	47.89
	-9.39
	25

	IBMP
	MUP-I Y120F (288 K)
	None found in the complex – MM suggested 3 to 4
	510
	34.89
	25.76
	9.12
	26

	IBMP
	MUP-I Y120F (298 K)
	None found in the complex – MM suggested 3 to 4
	510
	35.31
	31.44
	3.87 
	26

	IBMP
	MUP-I Y120F (308K)
	None found in the complex – MM suggested 3 to 4
	510
	33.61
	35.90
	-2.29
	26

	IBMP
	MUP-I Y120F (298 K) D2O
	NR
	NR
	33.82
	34.21
	-0.4
	26



	Drug
	Protein
	Solvation (Number of water molecules in the crystallographic complex)
	- ∆Cp
(J/(mol∙K))
	-∆G
(kJ/mol)
	-∆H
(kJ/mol)
	T∆S
(kJ/mol)
	Ref

	Histamine
	rRaHBP2(D24R) (278K)
	3
	780
	49.2 
	42.7
	6.5 
	27

	Histamine
	rRaHBP2(D24R) 288K
	3
	780
	48.8
	48.3
	0.4
	27

	Histamine
	rRaHBP2(D24R) 298K
	3
	780
	49.1
	58.3
	9.3
	27


[bookmark: _Ref442802740] Table 1.3: Drug, protein, the number of water molecules in the crystallographic complex, the specific heat capacity, Gibbs Free Energy of Binding, enthalpy of binding, entropy of binding and the respective reference.

[bookmark: _Ref442862618]Table 1.4: Drug, protein, the number of water molecules in the crystallographic complex, the specific heat capacity, Gibb’s Free Energy of Binding, enthalpy of binding, entropy of binding and the respective reference. NR = not reported
	Drug
	Protein
	Solvation (Number of water molecules in the crystallographic complex)
	- ∆Cp
(J/(mol∙K))
	-∆G
(kJ/mol)
	-∆H
(kJ/mol)
	T∆S
(kJ/mol)
	Ref

	TPV
	HIV-1 protease
	17
	NR
	61.6
	2.9
	58.1
	38

	ATV
	HIV-1 protease
	29
	NR
	59.8
	17.6
	42.2
	38

	LPV
	HIV-1 protease
	21
	NR
	59.8
	10.0
	49.7
	38

	KNI-764
	HIV-1 protease Q7K/ L33I/ L63I
	6
	1504.8
	59.8
	31.8
	28.0
	36

	KNI-764
	HIV-1 protease Q7K/ L33I/ L63I/V82F/I84V
	5
	1630.2
	51.8
	22.2
	29.7
	36

	KNI-577
	HIV-1 protease Q7K/ L33I/ L63I
	5
	1755.6
	55.2
	19.6
	35.5
	36

	KNI-577
	HIV-1 protease Q7K/ L33I/ L63I/ V82F/I84V
	5
	1588.4
	41.4
	8.8
	32.6
	36

	KNI-10033
	HIV-1 protease Q7K/L33I/L63I
	7
	1927
	62.2
	      34.3
	27.9
	28,40



Much of this work on interpreting the role of water in ligand protein interactions is done through crystallography. However, crystallography is ill-suited for investigating protein hydration. Crystallography done at ambient temperatures only shows water molecules that interact strongly with polar atoms.41 Therefore, in many cases, solvation found using crystallographic structures solved at ambient temperatures is much smaller than it naturally would be. In addition to this, the crystal itself can perturb water molecules. 
Resolution is another problem when trying to interpret water in crystallographic structures. 42 Ladbury states that although water molecules can be seen at resolution of 2 Å, the bond angles and assignment of the exact position is uncertain.42 Ladbury further states that in some cases water molecules may be added to help the statistics of the structure, therefore, caution must be taken when interpreting crystal structures. 
[bookmark: _Toc459130656]Entropy Enthalpy Compensation Phenomena and Water

Originally, the isoequilibrium relationship and compensation effect were considered to be equivalent.43 An isoequilibrium relationship means that there is a temperature when the equilibria (where one parameter is varied) are fairly close together. A compensation effect means that the either entropy or enthalpy compensates the other parameter. Plotting the Gibbs free energy of binding against temperature in many examples shows an intersection point where the reactions all have the same equilibrium constant displaying an isoequilibrium point.  Plotting entropy versus enthalpy yields entropy-enthalpy plots and where linearity occurs, this is assumed to be proof of EEC. However, there may be cases where in the latter there is no correlation due to both large and small opposing changes in both entropy and enthalpy that may overall lead to an isoequilibrium effect.43 
In their seminal work, Lumry and Rajender proposed that protein processes, such as binding substrates, are coupled to water via conformational rearrangements of the protein and that EEC phenomena is a consequence of this. 13  Grunwald and Steel advocated the idea of solute-induced molar shifts when the solvent consists of two or more isomeric forms being responsible for EEC phenomena.14 This idea that water around solutes has differing spatial and thermodynamic properties than that of the bulk is supported by numerous techniques.  Terahertz time domain spectroscopy has shown in conjunction with MDS that both hydrophobic and hydrophilic groups increase the hydrogen bond lifetime within a distance of 5 Å compared to that of bulk water.44 Davis et al.  used Raman multivariate curve resolution spectroscopy to probe the hydration layer around the apolar chains of alcohols. The group showed the water surrounding the apolar main chains of these alcohols adopted more tetrahedral structures with fewer weak hydrogen bonds in comparison to water found in the bulk.20 Privalov showed that the partial ∆Cp of the apolar groups is positive at 5 °C and decreases with increasing temperature, while for the polar and charged groups it is negative at 5 °C, becomes zero at room temperature, and increases with increasing temperature.45 
The thiazole-based sulphonamide ligands used by Breiten et al. bind to HCA with an enthalpy dominated hydrophobic effect, which increases with increasing hydrophobicity of the ligand. 46 The structural rigidity of both the ligand and the protein means that the changes in binding thermodynamics due to ligand functional group changes most likely come from solvent reorganisation. The binding affinities of these ligands to HCA, despite changes in fluorination configuration were difficult to tell apart; they nevertheless showed changes in both binding entropy and enthalpy. The work suggested water networks identified by WaterMap were responsible for EEC phenomena.  
Despite work supporting the idea of EEC phenomena, there are many that simply believe it is erroneous. For many years it was described as an artefact caused by the error in calculating entropy values from linear regression using the Arrhenius plot over small temperature values and perhaps inaccurate calorimetric equipment.47 Although ITC is an extremely accurate technique and gives reliable entropy, enthalpy values and association constants, mistakes in calculating the concentration of the ligand or the protein will lead to errors in the thermodynamic parameters. 48 A large scale interlaboratory evaluation showed the main source of error was a failure to precisely measure the ligand concentration used in ITC experiments. The enthalpy data produced by 14 different laboratories varied by 24% for the binding of bovine carbonic anhydrase to 4-carboxy-benzenesulfonamide.49,50 Fitting data when the concentration is wrong will lead to apparent EEC due to any error in ΔH producing a compensating change in TΔS. 48
It seems that without a complete understanding of water on the molecular level, determining if EEC is a true phenomenon seems challenging.  Increasingly though, techniques are being used to investigate how water behaves around proteins. 
[bookmark: _Toc376614235][bookmark: _Toc459130657]Techniques used to study Water around Proteins
[bookmark: _Toc376614236][bookmark: _Toc459130658]Cryogenic Crystallography 
Cryogenic crystallography can be used to investigate the magnitude of hydration but again this can be unreliable much like crystallography performed under ambient conditions. 41 Nakasako used several different crystal structures to better overcome the problem of crystal structures perturbing the hydration layer. He found no water around polar flexible side chains, but did find water in the hydrophobic patches of the protein. The flexibility around polar side chains makes it difficult to assign hydration sites.   
A method to overcome the problem of assigning hydration sites around polar flexible regions of proteins is to use MDS; a procedure used by Higo. The crystal structure analysis at a resolution of 1.4 Å showed 405 crystal water molecules around lysozyme. Based on the crystallography data and MDS, Higo believed these water molecules separated out into four distinct layers totalling 10 Å and that these hydration layers would play a role in molecular recognition events. 51
Yokomizo et al. used MDS trajectories based on cryogenic X-ray data to find that water around and inside the active site of lysozyme tend to have slower reorganisation times than that of the bulk water. This has been shown to be the case with dielectric spectroscopy and is generally held to be true.52,53 Yokomizo speculated that these slow reorganisation times would lead to hydration structures which could be vast enough to hinder ligand access to the active site, due to the time and energy it would take to rearrange these water structures and the effect it could have on protein dynamics. 53 
[bookmark: _Toc376614237][bookmark: _Toc459130659]Terahertz  Spectroscopy

Terahertz time domain spectroscopy is a relatively new technique used to understand protein-solvent interactions. Hydrogen bonding, which is most likely accountable for the complexity of water, displays its vibrational resonances in the frequency range 1 to 6 THz. This means any change in the hydrogen bond population should be detected. However, there are no sharp peaks in a THz spectrum. This differs from the classical spectra obtained by NMR or infrared studies of chemical groups in a compound. Much like crystallography, it is primarily used to understand the spatiality of water rather than its dynamics, though there are some important exceptions. However, unlike crystallography, proteins can be investigated freely in solution and do not have to go through any precipitation conditions which could remove water.  
Hayden and Havenith, proponents of Terahertz spectroscopy, found that increasing the amount of λ*6–85-repressor protein to 0.65 mM led to an increase in THz absorbance (Table 1.5). 54 This increase was due to two effects: the rising protein concentration and the growth of the hydration layers. In fact, the increased protein concentration only leads to a marginal rise in the spectra. It is the growth of the hydration layers leads to a strong absorption in this spectrum. After 0.75 mM, the peak stops levelling and begins to decrease. The authors hypothesised that this was due to the hydration layers overlapping which would cause them to reduce in size. Based on this, they calculated the hydration layers to be approximately 22 Å in size. Using MDS based on the THz information, the hydrogen bond life times were shown to be around 2.9 picoseconds (ps) for the bulk water and 4.1 ps for the hydration layers.  MDS conducted by Hayden and Havenith also found hydrogen bond life times around hydrophilic residues were 4.2 ps, this half-life was increased to 5.5 ps if the water was around hydrophobic residues. Denaturation studies of λ*6–85-repressor showed no increase in THz absorption with rising protein concentration. This could show water behaves differently around apolar residues which would be exposed upon denaturation. However, Markelz et al. found that water associates with alanine peptides using THz spectroscopy. 55 This may mean the denatured proteins precipitated out of solution in the Hayden and Havenith study, which Falconer believed would lead to such a spectra witnessed by that group. 56 
Xu et al. found that absorbance for lysozyme plateaued after 2 THz , whilst BSA absorbance increased with increasing THz frequency. 57 The authors speculated from charge distribution within the protein or particular interactions with the water. A distance decomposed infra-red absorption spectra allowed the Havenith group to suggest a solvation shell absorbs most strongly at 2 THz. 58 It was proposed this could be understood as two tetrahedral waters connected along a hydrogen bond axis. Consequently, based on this model, solutes would be expected to alter this absorption by changing the vibrational motion of these two connected water molecules. 58  
The Moon group carried out an intermolecular vibrational study of liquid water and ice over varying temperatures using far infrared spectroscopy with synchrotron radiation. 59  They found a peak at 1.3 THz did not depend on the temperature range between 10.0 °C and 70.0 °C, however, this mode was not detected in the ice spectrum.59 The authors suggested this band was caused by collective larger motions specific to the dynamic structure of liquid water. Using a short intense electron source at Stanford University, Woods and Wiedemann found that some bands between 1.2 and 3 THz exhibited a red shift with increasing temperature.60 The authors suggested this was consistent with the lengthening or softening of hydrogen bonds.  











[bookmark: _Ref442862877][bookmark: _Ref443483702]Table 1.5: Protein, hydration shell dynamics, size of the apparent hydration shell, protein concentration, buffer, temperature and the particular technique used to determine these values. Please note single dipole auto correlation and hydrogen bond auto correlation functions are molecular modelling techniques. NR = Not Reported.
	Protein
	Hydration shell Dynamics
	Size of apparent hydration shell
(Å)
	Protein concentration
	Buffer
	Temp
(°C)
	Technique
	Ref

	λ*6–85-repressor protein
	5.5 ps for water solvating hydrophobic residues (Hydrogen bond auto-correlation functions)

	22
	Range used to determine the size of the hydration layer 0 to 1.75 mM
	NR
	NR
	Terahertz time domain spectroscopy
	54

	λ*6–85-repressor protein
	4.2 ps for water solvating hydrophilic residues (Hydrogen bond auto-correlation functions)

	22
	Range used to determine the size of the hydration layer 0 to 1.75 mM
	NR
	NR
	Terahertz time domain spectroscopy
	54

	λ*6–85-repressor protein
	9.6 ps for water solvating hydrophobic residues (single dipole auto-correlation functions)

	22
	Range used to determine the size of the hydration layer 0 to 1.75 mM
	NR
	NR
	Terahertz time domain spectroscopy
	54

	λ*6–85-repressor protein
	7.7 ps for water solvating hydrophilic residues (single dipole auto-correlation functions)

	22
	Range used to determine the size of the hydration layer 0 to 1.75 mM
	NR
	NR
	Terahertz time domain spectroscopy
	54

	λ*6–85-repressor protein
	4.1 ps for the protein (Hydrogen bond auto-correlation functions)
	22
	Range used to determine the size of the hydration layer 0 to 1.75 mM
	NR
	NR
	Terahertz time domain spectroscopy
	54

	
	
	
	
	
	
	
	



[bookmark: _Toc376614238][bookmark: _Toc459130660]Dielectric Spectroscopy

Dielectric spectroscopy can be used to investigate both the spatiality and dynamics of water around proteins. Oleinikova et al. used this technique to discern the time scales of different populations of water. However, this technique has to be complementary, to say NMR studies, as interpretation of the data is difficult. For example, Oleinikova et al., Nandi et al.  and Pethig all interpreted the population of water around ribonuclease A at 2 ns as protein-water interactions, water exchange and tightly bound water, respectively.52 
Typically, dielectric spectroscopists have used the δ relaxation time to look at hydration water. It shows bimodal distribution with assignment of loosely bound and tightly bound water. Oleinikova et al. disagrees with this, noting a 3 modal distribution, with δ3 and δ1 corresponding to hydration water and protein-water interactions. δ2 was interpreted as the movement of polar side chains. 
Wolf et al.  found lysozyme with a hydration shell of 1.96 nm for the 5 mmol solution and 1.91 nm for the 3 mmol sample. 61 This contradicts terahertz spectroscopy work that shows the hydration layers shrink upon addition of protein beyond a certain concentration. The work done by Wolf et al. is supported by Vinh et al. who also found the protein hydration layers were independent of protein concentration using dielectric spectroscopy in the GHz range. 62 Several explanations were put forward by Vinh et al. for this discrepancy, including the THz frequencies used by Havenith group and the proteins lysozyme and the λ*6–85-repressor being structurally distinct. However, it is not untypical for experimental results regarding the nature of protein solvation using different techniques or sometimes with the same one to contradict each other. Another possible reason for the inconsistencies is the differing buffers used in the experiments. Salts are known to interact with the protein and alter both the bulk taking on their own hydration shells, removing water from the protein hydration layer or adding to it. 63 Additionally, using protein concentrations higher than around 0.5 mM may be too high to measure hydration shells. According to THz spectroscopy the onset of hydration layers begin at much lower concentrations, above 0.75 mM for λ*6–85-repressor protein. Therefore, interpretation of protein hydration spatiality at the concentrations done by Wolf and Vinh et al. respectively may be prone to significant error. Anyone of these scenarios could cause disparities between two sets of experiments with two different buffers and protein concentrations. Temperature would also have an effect on both the dynamics and spatiality of the hydration shells. Where it has been made obviously apparent both the temperature and the buffer used has been noted. 
[bookmark: _Toc376614239][bookmark: _Toc459130661]NMR Magnetic Relaxation Dispersion (NMR-MRD)

NMR magnetic relaxation dispersion (MRD) is a technique primary used to investigate water which occupies protein crevices on a nanosecond or longer time scale.64 This approach works by measuring the 17O relaxation rate of water rather than measuring that of protons, which is in contrast to regular NMR. 
Qvist et al. used site-directed mutagenesis to change six lysines to found on the protein surface of Protein L from Streptococcus magnus to glutamate to understand the effect of charge, chemical structure and polarity of the amino acids on the hydration layer (Table 1.6). Using NMR-MRD Qvist et al.  showed the rotational time of the hydration layer waters does not appreciably change between the WT and the mutant when the differences in the perturbation caused by the change in accessible surface area and the number of methyl groups between the two amino acids. Qvist et al. reasoned the surface topography of proteins, rather than the chemical nature, polarity or charge of the amino acids, was the major factor in determining the dynamics of the hydration layer. 65  The mutant was unfolded and it was found the rotational time of the hydration layer water increased. If the isoelectric point of the protein or the chemical nature of the amino acids contributed to the hydration layer, it would be expected some level of the hydration layer would be identified for the unfolded state, which it was not. 65 This is in contradiction with fluorescence spectroscopy experiments which found a reduction of 40 ps to 10 ps from changing an isoleucine to the larger, more hydrophobic surface exposed homoisoleucine for a coiled-coil protein. 66  
[bookmark: _Ref442863066]Table 1.7: Protein, hydration shell dynamics, size of the apparent hydration shell, protein concentration, buffer, temperature, reference and the particular technique used to determine these values. NR= Not Reported.
	Protein
	Hydration shell Dynamics
	Size of apparent hydration shell
	Protein concentra-tion
(mM)
	Buffer
	Temp
 (°C)
	Technique
	Ref

	Protein L
	3.83 ns
	NR
	NR
	water
enriched to 21% in
17O
phosphate buffer
2 mM NaN3
	26.85
	NMR-MRD
	65

	Protein L
(Kx6E)
	2.26 ns
	NR
	NR
	water
enriched to 21% in
17O
phosphate buffer
2 mM NaN3
	26.85
	NMR-MRD
	65

	Protein L
(Kx6E)
	2.26 ns
	NR
	NR
	water
enriched to 21% in
17O
phosphate buffer
2 mM NaN3

	26.85
	NMR-MRD
	65



In line with the findings by Whitesides’ and Homans’ groups that it is highly unfavourable for water to be found in apolar cavities Qvist et al.  used MRD NMR to show there was no water present with nanosecond residence times or longer for the 315 Å3 bovine apo β-lactoglobulin binding cavity. Using MDS they argued that it was entropically unfavourable for water to be present within this binding site due to the highly linear hydrogen bonds formed between the proposed waters. 67
[bookmark: _Toc376614240][bookmark: _Toc459130662]Extended Frequency Range Depolarised Light Scattering (EDLS)

The extended frequency range depolarised light scattering (EDLS) technique can give information about hydration dynamics and spatiality on a picosecond time scale. 68,69  Comez et al. investigated the hydration dynamics caused by molecules with differing chemistry and structure to argue that using peptides, amino acids, hydrophobic particles and sugars is insufficient to understand protein hydration. The suggestion put forward was that the interaction of water with proteins is a summation of all its parts; and so cannot be simply be broken down into simple systems. 68 The results found by Comez et al. on protein hydration can be seen in Table 1.7, whilst the work done with small molecules can be seen in Table 1.8. 
Grunwald’s and Steel’s idea that EEC could be explained by solute induced molar shifts of water could be partly correct given that numerous techniques show that the physical and chemical properties of water are affected by protein structure and amino acid composition. But using a two state model to explain hydration seems inaccurate. The hydration shell represents a complex interplay of water molecules. It seems that drug design efforts could therefore be improved with a better knowledge of the protein hydration layers. 


Table 1.8: Protein, hydration shell dynamics, size of the apparent hydration shell, protein concentration, buffer, temperature, reference and the particular technique used to determine these values. NR = Not Reported
	Protein
	Hydration shell Dynamics
	Size of apparent hydration shell
(Å)
	Protein concentration
(mM)
	Buffer
	Temp
(°C)
	Technique
	Ref

	λ*6–85-repressor protein
	NR
	>
10
	protein concentration range 0 to 3
	50 mM magnesium acetate
	21.85
	Terahertz time domain spectroscopy
	70

	Lysozyme
	NR
	9
	NR
	NR
	19.85
	Extended Frequency Range Depolarized Light Scattering
	68

	Lysozyme
	0.2 -2 ns
	19.6
	5
	Water
	3.85-59.85
	Dielectric spectroscopy
	61

	Lysozyme
	1.5-3 ns
	19.1
	3
	Water
	59.85
	Dielectric spectroscopy
	61












[bookmark: _Toc459130663]Techniques Used to Study Water around Small Molecules

To fully untangle thermodynamic signatures it is vital the hydration of the ligand as well as the protein is fully understood. In addition to revealing the nature of hydration around the small molecule something may also be learned regarding the hydrophobic or hydrophilic hydration. This can then be applied to what is known about protein solvation chemistry.  
[bookmark: _Toc376614243][bookmark: _Toc459130664]NMR-MRD

In regards to water around hydrophobic patches, water around these areas was always thought to resemble “icebergs” at room temperature.16,71 Such thinking was used by Edwin Haslam to describe how water behaves around apolar groups with tannins, referring to the partially ordered water as “icebergs”, a popular term originating from the work by Frank and Evans.72 However, Qvist and Halle showed water does not behave as an “iceberg” around apolar molecules. It has been speculated that it might not exist at all. Using NMR-MRD and MDS Qvist and Halle showed that water has a faster rotation time below 255 K than the bulk water for simple peptides. 73 Qvist and Halle believed the water in the bulk was becoming more tetrahedral on cooling. Whilst, water near apolar peptides has a different structure which is not an “iceberg” but altered by the apolar surface area. They believed the water near apolar peptides could participate in the hydrogen bond network which would affect the configurational freedom of the surrounding water molecules slowing down their reorganisation time by a factor of three.  



[bookmark: _Toc376614244][bookmark: _Toc459130665]Pump Probe Spectroscopy

Mazur et al. used a Non-Resonant Pump Probe spectroscopy to discern the effect of temperature and concentration on water dynamics by two osmolytes trimethylamine N-oxide (TMAO) and tert-Butyl alcohol (TBA). 74 Both compounds could be considered hydrophobic due to the large number of methyl groups, however TBA has a hydroxyl whilst TMAO contains a charged nitrogen oxygen bond. TMAO solutions were found to slow down water dynamics at increasing concentrations, whilst TBA slowed down water dynamics above 2 M. TMAO showed minor changes in hydration dynamics at increasing temperature, whilst with TBA it was found to be temperature dependent, a possible sign of temperature dependent aggregation. From this, they believed that hydrophobic groups have a negligible contribution on water, with polar groups having a larger effect. Backulin et al. found similar hydration shell dynamics for both TBA and TMAO using 2D vibrational spectroscopy and Polarization-Resolved Pump−Probe spectroscopy. In addition to this, they found tetramethylurea, a compound with an additional methyl group slowed down hydration dynamics more than TBA and TMAO which both contain 3.75 The work done opposes that done by Mazur et al. and was used to suggest that hydrophobic methyl groups slow down hydration dynamics more and that previous experiments had underestimated the contribution made by methyl groups. A possible reason could be that TBA was aggregating at the high concentrations used by Backulin et al. 
[bookmark: _Toc376614245][bookmark: _Toc459130666]Terahertz Spectroscopy 

MDS based on THz information led Niehues et al. to believe that both hydrophobic and hydrophilic groups increased the hydrogen bond lifetimes within a distance of 5 Å compared to water within the bulk. 44 However, hydrophobic hydration was found to have a shorter lifetime of that of hydrophilic hydration by 10% on a ps timescale. With hydrophobic groups it was suggested that no solute-hydrogen bonds could form, but with hydrophilic groups it was found that solute-water hydrogen bonds have appreciably higher lifetimes which reduce the rotational mobility of water within the hydration shell.  
Table 1.9:  Small molecule, hydration shell dynamics, size of the apparent hydration shell, small molecule concentration, buffer, temperature, reference and the particular technique used to determine these values. NR*= Although the hydration shell dynamics have not been reported, the Hydration/Bulk Retardation Factor ξ has been which yields how much the water is retarded around proteins.
	Small molecule
	Hydration shell Dynamics
	Size of apparent hydration shell
(Å)
	Small molecule  concentration
(mg/ml)
	Buffer
	Temp
(°C)
	Technique
	Ref

	TBA
	NR*
	2.2
	90
	Water
	19.85
	EDLS
	68

	TMAO
	NR*
	2.1
	130
	Water
	19.85
	EDLS
	68

	Lysine
	NR*
	3.1
	130
	Water
	19.85
	EDLS
	68

	N-acetyl-glycine-methylamide
	NR*
	4.1
	100
	Water
	19.85
	EDLS
	68

	N-acetyl-leucinemethylamide
	NR*
	4.3
	100
	Water
	19.85
	EDLS
	68

	N-acetylleucine-
amide
	NR*
	4.2
	100
	Water
	19.85
	EDLS
	68



It seems that based on these studies ligand solvation could be as important in understanding the role of water in binding interactions as studying proteins. The binding of four peptides to thermolysin was studied by ITC and crystallography. 76 Addition of a carboxylate group and a methyl group to the peptide lead to favourable changes in the Gibbs free energy of binding. Crystallography suggested the increase in binding affinity was due to favourable interactions with the ligand and the water network within the binding site. Addition of just either the methyl or the carboxylate group led to EEC phenomena with minor changes in affinity. This example demonstrates non-additivity and yields a possible method of circumventing EEC. 76    
[bookmark: _Toc459130667]Extract the Role of Water in Binding Interactions

The existence of EEC usually means that the parameter being varied (solvent, structure, ect) is operating on one type of interaction.43 It is a manifestation of the presence of a single source of additivity.13 In the case of examples where water could be the source of compensation changing the temperature at which the titration is performed, addition of salts, osmolytes or organic solvents can test this. In addition to this, the contribution of water to binding thermodynamics can be understood. This section will outline possible methods of measuring water displacement during binding interactions. 
[bookmark: _Toc459130668]Methods of Changing the Hydrophobic Effect

The hydrophobic effect can be decreased by the addition of substances called “antihydrophobic agents.” Chaotropic agents such as urea and guanidinium and small chain alcohols solvate hydrophobic areas and interact with water.77 Hydrophobic reactants can dissolve to a greater extent by the addition of alcohols reducing the free energy of the interacting partners. This can be used to study the transition state. If hydrophobic surface areas are less exposed and the transition state is effectively more polar the rate of the reaction will decrease. This gives a method of studying complex formation and has been used in a number of experimental studies. Nucleophilic addition/elimination of N-methylaniline with sodium 4-(chloromethyl) benzoate was slowed by 10% ethanol. This was believed to be due to the overlap of phenyl groups occluding the solvent in the transition state.78 There was no change in rate when ethanol was added to the nucleophlic addition/elimination reaction of sodium 4-(chloromethyl) benzoate with sodium phenoxide acting as a nucleophile. The authors suggested that the phenyls of both compounds do not overlap in the transition state.79
Hydrophobicity in enzyme catalysed reactions have also been probed using organic solvents. Maurel suggested that the higher the solubility of apolar compounds in water-organic solvent mixtures, the lower the affinity for apolar sections of the active site. 80 
Experiments in the presence of glycerol, ethylene glycol and betaine with an antibody and an avian lysozyme caused a decrease in the association constants measured by ITC which was attributed to a change in the hydration layer and correlated with the water activity of these osmolytes.81 Kornblatt et al.  found with the addition of 40% glycerol the dissociation constant of porphyrin cytochrome c and cytochrome c oxidase changed from 0.4 × 10-7 molal to 1.83 × 10-7 molal.82 The authors put forward a range of possible suggestions including ordering of water around the proteins or glycerol preferentially binding. Kornblatt et al. suggested binding could play a role, although there was no correlation between Gibbs free energy and glycerol concentration, which there should be if glycerol was preferentially interacting with the proteins. 82 It could also be argued the ordering of water, another suggestion put forward by the group, would lead to some measure of enthalpy-entropy compensation and the same association constant. A better explanation put forward was that water was assisting in binding by acting as a bridge or lubricant between functional groups of the two proteins and so removing this water increased the dissociation constant. Water acting as a molecular lubricant or bridge has been invoked before to explain changes in association constants and is used to explain the “sloppy fit” mode of binding which is somewhat at odds with conventional theories of binding such as the “lock and key” and “induced fit”.15  To probe the role of “bound water” in EcoR1 in the recognition of DNA a series of compatible and non-compatible osmolytes were used. 83 With increasing osmotic pressure there was a correlated drop with specificity which the authors assumed was the water being drawn out of the active site.  
It was later found the dissociation rate was correlated with water activity for the binding of EcoR1 to DNA. 84 For example, the half-life of the DNA-protein complex was about 20 times larger in 3 molal betaine in comparison to 1.6 molal betaine. It could be argued viscosity and not water activity was contributing to the increased stability of the protein-DNA complex. Though, the very similar effect of both betaine and sucrose on the half-life of the complex and the similar amount of water (65) taken up by the complex after dissociation, arguments regarding viscosity are less of an experimental caveat since sucrose is 6 times more viscous than betaine at the concentrations used.  
Using a series of osmolytes with an assay to measure the stability of a BamHI-DNA complex and non-specific DNA cleavage Sidorova et al. measured the differences in sequestered water between specific and non-specific BamH1-DNA complexes. 85 They found 135 more water molecules revisited in the non-specific BamH1-DNA complex compared with the specific DNA protein-complex using osmolytes with MWs larger or similar to methyl sulphate (126 g/mol). In addition to this, they found smaller osmolytes such as methanol and those of a similar MW caused less water to return (≤100), which in the case of methanol was less than 21 water molecules. The authors suggested this was due to these small osmolytes possibly interacting with the surface of the protein which complicated the analysis. 85 
Changing the experimental temperature remains a highly used method of studying the role of water in binding interactions. The hydrophobic effect increases with increasing temperature and in many cases switches from being endo-to exothermic.86-88 This means that many binding interactions have a negative change in ∆Cp due to the burial of apolar surface area.88,89 Changing the temperature also remains a way of identifying true EEC as it has been suggested to be extra thermodynamic and does not respond to normal statistical thermodynamics. 90,91 Sharp suggested that the temperature should be varied more than 25% of the experimental temperature to reveal EEC.90 
[bookmark: _Toc459130669]Techniques Used to Study Ion Solvation

The dynamics and spatiality of water around ions is not fully understood. Ions having electronic and steric effects on water produce populations of water with differing dynamics and spatiality yielding differing thermodynamics and kinetics to that of the bulk. These populations of water – so called hydration layers are a complex pattern of hydrogen bonding which have been detected by numerous techniques. The issue is contentious because data on the dynamism and spatiality of water populations around ions conflict. The reasons for these discrepancies are put forward in this literature review. 
In 1888, Hofmeister discovered the effects of ions on the precipitation of proteins in purified egg white. According to the precipitative efficiency of the different ions, they can be ordered and are known as the Hofmeister series. It has only been relatively recently that a molecular understanding of how ions affect water has begun to be realised. Kim et al.  used a combined experimental and simulated Infrared spectroscopy approach to show that increasing anion concentration from 1 to 6 M disrupted the hydrogen bond network. This was found to be independent of the kosmotrope - chaotrope classification. Amide I and II frequencies of N-methylacetamide in D2O did not show any changes in the hydration layer which precludes direct bonding. The results were used to suggest that the ions used in this study did not interact with the peptide backbone. 92 
The high surface tension of water (72 mN/m at 25 °C) is caused by a number of cohesive forces between water molecules. The water molecules on the top layer are thought to bond more strongly to those underneath. This top layer is primarily thought to be responsible for surface tension.  The addition of most inorganic salts to water increases the surface tension of the air/water interface with an approximate linear increase in salt concentration above 0.01 M.93 The central insight into this work was the realisation of an induced surface charge at the air-water interface caused by the strong dielectric discontinuity between the two phases. It was suggested the increase in surface tension was due to depletion of ions from the interfacial area indicated by a negative value for the Gibbs adsorption equation.94,95  Mechanistically, salt is removed from the surface and drawn into the bulk creating a new surface. This was in part believed to be due to the image field created by the interface that acted to repulse ions. 96  As the concentration of salt increases it becomes more challenging to draw the salt into the bulk and therefore less energetically favourable to make a new surface. However, this theory breaks down at concentrations approximately  above 1 M. 94  
Pegram and Record studying concentrations between 0 to 1.5 M proposed that most anions that favour protein denaturation accumulate at the air-water interface such as SCN-. 97  Whilst those ions that favour the bulk over the air-water interface such as F- reduce the exposure of the protein surface to water by aggregation, precipitation or protein folding. Acetate is an exception as it accumulates at the air- water interface but it decreases protein exposure to water. Pegram and Record believed this was due to the poor solvation of the methyl group leading to the hydrophobic effect expelling this to the surface. 97 
Various models have been proposed for the action of Hofmeister salts at the air-water interface for differing concentrations of salts.98 Schmutzer’s model seems to hold for the concentration region between 0-1 mol/kg.  The model details that below 0.25 mol/kg electrostatics dominate surface tension effects whilst at higher concentrations hydration becomes dominant. This is due to screening with increasing concentration meaning that image forces no longer repel ions at the surface, whilst the hydration shell around the ion stays constant. Although able to give approximate simulations to the surface tension effects, the model does deviate from the experimental data.  Slavchov and Novev detailed some observations pertinent to the deviations. All the ions that deviate from the model have ionic radii larger than 2 Å, with larger ions yielding larger deviations. Partial dehydration of the ions led to a better agreement between the model and experimental data, but failed in some cases particularity with ions larger than 2.1 Å. Marcus also found no correlation between ions and the Gibbs free energy of hydration (ΔhydGi°) concluding that ion dehydration does not play a major role in the desorption of ions from the surface.99  It was suggested that as water is supposedly less dense at the air-water interface and so subsequent accumulation of ions that disturb the structure of bulk water is entropically favoured.  As this effect is missing from the models, it was suggested to be a reason behind the discrepancies. 
Molar refractivity yields a measure of the polarisability of an ion and details information regarding the size and charge.99 There is a good correlation with excess molar refractivity and the change in surface tension with anions having smaller molar refractivity values producing larger increases in incremental surface tension, however with the larger ClO4- and SCN ions this breaks down yielding similar surface tension values. This is due to the larger bulk water structure breaking effect of ClO4- than that of SCN causing the former ion to be pushed towards the surface. 99 
In 1937, Jones and Ray discovered a surface tension decrease upon addition off KCl, CsNO3 and K2SO4 solutions using the capillary rise method  100. However, this was later on refuted as an experimental artefact until further work done by Dole, Jones and Ray. More recently, Petersen et al.  has used resonance enhanced femtosecond second harmonic generation spectroscopy to investigate the Jones-Ray effect on a molecular level. 100 The Gibbs adsorption isotherm was negative yet the surface tension decreased despite the accumulation of iodide ions at 1 milimolar. 100
The enthalpy of surface formation decreases in the concentration regime between 0.1 mol/kg to 2.00 mol/ kg showing no enthalpic temperature dependence.101  Surface tension was found to be temperature dependent diverging at higher concentration. This implies that the capacity of the bulk to hold ions beneath the surface decreases with increasing kinetic energy leading to an excess surface concentration and decreased surface tension.  The behaviour of entropy with concentration was found to be dependent on the nature of the salt. KCl, LiCl and NH4Cl showed an increase in entropy with increasing concentration with the KCl showing the largest increase. NH4NO3 exhibited both increases and decreases in entropy with increased concentration. Lastly, NaBr KNO3 and KBr showed decreases in entropy with increased concentration. 
Jungwirth and Tobias reported a series of MDS using polarizable forcefields for a series of 1.2 M sodium chloride, bromide, iodide and fluoride solutions at air interfaces. 102 They reported that Br- and I- accumulated in the interfacial region, F- remained in the bulk whereas Cl- seemed to have affinity for both layers. 
Five M NaCl was suggested to reduce the hydrogen bond strength at the air-water interface using Vibrational Sum Frequency Generation (VSFG) spectroscopy due to a decrease at 3200 cm−1. 103 Similar findings were found for a 2 M NaBr solution. More polarisable cations were found to increase the absorbance around 3400 cm−1 in NO3− solutions but the authors failed to give an explanation for this phenomena. The blue shifting of the 3180 cm−1 peak in the cation-nitrate solutions was attributed to weakening of the hydrogen bond strength.103  It was later put forward that the reduction of the 3200 cm–1 region and enhancement at the 3400 cm–1 region could be attributed to an increase of the nitrate at the air-water interface. Again, these absorbencies become more enhanced with increased polarisability of the cation. 104 
A combined VSFG spectroscopy MDS study found that hydronium ions penetrate the interfacial area whereas the smaller less polarisable cation Na+ cannot. 105 It was suggested that at low concentrations there is a net negative surface ion excess leading to a depletion of ions from the surface as the hydronium ions can no longer accumulate at the surface leading to a decrease in surface tension. At higher concentrations, HSO4- becomes the dominant anion being more polarisable allows a net accumulation of ions at the surface resulting in a decrease in surface tension. 
Infrared Visible Sum Frequency spectroscopy was used to probe hydrogen bond dynamics of SCN- in water finding a diminishing ice-like feature at 3200 cm-1 and an increase in the absorption at 3450 cm-1 that accounts for the disordering of interfacial water with increasing concentration from 1 to 7 M. 106  A minor change in the absorbance at 3700 cm-1 representing the top layer of water molecules showed little change at low SO32- concentrations. Increasing concentration increased the signal between 3100−3400 cm-1 indicating possible water-ion interactions a couple of angstroms from the surface.  Similar findings were reported for NaHCO3, and Na2CO3.107
Heterodyne Detected Phase-Sensitive Sum Frequency Generation (PS-SFG) spectroscopy is more sensitive to dipole moments of water in the presence of solutes than VSFG. 104 Work done with PS-SFG spectroscopy on sodium carbonate solutions revealed that carbonate ions are at the bottom layer of the interfacial region whist Na+ ions are nearer the surface. 104  Since there was no change in the sodium bicarbonate spectra it was suggested these ions are accommodated within the hydrogen bond network at the interface.  
The excess interfacial tension for ions at the electrolyte-oil interface was calculated based on a modified Poisson−Boltzmann by Santos and Levin. 96 Large polarisable, weakly hydrated ions were found to absorb onto the interface lessening the surface tension. Small less polariable cations were found to be repelled from the interface. The theory predicted I− and ClO4-  was absorbed into the interfacial area which corresponds with the experimental data.96 
The number of tightly bound water molecules around ions was calculated based upon the elution time from a Sephadex® G-10 size exclusion column.108  The small non-polarisable ions such as F- and Na+ flow through the column with their hydration shells. The large more polarisable ions such as Rb+ and I- absorb onto the gel by losing thermodynamically unfavourable water that can then return to the bulk. 109 The larger ions binding to the column also showed temperature dependence, which along with the suggested mechanism of binding, is evocative of the hydrophobic effect. 110 Elution time followed the Hofmeister series with F- fractionating first and I- last. 110 SO42- was found to increase the hydrodynamic radii of isotopically labelled SO42- .The authors presumed that SO42- was salting in labelled SO42- which had already bound to the column. 110 
Collins et al. put forward the law of matching water affinities to explain the solubility of salts.111  This theory explains that ions with matching water affinities will form contact ion pairs in solution whilst those with differing water affinities will be soluble. However, the examples put forward by Collins et al.  can be explained using the mismatch rule which offers an alternate explanation for solubility. Ions with a similar polarisabilities form strong ionic bonds meaning they are less soluble than ions with differing polarisabilities.  In addition to this, Collins et al. suggested from a range of gel chromatography experiments that the hydration size of simple ions was no larger than 5 Å. 111 
Poly(N-isopropylacrylamide) (PNIPAM) has been used to study the Hofmeister effects. At its lower critical solution temperature (LCST), the polymer precipitates meaning this can be quantified by any techniques which measure light scattering.  This polymer mimics the cold denaturation of proteins, an unfolding process due to enthalpically more favourable bonds being made between the unfolded protein and the solvent. 112 Compared with proteins, the cold denaturation would correspond to the globule to coil transition occurring at the LCST, at temperatures above the LCST the polymer mimics a globular folded protein, but as it is cooled the polymer unfolds. 113 The molecule has hydrophobic isopropyl and hydrophilic amide groups.  Zhang et al.  investigated the effects of Hofmeister salts with PNIPAM finding that chaotropic behaviour could be modelled by two distinct mechanisms.114  At low concentrations, the salts could be fitted to a binding isotherm with binding constants in the order of ClO4- > SCN- > Br- > NO3- > Cl- leading to Zhang et al.  to suggest direct binding leading to decreased LCST with increased surface tension.114 At higher concentrations the change in LCST correlated with the ions’ surface tension effect. With kosmotropes, there was a correlation with the entropy of hydration and the LCST in the order of F- < < H2PO4- , < S2O32-, < SO42- , < CO32- with CO32- having the most negative entropy of hydration and decreasing the phase transition temperature by the most  at the low concentrations studied.114 At higher concentrations, the change in LCST was best correlated with the change in surface tension increment. Zhang et al.  suggested that the kosmotropic anions lower the LCST by polarising solvation water around the amide on PNIPAM and at higher concentrations remove the water around hydrophobic groups. 112 
Chen et al. adsorbed PNIPAM onto the air-water interface and used VSFS to measure the change in interfacial water structure in the presence of salts. 115 It was reported that the change in interfacial region was both dependent of the identity and concentration of the salt. Furthermore, the changes followed the Hofmeister series with NaSCN > NaClO4 > NaI > NaNO3 ≈NaBr > NaCl > pure water ≈ NaF ≈Na2SO4.
To better model the effect of the Hofmeister salts on anions on polypeptides, the adjustment of the LCST of two elastin-like polypeptides (ELPs) which serve as better models of the polypeptide backbone than PNIPAM was investigated.  Unlike PNIPAM, these polypeptides undergo hot denaturation and form secondary structures not hydrophobic collapse.  LCST in the presence of kosmotropic salts did not show two stages. The authors suggested the decrease in the LCST was due to the polarisation of water molecules in the polypeptide solvation shell. 116  
The work done with PNIPAM and the ELPs led Xie to conclude that kosmostropes strengthen protein hydrophobic interactions by affecting water dynamics.  Whereas chaotropic anions denature proteins by direct binding. 117   
The specific binding of Hofmeister ions with an uncharged 600 residue ELP was discerned using NMR and MDS. 118 NaSCN, and to a lesser extent NaCl was find to associate with the methylene units of the polymer. Additionally, NaSCN was found to associate to some extent with the amine group.  Methylation of the amine increased the electron pull felt by the methyl groups leading to tighter binding of NaSCN. This is in good agreement with the work done by Cho et al. that found weakly hydrated ions lead to salting out of generic alkyl chains. 116 Additionally, this shows that hydrogen bonding capability of the amine is not required to bind soft polarisable ions.118  Rembert argued this mechanism on thermodynamic grounds that binding to the amide group would break hydrogen bonds with water, which would be enthalpically unfavourable. It was argued that binding to the methylene units would be enthalpically more favourable. 
MDS showed that the affinities for terminated triglycine followed a direct Hofmeister series, SO42-< Cl- < Br- < I- < SCN- at 1 M salt concentration.119 This is agrees with standard salting out behaviour. Using a preferential interaction model, SO42- shows very little affinity for the amide or methylene units. Cl-and Br- showed no binding, whilst I- showed some affinity and SCN- had the greatest affinity for the methylene units and the amide. With the uncapped triglycine, SO42- binds strongly to the charged N terminus. The halides also demonstrated some affinity for the polypeptide, whilst SCN showed more affinity for the charged N-terminus. Fitting chemical shift data to a binding equation showed that I- and SCN- had affinity for the methylene group nearer the N-terminus, whilst Cl- and Br- showed no detectable affinity for any group. However, the KD values were greater than 1000 mM precluding true association. The negative binding curvature SO42- revealing by the fitting led the authors to preclude binding and suggest solvation of the peptide was being perturbed. Fitting the chemical shift data for the uncapped triglycine in the presence of the five salts demonstrated a reversed Hofmeister series in the order of SO42- ˃Cl- ˃Br- ˃SCN- ≈I- which is in disagreement with the MDS conducted. 119  
Zhang and Cremer found the Hofmeister series followed two distinct changes using cloud-point temperature for lysozyme solutions at around pH 9. 120 Protein molecules aggregate below the cloud point temperature whilst above this temperature the molecules disperse into solution. The higher the temperature at which the cloud point occurs, the better able the salt to neutralise the charges on the protein. Zhang and Cremer found an inverse Hofmeister series at low concentrations (< 300 mM) NaClO4 > NaSCN > NaI > NaNO3 > NaBr > NaCl. 120 By solving the modified Poisson-Boltzmann equation using non-electrostatic potentials gave a possible explanation for the reversal of the Hofmeister series at low and high salt concentrations. More polarisable anions bind to lysozyme via non-electrostatic interactions more strongly quenching the positive charge on the protein resulting in less repulsive forces causing aggregation.  As the concentration of the sodium salts increases, sodium begins to accumulate near the protein-iodide complex giving rise to the direct Hofmeister series. 
In all cases the binding between the elastin-like polypeptides and the chaotropes is very weak.  This is reinforced by the work done by Flores et al.  who looked at interfacial water populations around octadecyltrichlorosilane (OTS) covered quartz, which is representative of a hydrophobic surface using Vibrational Sum Frequency spectroscopy. The results were used to suggest that SCN- and ClO4- were less excluded by the hydrophobic surface than Cl- which could be indicative of binding. 121  Gibb and Gibb demonstrated that NO-3, ClO3−, I-, SCN-, and ClO4- compete against adamantane carboxylic acid for binding to a hydrophobic concavity. 122  Gokarn et al.  using capillary zone electrophoresis and sedimentation velocity analytical ultracentrifugation demonstrating that the effective charge of hen-egg white lysozyme decreased in the order of F- ˃ Cl- ˃ Br- ˃ NO-3 ˃ I- ˃ SCN- ˃ ClO4- ˃˃ SO42- which led the authors to suggest that binding was taking place. 123 Rankin and Amotz revealed that I-, unlike F- and Na+ could disrupt the hydration layer around tetramethylammonium using Raman multivariate curve resolution (MCR) hydration shell spectroscopy. The association constant was found to be weak and so it was suggested that I- rather than having affinity for tetramethylammonium was less excluded by the hydration layer in comparison to other ions. 124  This cut-off was proposed to be KA < 1 M–1. The basis for this being that for genuine affinity association constants should be higher than 1 M–1. This would mean that only ClO4- with an association constant of 1.3 and 1.5 M–1 for the more hydrophobic and hydrophilic ELPs would be considered to have true affinity. 
10 mM KCl saturated the Poly(N-isopropylacrylamide) binding sites with an endothermic component to binding identified by ITC. 125  Binding of Ca2+ ions to PAA poly(sodium acrylates) is also entropically driven and endothermic. The authors suggested electrostatic interactions were only partly responsible, with the release of water molecules from their solvation shells driving the binding of Ca2+ onto polyelectrolytes.126 
It has been recently evidenced that buffers do interact with the binding partners.  Francisco et al. suggested that interactions between p-sulfonatocalix[4]arene and cations in the presence of Na+ meant that instead of direct host–guest titrations, competitive ones are actually being executed but analysed according to a direct binding model meaning that the thermodynamic data is wrong. 127  This has huge ramifications for experiments that have buffers present in solution, specifically those who are measuring weak interactions. 
[bookmark: _Toc459130670]Modes of Cooperativity Identified Using Isothermal Titration Calorimetry

The activity of protein must be regulated so they meet the demands of the organism at a given time. One method of control is protein allostery. Allosteric proteins contain distinct regulatory sites and ligand binding sites.  The binding of the same ligands to both regulatory and non-regulatory binding sites to bring about alterations in the protein structure which change affinity are referred to as homotropic effects.  The effects of two different ligands on allosteric proteins are referred to as heterotrophic effects.128-130 
Most types of protein allostery can be explained by either the sequential KNF model described by Koshland, Nemethy and Filmer, the concerted MWC model put forward by Monod, Wyman and Changeux or a combination of the two.128,130 Both models describe enzyme subunits with relaxed or tense with the tense state always having lower affinity for ligand than the relaxed state.  The MWC model suggests that the ligand stabilises certain preformed conformations of the protein at equilibrium.  That is there is a concerted change between the two states. The KNF model involves a progressive change of protein structure as it binds ligand excluding any conformational change in its absence. That is there is a sequential change from the tense state to the relaxed state with increasing concentration of ligand. 
Both the concerted and sequential models describe cooperativity, because the subunits cooperate with each other. Negative cooperativity is a state where the subunits have less affinity for the ligand whereas with positive cooperativity the subunits have more affinity for the ligand. This can be induced by either homotropic or heterotrophic effectors. The KNF model is thought to describe negative cooperativity better as it pertains that a ligand can decrease affinity.  However, an extended MWC model which includes a super S state is thought to be able to explain negative cooperativity.131 
It is well known haemoglobin binds oxygen cooperatively.132 A plot of the fractional saturation against oxygen concentration yields an S shaped illustrating that the binding of oxygen at one site within the haemoglobin increases the affinity that oxygen binds at the other sites.  Asparate transcarbamoylase (ATCase) is a well understood allosteric enzyme.133 This enzyme catalyses the condensation between aspartate and carbamoyl phosphate to form N-carbamoylaspartate, the first committed step in the biosynthesis of pyrimidines. The end product of this pathway, cytidine triphosphate (CTP) was shown to slow down the rate of product formation of this ATCase catalysed condensation producing a downward curvature in the plot. This inhibition is an example of feedback inhibition providing another level of metabolic control.  This acts to ensure that bioactive precursors and future intermediates are not needlessly formed when pyrimidines are copious. 
Conversely, the rate of N-carbamoylaspartate formation against aspartate concentration produced a sigmoidal binding curve. This showed the binding of substrate to one active site increased the activity of other sites. Therefore, this enzyme provides good examples of both negative and positive control. The results of studies of a number of allosteric proteins suggest that most behave according to some amalgamation of both models.133 
Although kinetics and thermodynamics sometimes correlate with each other it is wrong to think that this occurs every time. The magnitude of the equilibrium constant and the time required to reach the equilibrium are not related. Catalysts for example, increase the rate of reaction but they do not change the position of equilibrium. Consequently, there must be a difference between thermodynamic and kinetic cooperativity and one may not imply the other. 
The thermodynamic aspects of cooperativity has been dissected by William Jencks. 134 Jencks suggested that the Gibbs free energy of binding of A-B (ΔGAB) (where A and B are ligands attached to a linker) is a total of parts A and B plus an extra term, the Gibbs free energy of connection (ΔGS). A positive ΔGS shows positive cooperativity and a negative ΔGS shows negative cooperativity. Further delineation of the equation revealed that a positive enthalpy of connection (ΔHS) designates the binding enthalpy as more favourable than just the ligands A and B separately.135 Whereas a negative entropy of connection (TΔSs) means that the binding entropy is more favourable than when the ligands bind separately. 
Jencks suggested that positive cooperativity would normally arise due to favourable entropy. Specifically, tethering two ligands reduces their translational and rotational entropy and most of the entropic penalty of immobilising the macromolecule only has to be paid once. Experimentally it has been shown in some instances however, that enthalpy can be the dominating factor in positive cooperativity whilst entropy makes a disfavourable contribution.136 
Negative cooperativity has been shown to arise from disfavourable entropy. The binding of a series of acetate based ligands to a copper containing metallo-host exhibited negative cooperativity due to an increased entropic penalty thought to derive from reduced solvent/ion release in comparison to the ligands not linked together. 137  
Jencks view of cooperativity is not the same as that proposed by the KNF and MWC models. Jencks makes no mention of a sequential or concerted transition between low or high affinity states, merely that tethering two ligands together can induce a more favourable ΔG. The linking of two ligands together precludes the KNF and MWC models because it is the linker assisting or hindering binding thermodynamics not solely alterations in the protein structure. If cooperativity is occurring according to the KNF or MWC model then presumably it should occur without the linker. 
Jencks view of cooperativity is more analogous to avidity than cooperativity addressed by the KNF and MWC models.  Avidity is the summation of multiple association constants. It has been used to measure the strength of multivalent interactions such as large molecular weight sugars binding to bacterial toxins. Avidity is routinely engineered by addition of linkers between large functional groups to increase the number and consequently strength of the interactions.138 KNF and MWC types of cooperativity cannot be engineered via the ligand. 
It should be noted that Jencks view of positive cooperativity characterises the ideal mode of binding that exceed the summation of all the individual Gibbs free energies of binding. Negative cooperativity does not necessary mean that the summation is weaker than the individual components. It just means that the optimal mode of binding judging from the ΔGS has not been reached.137  Usually polyvalent interactions are far stronger than the individual binding interactions. 
Normally the concept of cooperativity in terms of protein chemistry is expressed in free energy changes. Fisher and Tally reported a phenomena where sequential binding events were characterised by differences in enthalpy instead of Gibbs free energy.139 This idea originated from ITC studies on the binding of ADP to bovine liver glutamate dehydrogenase and with NADPH with or without the presence of glutamate. All the binding energetics were different for all the titrations. Fitting the binding isotherms to a sequential binding site model identified three different binding sites each with the same association constant but different enthalpy and entropy values. Fisher and Tally suggested this was due to EEC phenomena between the binding sites. Inspection of the binding isotherms suggests the assumptions behind the model were inaccurate. For example, there are clearly two stages in the binding isotherm for the NADPH-glutamate-enzyme interaction suggesting two different Gibbs free energy values. In addition to this, there is no clear change in enthalpy at any stage within the binding isotherms with or without NADPH. 
Cholera toxin is a multisubunit protein consists of an A subunit surrounded by a ring of five identical subunits that bind to a cell surface receptor ganglioside GM1.140 In the presence of ganglioside GM1, the thermal stability of the pentamer increases by 20 °C and unfolds in a single unfolding event which is shown as a sharp peak in the DSC scan. In its absence, the DSC scan is broad suggesting a lack of cooperative interactions. Schön and Freire used ITC to probe the nature of this cooperativity further.141 The sigmoidal shape of the curve indicated that the enthalpy could not be shared individually among the five binding sites which was suggested to be attributable to positive cooperative binding. This then led to the assumption that binding of B-subunit alters the binding affinity of the adjacent subunits. According to this model, the intrinsic binding energy, (∆G), between a subunit and the ligand, and a cooperative free energy (∆g), make up the summation of the Gibbs free energy of binding (∆GTOTAL) for that system. Plots of enthalpy versus (∆GTOTAL) were analysed using this model to best determine (∆G), (∆g), the intrinsic binding enthalpy (∆H) and the enthalpy of cooperativity (∆h). According to this model, the binding constant between a subunit and GM1, was 1.05×106 M and this increases by a factor of four if an adjacent binding site is occupied.


[bookmark: _Toc443987890][bookmark: _Toc459130671]Circular Dichroism

Circular Dichroism is technique suitable for determining biological macromolecule structural changes. These biological macromolecules include both proteins and chiral ligands. Chirality is a requirement for CD spectroscopy as it measures the difference between left and right polarised light. Since secondary structure is affected by pH, buffer, solvent and thermal changes, CD spectroscopy provides useful information for providing a mechanistic rational for thermodynamic and kinetic data from other studies such as DSC. In fact CD spectroscopy can provide thermodynamic information through the Van’t Hoff equation which relates the change in the binding constant with temperature (Equation 1.6). 
	
	(1.6)


Plotting the inverse of the change in equilibrium constant against temperature as a reciprocal can be used to determine both the enthalpy and entropy of the reaction.
CD spectroscopy has been used in medicine and the drug design. Protein aggregation is the cause of many neurodegenerative diseases such as Alzheimer’s disease. α- synuclein is a protein abundant in the human brain and is believed to have a role in maintaining a supply of synaptic vesicles in chemical synapses.  Aggregation of this protein is suggested to be the cause of Alzheimer’s disease and furthermore, CD spectroscopy identified that the structural transformation from a random coil to a β-sheet structure could be responsible.142 CD spectra of therapeutic antibodies showed that some local disulphide conformations are perturbed by lyophilisation. This provided a mechanistic rationale for the drop in therapeutic efficacy.143

[bookmark: _Toc459130672]Focus of Work in this Thesis 

Binding cooperativity is a phenomena routinely used to describe non-sigmoidal binding isotherms identified by ITC. Positive cooperativity is typically identified as a bell shaped binding isotherm with an increasingly exothermic enthalpy at low molar ratios. 144,145 In the case of polyphenols, Poncet-Legrand et al. suggested that the initial increase in enthalpy at low molar ratios was due to the bound tannin having a favourable effect on the next binding interaction. The mechanism was further elaborated by Frazier et al. who suggested the cause maybe due to tannin-protein crosslinking, a process where tannin bound to a macromolecule binds other free macromolecules in solution.146 Additionally, Pascal et al. reported a bell shaped binding curve for the interaction between epigallocatechin gallate  and a human salivary proline rich peptide.147 The tannin-peptide molar ratios corresponded to metastable colloids detected via dynamic light scattering leading the authors to suggest aggregation, a process where tannin-macromolecule complexes associate into larger complexes, was occurring in the ITC study.147 There are differences between crosslinking and aggregation. Normally, crosslinking produces complexes with two or so macromolecules bridged by one or more tannins. This stage is prior to the aggregation stage. The aggregation state produces complexes or “aggregates” containing hundreds or so macromolecules and many more tannins (See section 3.2.1 for more details).148  However, classifying these binding isotherms as positively cooperative on the basis on an increasingly exothermic enthalpy at low molar ratios implies that enthalpy is equal to Gibbs free energy, which is not true as there could be an opposing change in entropy. In addition to this, an example of negative cooperativity with increasingly endothermic enthalpy at low molar ratios has yet to be identified. 
Rather than suggesting that enthalpy is symptomatic of cooperativity, others suggest that if the affinity at site 2 is stronger than site 1 in a biphasic isotherm then that is indicative of positive cooperativity. 149 Negative cooperativity is the opposite of this, the affinity at site 1 is stronger than the affinity at site 2.149,150 Téllez-Sanz et al. suggest conformational changes within the glutathione transferase are responsible for the positively cooperative binding of  S-nitrosoglutathione meaning this idea of cooperativity is closer to the KNF and MWC models rather than Jenck’s definition.149 
The change in ΔCp provides useful information regarding the change in hydration upon binding. This can then be used to infer what forces are driving the binding interaction. A negative ΔCp is an indication that water is being removed from apolar groups whereas a positive ΔCp is an indication that water being removed from polar groups.45 Edwin Haslam, remarked that “the presence of water is intuitively accepted and invariably tacitly ignored, but the role of water and water solubility is one of the key factors in the phenomenon of polyphenol complexation.”72 Although this was stated twenty years ago, there still needs to be work done in this area. There still is a major lack of ΔCp experiments performed by ITC for polyphenol-protein interactions. In addition to this, as originally outlined, salts can also be used to perturb water involved in binding interactions. 
Apart from gaining an understanding of how molecular water around tannins and proteins changes when they associate, this work also sets out to investigate non-sigmoidal binding isotherms. This will be investigated by using Circular Dichroism (CD), Isothermal Titration Calorimetry and Nanoparticle Tracking Analysis (NTA). CD spectroscopy provides a useful technique to determine changes in protein secondary structure. NTA provides useful information regarding aggregation. Both could be responsible for non-sigmoidal binding isotherms. 


[bookmark: _Toc459130673]Chapter 2: Methodology for Isothermal Titration Calorimetry, Circular Dichroism and Nanoparticle Tracking Analysis 
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[bookmark: _Toc459130675]Introduction

Circular Dichroism (CD) spectroscopy is used to study chiral biological macromolecules such as DNA, proteins and carbohydrates. It is a spectroscopic technique that uses polarised light. Chiral molecules absorb polarised light in different ways.  Different secondary structures give characteristic CD signals. Analysis of these CD signals can provide an indication of the conformation of the biological macromolecule.   
A light source generates unpolarised light which becomes monochromated and linearly polarised by a series of mirrors known as a monochromator. The monochromatic linearly polarised light is then modulated into right and left circularised polarised beams of light by a photo-elastic modulator (PEM).151 A basic layout of a CD spectrophotometer is shown in Figure 2.1
[bookmark: _Toc459130676]Instrumentation 
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[bookmark: _Ref442864657]Figure 2.1 Schematic of a CD spectrophotometer 152
The light detector will detect different amounts of left and right circularly polarised light that has passed through the sample. This will produce a signal that varies with the frequency of the PEM. This is termed vAC. The average light intensity over time is also measured and this is termed vDC. Dividing vAC by vDC yields a signal which can be converted into absorbance or millidegrees using a calibration factor G (Equation 2.1). 
	
	(2.1)


[bookmark: _Toc459130677]Method

Before the machine is turned on, the optics compartment must be flushed with nitrogen. This is to prevent the ionisation of oxygen to ozone by the lamp, which can damage the machine. The macromolecule concentration required for a good CD spectrum is dependent on the amount of amino acids, the cell volume and the pathlength. Typically, concentrations of 1 mg/ml to 50 µg/ml of protein are used. If the protein concentration is too high the CD signal will be too high and will not reach the photomultiplier. A solution of buffer should be run as a baseline to which to subtract the absorbance of the protein. Running the buffer also provides an effective control to check if the buffer is compatible with UV absorbance. 
[bookmark: _Toc459130678]Data Collection

The time constant is the time in which the data is averaged. When the signal is strong compared to the noise, the time constant does not need to be that large. For example, a signal of 10 mdeg would require a time constant of 0.8, whilst a signal that is 500 only needs a time constant of 0.25. 
The scan rate is the rate at which the wavelength is changed. There is an interdependent relationship between scan speed and time constant. Faster scan rates mean the time constant will have to be smaller. Once the buffer and protein CD spectra have been produced, the CD spectra of the buffer can subtracted from the protein CD spectra.  
[bookmark: _Toc459130679]Theory

Lineally polarised light is made up of oscillations that are confined to a single plane. It is composed of two lineally polarised states at right angles to each other. To generate circularly polarised light the two polarisation states must be out of phase. Chirality is property of many biological molecules. The lack of symmetry occurring in these molecules makes them chiral. Chiral molecules display circular birefringence, which means that a solution of chiral material presents an anistropic medium through with left circularly polarised light and right circularly polarised light pass through at different speeds. The anisotropy in absorption is called dichroism.153 This is represented by Equation 2.2
	
	(2.2)


Where L is left circularised light and R is right circularised light. ΔA is absorbance by the sample. Fitting cell pathlength and compound concentration into the equation, molar circular dichroism (Δε) is obtained Equation 2.3. 153
	)
	(2.3)


Where εLCP and εRCP are the molar extinction coefficients for LCP and RCP light respectively, C is the molar concentration, and l is the pathlength in centimeters. Degrees of ellipticity (θ) is a common measure in CD spectroscopy. It is related to ΔA by Equation 2.4.  153
	
	(2.4)


Combing equations Equation 2.3 and Equation 2.4 with introduction of a concentration term yields the equation for molar ellipticity [θ]: 
	

	(2.5)


Where C is the concentration in mg/ml, M is the molecular mass of the molecule, θ is the ellipticity in degrees, l us the optical path length in cm and in the case of proteins, n is the number of amino acid residues. Equation 2.5 allows for easy comparison of results if other protein concentrations are used. Effectively this equation standardises the results. 153
Electronic transitions are responsible for the characteristic absorptions in CD spectra. The peptide bond is responsible for the absorption below 250 nm. Lone pairs of electrons found in oxygen, sulphur and nitrogen  when in the excited state transit into antibonding orbitals yielding negative bands at ≈ 222 nm for the α-helix and 216-218 for the β-pleated sheet. 154 Electrons, when excited leave the π orbital and go into the π antibonding orbital. For the α-helix this produces a positive band at ≈ 190 nm and a negative band at ≈ 208 nm. For the β-pleated sheet there is a positive band at ≈ 198 nm.  The characteristic negative absorption at 200 nm for random coil peptides is due to electron coupling between the carbonyl α-carbon and the peptide bond.155 The electronic transition thought to be responsible are electrons moving from the π orbital to the antibonding π orbital. A negative band necessitates absorption of left circularly polarised light, and a positive band necessitates absorption of right circularly polarized light.156 The derivation of the equations used for CD spectroscopy were taken from Kelly et al.153






[bookmark: _Toc459130680]Isothermal Titration Calorimetry 

Isothermal Titration Calorimetry (ITC) is technique capable of measuring the heats absorbed or realised when molecules interact in solution at a constant temperature. The reaction is started by the titration of one chemical species into a solution of a different chemical species. If the chemical species interact the direct thermodynamic observable is the heat associated with the reaction. Therefore, the independent variable is the total concentration of reactant. 
[bookmark: _Toc459130681]Instrumentation

The TA instruments Nano calorimeter uses two matched 197 µL gold reaction vessels: a reference cell and a sample cell. The calorimeter uses a differential compensation design where the production of heat (μJ) in the sample cell is monitored through power consumption (μWatts) to the sample cell to maintain it as the same temperature as the reference cell. Semiconducting thermoelectric devices (TED) are used for temperature control and to detect temperature changes between the two cells. To match the thermal properties of the sample cell, the reference cell is built to match it as close as possible. To help with this, a reference needle is entered into the reference cell as the sample cell contains the syringe in addition to filling the reference cell with a solution of a similar heat capacity to that of the sample. Therefore, if the sample buffer contains an organic solvent or is high in ionic strength the reference cell should contain the buffer rather than water. 
The burette handle fixes the syringe into the sample cell. Appropriately fitted, and once the titration has begun, the syringe can mix the chemical species together producing a homogeneity within the cell.  

[bookmark: _Toc459130682]Method

The sample cell contains the molecule of interest in solution. Invariably it is the host, for instance a protein or DNA. However, in the case of reverse titrations, the sample cell will contain the ligand. In an incremental titration, one of the reactants (the ligand in case of normal titrations) is placed in the syringe. The syringe is inserted into the burette handle. This is then fixed into the calorimeter. The heat signal i.e. the baseline, is then left to stabilise to below 0.1 μWatts whilst the syringe is rotating within the cell. This will ensure that the ligand and the host are mixed effectively during the course of the titration. The baseline is used to calculate the area of the heat from each pulse in the reaction vessel from the titration forming a thermogram. During the course of the titration the amount of heat will decrease as the host becomes saturated with ligand. Eventually, the macromolecule will become saturated and the detected heats will represent ligand dilution. A schematic of an ITC is shown in Figure 2.3. 
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[bookmark: _Ref442865650]Figure 2.3: Schematic of an isothermal titration calorimeter. The ligand is represented by a red diamond and the macromolecule is represented by a blue circle. Adapted from Pierce et al. 157

[bookmark: _Toc459130683]Analysis of the Isothermal Titration Calorimetry Data

Binding equilibrium is the state at which both the concentrations of the host (H) and guest (G) individually and host-guest complex (H:G) no longer change with time (Equation 2.6). Since this work investigates how ligands interact with macromolecules, this terminology will be used instead. In the case presented here, the host is the macromolecule (M) and the guest is the ligand (X)(Equation 2.7). 
	

	(2.6)
(2.7)


Where in many biological processes, there exists a particular mixture of products and reactants. The binding constant (K) is a ratio of the concentration of the products to the concentration of the reactants. If the K value is less than 1 the reaction will move towards the reactants and if the K value is greater than one the reaction will move towards the products.
The Gibbs free energy of binding (ΔG) gives a numerical value of the affinity of the macromolecule for the ligand. It is related to K by Equation 2.8 where R is the gas constant 8.314 J(/mol∙K) and  T is the temperature of the reaction.
	
	(2.8)


Since ITC binding isotherms yield a value for the binding constant, ΔG can be derived using Equation 2.8. 
ITC measures the heat of all possible interactions within the cell such as the heats of ionisation, ligand and macromolecule dilution. Both the heats of ligand and macromolecule dilution can be corrected for. To determine the heats of ligand dilution, the ligand solution is titrated into the buffer. To determine the heats of macromolecule dilution, the buffer is titrated into a solution of macromolecule. Normally the heats of ligand dilution are larger than the heats of macromolecule dilution and so this is subtracted from the heats produced from the ligand being titrated into the macromolecule. Due to this, only the buffer into ligand titration is done as a control. However, in this work, both controls have been done. Since it is not possible to effectively separate out the heats of binding from the heats of macromolecule conformational change, desolvation or solvation the enthalpy measured by ITC should be termed the observed enthalpy () since it measures global (all heat changes in the cell) heat changes.  
Since ITC cannot directly measure entropy changes it has to be calculated from the subtraction of ΔG from ΔH, meaning it is TΔScalculated( (Equation 2.9)
	

	(2.9)


In order to derive the binding constants (K) and the enthalpy changes (ΔH) the heat has to be modelled. The simplest model is where one ligand binds to one protein with a single binding enthalpy and binding constant yielding the association constant (Equation 2.10) or by taking the inverse the dissociation constant (2.11). 
	

	(2.10)

(2.11)


Where M indicates the macromolecule and X is the ligand. This leads to the expressions for the total amount of macromolecule (Equation 2.13) and ligand (Equation 2.14). 
	= 
= 
	(2.13)
(2.14)



When two molecules interact heat will be absorbed (endothermic) or produced (exothermic). For each injection, the heat released or absorbed is given by Equation 2.15
	

	(2.15)


Where Q is the heat accompanying the change in the ligand bound concentration,  is the change in macromolecule-ligand complex,  is the enthalpy of binding and  is the reaction volume. 
Taking into account how the MX concentration changes over the course of the titration leads to Equation 2.16.158 
	
	(2.16)


Where r is equal to 1/KMtot and Xr is equal is to Xtot/Mtot. The parameters n, ΔH and K are then estimated from the integrated binding curve. K is the slope of the curve and ΔH is calculated from integrating the curve. 
In a system where two ligands can bind to a macromolecule with differing thermodynamics, the one site model is no longer appropriate. A simple binding model for both the association constant (Equation 2.17) and the dissociation constant (Equation 2.18) 
	


	(2.17)

(2.18)


The subscript coefficient indicates that particular binding site on the macromolecule. In this case, the ligand and macromolecule can exist in a number of ways and not just bound or free. The ligand can bind to one site on the macromolecule and leave the other site on the macromolecule exposed]. Alternatively, the ligand could bind to the second site and leave the other site on the macromolecule exposed. The other situation is when two ligands bind to two binding sites on the macromolecule. If this is expressed as concentrations (Equation 2.19). 
	
	(2.19)


The total heat released or absorbed is proportional to the amount of ligand bound as:159
	
	(2.20)


Q is the summation of the heats of binding of two ligands binding to two sites on a macromolecule. V is the volume of the cell. is the total macromolecule concentration.  is the proportion of ligand bound to site 1 of the macromolecule. ΔH1 is the enthalpy of ligand binding to site 1 on a macromolecule.  is the number of molecules bound to site 1 of the macromolecule.  ΔH2 is the enthalpy of ligand binding to site 2 on a macromolecule.  is the number of molecules bound to site 2 of the macromolecule.  is the proportion of ligand bound to site 2 of the macromolecule. 159
Combining Equation 2.19 and Equation 2.20 leads to Equation 2.21 
	
	(2.21)


Equation 2.21 can be used to identify ligand binding to two distinct sets of binding sites.  These models are further addressed in the MicroCal™ iTC200 system User Manual. 
[bookmark: _Toc459130684]Nanoparticle Tracking Analysis

Nanoparticle Tracking Analysis (NTA) uses the properties of Brownian motion and light scattering to determine particle size distribution of samples in a liquid suspension.160 This technique can be used to determine the size of biological macromolecule particles between 30 to 1000 nm. 
[bookmark: _Toc459130685]Instrumentation

The basic setup of the system is a light microscope with a video camera. A laser beam passes through a sample chamber just a few degrees above the critical angle to prevent total internal reflection. This is where the waves reflect back into the glass. The setup shapes the laser so it matches the depth of focus of the microscope allowing visualisation of all the particles in the suspension. As the laser hits the particles it scatters producing light scattering phenomena that is seen using the microscope. 

[image: ]
Figure 2.4: NTA schematic adapted from Shang et al. 161

[bookmark: _Toc459130686]Sizing of the Nanoparticles 

The particles that are moving are recorded for analysis. The particles are then individually tracked. In this work, the particles are recorded for at least 60 seconds. The image analysis software (Nanosight NTA 2.2 Analytical Software) then determines the average distance moved by each particle. This can be used to determine the particle diffusion coefficient (Dt). If the sample temperature (T) and solvent viscosity (η) are identified, the hydrodynamic radius (d) of the particles can be calculated using the Stokes-Einstein equation:
	
	(2.21)


To obtain optimum sizing of particles the concentration regime lies within 107 to 1010 particles per mL. Samples containing fewer than 107 particles per mL require larger analysis times due to a very small number of particles being present in the field of view at any one time. Particle concentrations greater than 1010 particles per mL will lead to particle trajectories crossing over meaning a reliable estimate of particle concentration cannot be done through tracking.160 
[bookmark: _Toc459130687]Method

NTA measurements were done with a NanoSight LM10 (NanoSight, Amesbury, United Kingdom), equipped with a sample chamber with a 488-nm laser. The samples were slowly injected in the sample chamber with sterile syringes until the liquid reached the tip of the output port. 







[bookmark: _Toc459130688]Chapter 3: Modes of Binding for Tannic Acid and Proanthocyanidins to Biopolymers


















[bookmark: _Toc459130689]Summary

Tannin-protein interactions are of vital importance to the food, wine and agricultural industries. Tannin binding to bovine serum albumin (BSA) showed two stages of interaction at 25 °C using Isothermal Titration Calorimetry (ITC). BSA is a heterogeneous protein meaning that the regions tannins bind to would have different enthalpies (∆H). Polyproline on the other hand, is a uniform peptide composed purely of proline meaning that the binding regions cannot have drastically different ∆H. Since tannin binding occurs at multiple sites on a protein, the favourable increase in ∆H at low molar ratios is interpreted as  tannin that is already bound to a BSA molecule binding to regions with different amino acid composition of other BSA molecules and therefore different ∆H. Two stages of interaction were not seen for the polyproline-tannic acid interaction. Nanoparticle Tracking Analysis allows visualisation of proteinaceous particles larger than 30 nm. The images showed tannic acid-polyproline particles indicating that bound tannin could be binding to other polyproline molecules in solution. Taken together, this may mean that the two stages of interaction are only seen when bound tannins bind to other molecules in solution with different ∆H. 
Decreasing the temperature to 10 °C showed a monophasic binding isotherm. Circular dichroism (CD) results suggested little variation in the secondary structure from 25 to 10 °C meaning temperature induced structural changes are not likely to be the cause behind the different thermodynamics but rather water reorganisation is responsible. 
Proanthocyanidin binding to BSA showed two temperature dependent enthalpies. At lower molar ratios, the interaction becomes more endothermic with increasing temperature whereas at higher molar ratios, the interaction becomes more exothermic with increasing temperature. This was interpreted as tannins binding to polar groups on the protein, with the possibility of already bound tannins binding to free polar groups on other proteins in solution. At higher molar ratios, the increasing exothermicity with increasing temperature was suggested to be due to hydrophobic interaction between free proanthocyanidins and proanthocyanidin coated BSA.   This was suggested on the basis of previous work on calorimetry. That polar ∆Cp is due to water being removed from polar groups whilst a negative ∆Cp is water being removed from apolar groups. 
Addition of ammonium sulphate and thiocyanate separately increased the exothermicity of the binding interactions, which was assumed to be due to enhancing tannin-protein precipitation.   












[bookmark: _Toc459130690]Introduction

Tannic acid is mixture of gallotannins containing either a central glucose or quinic acid (Figure 3.1). 162-164Gall nuts, tumours formed by fungi, bacteria and insects on oak trees are also a rich source of tannic acid in addition to other sources such as oak wood and nettle. 
[image: ]
[bookmark: _Ref442869179]Figure 3.1: Tannic acid adapted from Kim et al. 165
Tannic acid has been used for centuries for tanning of leather.166 In addition to this, tannic acid has been shown to have medicinal properties being used to help reduce the swelling of haemorrhoids and treat diarrhoea.167,168  Possible molecular mechanisms for the treatment of the latter are the inhibition of calcium activated chloride channels which perform important functions such as smooth muscle contraction and epithelial secretion.169 Additionally, reducing oxidative cell stress,170 improving the intestinal epithelial barrier and assisting in mucosal resistance to pathogens have been other suggested possible mechanisms. 168,171 
Apart from increasing innate immune responses, tannic acid has also been shown to have antimicrobial properties by reducing the growth of pathogens. 172,173 The mechanism behind this is metal chelation; tannic acid binds to iron making it unobtainable to bacteria. As iron is an essential nutrient for bacteria, limiting the extraneous supply will limit growth.174 It was also suggested that tannic acid could interfere with the cell membrane of pathogens, effectively preventing biofilm formation. 174
Tannic acid like other tannins binds to mucosal proteins in the mouth resulting in the unpleasant feeling of extreme dryness known as astringency which is thought to be responsible for deterring animals from eating tannin producing plants. 175 This phenomena has led to investigations into how tannic acid interacts with proteins. The structure activity relationship (SAR) has shown that tannic acid is capable of hydrogen bonding and hydrophobic interaction with proteins.176  
Bovine serum albumin (BSA), being representative of the albumins, is a multifunctional well-characterised globular protein that serves as a transporter in the blood for a range of drugs, metabolites and nutrients (Figure 3.2).177,178 In terms of structure, the protein has a high helical content of about 67% with very little β-secondary structure, the remainder being composed of disordered regions which is similar to HSA.  The protein also has a high melting point (above 50°C),179 highly soluble below 700 µM in a range of buffers,180 remains a monomer below 100 µM 181 and is sold as highly pure fractions. 
Size exclusion chromatography studies have suggested that BSA could bind to tannins indicating a potential in vivo carrier. 182 
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[bookmark: _Ref442869429]Figure 3.2: Crystal structure of BSA adapted from Bujacz183
Precipitation studies have shown that the optimum pH for tannic acid binding to BSA is between 2-5 with pH changes above or below yielding less soluble complexes.162 Serafini et al. found that ethanol in the range 0-22 % correspondingly reduced insoluble tannin-BSA complexes from red wine. 184 It was suggested that increasing the ethanol concentration would increase the antioxidant capability of the tannins as there would be more free in solution. 
Proanthocyanidins, another type of tannin used in this study, are naturally occurring phenolics that are found in fruits, vegetables, nuts, seeds, flowers, and bark. Being condensed tannins, they are much more hydrophilic than tannic acid but are thought to still be capable of hydrophobic interaction in addition to hydrogen bonding.185 Structurally they can be either oligomeric or polymeric units of polyhydroxy flavan-3-ol units, such as (-)-epicatechin or more commonly (+)-catechin (Figure 3.3). 186 These proanthocyanidins can be purified from their natural sources meaning they have a distinct advantage over tannic acid preparations which cannot be purified. 
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[bookmark: _Ref442869476]Figure 3.3: Left: (+)-catechin. Right: (-)-epicatechin adapted from Abrahamse et al. 187
Proanthocyanidins are thought to be responsible for the nutritional benefit of some food stuffs and beverages. 186 Red wine is high in proanthocyanidins and they are thought to be responsible for the reduced risk of lung cancer associated with low intake of red wine.188 This chemopreventative action is also seen in rats fed epigallocatechin gallate, a common proanthocyanidin found in both tea and wine.189 Proanthocyanidins from grape seeds have been found to decrease the levels of oxidants and increase the levels of antioxidants suggesting that a diet rich in proanthocyanidins could help minimise the chances of atherosclerosis.190
Tea is perhaps on the most popular drinks in the world due to the taste and contains a high concentration of polyphenols. There is a general consensus that green tea assists in digestion and results show that this may due to polyphenols enhancing the catalytic activity of pepsin, an enzyme that degrades food proteins into peptides. 191
Proanthocyanidins are thought to be responsible for the astringent sensation of wine.192 This dry puckering sensation after drinking wine is thought to be due to the proanthocyanidins precipitating glycoproteins which leads to reduced lubricating properties of the salvia.193,194 Higher molecular weight proanthocyanidins (Figure 3.4) have increased protein precipitating ability leading to an increased astringent sensation.195 
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[bookmark: _Ref442869875]Figure 3.4: Proanthocyanidin tetramer
Examination of proanthocyanidins-protein interactions using Isothermal Titration Calorimetry (ITC), Dynamic Light Scattering (DLS), Molecular Dynamic Simulations (MDS) and Nuclear Magnetic Resonance (NMR) spectroscopy has shown a complex protein-tannin structure activity relationship.147,148,196  Flexible proline rich proteins have high affinity for tannins. Procyanidin dimers, which are polymers of catechin, were shown to bind to the hydrophilic and not hydrophobic side of a proline rich peptide  IB714 using a combined NMR and MDS, suggesting that the association was driven by hydrogen bonding. 197 
Polyproline has been utilised in many tannin binding studies because of its simple secondary helical structure consisting of proline residues (Figure 3.5). This structure is distinct from the two major structures found in folded globular proteins, the α-helix and the β-pleated sheet and although less common, it is found in a number of folded and unfolded proteins.198 Unlike the α-helix, the type II polyproline helix is left handed.  
Among the 20 common amino acids, the proline residue is generally held to be a good binding site as it provides a flat, rigid, hydrophobic surface that is favourable to interactions with hydrophobic polyphenol rings.148,199,200 Oh et al. suggested hydrogen bonding and hydrophobic interaction to the principal driving forces for binding between polyproline and a mixture of proanthocyanidins.185 Tannin-peptide formation increased with increasing temperature and ionic strength which is indicative of hydrophobic interactions.
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[bookmark: _Ref442869904]Figure 3.5: Left handed polyproline II helix adapted from Dvir et al. 201
No enthalpy change was measured when epicatechin and catechin were titrated into polyproline using ITC. 144 Upon galloylation of these monomers, ITC measured a strongly enthalpy driven interaction. Although the entropy change was rather minor, this did confirm the importance of the hydrophobic interaction in binding. 144
[bookmark: _Ref457231358][bookmark: _Ref457231371][bookmark: _Ref457231393][bookmark: _Toc459130691]Binding modes 

ITC has been used to determine a number of binding modes such as independent single site binding, multisite binding, competitive binding and cooperative binding.202-205 Allosteric cooperativity, a form of cooperativity exhibited by proteins, describes how ligand binding at one site can indirectly affect the binding of a ligand to another site. It has remained a focal point of biochemistry for the past fifty years due to the role it plays in regulating metabolism. Two models were produced to describe allosteric behaviour: the KNF (Koshland, Nemethy and Filmer)130 which involves a progressive change of protein structure as it binds ligand excluding any conformational change in its absence and the MWC (Monod, Wyman and Changeux)128 that suggests the ligand stabilises certain preformed conformations of the protein at equilibrium. Certain aspects of the models are purely phenomenological; however, the definitions here or a hybridisation of the two are thought to be able to explain allostery. 
Traditionally, the definition of cooperative binding could only be applied to oligomeric proteins as it was thought subunit interactions within the protein were responsible. In the last 20 years, it has been identified that monomeric proteins are capable of allostery which has greatly improved our understanding of metabolism, particularly how drugs are broken down and distributed round the body.206 (S)-Lorezepam which is used to treat anxiety was found to increase the affinity of human serum albumin for (S)-warfarin an anticoagulant.207 In the presence of myristate, human serum albumin binds thyroxine cooperatively.208 Crystallographic analysis showed that myristate induced conformational changes within human serum albumin allowing thyroxine to bind to a now open high affinity site. Consequently, identifying proteins that are allosterically regulated is a vital topic within pharmacology.  
 ITC has been used to identify both homotropic (the ligand binds to the binding site and changes the affinity of another binding site for the same ligand) and heterotrophic (a ligand affects the affinity of another binding site for a different ligand) modulation of protein allostery.209,210 However, there has been some difficulty in differentiating between binding isotherms that display positive cooperativity of binding to two sites and those that demonstrate that a ligand binds to different sites on a protein independently. This has led to the development of simulations to model binding isotherms that attempt to make this differentiation between independent and cooperative binding.211,212 The issue arises due to the fact that a protein exhibiting two or more different binding sites with similar affinities for the same ligand but different enthalpies produces binding isotherms that are comparable to those identified as homotropic positive protein cooperativity. Additionally, precipitation, a process where complexes assemble and become insoluble,  seem to produce ITC binding isotherms indicative of supposed positive cooperativity.213
The enthalpy increase at the start of a titration of a tannin fraction into polyproline was suggested to be due to positive cooperativity, that the differing molecular weight procyanidins already bound to polyproline have a favourable effect on the next binding interaction. The authors suggested that a bound ligand would be exposed allowing another protein to bind to it, so called crosslinking. 144 Frazier et al. also suggested the enthalpy increase observed in the early stages of the titration of myrobolan and tara tannins into gelatin to be evidence of positive cooperativity, that the tannins already bound to gelatin were crosslinking other gelatin molecules. 146 Charlton et al. originally stated this term in a three stage mechanism to describe polyphenol binding and precipitation (Figure 3.6). The first stage was simple binding of the polyphenol to peptide. The second stage is where bound polyphenol binds to free peptide in solution forming polyphenol-peptide dimers. The last stage, refers to an aggregation event, namely where polyphenol-peptide crosslinked complexes self associate due to favourable interactions and a lack of charge repulsion. It is difficult to discriminate between aggregation and crosslinking using ITC. It would require another technique, such as DLS to determine where crosslinking finishes and aggregation begins.  This study tries not to discriminate between the stages. 



[image: ]
[bookmark: _Ref456875131]Figure 3.6: Schematic representation of the stages occurring in binding and aggregation of polyphenols by peptides according to Charlton et al. Stage 1: addition of polyphenol and subsequent binding to the peptide. Stage 2: addition of more polyphenol leads to crosslinking of peptides by the polyphenol. These complexes are not soluble. Stage 3: Association of the polyphenol-peptide complexes leads to aggregation. This is suggested to be due to the lack of charge repulsion between the complexes.
Generally, tannin-protein binding is not site specific and these interactions occur at multiple protein areas. BSA was chosen as it is composed of polar and apolar regions meaning polyphenolic binding will have differing thermodynamics. Polyproline on the other hand is a uniform helix consisting of proline. This will allow investigation of: 
1. If crosslinking induces positive cooperativity as tannins should be able to crosslink both polyproline and BSA producing an enthalpy increase at low molar ratios. 
2. If the exothermic increase at the start of the titration is due to other tannins present in the fraction binding to the macromolecule. For this to be occurring there should be initial increases in enthalpy at the start of the titration if a more pure fraction of tannins is used. 
Performing the titrations at different temperatures allows calculation of the heat capacity of binding ΔCp. ΔCp provides thermodynamic values regarding the change in hydration of apolar and polar residues of the protein in addition to the ligand itself upon binding88,214. In most ITC studies, a negative ΔCp is measured which is an indication that water is being displaced from apolar groups.45 It may not be possible to calculate ΔCp for tannin-protein interactions due to the non-specificity in the interactions but some gross estimate can be derived i.e. if the interaction becomes increasingly endo or exothermic. This chapter shows binding at low protein-polyphenol molar ratio exhibits strong temperature dependent enthalpy in comparison to the rest of the binding isotherm with a positive ΔCp. 









[bookmark: _Toc459130692]Materials and Methods
[bookmark: _Toc459130693]Chemicals and Materials
Ninety-nine percent fatty acid free bovine serum albumin was purchased from Sigma Aldrich and was used without further purification. Sodium acetate (99 % purity), ammonium acetate (99.5% purity), ethanol (99.8% purity), acetic acid (99.8% purity) and tannic acid were also purchased from Sigma Aldrich. All buffers were made using deionised water from a   Merk-MILLIPORE Milli-Q system (Darmstadt, Germany). The assumed molecular weight of tannic acid was 1701.2 g/mol as stated on the Sigma Aldrich website. 
[bookmark: _Toc459130694]Isothermal Titration Calorimetry (Fatty Acid Free BSA-Tannic Acid Interactions)
 A Nano-ITC instrument (TA instruments, Texas, USA) was used to measure the binding thermodynamics between tannic acid and BSA at 10 and 25 °C. BSA and tannic acid were dissolved in 10 mM sodium acetate 10% ethanol buffer at pH 4. All solutions were degassed prior to the titrations. One mM tannic acid was loaded into the syringe and titrated into the sample cell, which contained BSA at either 5 or 15 µM. The different concentrations of BSA allow identification of BSA-tannic acid crosslinks. Due to dilution effects associated with the first titration a 0.07 µL throwaway injection was made at the start of every titration and discarded from further analysis. In one set of titrations, 301.5 µL 1 mM tannic acid injections into 15 µM BSA were made over the course of the titration. In the next set of experiments, 25 1.5 µL 1 mM tannic acid injections into 5 µM BSA were made over the course of the titration. In each titration, the reference cell contained the buffer instead of water. The reason being that the ethanol present in the buffer means it has a significantly different heat capacity than water. The time delay between each injection was 300 seconds and the (Rotations Per Minute) RPM was set to 280 to ensure thorough mixing of the cell. Data analysis was performed using the NanoAnalyse software (TA instruments, Texas, USA). The enthalpy of dilution of tannic acid was subtracted from the raw data. By using NanoAnalyse, raw heat data was integrated peak by peak and normalised per mole of injectant to get a plot of observed enthalpy change per mole of tannic acid against tannic acid/protein molar ratio. The first two injections were erroneous due to diffusion effects and were subsequently discarded from analysis. Both the standard mean error and the confidence intervals are provided. Nano ITC users tend to use confidence intervals as the NanoAnalyse software readily provides this. A confidence interval provides a range that contains the population parameter of interest.  
[bookmark: _Toc459130695]Isothermal Titration Calorimetry (Polyproline-Tannic Acid Interactions)
A Nano-ITC instrument was used to measure the binding thermodynamics between polyproline and tannic acid at 10, 25 and 40 °C. Polyproline and tannic acid were dissolved in 10 mM sodium acetate 10% ethanol buffer at pH 4. All solutions were degassed prior to the titrations. The syringe contained 3.474 mM tannic acid and was titrated into the sample cell, which contained 50 µM polyproline. For the 10 °C experiment 251.49 µL 3.374 mM tannic acid injections into 50 µM polyproline were made over the course of the titration. While for the 25 and 40 °C, 26  injections were made using the same volumes and concentrations. In each titration, the reference cell contained the buffer. The time delay between each injection was 300 seconds and the RPM was set to 280 to ensure thorough mixing of the cell. Data analysis was carried out as previously stated in section 3.3.2. 
[bookmark: _Toc459130696]Isothermal Titration Calorimetry (Polyproline-Proanthocyanidin Interactions)
 A Nano-ITC instrument was used to measure the binding thermodynamics between polyproline and the tetrameric proanthocyanidin at 10, 25 and 40 °C. Previous work has investigated the binding interaction between BSA and tetrameric proanthocyanidin, but not with polyproline.215 Polyproline and tetrameric proanthocyanidin were dissolved in 10 mM sodium acetate 10 % ethanol buffer at pH 4. All solutions were degassed prior to the titrations. Two mM tetrameric proanthocyanidin was loaded into the syringe and titrated into the sample cell, which contained 25 µM polyproline using 271.67 µL injections. In each titration, the reference cell contained the buffer. The time delay between each injection was 300 seconds and the RPM was set to 280 to ensure thorough mixing of the cell. Data analysis was carried out as previously stated in section 3.3.2.
[bookmark: _Toc459130697]Isothermal Titration Calorimetry (BSA-Proanthocyanidin Interactions)
 A Nano-ITC instrument was used to measure the binding thermodynamics between BSA and the octameric proanthocyanidin at 10, 25 and 35 °C. The BSA fraction was not fatty acid free. This increased the stability of the protein meaning ITC studies could be performed at 35 °C. BSA and octameric proanthocyanidin were dissolved in 10 mM ammonium acetate buffer at pH 4. All solutions were degassed prior to the titrations. Four mM octameric proanthocyanidin was loaded into the syringe and titrated into the sample cell, which contained 15 µM fatty acid free BSA using 301.49 µL injections. In each titration, the reference cell contained water. The time delay between each injection was 300 seconds and the RPM was set to 200. 
The pentameric proanthocyanidin was made up to 4.3 mM and the titration performed at 25 °C with 15 µM BSA using 25 1.49 µL injections. To determine the role of water in the binding interaction the binding partners were both dissolved in 10 mM acetate with either 50 mM ammonium sulphate or ammonium thiocyanate. The RPM was set to 200. Data analysis was carried out as previously stated in section 3.3.2.
[bookmark: _Toc459130698]Isothermal Titration Calorimetry (BSA–Fatty Acid Interactions)

 A Nano-ITC instrument was used to measure the binding thermodynamics between BSA and sodium octanoate at 25 °C. Three hundred µM BSA and 6 mM sodium octanoate were dissolved in 20 mM sodium phosphate buffer at pH 7.2 using 32 1.07 µL injections. The binding interaction the binding partners were both dissolved in 10 mM acetate with either 50 mM ammonium sulphate or ammonium thiocyanate. Binding of octanoate to BSA is a simple 1:1 binding interaction unlike the polyphenol-BSA interactions, which are multi-site and lead to crosslinking and or aggregation. This may allow us to discuss how tannin induced aggregation or crosslinking could be affecting the binding isotherms.  The RPM was set to 200. Data analysis was carried out as previously stated in section 3.3.2.
[bookmark: _Toc459130699]Circular Dichroism Spectroscopy
 Circular Dichroism (CD) measurements were made on a Jasco-810 automatic recording spectropolarimeter (Jasco,Tokyo, Japan). BSA and polyproline concentration was 3.75 µM and 10 µM respectively. For the BSA experiments a 2 mm cell was used at room temperature and ≈ 25 °C. The spectra were recorded in the range of 190−260 nm and the scan rate was set at 50 nm/min with a response time of 8 s. For the polyproline experiments, a 2 mm cell was used at 10, 25 and 40 °C. The spectra was recorded in the range of 185-260 nm and the scan rate was set at 50 nm/min with a response time of 8 s. The results are expressed as molar ellipticity ([θ]) in deg cm2 dmol-1
[bookmark: _Toc459130700]Nanoparticle Tracking Analysis 
Nanoparticle Tracking Analysis (NTA) (NanoSight Ltd., Wiltshire, UK) can visualise nanoparticles in a liquid suspension. NTA has 3 basic stages (1) video capture, (2) setting of analysis parameters, (3) tracking analysis. The Nanosight (LM14) was used in this experiment. The particles scatter light, which is visualised using an optical microscope. A video is then made recording the tracks of the particles. 
Two controls were used in the aggregation studies.  A solution of 0.5 µM polyproline and 3.75 mM tannic acid in 10 mM sodium acetate in 10% ethanol pH 4 were analysed separately using NTA to determine the amount of particles.  
To determine the amount of crosslinking between polyproline and tannic acid, the solutions were thoroughly mixed and 1 ml of the solution was injected into the cell.  Temperature was held constant at 25 °C during the experiment, using the temperature control on the LM14. The images are not to scale and are purely representative of the videos capturing the light scattering videos. 















[bookmark: _Toc459130701]Results and Discussion
[bookmark: _Toc459130702]Tannic Acid Interactions with Bovine Serum Albumin
 (
Time (s)
)Titration of buffer into BSA and tannic acid into buffer showed a minor ΔH. The titration at 25 °C shows evidence of two stages of interaction, the first stage shows increasing exothermic enthalpies with each injection producing an upward curvature below 10 protein-tannin molar ratios (Figure 3.7). The second stage shows a less favourable endothermic ΔH with each injection. The second part of the titration curve is not sigmoidal indicating non-specific interaction between tannic acid and BSA. 146,216,217 In previous ITC studies, non-specific interactions are thought to occur between the polypeptide chain and the tannin whilst the upward curvature at the start of the titration is believed to be indicative of positive cooperativity. 145-147 
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[bookmark: _Ref442870268]Figure 3.7: Upper: Thermogram for the interaction of 5 µM BSA with 1 mM tannic acid at 25°C. Lower: ITC binding isotherm for the same interaction (closed squares). Sodium acetate into a solution of BSA (open circles) and tannic acid dilution into sodium acetate (open squares). Solid line represents single site independent binding model fit.
The curve-fitting software generated large confidence intervals for the ΔH value meaning this value should not be taken definitively. Consequently, there is a large error in the TΔS as this value is calculated from the ΔH and ΔG values.  The ΔH and TΔS values for the interaction at 10°C should therefore be treated with caution. The stoichiometry values are also erroneous due to the reciprocal mathematical relationship the software uses to calculate both the ΔH and stoichiometry. It was thought that increasing the BSA concentration to 15 µM would allow for better resolution of the binding curves (Figure 3.8), allowing for more accurate thermodynamic values. Table 3.1 shows there is an increase in ΔH with increasing protein concentration from 5 to 15 µM. Increases in ΔH have been previously suggested to be due to  aggregation.213 This also provides an explanation as to why the stoichiometry for the end of the first stage changes with protein concentration.  
[bookmark: _Ref456285438]Table 3.1: The temperature, enthalpy ΔH, entropy TΔS, Gibbs free energy ΔG and stoichiometry for the BSA and tannic acid interaction at 10 and 25°C. The standard error (bold) and the confidence intervals (italics) are in brackets. *BSA concentration at 15 µM.
	Temperature
(°C)
	-ΔH 
(kJ/mol)
	-TΔS 
(kJ/mol)
	-ΔG 
(kJ/mol)
	Stoichiometry
n

	10
	100
(±0)
(±34)
	77
(±0.3)

	23.1
(±0.1)
(±2)
	13
(±3)
(±4)

	25
	24
(±3)
(±4)
	7.7
(±3)

	31.8
(±2)
(±0..1)
	14.8
(±0.2)
(±0.4)

	25*
	46.3
(±3)
(±5)

	18.9
(±3)

	27.8
(±0.2)
(±2)
	13.8
(±0.4)
(±0.9)



 (
Time (s)
)The other values do contain some error, but they are not as large. The interaction is exothermic. Most likely, the source of the favourable ΔH is hydrogen bonding interactions between the alcohols on the tannic acid and the amide groups of the polypeptide chain and amino acids capable of hydrogen bonding. Given the large surface area between the interacting protein and the tannic acid London dispersion forces would also be making a favourable contribution to the observed ΔH. Increasing the temperature increases the ΔG. Hydrophobic interaction is affected by temperature. Increasing the temperature favours hydrophobic interaction and this would explain the favourable change in ΔG.  
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[bookmark: _Ref442870905]Figure 3.8: Upper: Thermogram for the interaction of 15 µM BSA with 1 mM tannic acid at 25 °C pH 4. Lower: ITC binding isotherm for the same interaction (closed circles). Sodium acetate into a solution of BSA (open circles) and tannic acid dilution into sodium acetate (open squares). Solid line represents single site independent binding model fit.
The interaction at 10 °C does not show two stages of interaction (Figure 3.9). Figure 3.10 shows that there is an increase in exothermicity over the entire binding isotherm with the decrease in temperature. The cause is most likely due to solute-solute hydrophilic interactions becoming more favourable at lower temperatures.218 Another source of the endothermicity could be ethanol displacement from the both the tannic acid and BSA upon their interaction.  
It is possible that given the range of binding interactions there would be endothermic and exothermic contributions to binding. This is presumably why the binding isotherm becomes biphasic at 25C from 10C as the strength of interactions changes with temperature. Given the multitude of the binding interactions, it seems that the ΔH in this case is the summation of two opposing ΔH; an endothermic component from water reorganisation around polar moieties and an exothermic component from both hydrophobic and hydrophilic interaction. It is possible that the calculated TΔS for multiple binding interactions could have an error due to competing ΔH rather providing a value for how ordered the system is. 
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[bookmark: _Ref442870962]Figure 3.9: Upper: Thermogram for the interaction of 5 µM BSA with 1 mM tannic acid at 10 °C pH 4. Lower:  ITC binding isotherm for the same interaction (closed circles).  Sodium acetate into a solution of BSA (open circles) and tannic acid dilution into sodium acetate (open squares). Solid line represents single site independent binding model fit.
The upward curvature at low molar ratios has in the past been interpreted as indication of cooperativity. The loss of the upward curvature could therefore be interpreted as a loss of positive cooperativity at 10 °C. There are caveats to this argument for the interactions presented here which will be pointed out later in this chapter. 
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[bookmark: _Ref456875224]Figure 3.10:  Binding isotherms for the interaction between 1 mM tannic acid and 5 µM BSA at 10 (open squares) and 25 °C (closed circles) alongside the  binding isotherm for the interaction between 1 mM tannic acid and 15 µM at 25 °C (closed triangles).
[bookmark: _Toc459130703]Tannic Acid Interactions with Polyproline
Polyproline has been used as a model binding partner for many polyphenolics due to its simple secondary structure.219 ITC has been used to measure the thermodynamics between mixed condensed tannin systems found in wine and polyproline to gain a better understanding of astringency and how it changes over time.220 Similar to the BSA and tannic acid dilution, titration of buffer into polyproline and tannic acid into buffer showed a minor ΔH. The binding isotherms obtained from the titration of tannic acid into polyproline are sigmoidial and do not show two stages within the 10 to 40 °C temperature range (Figure 3.11 to Figure 3.14). Sigmoidal binding isotherms are usually fitted to single site binding model, as it clearly does not show two site binding, dimerisation or cooperativity. However, the chi-squared values for goodness of fit is poor, with χ2 ((15) = 51, p <0.5.) and  χ2 ((21) = 27, p <0.5.) for the models applied for the interactions at 25 and 40 °C respectively. However, the model used to fit the data at 10°C was good, with χ2 ((21) = 7.3, p <0.5.)  Similar to the binding isotherms presented earlier, the interaction does not reach 0 µJ at 25 or 40 °C, possibly due to continual tannin binding to the polyproline (Figure 3.12 and Figure 3.13). The model cannot fit these data points and explains the poor χ2 values. The interaction presented here is favoured enthalpically with a favourable entropic contribution. Both favourable TΔS and ΔH of binding were also reported for mixed condensed tannins-polyproline interactions using ITC.219,220
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[bookmark: _Ref443581531]Figure 3.11 Upper: Thermogram for the interaction of 0.05 mM polyproline with 3.37 µM tannic acid at 10°C. Lower: ITC binding isotherm for the same interaction (closed circles). Sodium acetate into a solution of polyproline (open circles) and tannic acid dilution into sodium acetate (open squares). Solid line represents single site independent binding model fit. 
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[bookmark: _Ref443581533]Figure 3.12: Upper: Thermogram for the interaction of 0.05 mM polyproline with 3.37 µM tannic acid at 25°C. Lower: ITC binding isotherm for the same interaction (closed circles). Sodium acetate into a solution of polyproline (open circles) and tannic acid dilution into sodium acetate (open squares). Solid line represents single site independent binding model fit. 
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[bookmark: _Ref443581534]Figure 3.13: Upper: Thermogram for the interaction of 0.05 mM polyproline with 3.37 µM tannic acid at 40°C. Lower: ITC binding isotherm for the same interaction (closed circles). Sodium acetate into a solution of polyproline (open circles) and tannic acid dilution into sodium acetate (open squares). Solid line represents single site independent binding model fit.
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[bookmark: _Ref442877952]Figure 3.14: ITC binding isotherm of the interaction between 50 µM polyproline and 3.374 mM tannic acid in 10 mM acetate 10% ethanol pH 4 at 10 (triangles), 25 (open squares) and 40 °C (black diamonds).  Solid line represents model fit.
The source of the favourable ΔH is most likely hydrogen bonding between the phenolic alcohols and those present on the polyproline (Table 3.2). The source of the favourable TΔS is much harder to discern. Tannic acid has 31 rotatable bonds. Presumably, some of these bonds would become conformationally restricted upon binding meaning a decrease in favourable entropy. Polyproline is also fairly rigid meaning it is unlikely that the source of the favourable TΔS is the macromolecule adopting a more flexible state after binding.198
Much like the tannic acid-BSA system, there was an increase in endothermicity from 10 to 25 °C with an increase in the favourable ΔG. Most likely hydrophobic interaction has become stronger at 25 °C, but the ethanol has reduced the observed exothermicity. Instead, when the tannic acid interacts with the polyproline, the endothermicity of water reorganisation around hydrophilic groups prior to bond formation dominates the observed ΔH. Increasing the temperature to 40 °C increases the exothermicity between tannic acid and polyproline which is expected for hydrophobic interaction.221  
[bookmark: _Ref442871539][bookmark: _Ref443498107]Table 3.2: The temperature, enthalpy ΔH, entropy TΔS, Gibbs free energy ΔG and stoichiometry for the tannic acid-polyproline interaction at 10, 25 and 40°C. The confidence intervals (italics) are in brackets.
	Temperature
(°C)
	-ΔH 
(kJ/mol)
	-TΔS 
(kJ/mol)
	-ΔG 
(kJ/mol)
	Stoichiometry
n

	10
	17.6
(±0.3)
	-12.7
	30.4
(±1)
	12
(±0.1)

	25
	13.1
(±0.8)
	-20.5
	33.6
(±1)
	9
(±0.3)

	40
	15.7
(±1)
	-20.5

	36.2
(±0.7)
	7
(±0.3)



There is a decrease in binding stoichiometry from 10 to 40 °C. This implies a temperature induced change in the tannic-acid polyproline aggregate conformation leading to conformation where tannin binding becomes less accessible possibly due to steric hindrance.  It is also possible that the tannin is changing conformation due to the change in temperature. NMR studies have shown that solutions of catechin change conformation from 6 to 40 °C.222 Tannin binding to proline rich peptides becomes more multidentate at lower temperatures (i.e. multiple binding of one polyphenol to one peptide). Conversely, at higher temperatures, different polyphenols bind to the same peptide at the expense of multidentate binding.148  Since it is known that polyphenol-peptide conformation changes with temperature, as does the conformation of the tannin, it is possible that the drop in binding stoichiometry could be due to an increase in tannic acid flexibility due to the increase in temperature. This also agrees with the increased TΔS values. 
Kresheck showed that hydrophobic interaction was the major driving force in micelle formation. The fall in critical micelle formation was steepest between 15 to 25 °C and levelled above this temperature. 223  This may explain why the exothermicity does not increase over the entire temperature range. ΔG of hydrophobic interaction is minimal at 10 °C but 40 °C it is at its maxima. The ΔH for micelle formation also shifts from being endothermic to exothermic over a similar temperature range.  For the interaction presented here, the exothermicity of hydrophobic interaction dominates the observed enthalpy between 25 and 40 °C. 
Another possibility other than a change in the aggregation state of tannic acid-polyproline complex is a conformational change in the polyproline. CD spectroscopy is an excellent tool for determination of the secondary structure of proteins and peptides.224 The spectra is indicative of a polyproline II helix rather than the less common polyproline I helix (Figure 3.15). This structure is distinct from the two major structures found in folded globular proteins, the α-helix and the β-pleated sheet and although less common, it is found in a number of folded and unfolded proteins. 198 
The spectral change seen in the CD spectra from 10 to 40 °C is not very large, but the bands are more intense at a lower temperature which is keeping with the work done by Tifany and Krim.225  In keeping with their hypothesis, it is suggested that the reduction of absorption with increasing temperature is due to “structural loosening” of the macromolecule meaning the buffer does not induce any structural anomalies within the polyproline at the temperature range studied.   

[bookmark: _Ref442876612]Figure 3.15: CD spectra of polyproline in 10 mM acetate 10% ethanol pH 4 at 10 (blue), 25 (red) and 40 °C (green).
Nanoparticle Tracking Analysis (NTA) employs the properties of both light scattering and Brownian motion in order to attain the particle size distribution of samples in solution. The video stills of the polyproline-tannic acid solution showed that tannic acid, in line with the literature, precipitated polyproline out of solution at the molar ratios utilised in the ITC study (Figure 3.16). 
Performing NTA studies at 25 and 40 °C visualised how the concentration of particles changes with temperature (Table 3.3). The concentration of particles within the 0.375 µM tannic acid solution was 0, whilst the concentration of particles within the 0.05 µM is negligible.  There is a clear dependence between the concentration of particles and the temperature. It seems that increasing the temperature decreases the aggregate concentration. This is not surprising given that previous DLS studies have shown that  epigallocatechin gallate-proline rich peptide particles decrease  with increasing temperature.148 The temperature control on the NTA cannot go down to 10 °C meaning particle concentrations at this temperature could not be gathered. The images are not to scale and are purely representative of the videos capturing the light scattering. As such scale bars cannot be used. 
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[bookmark: _Ref442876762]Figure 3.16: Video stills from the NTA analysis. Top left: 0.375 µM tannic acid in 10 mM sodium acetate buffer with 10% ethanol pH 4 at 25 °C. Top right: 0.5 µM polyproline dissolved in the same buffer at 25°C.Bottom left: 0.05 µM polyproline in the presence of 0.675 µM tannic acid in the same buffer at a molar ratio of 13.5 at 25°C. Bottom right: The same 13.5 ratio at 40°C.
[bookmark: _Ref443310499]Table 3.3: Temperature, molar ratio, concentration of particles given as both per frame and per ml for the tannic acid-polyproline interaction in 10 mM sodium acetate buffer in 10% ethanol pH 4 using the NTA at 25 and 40 °C. 
	Temperature
(°C)
	Molar ratio
	Concentration of particles
(Particles/frame)
	Concentration of particles
(particles 108 /ml) 

	25
	6.75
	24.45
	2.86

	40
	6.75
	16.91
	2.02

	25
	12
	58
	7.04

	40
	12
	27.2
	3.22



[bookmark: _Toc459130704]Arguments against Positive Cooperativity
Many tannin-macromolecule ITC studies have suggested that the enthalpy increase at low molar ratios is due to positive cooperativity, that the bound tannin is having a favourable effect on the next binding event. Mechanistically, this is thought to be achieved by the bound tannin binding to other macromolecules in solution, forming multiple tannin-macromolecule crosslinks. 145-147 This is referred to as a crosslinking induced cooperativity model.   
In terms of the crosslinking induced cooperativity model,  tannic acid is a large polyphenol in comparison to the polyphenols used by other studies measuring protein-tannin crosslinks.148 Consequently, tannic acid would still crosslink proteins at 10 °C, but the biphasic binding isotherm is not present. It is possible that crosslinking becomes more favourable at higher temperatures producing the biphasic binding isotherm. The caveat being precipitation studies have shown the size of polyphenol-peptide aggregates decrease with increasing temperature.148 It must also be stated that a change in the ΔG would be indicative of a change in cooperativity, not the change in ΔH as there could be a counteracting change in the TΔS. 
There is another form of polyphenol-protein forms of cooperativity. Charlton et al. suggested that peptides exhibiting no secondary structure would be able to “wrap around” tannins. Longer peptides are more able to “wrap around” tannins than shorter peptides, meaning binding constants become larger with increasing length of the peptide.148,200  However, this form of protein-tannin positive cooperativity can only be applied to peptides exhibiting very little secondary structure, as a peptide with a secondary structure would not be able to “wrap around” a tannin.200 Proteins such as BSA exhibit fairly rigid tertiary structure meaning it is unlikely that BSA would be able to “wrap around” tannins.   
It is important to remember that tannins are thought to cause conformational changes in unfolded proteins, inducing a more folded state upon binding. 147,226 If protein conformational restriction occurs upon tannin binding then presumably this would induce negative cooperativity as binding would become increasingly less favourable. 
As previously suggested, the change in binding stoichiometry may be due to the temperature change increasing the flexibility of the tannin. This would lead to a different binding configuration with changed binding thermodynamics. This could be responsible for the biphasic binding isotherm. 
[bookmark: _Toc459130705]Possible Mechanisms for the Change in the Thermodynamic Parameters at 10 and 25 °C
It is difficult to attribute a definitive mechanism as to why decreasing the temperature increases the exothermicity at low protein-tannin molar ratios. CD spectroscopy was used to measure any temperature dependent secondary structural changes between 10 and 25°C (Figure 3.17). There was a minor shift in absorbance but no drastic change in the overall shape of the spectra indicating a small change in the α-helical portion of BSA. In keeping with the findings presented here, Takeda et al. reported very little structural change in the α-helical proportion between 10 and 25 °C and no change in the β-sheet proportion.227 The slight change in secondary structure is most likely just correlation and not the cause of the change in binding thermodynamics at the two different temperatures. As stated previously, tannins have higher affinity for more flexible macromolecules. Both β-pleated sheets and α-helices are rigid and so minor conversion between the two would unlikely be a cause of the change in binding thermodynamics at the two different temperatures. Lastly, ΔCp has to be done at multiple temperatures by its very definition. Conformational changes of binding partners are never normally invoked to explain the ΔCp. It is the general consensus ΔCp is due to the water network around the binding partners changing.228

[bookmark: _Ref442877262][bookmark: _Ref456876144]Figure 3.17: CD spectra of BSA in 10 mM acetate 10% ethanol pH 4 at 10 (blue) and 25 °C (red).
To determine if the positive ΔCp was due to protein unfolding at higher tannic acid concentrations a titration of tannic acid into BSA was done at 40 °C since this is where fatty acid free BSA begins to unfold (Figure 3.18).179 The baseline of the titration sloped upwards which could be indicative of protein unfolding. A similar sloping is not seen in the thermogram at 25 °C. Instead, there is a slight increase and then a plateau after a protein-tannin molar ratio of 14 (Figure 3.7). Taken together, this could mean that protein unfolding is minimal at 25 °C producing what seems to be baseline noise or it has little effect on the binding thermodynamics.  It is possible had BSA unfolding not been an issue, titration of tannic acid into the BSA solution would have also become more exothermic from 25 to 40 °C.
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[bookmark: _Ref443500487][bookmark: _Ref443641153]Figure 3.18: Thermogram for the interaction of 5 µM BSA with 1 mM tannic acid at 40 °C.
BSA has approximately a total surface accessible area of 63227.54 Å² which can be decomposed into a hydrophilic surface area of 28962.80 Å² and a hydrophobic surface area of 34264.74 Å² .183,229 Inspection of the crystal structure reveals that these hydrophobic and hydrophilic regions are dotted around the protein surface.183 Tannin binding to BSA is not site specific as it does not involve a particular recognition motif. Tannins are capable of hydrophobic interaction and hydrogen bonding. The positive ΔCp suggests tannins initially interact with hydrophilic areas of the protein, but given the large apolar surface area of the protein binding most likely occurs there too. A ΔCp is a net contribution and therefore could be interpreted as much larger contribution from polar interactions in comparison to apolar. At higher molar ratios, the enthalpic temperature dependence diminishes. This could mean that at higher tannic acid concentrations, interactions occur at less hydrophilic areas of the protein. This would be less temperature dependent because the increase in endothermicity with increasing temperature would change less. 
Polyproline has a uniform distribution of binding sites unlike BSA. This means in the case of polyproline-tannic acid interactions that tannin binding only occurs at proline residues. Over the temperature range studied there is no change in the shape of the binding isotherm, but there is a change in the stoichiometry suggesting a possible crosslinking event (Figure 3.14). This supports the idea that, in the case with tannic acid binding to BSA, the upward curvature only becomes apparent when the binding sites are heterogeneous. The polyproline-tannic acid interaction would not give a biphasic binding isotherm as binding only occurs at proline residues. Whereas with BSA, tannin binding would occur at different amino acids each with a different ΔH. It is possible that tannin binding to polyproline does not yield a biphasic binding isotherm as tannic acid crosslinks identical polyproline monomers. BSA does not have a uniform surface. It is possible that tannic acid binds separate BSA monomers at different amino acids yielding biphasicity in the binding isotherm. 
However, Poncet-Legrand et al. observed an increase in ΔH at the early stages of titration of a tannin fraction into polyproline. 144 This opens up other possible reasons as to the biphasicity. Interactions between EGCG and IB-5 were studied by DLS, ITC and CD. ITC along with DLS showed a three stage mechanism. The first stage seemed to correspond to simple binding as this gave a simple binding isotherm with no detectable aggregates. The ITC isotherm was followed by a stable but negative change in enthalpy, which corresponded, to tannins binding to tannin coated peptides. This was then followed by extensive aggregation and gave a “bell shaped” binding isotherm comparable to the tannic acid-BSA interactions.147 However, NTA showed particles upon the addition of tannic acid to polyproline, yet the binding isotherm did not show the upward curvature. Consequently, this would mean extensive aggregation does not occur at 10 °C for the BSA-tannic acid binding isotherm. 
Ethanol was not present in the study conducted by Poncet-Legrand et al., but it was present in this study. Another possibility is that ethanol reduces the crosslinking or aggregation meaning there is no biphasicity in the binding isotherm.   Ethanol is known to reduce tannin-induced aggregation. Pascal et al. showed that in the presence of 12% ethanol, the aggregates formed between epigallocatechin gallate and a glycosylated proline rich peptide were reduced.230 In addition to this, no stable dispersions of large insoluble aggregates were reported, even at high tannin/macromolecule molar ratios. It is therefore entirely possible, that in the study presented here, the ethanol has reduced tannic acid-polyproline aggregation leading to no biphasicity in the binding isotherm. 
[bookmark: _Toc459130706]Tetrameric Proanthocyanidin Interactions with Polyproline
 Proanthocyanidins being condensed tannins are much more polar than the hydrolysable tannins. The proanthocyanidins utilised in this study are more than 95% pure unlike the tannic acid which is a mixed system. This allows for a better estimation of the thermodynamic values as the concentration of the ligand is accurately known. Titration of tetrameric proanthocyanidin into polyproline at revealed binding that was exothermic at all temperatures (Figure 3.19 to Figure 3.20). The source of the favourable exothermicity is again most likely due to hydrogen bonding between the two binding partners and London dispersion forces.  
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[bookmark: _Ref442878311][bookmark: _Ref443582225]Figure 3.19: Upper: Thermogram for the interaction of 0.025 mM polyproline with 2 mM tetrameric proanthocyanidin at 25 °C. Lower: ITC binding isotherm for the same interaction (closed circles). Sodium acetate into a solution of polyproline (open circles) and tetrameric proanthocyanidin dilution into sodium acetate (open squares). Solid line represents single site independent binding model fit.  
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[bookmark: _Ref442878372][bookmark: _Ref456876395]Figure 3.20: Upper: Thermogram for the interaction of 0.025 mM polyproline with 2 mM tetrameric proanthocyanidin at 40 °C. Lower: ITC binding isotherm for the same interaction (closed circles). 10 mM sodium acetate into a solution of polyproline (open circles) and tetrameric proanthocyanidin dilution into sodium acetate (open squares). Solid line represents single site independent binding model fit.
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[bookmark: _Ref442878379]Figure 3.21 : ITC binding isotherm of the interaction between tetrameric proanthocyanidin into 25 µM polyproline in 10 mM acetate buffer with 10% ethanol pH 4 at 25 (closed circles) and 40 °C (crosses).  
Performing the titrations at different temperatures suggested that the interaction was becoming increasingly exothermic as the temperature was increased from 25 to 40 °C. The TΔS becomes less favourable with increasing temperature leading to a less favourable ΔG. The stoichiometry remains invariant to temperature. The favourable change in ΔH is in accordance to with the exothermicity of hydrophobic interaction increasing with increasing temperature.  The partition constant, P, is a measure of the tendency of a neutral molecule to differentially dissolve in two immiscible phases, water and octanol, giving a measure of how hydrophobic a molecule is. The logarithm of the ratio of the concentrations of the solute in the solvents is called logP. Substances with a logP lower than 0 are hydrophilic whilst those with a positive number are hydrophobic, heptane for example has a logP of 4.6 whilst arabinose has a log p of -3. Normally, it is not practical to calculate the LogP of every compound. Subsequently, chemists use software tools to estimate LogP. This is called ClogP – the calculated LogP. Using the ClogP function on ACD/ChemSketch estimated a value of 13.51 for tannic acid. Whilst tetrameric proanthocyanidin has a logP of -1.5.231  The smaller ΔCp in comparison to the tannic acid polyproline system may be due to the differences in LogP (the ratio of a compound in an apolar and polar phases) between the two compounds.  Previous work has shown there are two stages of interaction between tetrameric proanthocyanidin and BSA, subsequently it was not repeated here.215
Table 3.4: The temperature, enthalpy ΔH, entropy TΔS, Gibbs free energy ΔG and stoichiometry for the proanthocyanidin tetramer-polyproline interaction at 25 and 40 °C. The standard error (bold) and the confidence intervals (italics) are in brackets. 
	Temperature
(°C)
	-ΔH
(kJ/mol)
	-TΔS 
(kJ/mol)
	-ΔG
(kJ/mol) 
	Stoichiometry
n

	25
	20 
(±2)
(±0.7)
	-8.33 
(± 2)
	28.32 
(± 0.4)
(± 2)

	11.9 
(±0.8)
(±0.2)

	40
	24.2 
(± 1)
(±2)
	-3.06 
(± 0.9)
	27.3 
(± 0.1)
(± 2)
	12.3 
(± 0.4)
(± 0.9)


[bookmark: _Toc459130707]Octomeric Proanthocyanidin Interactions with Bovine Serum Albumin
 (
Time (s)
)The binding isotherm between octameric proanthocyanidin and BSA showed a more complex binding isotherm than the one for tetrameric proanthocyanidin and polyproline.  The interaction is monophasic at 10 °C (Figure 3.22), but becomes biphasic at 25 °C (Figure 3.23), which is similar to the tannic acid-BSA binding isotherms.  
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[bookmark: _Ref442878743][bookmark: _Ref443582311]Figure 3.22 : Upper: Thermogram for the interaction of 15 µM BSA with 4 mM proanthocyanidin octamer in 10 mM ammonium acetate at 10 °C pH 4. Lower:  ITC binding isotherm for the same interaction (closed circles).  10 mM ammonium acetate into a solution of BSA (open circles) and proanthocyanidin octamer dilution into ammonium acetate (open squares). Solid line represents single site independent binding model. fit.
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[bookmark: _Ref442878772][bookmark: _Ref456876537]Figure 3.23: Upper: Thermogram for the interaction of 30 µM BSA with 4 mM proanthocyanidin octamer in 10 mM ammonium acetate at 25 °C pH 4. Lower:  ITC binding isotherm for the same interaction (closed circles).  10 mM ammonium acetate into a solution of BSA (open circles) and proanthocyanidin octamer dilution into ammonium acetate (open squares). Solid line represents single site independent binding model fit.
The BSA titrated against octomeric proanthocyanidin contains fatty acids. This means it is much more stable than the BSA used in the BSA-tannic acid study. Consequently, the effect of higher temperatures on binding can now be studied. This allowed an investigation into proanthocyanidin-BSA binding thermodynamics at 35 °C (Figure 3.24). Before the main binding event, at molar ratios below six, there is an increase in endothermicity with increasing temperature which is similar to the tannic acid – BSA interactions. This provides evidence for a mechanism where tannins crosslink proteins via primarily hydrogen bonding at low molar ratios as suggested by McRae et al.220 At higher molar ratios, above 10 in the case of the octomeric proanthocyanidin-BSA interaction at 25 °C, the empty regions on BSA become fully saturated and networked by the octamer. This is then followed by a steady yet negative change in ΔH. 
 (
Time (s)
)Performing the titration at 35 °C increases the exothermicity of the interactions found after for the second curve in comparison to the titration performed at 25 °C (Figure 3.23). This suggests this saturation event is driven by hydrophobic interaction. Following the second curve is a steady yet negative change in ΔH most likely caused by proanthocyanidins interacting with the proanthocyanidin coated BSA.232 The negative ΔCp suggests hydrophobic interaction is the driving force. This is not to say that hydrogen bonding does not play a role. It just means that hydrophobic interaction forms a much larger contribution to the binding thermodynamics. 
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[bookmark: _Ref456876896]Figure 3.24: Upper: Thermogram for the interaction of 30 µM BSA with 4 mM proanthocyanidin octamer in 10 mM ammonium acetate at 35 °C pH 4. Lower:  ITC binding isotherm for the same interaction (closed circles).  10 mM ammonium acetate into a solution of BSA (open circles) and proanthocyanidin octamer dilution into ammonium acetate (open squares). Solid line represents single site independent binding model fit.
Thermodynamic values have been calculated using the NanoAnalyse software. All of the values calculated for the interaction at 10°C are erroneous and should not be used definitively.  The ΔH  values for the interactions at higher temperatures should also be used with caution, as temperature clearly effects  the two stages of the reaction in different ways and as such a summation of two opposing ΔH, it is advised to instead look at Figure 3.25 to see how temperature affects the binding interactions.  
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[bookmark: _Ref442879010][bookmark: _Ref456347848]Figure 3.25: ITC binding isotherms for the interaction of 30 µM BSA with 4 mM proanthocyanidin octamer in 10 mM ammonium acetate at pH 4 (open squares) 25°C and (closed circles) 35°C.   









Table 3.5: The temperature, enthalpy ΔH, entropy TΔS, Gibbs free energy ΔG and stoichiometry for the proanthocyanidin octamer-BSA interaction at 10,25 and 40 °C. The standard error (bold) and the confidence intervals (italics) are in brackets.
	Temperature
(°C)
	-ΔH
(kJ/mol)
	-TΔS 
(kJ/mol)
	-ΔG
(kJ/mol) 
	Stoichiometry
n

	10
	100
(±25)
	81.2
	18.8
(± 6.1)
	8
(± 3)

	25
	25.65 
 (±5)
	4.08

	21.6
(± 1.417)

	24.7
 (±2)

	35
	17.39
 (±3)
	-6.7

	24.1
 (± 0.8)
	38.02
 (± 2)



The stoichiometry of binding increases from 25 to 35°C. This is similar to the tannic acid-BSA interaction. As previously suggested this could be due to a change in aggregation state or a conformational change of the tannin. The ΔG also increases with increasing temperature, which is expected from hydrophobic interaction. 
Enthalpy-entropy compensation is a topic much discussed but poorly understood. The existence of compensation is usually taken to mean that the parameter being varied is affecting a complex interplay of interactions. Grunwald and Steel suggested solvent reorganisation was responsible for enthalpy-entropy compensation based on rate constant temperature dependence.14  Leffler found empirically that changes in ΔH corresponded to changes in ΔS. Leffler discerned the equation  ΔH = β·ΔS where β has dimensions of temperature often known as the compensation temperature.90,91 If the data is not erroneous then at a single temperature the ΔH of water reorganisation is equal to the ΔS of water reorganisation. If the reaction is performed at a temperature beyond the compensation temperature then the relationship is invalidated by changes in ΔH with temperature.90,91 When the titrations are performed at 10 °C there is a favourable increase in ΔH in comparison to the titration performed at 25 °C. Increasing the temperature from 25 to 35 °C does not seem to change the shape of the binding isotherm, in the sense that another curve is produced, indicating that at these temperatures the ΔH corresponds to the ΔS.  
Exposure of polar groups found in the interior of proteins is favoured enthalpically with increasing temperature.233 Mechanistically, this is due polar groups making stronger interactions with water than with each other. Therefore, hydrogen bonding between tannins and proteins would become stronger with decreasing temperature. It seems that at 25 °C the enthalpic penalty paid to break the hydration layers around the polar groups required to form solute-solute hydrogen bonds overrides the exothermicity of the interactions producing the upward curvature on the binding isotherm. It seems that water cannot compensate all the numerous binding interactions leading to two distinct curvatures on the binding isotherm. Consequently, entropy-enthalpy compensation does not exist in the system presented here. 
[bookmark: _Toc459130708]Probing Hydrophobic Interaction with Salts

Hydrophobic interaction can be altered using salts. Salts that increase hydrophobic interaction are known as kosmotropes whilst those that decrease the hydrophobic interaction are known as chaotropes. 77,109,234,235 Fox et al. investigated how strongly Hofmeister anions associate with the binding pocket of zinc carbonic anhydrase using a competitive binding assay. The larger chaotropic anions bound endothermically with a favourable contribution from ΔS. Hydrogen carbonate, a kosmotrope, bound exothermically.236 This is also supported by the work by Boncina et al. who identified chaotropes bound to lysozyme exothermically.237 Based on this it was expected that the chaotropes would make the interaction less exothermic, whilst kosmotropes would make the interaction more exothermic. To test this, 6 mM octonate was titrated into 300 µM BSA in 20 mM phosphate buffer at pH 7.2 with either 50 mM sodium thiocyanate or sodium sulphate. The interaction was exothermic, but due to the weak nature of the association gave a shallow binding isotherm (Figure 3.26). The exothermicty was reduced in both salts (Figure 3.27 and Figure 3.28). Given that octonate is suggested to make both electrostatic and hydrophobic interactions with BSA, it is likely that sulphate screened the electrostatic interaction between the carboxylate group on the fatty acid and the positively charged residues on BSA yielding an increase in endothermicity. The thiocyanate reduced the exothermicity substantially (Figure 3.28). This is most likely due to the screening and diminishing exothermic hydrophobic component to binding.  In the study presented here, thiocyanate was chosen to decrease hydrophobic interaction between the proanthocyanidin pentamer and BSA. To increase hydrophobic interaction in this system sulphate was chosen. Octanoate is not soluble at pH 4 forming micelles. This means the binding isotherm would be a composite of a demicellisation reaction in addition to binding. Tannins oxidise and hydrolyse faster at pH 7 losing stability after 3 hours.238 Subsequently, it was decided that the pH of the two different systems should not be the same. 
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[bookmark: _Ref456877197]Figure 3.26 Upper: Thermogram for the interaction between 300 µM BSA and 6 mM octanoate in 20 mM phosphate buffer pH 7.21 at 25 °C. Lower:  ITC binding isotherm for the same interaction (closed circles).  
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[bookmark: _Ref442879131][bookmark: _Ref456877208]Figure 3.27 Upper: Thermogram for the interaction between 300 µM BSA and 6 mM octanoate in 20 mM phosphate, 50 mM ammonium sulphate buffer pH 7.21 at 25 °C Lower:  ITC binding isotherm for the same interaction (closed circles). 
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[bookmark: _Ref456877214]Figure 3.28 : Upper: Thermogram for the interaction between 300 µM BSA and 6 mM octanoate in 20 mM phosphate, 50 mM ammonium thiocyanate buffer pH 7.21 at 25 °C Lower:  ITC binding isotherm for the same interaction (closed circles).

 (
Mole Ratio
) (
 Normalised Fit (kJ/mol
)
)[image: ]
[bookmark: _Ref442879903]Figure 3.29: ITC binding isotherm of the interaction between 300 µM BSA and 6 mM octanoate in 20 mM phosphate buffer pH 7.21 at 25 °C (triangles) with 50 mM  ammonium thiocyanate (closed squares) or ammonium sulphate (circles) respectively. 
The binding isotherm for the proanthocyanidin-BSA interaction reveals the interaction to be exothermic with the most likely source being hydrogen bonding and favourable dispersion forces (Figure 3.30). It would be expected that if hydrophobic interaction was prevalent in the system addition of thiocyanate would either decrease the exothermicity of the binding interaction or decrease the association constant. Neither of these situations occurs. Instead, the addition of thiocyanate induces an increase in exothermicity. 
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[bookmark: _Ref442880337][bookmark: _Ref456877512]Figure 3.30 : ITC binding isotherm of the interaction between 15 µM BSA and 4.3 mM pentameric proanthocyanidin in 10 mM acetate pH 4 at 25 °C (closed circles). Sodium acetate into a solution of 15 µM BSA (open circles) and pentameric proanthocyanidin dilution into sodium acetate (open squares). Solid line represents single site independent binding model fit.
Addition of thiocyanate increases the binding exothermicity (Figure 3.31), whilst the addition of sulphate further increased the exothermicity (Figure 3.32 and Figure 3.33). This is not what is expected based on previous work236 or the BSA-octanoate studies with different salts. 
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[bookmark: _Ref442880589][bookmark: _Ref456877651]Figure 3.31: ITC binding isotherm of the interaction between 15 µM BSA and 4.3 mM pentameric proanthocyanidin in 10 mM ammonium acetate 50 mM ammonium thiocyanate pH 4 at 25 °C (closed circles). Ammonium acetate into a solution of 15 µM BSA (open circles) and pentameric proanthocyanidin dilution into sodium acetate with ammonium thiocyanate (open squares). Solid line represents single site independent binding model fit. 
Both salts seem to increase the amount of visible precipitation. Increasing the amount of precipitated BSA bound tannin would explain the dramatic increase in exothermicity and why both salts do not have opposing effects on the binding thermodynamics. However, this does not explain how thiocyanate is increasing the amount of precipitation. 
Surface tension arises due to hydrogen bonding between water molecules. In the bulk, water can orientate freely and form the optimal number of hydrogen bonds. At the surface, water is less able to adopt an optimal hydrogen bond configuration leading to a less favourable free energy state. Because the hydrophobic effect primarily arises from the strong self attraction of water it means surface tension measurements can be used to measure it.114 All salts with a metal counterion increase the surface tension of water meaning that all salts increase the hydrophobic effect. 97 However, it is thought that chaotropes diminish the hydrophobic effect by binding to hydrophobic groups thereby changing the population of water around the macromolecule or increasing charge repulsion. 63,118,239,240 It is possible that there is less association in this particular case, between thiocyanate and hydrophobic groups on the protein. Consequently, thiocyanate would remain in the bulk and act to increase the hydrophobic effect.  
Another effect that needs to be taken into account is screening partial and full charges. Increasing the ionic strength of the solution will reduce electrostatic repulsion and allow proteins to come together. In this particular example, it may be that thiocyanate reduces like charges on the proteins, facilitating protein crosslinking via the tannin and thereby favourably altering the ΔH. 
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[bookmark: _Ref442880627][bookmark: _Ref456877661]Figure 3.32: ITC binding isotherm of the interaction between 15 µM BSA and 4.3 mM pentameric proanthocyanidin in 10 mM ammonium acetate 50 mM ammonium sulphate pH 4 at 25 °C (closed circles). Ammonium acetate into a solution of 15 µM BSA (open circles) and pentameric proanthocyanidin dilution into sodium acetate with sulphate (open squares). Solid line represents single site independent binding model fit.
Sulphate on the other hand, is suggested to increase hydrophobic interaction by destabilising the waters around polar moieties and at higher concentrations remove water from apolar moieties favouring hydrophobic collapse, which is supported by NMR and light scattering techniques.114,119 Given that the isoelectric point of the protein is just below the pH, BSA would be expected to have a slight positive charge which would act to repel other BSA molecules in solution. Therefore, sulphate may increase tannin-induced precipitation by removing water from hydrophobic and polar moieties in addition to reducing electrostatic repulsion. 
The thermodynamic values have been calculated for the interaction between pentameric proanthocyanidin and BSA in the presence of the specified salt (Table 3.6). As previously stated, there is a ΔH increase due to the presence of salt. 
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[bookmark: _Ref442880915][bookmark: _Ref456877669]Figure 3.33: ITC binding isotherm of the interaction between 15 µM BSA and 4.3 mM pentameric proanthocyanidin in 10 mM acetate pH 4 at 25 °C (open triangles) with 50 mM  ammonium thiocyanate (open squares) or ammonium sulphate (open circles) respectively.











[bookmark: _Ref456877895][bookmark: _Ref456877872]Table 3.6: The temperature, enthalpy ΔH, entropy TΔS, Gibbs free energy ΔG and stoichiometry for the proanthocyanidin pentamer-BSA  interaction in different salts. The standard error (bold) and the confidence intervals (italics) are in brackets.
	Salt

	-ΔH
(kJ/mol)
	-TΔS 
(kJ/mol)
	-ΔG
(kJ/mol) 
	Stoichiometry
n

	10 mM ammonium acetate
	8.5
(±0.08)
	14.00
	22.2
(± 6)
	47.6
(± 3)

	10 mM ammonium acetate with 
50 mM thiocyanate
	17.3
 (±2)
	-4.12

	21.5
(± 4)

	28.5
 (±2)

	10 mM ammonium acetate with 
50 mM sulphate
	20.7
 (±1)
	-2.5

	23.2
 (± 3)
	24
 (± 1)











[bookmark: _Toc459130709]Conclusion

Several tannin-macromolecule ITC studies have suggested that the enthalpy increase at low molar ratios is due to positive cooperativity, that the bound tannin is having a favourable effect on the next binding event. Mechanistically, this is thought to be accomplished by the bound tannin binding to other macromolecules in solution, forming multiple tannin-macromolecule crosslinks. 145-147 The data presented here allows an extension of the model, specifically the cause of the enthalpy increase at low molar ratios. Titration of tannins into proteins solutions produced an enthalpy increase at low molar ratios whilst titration of tannins into polyproline did not. The key point being that BSA is more heterogeneous in terms of amino acid composition or structure than polyproline. The enthalpy increase at low molar ratios could be a property of crosslinking molecules with different structures, shapes or amino acid compositions. Alternatively, it may be the case that crosslinking or aggregation is responsible for the biphasicity. It is possible that the reason why there were not two stages in the binding isotherm for the polyproline-tannin binding isotherms was due to the ethanol either diminishing the aggregation or making the crosslinking less favourable. 
Furthermore, it seems that water plays a key role in tannin-protein interactions. At low molar ratios, the enthalpy change for the first curve is positive if the temperature is increased. At higher molar ratios, the enthalpy change for the second curve and the subsequent plateau are negative if the temperature is increased. This suggests three stages of interaction all with different binding energetics. The temperature dependence of the first curve suggests polar desolvation; water being removed from polar amino acids on the protein and polar alcohols on the tannin prior to binding. The binding interactions would most likely therefore encompass hydrogen bonding and van der Waals’ forces. The second curve suggests apolar water desolvation; water being removed from apolar amino acids on the protein and the apolar carbon skeleton of the tannin phenolic rings prior to binding.  The subsequent binding interactions most likely encompass a range of mechanisms including hydrogen bonding, van der Waals’ forces and hydrophobic interaction. The enthalpy plateau is significant of tannins binding to the tannin-coated protein. Most likely, hydrophobic interaction is the main driving force here, but hydrogen bonding and van der Waals’ would also be playing a role. 
Based on previous work it was suggested that chaotropic anions would increase the endothermicity of the tannin-protein interaction whilst kosmotropes would increase the exothermicity.  Instead, both anions favourably increased the enthalpies of binding. It is suggested that thiocyanate reduced charge repulsion between the proteins facilitating crosslinking in addition to possibly increasing the surface tension of water thereby increasing the hydrophobic effect. A dual mechanism is proposed for sulphate whereby screening reduced electrostatic repulsion between the BSA molecules and water was removed from both polar and apolar moieties. 








[bookmark: _Toc459130710]Chapter 4: An Isothermal Titration Calorimetry Study of a Multisite – Electrostatic Binding Interaction between Lysozyme and Phytate
















[bookmark: _Toc459130711]Summary
Phytate negatively affects the bioavailability of nutrients. To further the understanding of the molecular mechanisms behind this, Isothermal Titration Calorimetry (ITC) was used to determine the binding thermodynamics between phytate and the positively charged protein lysozyme in ammonium acetate buffer pH 4 at 10, 25 and 40 °C. The binding isotherm is biphasic which is normally interpreted as favourable (positive) cooperative binding of a ligand to a macromolecule. However, Nanoparticle Tracking Analysis (NTA) identified small aggregates at low molar ratios used in the ITC study. This suggests that the biphasicity observed in ITC binding isotherms could be due to an aggregation event rather than positive cooperative binding.
ITC revealed the interaction to be in the micromolar range with a favourable contribution from the enthalpy (ΔH) and from entropy (TΔS) of binding. Increasing the temperature increases the affinity lysozyme has for phytate and increases the binding stoichiometry (n). This suggests crosslinking between lysozyme molecules via a bridging phytate that sterically hinders the binding to other sites on lysozyme, and that crosslinking becomes less favourable with increasing temperature. Additionally, the heat capacity of binding (ΔCp) was shown to be positive. This suggests removal of water around polar residues and a lack of hydrophobic interaction between lysozyme and phytate. The interaction between phytate and lysozyme was weakened in 100 mM ammonium acetate and completely diminished in 300 mM ammonium acetate. This shows that electrostatic interaction is crucial for this particular binding interaction.
ITC could provide a useful technique to identify the strength and specificity of the interactions between phytate and biological macromolecules both exogenous and endogenous meaning that a better understanding of the antinutritional effects of phytate could be achieved. In addition to this, the effect of temperature on protein-phytate interactions remains unexplored. Furthermore, NTA could assist in providing a mechanistic rationale to ITC binding isotherms that are not purely sigmoidal.

















[bookmark: _Toc459130712]Introduction
Food science and technology are concerned with a wide variety of issues. Routinely, food chemists want to understand how molecules within food affect the bioavailability of nutrients and techniques regularly used in physical chemistry can help with this.164 Physical chemistry is the study of chemicals using laws and concepts in physics. Typically, such systems studied by physical chemists are homogenous and pure meaning the conclusions derived are quantitative. Foods are not homogenous or pure. However, using techniques employed in physical chemistry can help in understanding basic principles which can assist in a greater awareness of how foods interact with biological systems. For this reason, sodium phytate from rice was used to provide a basic understanding of how phytate may interact with a biological macromolecule. In the subsequent studies potassium phytate was used as the purity is 95% meaning that more quantitative observations can be sought. 
[bookmark: _Toc459130713]Phytate
Phytic acid is a myo-inositol with six orthophosphate groups linked to it by phosphoester bonds (Figure 4.1). The dissociated form of the acid, which exists above a pH of 2, named phytate, is thought to bind to a number of trace metals, colloidal clays and proteins.241-245 These studies suggest that the phytate ion can bind to positively charged proteins and minerals since it occurs as a set of negatively charged species whose charge composition becomes more negative with increasing pH.241,246,247 However, it has also been suggested that phytate interacts as kosmotropic anion, removing water from proteins inducing protein-protein interactions rather than direct interaction.248
Seeds, cereals, legumes and nuts all contain phytate. As such this presents a nutritional problem, as phytate could chelate ions with biological functions.242 It has also been suggested that phytate could form non-digestible complexes with exogenous protein sources and endogenous proteins involved in digestion causing malnutrition.249-251 Although originally discovered as a form of phosphate storage in plant seeds, it is now known to be present in all eukaryotic cells where it is believed to have a signalling function.252-254 However, its biological functions and how it interacts with cellular components is still not understood.  
[image: ]
[bookmark: _Ref442881009]Figure 4.1: Structure of phytic acid
The antinutritional effects of phytate are not just limited to the human population. Malnutrition has major ramifications in the farming industry. Pigs and poultry are negatively affected in terms of growth performance due to phytate present in farmyard feed. 255,256 This has led to supplementation of phytase, an enzyme that hydrolyses phosphate esters present on phytate. The global phytase market was evaluated to be worth £244 milion annually and account for more than 60% of the total feed enzyme market in 2010.257 However, there is conjecture regarding the mechanism of how the antinutritional effect of phytate is diminished by phytase.258 Morales et al. showed that trypsin and chymotrypsin in vivo activities in pigs were mostly unaffected or negatively affected by the presence of phytase. 259 Onyango et al. remains speculative about the extent of such inhibition occurring in vivo as it has not yet been verified.260 
Although a number of molecular mechanisms have been put forward to explain the antinutritional effects of phytate, there has been little thermodynamic characterisation of any of them with the possible exception of the association constants between phytate and biologically relevant ions and the thermal stability of proteins in the presence of phytate. 241,242 Herein lies the problem. Without proper thermodynamic characterisation the strength and specificity of phytate-protein interactions can only be estimated and this is perhaps one of the reasons why there is such conflicting evidence as to the effect of phytase supplemented feed on farmyard nutrition and the interaction of phytate with digestive enzymes. Adeola and Sands suggested that the antinutritional effects of phytate on pig and poultry nutrition is a multifaceted subject and required an understanding of how phytate interacts with minerals, proteins and enzymes in vivo and in vitro. 258 Bruce and Sandstøl showed the apparent ileal digestibility of crude protein was the same with or without 478 unit/kg of phytase. They suggested discrepancies between studies could be due to the diverse binding affinity of inositol phosphates for proteins and minerals.261 
Isothermal Titration Calorimetry (ITC) is a technique that provides enthalpy (ΔH), entropy (TΔS) and Gibbs free energy values (ΔG) of binding by measuring the heat between two interacting partners in solution.  It has been used successfully to characterise a range of binding interactions, including how the β-Propeller phytase hydrolyses insoluble calcium phytate-salts and prevents phytate from binding to metal ions. 262 More recently, ITC has been used to determine how phytate could interact with the cellular medium to gain a greater understanding its function within cells.263  
However, it has not been used to measure the binding energetics between positively charged proteins and phytate at different temperatures. Therefore, ITC could help in furthering the understanding of the antinutritional effects of phytate in addition to determining the role of eukaryotic phytate. 
[bookmark: _Toc459130714]Binding Modes
Most previous studies claiming to have discovered positive cooperativity in various binding systems using ITC have used the presence of a biphasic isotherm with increasingly favourable ΔH at low molar ratios as proof.17-19 Although the suggested molecular mechanisms behind the positive cooperativity producing these similar isotherms were different i.e. aggregation, crosslinking and subunit interactions144,264,265 have been used as suggested mechanisms.  A further study by Muscroft-Taylor et al. attempted to fit thermodynamic values to a binding isotherm between lysine and an antibiotic target to prove positive cooperativity was occurring due to differing ΔH and TΔS values.266 That binding of the first lysine molecule to the allosteric site results in expulsion of water molecules and movement of residues to accomplish coordination with adjacent lysine binding site, resulting in an enthalpically stronger interaction but due to protein rigidification an entropically weaker one.  The authors made clear that the binding mode did not invoke the KNF or the MWC models referencing a model of cooperativity that does not require a large difference in ∆G between two sites but rather changes in ΔH and TΔS. 267  
Recently, a biphasic isotherm similar to those reported to be indicative of positive cooperativity was suggested to be due to negative cooperativity.268  It was suggested that the inhibitor induced negative cooperativity in choline kinase α1 by breaking the dimer symmetry determined by protein crystallography and molecular dynamic simulations. 
The previous chapter suggested that the cause behind the increasingly favourable ΔH values at low molar ratios was due to a crosslinking event. Previous studies have suggested phytate crosslinks lysozyme in solution.241 This makes it an excellent study to determine if the cause behind the increasingly more favourable ΔH values at low molar ratios is a crosslinking event. Furthermore, lysozyme is a structurally well-characterised protein with hundreds of high-resolution crystal structures in the protein data bank. 
The isoelectric point (pI) of the protein is 11.35.269 This is defined as the pH at which the molecule has a net neutral charge. If the pH is below the pI, the protein will carry a net positive charge, as the basic amino acids will bind hydrogen ions. At a pH of 4, which is the pH used in this study, lysozyme will have a net positive charge of 11. Previous studies have indicated the importance of pI in phytate-protein interactions. Co-elution of glycinin and phytate during gel filtration chromatography did not occur at pH 10, 8 and 6. 270 This was above the pI of the molecule and so the authors suggested that pI was important in the structure activity relationship. 
[bookmark: _Toc459130715]Materials and Methods
[bookmark: _Toc459130716]Chemicals and Materials
 Hen egg white lysozyme, sodium phytate (≈80% purity), potassium phytate (≥95% purity), acetic acid (99.8%) ammonium acetate were all sourced from Sigma-Aldrich, Gillingham, U.K. Milli-Q water from a Merk-MILLIPORE (Darmstadt, Germany) fountain was used to prepare the reagents and a Millex – GS 0.22 µm filter (Merk-MILLIPORE Darmstadt, Germany) and a Puradisk™  0.45 µm filter (GE Healthcare, Buckinghamshire, UK)  was used in the aggregation studies to filter larger particles from both the lysozyme and the phytate prior to mixing. A FiveEasy pH meter (Mettler-Toledo International, Ohio, US) was used to measure the pH of the solutions. A Jenway spectrophotometer (Bibby Scientific Limited, Staffordshire, UK) was used to measure the absorbance of the solutions. 
[bookmark: _Toc459130717]Isothermal Titration Calorimetry
 A Nano-ITC instrument (TA instruments, Utah, US) was used to measure the binding thermodynamics between phytate and lysozyme at 10, 25 and 40 °C. Phytate and lysozyme were dissolved in 10 mM ammonium acetate buffer at pH 4, unless otherwise stated. Lysozyme was dialysed overnight in 10 mM ammonium acetate buffer pH 4, unless otherwise stated. All solutions were degassed for 20 minutes prior to the titrations at either 10, 25 or 40 °C depending on what temperature the ITC study was carried out at. Six mM phytate was loaded into the syringe and titrated into the sample cell, which contained 400 µM lysozyme. Over the course of the titrations, at least 241.5 µL 6 mM phytate injections into 400 µM lysozyme were made over the course of the titration. In each titration, the reference cell contained water. The time delay between each injection was variable to ensure equilibration and the RPM was set to 200 to ensure thorough mixing of the cell. Data analysis was performed using the NanoAnalyse software (TA instruments, Utah, US). The enthalpy of dilution of phytate was subtracted from the raw data. By using NanoAnalyse, raw heat data was integrated peak by peak and normalised per mole of injectant to get a plot of observed enthalpy change per mole of phytate against phytate/protein molar ratio. The first injection was erroneous due to diffusion effects and was subsequently discarded from analysis for the two site model. For analysis for the one site binding model, a number of data points below a molar ratio of 1 were discarded to assist with the fitting procedure to the second curve. Both the standard mean error and the confidence intervals are provided. Nano ITC users tend to use confidence intervals as the NanoAnalyse software readily provides this. A confidence interval provides a range that contains the population parameter of interest.  
[bookmark: _Toc459130718]Nanoparticle Tracking Analysis 
 Nanoparticle Tracking Analysis (NTA) (NanoSight Ltd., Wiltshire, UK) can visualise nanoparticles in a liquid suspension. NTA has 3 basic stages (1) video capture, (2) setting of analysis parameters, (3) tracking analysis. The Nanosight (LM14) was used in this experiment. The particles scatter light which is visualised using an optical microscope. A video is then made recording the tracks of the particles. 
Two controls were used in the aggregation studies.  A solution of 6 mM phytate and 400 µM lysozyme were analysed separately using NTA to determine the amount of particles. Before injecting the protein solution into the port, the solution was filtered to remove particles. In the case of the aggregation study where lysozyme and phytate were dissolved in 10 mM ammonium acetate, particles larger than 0.45 µM were filtered using a Puradisc filter. Whilst the aggregation study carried out in 100 mM ammonium acetate, particles larger than 0.22 µM were filtered using Millex-GS filter. 
To determine the amount of crosslinking between phytate and lysozyme, the solutions were thoroughly mixed and 1 ml of the solution was injected into the cell.  Temperature was held constant at 25 °C during the experiment, using the temperature control on the LM14.







[bookmark: _Toc459130719]Results and Discussion
 (
Time (s)
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[bookmark: _Ref442881115]Figure 4.2: Upper: Thermogram for the interaction between 6 mM potassium phytate and 0.4 mM lysozyme in 10 mM ammonium acetate pH 4 at 10C Lower: ITC binding isotherm for the same interaction (closed triangles). Acetate titrated into lysozyme (Crosses). Phytate titrated into acetate (Open triangles). The solid line represents single site binding model fit.
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[bookmark: _Ref442881118]Figure 4.3: Upper: Thermogram for the interaction of 6 mM potassium phytate and 0.4 mM lysozyme in 10 mM ammonium acetate pH 4 at 25C. Lower: ITC binding isotherm for the same interaction (closed triangles). Acetate titrated into lysozyme (Crosses). Phytate titrated acetate (Open triangles). The solid line represents single site binding model fit.
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[bookmark: _Ref442881120]Figure 4.4 Upper: Thermogram: interaction of 6 mM potassium phytate and 0.4 mM lysozyme in 10 mM ammonium acetate pH 4 at 40C. Lower: ITC binding isotherm for the same interaction (closed triangles). Acetate titrated into 0.4 mM lysozyme (Crosses). Phytate titrated into acetate (Open triangles). The solid line represents single site binding model fit.
Titration of ammonium acetate buffer into lysozyme and potassium phytate into buffer showed a negligible ΔH. All 3 titrations showed evidence of two stages of interaction, the first stage shows increasingly exothermic ΔH with each injection producing an upward curvature below 1 phytate-lysozyme molar ratios. There is then a plateau in the exothermicity which finishes at ≈ 1.2 molar ratios at 10C but 25 and 40C ≈1.8 molar ratios. The second stage shows a less favourable exothermic ΔH with each injection. Increasing the temperature from 10 to 40 °C increased the size of the curve in the 1st stage and increased the endothermicity (Figure 4.5). Titration of sodium phytate into ammonium acetate buffer also showed a negligible ΔH. The binding isotherm shown here for the interaction between sodium phytate and lysozyme is similar to that obtained for the potassium phytate-lysozyme interaction at 25 °C (Figure 4.6). Performing the titration at 40 °C decreased the exothermicity of the binding interaction (Figure 4.7).   
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[bookmark: _Ref442881330][bookmark: _Ref442881924]Figure 4.5: ITC binding isotherm for the interaction of 6 mM potassium phytate and 0.4 mM lysozyme in 10 mM ammonium acetate pH 4. 10C (open triangles), 25C (closed circles) 40C (open squares).
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[bookmark: _Ref442881276]Figure 4.6: Upper: Thermogram for the interaction of 6 mM impure sodium phytate and 0.4 mM lysozyme in 10 mM ammonium acetate pH 4 at 25C. Lower: ITC binding isotherm for the same interaction (closed triangles). Acetate titrated into lysozyme (Crosses). Phytate titrated into acetate (Open triangles). The solid line represents single site binding model fit.











 (
     Time (s)
)
 (
Mole Ratio
) (
 Normalised Fit (kJ/mol)        Raw Heat Rate (µJ/s)
)[image: ]
Figure 4.7: Upper: Thermogram 6 mM impure sodium phytate and 0.4 mM lysozyme in 10 mM ammonium acetate pH 4 at 40C Lower: ITC binding isotherm for the interaction (closed triangles). Acetate titrated into lysozyme (Crosses). Phytate titrated into acetate (Open triangles). The solid line represents single site binding model fit. 







[bookmark: _Ref442980324][bookmark: _Ref443229009]Table 4.1: Thermodynamic values derived from ITC binding isotherms for phytate-lysozyme interaction using the one site model at 10, 25 and 40 C. * Undialysed lysozyme and impure sodium phytate. The other values are derived from ITC binding isotherms belonging to the interaction between potassium phytate and dialysed lysozyme. The standard error (bold) and the confidence intervals (italics) are in brackets.
	Temperature
(°C)
	-ΔH 
(kJ/mol)

	-TΔS
(kJ/mol)
	-ΔG
(kJ/mol)

	Stoichiometry
n

	10
	31.7
(±0.6)
(±0.9)
	2.18
(±0.9)
	29.6
(±0.5)
(±2)
	1.65
(±0.03)
(±0.03)

	25
	25.4 
(±0.5)
(±0.5)
	-7.38 
(±0.7)
	32.8 
(±0.3)
(±2.8)
	1.9 
(±0.03)
(±0.01)

	25*
	22.5
(±0.8)
	-9

	31.4
(±3)
	1.9
(±0.02)

	40
	22.6
(±0.2)
(±0.5)
	-12.3
(±0.4)
	34.8
(±0.1)
(±2)
	2
(±0.05)
(±0.02)

	40*
	-19.9
(±0.03)
(±0.5) 
	-12.3 
(±0.06)

	32.4
(±0.2)
(±3)
	1.85
(±0.05)
(±0.02)



Table 4.1 shows that there is some difference in the thermodynamic parameters for the lysozyme interaction between the potassium phytate and the less pure sodium phytate. At 25 and 40 C, the interaction between sodium phytate and lysozyme and is weaker than the potassium phytate-lysozyme interaction for the second stage. The shape of the binding isotherm obtained at 40 °C for the sodium phytate-lysozyme interaction is shallower than the potassium phytate indicating that the free energy of binding is less favourable.  This may be due to the difference in purity and the different counter ion in the preparations. The sodium phytate preparation has an excess amount of ions, in particular sodium. This is in comparison to potassium phytate preparation which is a 95% pure dipotassium phytate salt.  In addition to this, the lysozyme was not dialysed when using the impure phytate preparation. Consequently, a lower level of purity seems to reduce the affinity lysozyme has for phytate. In the following work potassium phytate was used (unless otherwise stated) as the observations witnessed can be better attributed to phytate. 
Inspection of the NMR structures of lysozyme show on average 13 solvent exposed positively charged amino acids (Figure 4.8). 
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[bookmark: _Ref442882171]Figure 4.8: Mapped surface of the electrostatic potential of lysozyme adapted from Schwalbe et al. 271  
From the stoichiometry values, it seems that phytate does not bind to all of these residues. 271 This indicates the possibility that phytate interacts with lysozyme specifically. Non-specific interactions generally give non-sigmodial such as the binding isotherm between polymers and surfactants.217  Furthermore, the affinity is in the micromolar range which is surprising given that the general consensus that phytate binding to proteins is non-specific.  Bound phytate could electrostatically repel other phytates from binding which could provide a degree of specificity. This is interesting given that current models of how proteins bind to substrates do not detail electrostatic repulsion. The lock and key theory assumes that both the protein and substrates have fixed conformations that provide specificity. The induced fit theory describes how specificity is due to substrate induced protein conformational changes. In this particular binding interaction, phytate binds to positively charged amino acids but the negatively charged phosphate groups prevent further phytate binding (Figure 4.9).   
[image: ]
[bookmark: _Ref442882683]Figure 4.9: Lysozyme (red circle) with 13 positively charged residues (open triangles) that could all act as binding sites. Phytate (blue triangle) binds and produces a region of negative charge (blue dashes) making further phytate binding at that region less favourable. Increasing the concentration of bound phytate on lysozyme produces more localised areas of negative charge.
Previous studies have indicated that phytate-lysozyme binding is electrostatic in nature. Bye et al. increased the concentration of NaCl in the presence of lysozyme and phytate and measured the change in protein denaturation temperature (ΔTm) calculated by Differential Scanning Calorimetry (DSC) between the two experiments. They reported that increased NaCl prevented the interaction between phytate and lysozyme restoring the protein denaturation temperature (Tm) of this protein until it matched the level without phytate.241 The thermodynamic measurements presented here suggest that the interaction between potassium phytate and lysozyme is favoured enthalpically with a minor contribution from TΔS. Presumably, the source of the favourable ΔH is electrostatic interaction between phytate phosphate groups and positively charged amino acids. To test this theory the concentration of ammonium acetate was increased from 10 mM to 300 mM (Figure 4.10). The amount of heat detected was reduced significantly indicating that the interaction is purely electrostatic as high salt concentrations screen columbic interactions. Furthermore, this indicates that hydrogen bonding between the phosphate groups on the phytate and amino acids on the protein is unlikely. 
Pig and poultry nutrition is negatively affected by phytate present in the feed.248 This has major economic ramifications for the farming industry and has led to the supplementation of phytase in the feed. However, results on the efficacy of phytase supplementation remain conflicting.258 For example, supplemental microbial phytase did not improve the utilisation of amino acids provided by a soybean meal for pigs.272 Three hundred mM ammonium acetate was found to significantly reduce the interaction between phytate and lysozyme (Figure 4.10). When microbial phytase produces little or no change in amino acid absorption, an alternative could be increasing the ionic strength of the feed. However, if such a strategy was adopted the animals would have to have access to more fresh water. 
Although the conditions in this ITC study are not physiological it is interesting to note that the interaction between phytate and lysozyme still occurs in 100 mM acetate at pH 4. The ionic strength of the buffer is 0.1 M which is approximately the same as the human stomach.273 In addition to this, the pH of stomach is approximately 4 after consumption of food. 274 The thermodynamic parameters for this interaction at different salt concentrations are in Table 4.2. 
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[bookmark: _Ref442882739][bookmark: _Ref443229088]Figure 4.10: ITC binding isotherm for the interaction of 6 mM potassium phytate and 0.4 mM lysozyme in 10 (crosses), 100 (open circles) and 300 (closed squares) mM ammonium acetate pH 4.
The contribution from TΔS is much harder to discern. Kilmister et al. suggested that in ITC studies TΔS had a systematic error due to any endothermic interaction subtracting from exothermic heat changes detected by the ITC. 215 Whilst Lambert has suggested that TΔS as a value for how ordered the system is wrong and it should be taken as a measure of energy dispersal.3 In aqueous systems it is particularly difficult to interpret TΔS. When phytate binds to lysozyme, there will presumably be some change in the degrees of freedom in comparison to the non-bound state where the binding partners exist separately. Additionally, upon binding, both water and buffer ions will be displaced. All of these will contribute either favorably or unfavorably to the TΔS value.


[bookmark: _Ref443933588][bookmark: _Ref442884273]Table 4.2: Thermodynamic parameters for the interaction between lysozyme and phytate in 10 mM or 100 mM ammonium acetate buffer. The standard error (bold) and the confidence intervals (italics) are in brackets.
	Materials
	- ΔH 
(kJ/mol)
	- TΔS 
(kJ/mol)
	- ΔG
(kJ/mol)
	Stoichiometry
n

	
10 mM ammonium acetate 
	
25.4
 (±0.5)
(±0.5)
	
-7.38
 (±0.7)
	
32.8 
(±0.3)
(±2.8)
	
1.9 
(±0.03)
(±0.01)

	100 mM ammonium acetate 
	22.4
 (± 0.5)
(±0.8)
	-4.67
 (± 0.4)
	27.1 
(± 0.1)
(±3)
	2.2 
(± 0.007)
(±0.01)



Performing the titrations at different temperatures allows calculation of the heat capacity of binding (ΔCp). ΔCp provides thermodynamic information regarding the change in hydration of apolar and polar residues of the protein in addition to the ligand itself upon binding.88,214 In most ITC studies, a negative ΔCp is measured which is an indication that water is being displaced from apolar groups.45 Although rare, a positive ΔCp has been measured for binding of mRNA 5’ cap analogue to the eukaryotic initiation factor eIF4E.275 Unfolding of helical peptides is found to have a negative ΔCp which is in contrast to the positive value for protein unfolding.276 The authors suggested the negative ΔCp was due to the exposure of the polar polypeptide backbone to the solvent. Consequently, a positive ΔCp indicates desolvation from polar groups and solvation of hydrophobic groups. Given that phytate does not reduce the melting temperature of the protein to below 60C it is unlikely that hydrophobic groups are being solvated.241 More likely, this is due to water being removed from polar amino acids and the phosphate groups on phytate upon binding. Gallagher and Sharp suggested that ion-ion interactions would have a positive ΔCp.277 However, this is opposed by ions once interacting with the protein becoming more mobile meaning the ΔCp for many electrostatic interactions is negative.277 It seems in this specific example, with the increasing temperature, the increasingly endothermic removal of water from polar groups overrides the exothermic heat change from the increased mobility of ions.  
Although entropy is often readily interpreted, thermograms are typically ignored even though they provide a rich source of information regarding the binding process. Therefore, an interpretation of the salient features of the thermograms has been offered. 
The first injection has been ignored and the preceding changes in the baseline as both are affected by diffusion which complicates analysis. The second injection is exothermic which is attributable to phytate binding to lysozyme; this is then followed by an endothermic concavity with a steady return to baseline. The endothermic concavity disappears by the 3rd injection at 10 °C, the 4th injection at 25 °C and the 5th injection at 40 °C. This was most pronounced at 40 °C (Figure 4.11). In accordance with the NTA data, the most likely cause of the slow endothermic change in the baseline is due to phytate-lysozyme crosslinking. The presence of overlapping exothermic and endothermic reactions would explain why the first stage of the binding isotherm has lower calculated exothermic values for the initial injections. 
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[bookmark: _Ref442882894]Figure 4.11: Upper: Thermogram for the interaction of 6 mM phytate and 0.4 mM lysozyme in 10 mM ammonium acetate at 10 (blue), 25 (green) and 40°C (red). Lower: the binding isotherm for the respective thermogram. 
At 10 °C, there is a slow exothermic return to baseline after a molar ratio of 1.4 (Figure 4.12).  At the higher temperatures, this phenomenon is seen at 1.7 molar ratios. Normally this slow exothermic return to baseline is indicative of a slow dissociation process.  Most likely, it is due to an extensive rearrangement of the phytate-lysozyme aggregate that becomes slower with decreasing temperature and it may be the reason why the stoichiometry of binding at 10 C does not correlate to a whole value. Subsequently, increasing the temperature seems to disrupt formation of these crosslinks as the stoichiometry increases. This is probably due the increased thermal motion within the larger phytate-lysozyme crosslinks breaking them apart.  This could mean that phytate is less able to crosslink proteins to form larger networks within the stomach. 
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[bookmark: _Ref442882943]Figure 4.12: Upper: Thermogram for the interaction of 6 mM phytate and 0.4 mM lysozyme in 10 mM ammonium acetate at 10 (blue), 25 (green) and 40 °C (red). Lower: the binding isotherm for the respective thermogram.
To determine if phytate-lysozyme crosslinks was the cause behind the upward curvature observed at low molar ratios and the slow dissociation kinetics Nanoparticle Tracking Analysis (NTA) was employed. NTA uses a laser beam to scatter light that can then be visualised by a mounted camera. Due to the low refractive index, only protein aggregates of 30 nm more can be detected. This means monomeric lysozyme cannot be visualised. 
Figure 4.13 shows the images from the NTA analysis. NTA analysis using the Nanosight software (version 2.3) identified 2.35 particles per frame for the lysozyme solution. This is most likely dust or other particles in the solution that could not be successfully filtered using a 0.45 µM filter. No particles were visualised for the phytate solution. Increasing the phytate-lysozyme molar ratio to 0.132 greatly increases the number of particles, suggesting phytate-lysozyme crosslinking that could also be occurring in the ITC cell.  Increasing the molar ratio to 0.297 also visibly increases the amount of particles.  Increasing the molar ratio further would again give poor particle counting, as the larger particles have already began to hide smaller particles. Although there were some particles seen in the lysozyme solution in 10 mM ammonium acetate this does not hamper the analysis given the large amount of particles seen when phytate is added to solution. At a molar ratio of 0.132, there are more than 72.43 particles per frame, a substantially larger number than the lysozyme solution which acted as a control. 
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[bookmark: _Ref442883047]Figure 4.13: Video stills from the NTA analysis. Top left: 400 µM lysozyme in 10 mM ammonium acetate buffer pH 4. Top right: 6 mM phytate in 10 mM ammonium acetate buffer pH 4. Bottom left: 6 mM phytate with 400 µM at a molar ratio of 0.132 in 10 mM ammonium acetate. Bottom right: 6 mM phytate with 400 µM at a molar ratio of 0.297 in 10 mM ammonium acetate.
A similar binding isotherm was observed for the interaction of potassium phytate with lysozyme in 100 mM ammonium acetate in comparison to 10 mM acetate (Figure 4.10).  To determine if extensive crosslinking was the cause behind the downward curvature at low molar ratios for this particular binding isotherm, NTA was utilised again. Two solutions of 6 mM phytate and 400 µM lysozyme were looked under the microscope separately. It seems that there were no visible particles. To determine if phytate-lysozyme crosslinking was the cause behind the downward curvature witnessed in this study, the same first two molar ratios used in the ITC study were used the NTA experiment. It seems that at a molar ratio of 0.132, lysozyme-phytate crosslinking occurs. Increasing the molar ratio to 0.297 visibly increases the amount of particles (Figure 4.14).
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Figure 4.14: Video stills from the NTA analysis. Top left: 400 µM lysozyme in 100 mM ammonium acetate buffer pH 4. Top right: 6 mM phytate in 100 mM ammonium acetate buffer pH 4. Bottom left: 6 mM phytate with 400 µM at a molar ratio of 0.132 in 100 mM ammonium acetate. Bottom right: 6 mM phytate with 400 µM at a molar ratio of 0.297 in 100 mM ammonium acetate. 
UV spectrophotometry was employed as a method to look at further crosslinking at higher lysozyme-phytate molar ratios. UV measurements conducted with 6 mM phyate and 0.4 mM lysozyme in 100 mM ammonium acetate at 600 nm showed increasing levels of light scattering which is indicative of particle formation above a molar ratio of 0.6832 (Figure 4.15). Before this molar ratio was reached the absorbance did not alter much from the control (a phytate solution made to the corresponding molar ratio in 100 mM ammonium acetate). 

[bookmark: _Ref442883755]Figure 4.15: UV measurements at 600 nm of 6 mM phytate into 0.4 mM lysozyme in 100 mM ammonium acetate pH 4 (blue diamonds). (Open red squares) 100 mM ammonium acetate with phytate. 
The favourable change in ΔG with temperature could due to the change in crosslink formation. Phytate has a negative charge of -6 at pH 4. 245 The phytate networks would not just sterically hinder access of other phytates to lysozyme they would also produce a shield of negative charge around the protein reducing affinity. Increasing the temperature breaks down the negatively charged networks, into smaller aggregates, which could act to increase affinity. Another possible explanation could be conformational changes that would expose more positively charged regions on lysozyme. This could explain both the increase in affinity and the change in stoichiometry.  
To understand the stoichiometry, the sequence of binding events and the charge of molecules needs to be considered. Lysozyme has a positive charge at pH 4 of +12 18 and phytate has a negative charge of -6.5 Binding of the first phytate would result in a decrease in the net positive charge on the lysozyme from +11 to +6. In the next binding event, the net positive charge on the protein diminishes from +5 to 0. It is possible that the lack of positive charge on the lysozyme then allows lysozyme to aggregate as there is no longer sufficient charge repulsion to keep them apart. 
The stoichiometry value at 10C suggests that lysozyme binds one and half phytate molecules. The half a binding stoichiometry is probably due to phytate-lysozyme crosslinking, rather than a single lysozyme binding half a phytate. Consequently, this could mean that a single phytate binds to two lysozyme molecules. Interpreting the stoichiometry values in this manner means that at 10C, saturation occurs when 3 lysozyme molecules are bound by a 2 bridging phytates. Increasing the temperature to 25 and 40C increases the stoichiometry value to 2. This indicates that 4 lysozyme molecules are crosslinked by 2 phytates. 
The binding isotherm is biphasic and can be separated into two curves. The first curve does not correspond to whole binding stoichiometry. Decreasing the amount of sodium phytate to 3 and 1 mM did allow for better resolution of the binding curve (Figure 4.16). Additionally, there were no initial binding enthalpies of similar strength that is normally seen in binding isotherms. Simulating the binding interaction with two distinct binding sites did not produce the curves witnessed in the ITC study if whole binding stoichiometries were used. This suggests the initial curve is due to a crosslinking event rather than cooperativity. 
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[bookmark: _Ref442883886]Figure 4.16: ITC binding isotherm for the interaction of 3 (open circles) and 1 (closed squares) mM sodium phytate and 0.4 mM lysozyme in 10 mM ammonium acetate pH 4.
There are papers that suggest the favourable increase in ΔH with the first couple of injections is indicative of positive cooperativity, that already bound ligand has a favourable effect on the next binding interaction.144-146 However, the binding isotherm presented here is in a sense misleading. Simulating the curve using the one site binding model (Figure 4.3) shows that a lack of positive cooperativity would actually be a more favourable (more exothermic) interaction than the positive cooperativity occurring (upward curvature at low molar ratios) if ΔH itself is taken as an indication. A better way of describing this behaviour would be that the first initial injections become less endothermic in comparison to the rest of the binding isotherm as the language utilised in previous papers lends itself to a notion of positive cooperativity without any other evidence. It should be noted that a favourable increase in ΔH does not necessarily mean a favourable increase in ΔG as there could be an opposing TΔS. It has been suggested that with biphasic isotherms displaying positive cooperativity, the first curve should have lower affinity than the second curve due to affinity increasing with increasing concentration of ligand. 149,150 
Calculating ΔG for the 1st curve for all three sets of titrations produces erroneous values. This is due to the lack of similar heats at low molar ratios meaning the model has to effectively predict the lower (more favourable) limit of the enthalpy value.  Comparison of the ΔG calculated by both the independent two site and one site model for the 2nd curve suggest that the interaction becomes stronger with increasing temperature (Table 4.3). Trying to model the binding isotherm as cooperative binding produced ΔH of -823 kJ/mol for the first site and 2000 kJ/mol for the second. These values are far too high for the binding interactions and are similar in magnitude but not in sign to protein denaturation ΔH. 
[bookmark: _Ref442884300]Table 4.3: Thermodynamic values derived from ITC binding isotherms for phytate-lysozyme interaction at 25C using the two-site model. The standard error (bold) and the confidence intervals (italics) are in brackets.
	-ΔH1 
(kJ/mol)

	-TΔS1
(kJ/mol)

	-ΔG1
(kJ/mol)

	Stoichiometry
n1
	-ΔH2 
(kJ/mol)

	-TΔS2
(kJ/mol)
	-ΔG2
(kJ/mol)

	Stoichiometry
n2

	30
(±12)
 (±31)
	49.2
(±17) 
	27.7 
	(±3)
(±8)
	0.2 
(±0.06) 
(±0.1)
	-26.6 
(±0.5) 
(±1)
	-5.2 
(±0.8) 
	31.7
 (±0.4)
(±1)
	1.8 
(±0.04) 
(±0.1)



Another argument against biphasic isotherms of this type always being indicative of allosteric cooperativity is one from the original authors of the MWC model. 129 They suggested that allostery was used to regulate metabolism. Those proteins that are allosteric are to be considered a specialised product of selective engineering. 129 To our knowledge lysozyme has not undergone any selective pressure to bind phytate allosterically. Phytate is used as a phosphate storage in plants in addition to acting as a signalling molecule to close guard cells surrounding the stoma.278 Although it can bind to proteases involved in digestion and exogenous protein sources causing malnutrition, there is no evidence that phytate evolved as a method as a plant defence mechanism to deter herbivores. Allosteric cooperativity should therefore be treated as a rare and specialised binding event, and not a mechanism that can be regularly used to explain unusual binding isotherms in ITC data.
Based on the above arguments it is suggested that phytate binding is multisite and occurs independently or at least not positively cooperative. It is also unlikely that this is a form of cooperativity that does not result in a change in ΔG but a change in ΔH – so called isoenergetic cooperativity.139 As this form of cooperativity has no discernible reason to exist. 
Some papers have suggested that networking (otherwise known as crosslinking or a similarly labelled phenomena) assists in further binding interactions.279 This has been labelled cooperative binding. This is sometimes conflated with allosteric cooperativity but they are not the same.138 In many cases, networking or crosslinking describes an interaction that involves the ligand binding to multiple macromolecules. 280 Presumably, crosslinking lysozyme molecules via a bridiging phytate would induce less favourable binding due to the decrease of net positive charge on the two lysozyme molecules.  Therefore, although crosslinking or aggregation may be responsible for the biphasic binding isotherm it does not necessarily mean it induces or is a signature of positive cooperativity. 
The Derjaguin–Landau–Verwey–Overbeek (DLVO) theory of the stability of lyophobic colloids was put forward to describe the behaviour of colloidal suspensions in aqueous electrolyte solutions.281 The theory suggests that the stability of colloidal suspensions is due to a balance of electrostatic repulsion and van der Waals attraction. For particles to aggregate, the repulsive electrostatic repulsion must be overcome and for this to occur, in some cases, the opposing charges must be neutralised. Van der Waals attraction is the consequence of forces between particles. The attractive force drives the formation of larger aggregates. Due to the intricacy of protein structure and the complex interplay of interactions governing protein-ligand formation, DVLO theory perhaps cannot describe the phytate-lysozyme interaction quantitatively. However, it does explain it to some extent qualitatively.  Lysozyme has an overall positive charge that acts to repel other lysozyme molecules in solution. Phytate neutralises the positive charge on lysozyme upon binding. This allows aggregation of phytate-lysozyme complexes due to a lack of charge repulsion and favourable van der Waals forces between the complexes.   
Although this study suggests that, the biphasic nature of these binding isotherms is due to an aggregation or crosslinking event, in some ITC binding isotherms the biphasicity does not appear. Dam et al. studied carbohydrates binding to lectins that are known to form soluble networks, but the titrations were not biphasic. 280,282 Tannins are known protein precipitating agents and their action is thought to be due to crosslinking macromolecules in solution. However, titration of tannins into macromolecule solutions does not always induce the upward curvature at low molar ratios even though some level of crosslinking would be occurring in the cell. 220 It could be suggested that the biphasic nature is due to crosslinking differing protein sites via a ligand or perhaps to an extensive crosslinking process. It is important to point out that crosslinking is not synonymous with positive cooperativity. If crosslinking were a mechanism for positive cooperativity it makes little sense as presumably less soluble lysozyme would be less able to bind phytate.  
Cooper suggested that changing the concentration of the macromolecule would alter the enthalpy significantly if aggregation was present.213 Changing the protein concentration from 0.4 mM lysozyme to 0.184 mM lysozyme in 10 mM ammonium acetate did not significantly alter the enthalpy (Figure 4.17). The change in ΔH between the two titrations was calculated to be 0.3 kJ/mol. However, at the end of both titrations precipitation was clearly visible. Presumably, this is a crosslinking induced precipitation reaction rather than a normal binding interaction. 
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[bookmark: _Ref442884448][bookmark: _Ref442884390]Figure 4.17: Upper: Thermograms for the interactions of  6 mM phytate and 0.4 and 0.184 mM lysozyme in 10 mM ammonium acetate pH 4 at 25 °C. ITC binding isotherm for the interaction of 6 mM phytate and 0.4 (open triangles) and 0.184 (closed diamonds) mM lysozyme in 10 mM ammonium acetate pH 4 at 25 °C. Solid line represents single site independent binding model fit.




[bookmark: _Toc459130720]Conclusion
In conclusion, the ITC study reveals that the phytate-lysozyme interaction is enthalpically driven and the source of this favourable ΔH is most likely electrostatic interaction. The change in stoichiometry suggests a crosslinking process that becomes less favourable with increasing temperature. Additionally, increasing the temperature increases the affinity phytate has for lysozyme. Finally, it is suggested that the apparent initial increase in ΔH for the first few injections should not be taken as allosteric positive cooperativity without thorough inspection, as has been done previously with ITC data, as the biphasic isotherm can be explained by a crosslinking phenomena. In cases where allostery is suspected there should be structural (protein conformational changes), thermodynamic (changing protein affinity for the ligand with increasing concentration of the ligand) and biological (arguments based in terms of evolution) evidence. 














[bookmark: _Toc459130721]Chapter 5: A Continuous Isothermal Titration Calorimetry (cITC) Study of the Interaction between Phytate and Lysozyme
















[bookmark: _Toc459130722]Summary
Continuous Isothermal Titration Calorimetry (cITC) is a method where the ligand solution is continuously titrated over one time interval. This offers the opportunity of thousands of data points meaning the thermodynamics of complex binding modes could be calculated. Continuously titrating a solution of 6 mM phytate into 0.4 mM lysozyme in the presence of 10 mM ammonium acetate produced binding isotherms that had similar shapes in comparison to the ITC studies using incremental injections (iITC). This suggested that the binding stoichiometry at two molar ratios does involve binding to multiple sites. There was a discrepancy at 10 °C between the iITC and cITC binding isotherms. It was suggested that this was due to the crosslinking phenomena becoming more extensive with decreasing temperature. 









0. [bookmark: _Toc459130723]Introduction
Isothermal Titration Calorimetry is a technique that provides enthalpy (ΔH), entropy (TΔS) and Gibbs free energy values (ΔG), stoichiometry (n) by measuring the heat between two interacting partners in solution. This technique has been successfully used to measure the binding thermodynamics between many different types of interactions, including proteins and small molecules, salts and supramolecular macromolecules, micelle formation and DNA-small molecule interactions.7,223,283-285  
Traditionally, ITC experiments are performed using the method of incremental titration. This is where an exact volume of titrant is titrated into the solution in the sample cell at regular time periods.  There are caveats to this approach. For 1:1 binding interactions with normal ligand-macromolecule dissociative steps, an ITC experiment can take at least an hour. More complex interactions require more time and material to discern the binding mode and validate thermodynamic values. Even if more data points are produced for analysis, it may still be difficult to differentiate between different binding modes such as ligands binding cooperatively and independent multisite interactions. 
Continuous titration (cITC) is a method where the ligand solution is continuously titrated over one time interval. This provides many more data points and therefore should ideal to identify correct binding modes and thermodynamic values for complex multisite interactions. The iITC studies using the TA instruments NanoITC can only effectively utilise a maximum of 83 injections meaning there is poor or no resolution of differing binding sites on an isotherm. Consequently, producing thermodynamic parameters from complex binding isotherms is often inaccurate. However, despite ciTC theoretically being able to yield clear binding isotherms for multiple interactions, the technique remains underused despite a vast number of papers investigating these types of binding.146,265,266,286,287 
Another advantage of cITC is that the time taken for an experiment is half the time required to carry out an iITC experiment.288 Presumably, the system is better able to obtain equilibrium if the ligand is injected continuously rather than incrementally. The caveat to this is that an iITC experiment has to be carried out first to make sure that the experiment is baseline resolved, that after each injection the baseline returns to normal (Figure 5.1). Failure to do so may yield inaccurate results from cITC data as the reaction does not reach equilibrium. Furthermore, this can mean the contents of the cell are not being properly mixed during the course of the titration. This also leads to inaccurate resolution of thermodynamic parameters. 
One of the drawbacks of ITC is that it can only be used to measure binding constants within millimolar to nanomolar affinity.289 In practise, the range is approximately three orders of magnitude from a given concentration of the host within the sample cell.288 One of the reasons is the relationship between the macromolecule concentration alongside the stoichiometry (n) and the dissociation constant (KD) which is described by the unitless parameter C known as the c-value (Equation 5.1). 158
	

	(5.1)


C-values are useful in determining the accuracy of thermodynamic parameters generated by ITC (Figure 5.2). Normally c-values within 10 to 100 are highly accurate whilst 100 to 500 are satisfactory.290 Anything above 500 is not useful for more analytical ITC work (such as ranking interactions with enthalpy values that change less than 1 to 2 kJ/mol). Consequently, the macromolecule concentration effectively limits the accuracy. Curves that are too steep are the result of high c-values meaning that KD cannot be accurately determined but the enthalpy and stoichiometry can. Conversely, lower c-values produce curves that are too shallow meaning again that KD cannot be determined nor the enthalpy or the stoichiometry.    
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[bookmark: _Ref442886416]Figure 5.1: Upper section: Thermogram baseline not returning to normal. Lower section: Thermogram baseline returning to normal.
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[bookmark: _Ref442886583][bookmark: _Ref442886558]Figure 5.2: Binding isotherms at varying c-values. 
Markova and Hallén suggest that cITC in theory should be able to measure much larger association constants at the picomolar range.288 They advocate that the shape of the binding isotherm and the number of data points should be able to determine binding constants with good statistical precision. 
Phytic acid is a myo-inositol with six orthophosphate groups linked to it by phosphoester bonds. The conjugate base form the phytic acid is phytate, a molecule known to bind to a number of proteins.241,291,292  The molecule is known to present a nutritional problem for humans. In China, it has been implicated in the malnutrition of rural Chinese by chelating mineral ions.251 Potentiometric titrations have revealed cations bind to phytate providing a possible mechanistic rationale regarding impaired bioavailability of mineral ions in the presence of phytate.242 
This problem is not just limited to human population but presents a problem for the agricultural industry, specifically pig and poultry nutrition. Phytase is an enzyme that can break down phytate into an inositol ring and free phosphates. Phytase addition to a maize-soybean meal based diet increased the apparent ileal digestibility for pigs.293 In vitro studies have suggested that phytate inhibition of digestive enzymes in protein metabolism could be responsible for protein malnutrition.292 However, the evidence for this seems weak. In vitro activity of the proteolytic enzyme trypsin using casein as the substrate was increased by low levels of phytic acid if molar ratios of less than 26 were used.294 In addition, chymotrypsin activity was also increased in the presence of phytate at molar ratios below 11. In light of this evidence, it has been suggested that phytate could increase mucin digestion by irritating the lining of the gut.248 An increase in mucin secretion will directly cause an increase in amino acid flow because mucin is composed of amino acids.260
In this study, we have used lysozyme to mimic the interaction of phytate with positively charged proteins such as trypsin, an enzyme found in the ileum that break downs protein.295 Previous ITC work has demonstrated that lysozyme has two sites that phytate can bind to. However, the binding isotherm did not show that the sites where thermodynamically distinguishable. This makes it an excellent candidate for cITC. 






0. [bookmark: _Toc459130724]Materials and Methods
1. [bookmark: _Toc459130725]Chemicals and Materials 
Hen egg white lysozyme, sodium phytate (≈80% purity), potassium phytate (≥95% purity), acetic acid (99.8%) ammonium acetate were all sourced from Sigma-Aldrich, Gillingham, U.K. Milli-Q water from a Merk-MILLIPORE (Darmstadt, Germany) fountain was used to prepare the reagents. A FiveEasy pH meter (Mettler-Toledo International, Ohio, US) was used to measure the pH of the solutions.
1. [bookmark: _Toc459130726]Isothermal Titration Microcalorimetry
 A Nano-ITC instrument (TA instruments, Texas, USA) was used to measure the binding thermodynamics between phytate and lysozyme at 10, 25 and 40 °C. Phytate and lysozyme were dissolved in 10 mM ammonium acetate buffer at pH 4, unless otherwise stated. Lysozyme was dialysed overnight in 10 mM ammonium acetate buffer pH 4, unless otherwise stated. All solutions were degassed prior to the titrations. Six mM phytate was loaded into the syringe and titrated into the sample cell, which contained 400 µM lysozyme. For the iITC, at least 241.5 µL 6 mM phytate injections into 400 µM lysozyme were made over the course of the titration. In each titration, the reference cell contained water. The time delay between each injection was variable to ensure equilibration and the RPM was set to 200 to ensure thorough mixing of the cell.
For the cITC experiments at 25 and 40C using sodium phytate and undialysed lysozyme, 39.94 µL was injected over a period of 2560 seconds. This time was chosen as it was half the time required for the incremental titration to reach completion. To determine how the presence of salt affects the cITC binding isotherm, 100 mM ammonium acetate was used in the buffer at 25 °C.  For the cITC experiments at 10, 25 and 40C using potassium phytate and dialysed lysozyme, 39.94 µL was injected over a period of 4474 seconds. This time is longer than half the time of the incremental titrations, but was chosen to make sure the reaction reached equilibrium. The data was analysed using the NanoAnalyse software. Both the standard mean error and the confidence intervals are provided. Nano ITC users tend to use confidence intervals as the NanoAnalyse software readily provides this. A confidence interval provides a range that contains the population parameter of interest.  
















0. [bookmark: _Toc459130727]Results and Discussion
Previous iITC work has suggested that phytate binds to lysozyme at a minimum of two different binding sites. However, the technique is unable to determine the differing thermodynamics. This could possibly be due to the small number of injections used in iITC studies. CITC uses thousands of small injections and so is thought to be more able to determine the thermodynamics of complex multisite binding interactions. However, this has yet to be verified as currently cITC has only been used to determine the thermodynamics of 1:1 binding interactions. CITC could provide a valuable technique to determine the thermodynamic parameters of multiple binding interactions with similar binding thermodynamics that are unable to be identified using incremental injections. To this end, cITC was employed to determine the binding thermodynamics between phytate and lysozyme. 
Firstly, ammonium acetate was titrated into a solution of ammonium acetate to determine if there were any issues regarding the syringe mechanism. The amount of heat produced was negligible and corresponds to heats of injections (Figure 5.3). 
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[bookmark: _Ref442888225]Figure 5.3: Upper: Thermogram for injection continuous injection of ammonium acetate into a cell of ammonium acetate. Lower: Heat normalised per mole of injectant
Figure 5.4 shows the binding isotherm of phytate and lysozyme using cITC injecting 39.94 µl over a period of 2560 seconds at 40C. The heats of phytate and lysozyme dilution also shown are negligible in comparison to the heats of the binding between phytate and lysozyme. At ≈ 2 molar ratios, there is a small rise in exothermicity estimated to be about 2 kJ/mol, which is still negligible in comparison to the heats of the binding isotherm. Since it occurs for both controls, it is possibly due to small bubbles. Continuously titrating phytate into lysozyme exhibited an exothermic profile similar to the incremental injection (Figure 5.5). The increasing enthalpy from the baseline to 10 kJ/mol at around 0.1 molar ratios for the binding interaction possibly represents something similar to the “diffusion effect” seen at the start of incremental injections.288 This is where the titrate and the titrant are not properly mixed and so the heat represents an aggregate of both diffusion and binding. The first injection seen in the iITC study is due to diffusion effects. 
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[bookmark: _Ref442888264] (
Time (s)
)Figure 5.4: Upper: Thermogram of 6 mM sodium phytate injected into 0.4 mM lysozyme in 10 mM ammonium acetate at 40 °C (red), phytate dilution into ammonium acetate (blue) and ammonium acetate dilution into lysozyme (black).Lower: Binding isotherm for the corresponding interaction, lysozyme interaction (red), phytate dilution into ammonium acetate (blue) and ammonium acetate dilution into lysozyme (black). Solid line represents single site independent binding model fit.
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[bookmark: _Ref442888297][bookmark: _Ref443254634]Figure 5.5: Upper: Thermogram of 6 mM sodium phytate injected into 0.4 mM lysozyme in 10 mM ammonium acetate Lower: Binding isotherm for the corresponding interaction (closed triangles), phytate dilution into ammonium acetate (open triangles) and ammonium acetate dilution into lysozyme (crosses). Solid line represents single site independent binding model fit.
The cITC binding isotherm shows some noise which is probably due to the crosslinking reaction occurring throughout the titration. At 1.5 molar ratios, there is a decline in exothermicity, which is due to extensive crosslinking. Figure 5.5 is the corresponding iITC study. 
[bookmark: _Ref442888639][bookmark: _Ref442980349]Table 5.1: Thermodynamic parameters calculated using the one site binding model for the interaction with 6 mM sodium phytate and 0.4 mM lysozyme at pH 4 in 10 mM ammonium acetate at 40 °C using either cITC or iITC. The standard error (bold) and the confidence intervals (italics) are in brackets.
	ITC technique
	- ΔH 
(kJ/mol)
	- TΔS 
(kJ/mol)
	- ΔG
(kJ/mol)
	Stoichiometry
n

	cITC 
	21.5
(±0.05)
(±0.06) 
	-11
(±1)

	32.5
(±0.05)
(±9)
	1.89
(±0.05)
     (±0.002)

	iITC
	-19.9
(±0.03)
(±0.5) 
	-12.3 
(±0.06)

	32.4
(±0.2)
(±3)
	1.85
(±0.05)
(±0.02)



Table 5.1 shows the thermodynamic parameters calculated using the one site binding model using both cITC and iITC. Both techniques produced thermodynamic data that showed the interaction was exothermic with a favourable contribution of TΔS yielding a strong ΔG. The stoichiometry suggested the binding was 2 for both techniques used. However, the values do deviate. This could possibly be due to the technical limitations of using cITC to measure the thermodynamics of a multisite binding interaction accompanied by a precipitation reaction. Markova and Hallèn state that accurate thermodynamic analysis of cITC data is only correct when the titration is performed at quasi-equilibrium. For this to occur certain prerequisites have to be met. Firstly, the temperature has to be homogenous over the entire sample. It could be argued, however unlikely, that this is not possible due to the formation of particles. Secondly, it has been argued that this method is not suitable for investigating interactions with slow binding kinetics.288 Figure 5.5 shows the thermogram for the interaction between phytate and lysozyme at 40C. The upward drift in the baseline after approximately 2000 seconds is most likely due to slow dissociation kinetics, that the phytate-lysozyme interaction has a slow koff rate. This could account for the discrepancy in the thermodynamic data for the two techniques. Another issue could be due to the purity of both the lysozyme and sodium phytate preparation. The lysozyme was not dialysed in this study and perhaps more importantly, the sodium phytate has a purity of around 80%. Food chemists routinely use ITC to investigate the binding thermodynamics of mixed preparations and proteins. For example, binding thermodynamics between tannins of differing molecular weights and proteins have been resolved using ITC.220 This approach yields thermodynamic data that can be better interpreted in actuality. Sodium phytate better resembles the form found in rice. Therefore using this preparation is the first step in producing assays that could be utilised for determining the antinutritional effects of this molecule.      
Although both techniques gave somewhat comparable thermodynamic data, the initial aim was to discern the thermodynamics between the differing sites. However, the binding isotherm does not show two different sites at 2 molar ratios. This could be due to two different reasons. CITC, despite using hundreds of injections, is unable to discriminate between binding sites. Alternatively, the binding sites for phytate are so similar in terms of their energetics there is not a comparable difference. The second scenario is likely given the chemistry of suggested binding sites on lysozyme for phytate. Both binding sites would likely be composed of positively charged regions on lysozyme. Previously it has been shown that increasing the ionic strength of the buffer to 0.3 M stopped the interaction between phytate and lysozyme suggesting the binding is purely electrostatic at both binding sites. Given that most likely the interaction is between positively charged regions on lysozyme and negatively charged phosphates on phytate it is also likely that the binding energetics are similar. 
To determine how salt could affect the shape of the binding isotherm, a cITC study was performed in the presence of 100 mM ammonium acetate (Figure 5.6). The shapes of the two repeats look remarkably similar. However, there seems to be a change in the noise between the two cITC repeats.  It is also different from the shape of the cITC binding isotherm performed at 25 °C (Figure 5.7). The enthalpy of binding has also been dramatically reduced due to the increased ionic strength of the solution reducing the strength of the binding interaction. To determine the thermodynamic parameters both the one site model and the two site model were utilised for both titrations in 10 and 100 mM ammonium acetate at 25 °C. For the titration in 100 mM acetate, the two site model was fitted first but produced unrealistic thermodynamic values, such as a ΔH value for the second site of 74 kJ/mol, which is clearly inaccurate from the shape of the binding isotherm. This was despite the standard deviation around the fit being low at 0.996. Moreover, χ2 ((2756) = 0.009, p <0.5.)  meaning the fit was good. Fitting a one site model by removing the data points below 1.3 molar ratios provided the thermodynamic values in Table 5.2. 




[bookmark: _Ref456893671]Table 5.2: Thermodynamic parameters calculated using the one site binding model for the interaction with 6 mM sodium phytate and 0.4 mM lysozyme at pH 4 in 100 mM ammonium acetate at 25 °C using cITC. The standard error (bold) and the confidence intervals (italics) are in brackets.
	- ΔH 
(kJ/mol)
	- TΔS 
(kJ/mol)
	- ΔG
(kJ/mol)
	Stoichiometry
n2

	18.6
(±1)
(±0.4)
	-6.8
(±1)

	25.1
(±0.3)
(±5)
	2.4
(±0)
(±0.03)
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[bookmark: _Ref442888968]Figure 5.6: Upper: Thermogram of 6 mM sodium phytate injected into 0.4 mM lysozyme in 100 mM ammonium acetate. Sodium phytate-lysozyme interaction (teal and red), phytate dilution (blue) and lysozyme dilution (black). cITC study of 6 mM sodium phytate injected into 0.4 mM lysozyme in 100 mM ammonium acetate. Sodium phytate-lysozyme interaction (teal and red), phytate dilution into ammonium acetate (blue) and ammonium acetate into lysozyme (black). Solid line represents single site independent binding model fit.
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)The two site model fitted well to the binding isotherm obtained by titrating 6 mM sodium phytate into lysozyme at 25 °C. The enthalpy of the first site was -8.47 kJ/mol, significantly less favourable than the second site at -18.63 kJ/mol. The ΔG of the first site was -41.8 kJ/mol which is much more favourable than the second site at -28.2 kJ/mol. This means that either the two events are energetically independent or that negative binding cooperativity is occurring. Positive binding cooperativity cannot be occurring due to the less favourable binding energetics at higher molar ratios. The thermodynamic values for the sodium-phytate lysozyme interactions are presented in  Table 5.2. The binding isotherm (Figure 5.7) was highly reproducible but for clarity, some of the repeats had to be omitted. 
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[bookmark: _Ref442889278][bookmark: _Ref442889152]Figure 5.7: Upper: Thermogram of 6 mM sodium phytate injected into 0.4 mM lysozyme in 10 mM ammonium acetate. Sodium phytate-lysozyme interaction (teal and red), phytate dilution (blue) and lysozyme dilution (black). cITC study of 6 mM sodium phytate injected into 0.4 mM lysozyme in 10 mM ammonium acetate. Sodium phytate-lysozyme interaction (teal and red), phytate dilution into ammonium acetate (blue) and ammonium acetate into lysozyme (black). Solid line represents two site independent binding model fit.

Table 5.3: Thermodynamic parameters calculated using the one site and two site binding model for the interaction with 6 mM sodium phytate and 0.4 mM lysozyme at pH 4 in 10 mM ammonium acetate at 25 °C using either cITC or iITC. The standard error (bold) and the confidence intervals (italics) are in brackets.
	ITC technique
	- ΔH1 
(kJ/mol)
	- TΔS1 
(kJ/mol)
	- ΔG1
(kJ/mol)
	Stoichiometry
n1
	- ΔH2 
(kJ/mol)
	- TΔS2 
(kJ/mol)
	- ΔG2
(kJ/mol)
	Stoichiometry
n2

	cITC 
	8.47
(±2)
(±4)
	33.4
(±8)

	41.8
(±3)
(±10)
	0.27
(±0.07)
(±0.01)
	18.6
(±0.5)
(±0.2)

	-10.4
(±0.4)

	28.2
(±0.5)
(±4)
	1.97
(±0.1)
(±0.01)


	iITC
	-
	-
	-
	-
	22.5
(±0.5)
(±0.5)
	-9
(±0.7)
	31.4
(±0.3)
(±3)
	1.9
(±0.003)
     (±0.001)



2. [bookmark: _Toc459130728]Isothermal Titration Calorimetry Binding Studies between Lysozyme and Potassium Phytate
To determine if purity of the chemicals was an issue, the lysozyme was dialysed overnight and potassium phytate which has a purity of 95% was employed in further ITC studies. Furthermore, the injection interval for the cITC study was increased as the potassium phytate-lysozyme interaction takes longer to achieve equilibrium. 
Figure 5.8, Figure 5.9 and Figure 5.10 show the interaction between potassium phytate and lysozyme using cITC at 10, 25 and 40 °C.  This allowed an investigation of how temperature affects binding.  The binding isotherms generated using cITC show oscillating endo-exothermic heats below 1 molar ratio. This is probably due to phytate-lysozyme crosslinks forming in solution. The exothermic profiles produced by cITC are similar in shape to those produced by iITC at 25 and 40C. 
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[bookmark: _Ref442889665]Figure 5.8: Upper: Thermogram of 6 mM sodium phytate injected into 0.4 mM lysozyme in 10 mM ammonium acetate at 40 °C (red), phytate dilution into ammonium acetate (blue) and ammonium acetate into lysozyme (black) Lower: Binding isotherm for the corresponding interaction (red) phytate dilution into ammonium acetate (blue) and ammonium acetate dilution into lysozyme (black). Solid line represents single site independent binding model fit.
However, the titrations at 10 C show a discrepancy in the binding isotherm generated by cITC or iITC (Figure 5.10 and Figure 5.11). Visual inspection of the binding isotherms produced over the temperature range suggests that the binding energetics begin to differentiate at 10C. Figure 5.12 is the thermogram for the interaction of potassium phytate with lysozyme at 40 and 10C.
Above 4000 seconds, there is a change in the kinetics leading to a slow return to baseline in comparison to the thermogram at 40 °C. This slow return to baseline is usually indicative of aggregation.296 Taken here, it most likely represents formation of larger lysozyme-phytate aggregates. The increase in the time it takes to return to baseline with decreasing temperature suggests the time it takes for the aggregates to dissociate increases with decreasing temperature. Most likely, this lag in exothermicity around 1.5 molar ratios is due to an aggregation event not a change in the binding energetics (Figure 5.10).
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[bookmark: _Ref442889667]Figure 5.9: Upper: Thermogram of 6 mM sodium phytate injected into 0.4 mM lysozyme in 10 mM ammonium acetate at 25°C (green), phytate dilution into ammonium acetate (blue) and ammonium acetate into lysozyme (black) Lower: Binding isotherm for the corresponding interaction (green) phytate dilution into ammonium acetate (blue) and ammonium acetate dilution into lysozyme (black). Solid line represents single site independent binding model fit.
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[bookmark: _Ref442891373][bookmark: _Ref443076655]Figure 5.10 Upper: Thermogram of 6 mM sodium phytate injected into 0.4 mM lysozyme in 10 mM ammonium acetate at 25 °C (blue), phytate dilution into ammonium acetate (red) and ammonium acetate into lysozyme (black) Lower: Binding isotherm for the corresponding interaction (blue) phytate dilution into ammonium acetate (red) and ammonium acetate dilution into lysozyme (black). Solid line represents single site independent binding model fit.
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[bookmark: _Ref442890556][bookmark: _Ref443076706]Figure 5.11: (Upper:) Thermogram for the interaction of 6 mM potassium phytate and 0.4 mM lysozyme in the presence of 10 mM ammonium acetate buffer at 10 (blue), 25 (green), 40 °C (red) and the corresponding binding isotherm (lower)
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[bookmark: _Ref442891314]Figure 5.12: Thermogram for the interaction between 6 mM potassium  phytate and 0.4 mM lysozyme in 10 mM ammonium acetate at 10 (blue) and 40C (red)
Fitting the binding isotherms to the one site model for binding isotherm obtained at 25 °C provided thermodynamic values that were in the range of the previous iITC study (Table 5.3). Fitting a two site model produced a large error for the enthalpy of the second stage of the interaction and so was not utilised. 
[bookmark: _Ref442891457]Table 5.4: Thermodynamic parameters calculated using the one site binding model for the interaction with 6 mM potassium phytate and 0.4 mM lysozyme at pH 4 in 10 mM ammonium using either cITC or iITC at 25 and 40 °C. The standard error (bold) and the confidence intervals (italics) are in brackets.
	Temperature
(°C)
	ITC technique

	- ΔH 
(kJ/mol)
	- TΔS 
(kJ/mol)
	- ΔG
(kJ/mol)
	Stoichiometry
n

	25
	cITC 
	29.8
(± 0.8)
	-0.84
	30.6
(± 10)
	1.65
(± 0.002)

	25
	iITC
	25.4 
(± 0.5)
	-7.38 
(± 0.7)
	32.8 
(± 0.3)
	1.9 
(± 0.03)

	40
	cITC 
	31.1
(± 0.1)
	-1.2
	30
(± 10)
	2
(±0.02)

	40
	iITC
	22.6
(±0.2)
(±0.5)
	-12.3
(±0.4)
	34.8
(±0.1)
(±2)
	2
(±0.05)
(±0.02)



The one site model for the binding isotherm obtained for the interaction at 40 °C was not comparable to the previous cITC study. This may have been due to the increase noise in the binding isotherm in comparison to the one at 25 °C meaning a poor fit to the data. 
The noise within the potassium phytate binding isotherms is much larger than the sodium phytate. The structure, solubility of phytate changes in respect to the counter ion and this has effect on nutrition.297 298 Sodium and other ions present in the sodium phytate preparation may have affected the solubility of the protein and the apparent crosslinking phenomena providing binding isotherms that better fitted the two site model.     















0. [bookmark: _Toc459130729]Conclusion
Continuous Isothermal Titration Calorimetry (cITC) is a method where the ligand solution is continuously titrated over one time interval. This offers the opportunity of thousands of data points meaning the thermodynamics of complex binding modes could be calculated. 
The binding isotherms obtained by titrating sodium phytate into lysozyme provided better quality thermodynamic data than the potassium phytate interaction. Fitting a two site model to the binding isotherm obtained for the interaction between sodium phytate and lysozyme at 25 °C showed that positive cooperativity is unlikely to be occurring, given that the ΔG of second site is less favourable than the first site. 
For most of the binding isotherms obtained by the potassium phytate–lysozyme interaction, using either the one site or two site models to estimate the binding thermodynamics produced results that were less accurate than those obtained by incremental injections. The crosslinking phenomenon, which is especially evident below a molar ratio of 1, prevented a proper fit to the thermodynamic data and is most likely due to the aggregation event.  
 





1. [bookmark: _Toc459130730]Chapter 6: Determining the Specificity of Phytate-Protein Interactions


















1. [bookmark: _Toc459130731]Summary
Albumins are major transporters of organic compounds and mineral ions in the blood. Human serum albumin (HSA) is the variant found in human blood, whilst bovine serum albumin (BSA) is the variant found in cattle. Inositol hexakisphosphate, otherwise known as phytate, is a cell signalling molecule found in all mammalian cells. It also exists in crops, seeds and legumes meaning it presents a nutritional problem due to its capability of precipitating both exogenenous proteins and those involved in digestion. Isothermal Titration Calorimetry (ITC) was utilised to measure the Gibbs free energy (ΔG), the enthalpy (ΔH), the entropy (TΔS) and stoichiometry (n) of binding between phytate and these two serum albumins. The ΔG was relatively similar, with 28.0 and 28.8 kJ/mol for BSA and HSA respectively. The binding isotherms were sigmoidal, suggesting a lack of extensive precipitation, but showed two stages of interaction. The first stage was indicative of saturation of binding sites with saturation occurring at approximately two molar ratios for both HSA and BSA. The second stage exhibited endothermic peaks on the thermogram which was taken as a possible dissocation event of phytate from the albumins.  Visual inspection of the binding isotherms shows that the first stage of phytate binding to HSA is more exothermic than binding to BSA. This suggests that the initial binding event occurs at a different set of positively charged amino acids in respect to both the albumins. 
To determine the specificity of the binding interaction the titration was performed in phosphate buffered saline (PBS) buffer at pH 7.4. The pH is well above the isoelectric point (pI) of the protein meaning it has an overall negative charge. Secondly, the high ionic strength of the buffer further prevents non-specific electrostatic interactions between phytate and the albumin. The interaction was completely abolished in PBS buffer at pH 7.4, suggesting the interaction is not specific. This also suggests albumins do not function as extracellular transporters of phytate.  


















1. [bookmark: _Toc459130732]Introduction
Human serum albumin (HSA) is a negatively charged plasma protein which transports numerous substances around the blood such as fatty acids, bilirubin and pharmacologically active molecules. It is one of the most abundant plasma proteins in mammals comprising 60-65% of the total plasma protein in humans.299 HSA has a very high intravascular concentration and so is vital for keeping the oncotic pressure required for the separation of body fluids around the body.300 The protein exhibits a high buffering capacity due to the high number of charged amino acids that are readily titratable.300 HSA has a negative net charge of -19 at physiological pH due to the high number of acidic amino acids in comparison to basic residues.300 
The transport role of HSA has been thoroughly researched. The protein binds a number of organic compounds, proteins and inorganic ions either reversibly or irreversibly.301 This feature has an acute effect on the pharmacokinetics and pharmacodynamics of a drug and so this protein has been of interest to the pharmaceutical industry. HSA lowers the rate of clearance, increases the plasma half-life of the drug and modifies the volume and pattern of distribution.301
Sequence identity is the exact match between amino acids. Typically, a match of 25% or higher indicates similarity in function. Bovine serum albumin (BSA) shares 76% sequence identity with HSA which is visualised in Figure  6.1 as dark blue amino acids. The remaining 23% amino acids are coloured from light blue to orange. Light blue and green represent those amino acids that are less stable but can still be accommodated within the structure.  Orange and yellow amino acids are those that are not stable within the structure and are unfavourably positioned. 302
BSA performs the same function as HSA in cows, carrying a range of endogenous and exogenous ligands. The similar structure and function mean that BSA is often used to study ligand-albumin interactions most probably because it is cheaper to obtain than HSA. 
[image: ]
[bookmark: _Ref443076789]Figure  6.1: Crystal structure of HSA showing the level of sequence identity between HSA and BSA using the structures provided by Wang et al. 303 and Bujacz. 183 
1. [bookmark: _Toc459130733]Structure of Human Serum Albumin and Drug Binding Interactions 
The structure of both HSA and BSA is heart shaped with three homologous domains. Both proteins have a high-helical structure of about 67%, but contain no β-sheet secondary structure.227,304 A number of crystal structures have been produced of HSA with and without ligands. Despite the high level of sequence identity, crystallising BSA has proved a much more difficult task, with only two crystal structures produced to date. 
There is a widely accepted notation among those whom investigate drug-HSA interactions that there are two main ligand binding sites, named Sudlow site I (warfarin binding site) and Sudlow site II (indole-benzodiazepine binding site).305
Sudlow site I binds large heterocyclic and negatively charged compounds. 306 Kragh-Hansen et al. suggested that the binding site is large and flexible, as it can bind to a diverse set of molecules in terms of size and structure.307 Additionally, both enantiomers of warfarin bind to Sudlow site I with equal preference, which is also symptomatic of binding sites with high flexibility.307,308 Drugs that bind to site I show similar association constants for both HSA and BSA. For example, luteolin, a flavonoid, binds to all rat serum albumin, HSA and BSA with the same affinity.309 However, there are some exceptions, ochratoxin A, a mycotoxin, binds to BSA with an association constant of 3.02 × 106 whilst HSA binds with an association constant of 44 × 106.309 
Trp214 is found in Sudlow Site II, a partly hydrated residue which is important for fluorescence studies.310 It binds to smaller negatively charged ligands such as indoles and diazepam. There is more variation for drug binding constants at these sites compared to site 1 for BSA and HSA. For example, equilibrium dialysis experiments showed that BSA binds diazepam with an association constant of 0.16 × 104, whilst HSA bound diazepam at two different sites within site 1 with association constants of 17 × 105 and 1.78 × 104.311 
1. [bookmark: _Toc459130734]Phytate 
Inositol hexakisphosphate (InsP6) was originally discovered as phosphate storage molecule in plants, providing its other name, phytic acid. Phytic acid is one of the most abundant intracellular inositol phosphate species in mammalian cells, ranging from 10 to 60 µM, with evidence suggesting that phytate may exist in the cytolsolic department as well as being compartmentalised within the cell, potentially bound to protein.254 
Liquid Chromatography–Mass Spectrometry identified that phytate plasma levels in the human plasma are in the range of 8 nM to 8 µM.312 The finding that phytate is present in human fluids is relevant as health food companies are selling it as health supplement. Previous work has suggested that phytate could have an anticancer activity.313 UV radiation in the form of sunlight has been shown to induce skin cancer. One group of mice received UVB exposure and were fed 2% phytate in drinking water whilst the other group were exposed to solely UVB. The phytate fed mice had a lower tumour amount than those that were just exposed to UV indicating a potential antiphotocarcinogenic effect of phytate in drinking water. 314
However, High Performance Liquid Chromatography (HPLC)  studies performed by Wilson et al. identified that the concentration of phytate in human fluids was much lower (below nanomolar concentrations) suggesting there was no extracellular phytate.315 Furthermore, it raises the validity of phytate  as a health food supplement as increasing the dietary levels of InsP6 did not increase the levels found in the blood or urine.252 Grases et al. performed a study where seven healthy volunteers were put on a phytate poor diet and then at a later stage on a diet containing phytate. In contrast to the studies performed by Letcher et al. there were increased levels of phytate found in the plasma of those fed a phytate rich diet of 0.393 µmol, a level significantly higher than those on phytate deficient diet of 0.106 µmol. In addition to this, there were increased levels of phytate found in the urine. However, a separate study performed by Letcher et al. could not find detectable levels of phytate in the urine despite the assay having sensitivity reportedly in the nanomolar range. Even though diet could affect these results and this was not controlled for in the latter study, the reported sensitivity of the assay was (<5 nM) so some detectable level would have been expected given the basal level reported by Grases et al. It was suggested that the discrepancy was due to the techniques utilised rather than the diet of the volunteers. Grases et al. uses ion chromatography and dephosphorylates the phytate into inositol which is then measured using mass spectrophotometry. This method relies on the ion chromatography to be able to purify phytate from other phosphorylated inositols. If it does not, then the amount of phytate will seem higher in the sample being studied. Letcher et al. used a polyacrylamide gel electrophoresis based method that allows the visual detection of phytate. The latter method is a direct measure of phytate so it may be more accurate. They suggest the reason that why extracellular phytate is so low is that an extracellular phosphatase breaks down phytate into Ins(1,2,4,5,6)P5 suggesting that no extracellular phytate can exist. However, the original authors that discovered the enzyme suggested that it was a protective measure by cancer cells to protect against phytate.316 In addition to this, cancerous cells may release phytate upon necrosis meaning the enzyme may also have a role in recycling inositol and phosphate allowing for further mitosis.316 BSA is known to bind anionic ligands and so it could be suggested that the discrepancy between the studies may be possibly be due to albumins binding phytate either irreversibly or strongly. In addition to this if phytate does have an anticancer role, it is vital to determine how it could be transported around the blood and how strongly it binds to BSA.
Phytate is believed to have a signalling function, notably a role in activating protein kinase c which then acts to increase insulin secretion.317 has also been shown to be integral in mRNA transport by increasing the catalytic efficiency of enzymes involved.318 Additionally, crystallography revealed ADAR2, an RNA editing enzyme, could be stabilised by phytate. Expressing the enzyme in an phytate deficient mutant abolished RNA editing activity.319 
Although there are numerous roles for endogenous, cellular phytate required for homeostasis, exogenous phytate found in animal feeds presents a nutritional problem.291 Phytate has been shown to reduce the solubility of both mineral ions and proteins in seeds impairing nutrient bioavailability, as monogastic animals such as pigs and chickens do not have the enzymes required to break down phytate.248 Furthermore, evidence suggests that phytate-protein complexes are less susceptible to proteolysis than protein alone.248,292 
Phytate is a negatively charged molecule which meaning it could have a high binding propensity to positively charged proteins. Shears has suggested that while electrostatic interactions can contribute to specificity, in other situations, they may assist in non-specificity.253 This degree of non-specificity has not been accounted for in a number of assays and this has led to binding constants with a measure of error. Subsequently, Shears has suggested that assays that use ideal conditions (low ionic strength) may be unsuitable to gauge the interaction between phytate and macromolecules in the cellular environment. 
Another way to prevent non-specific electrostatic interactions is to use a pH that is above the isoelectric point (pI) of the protein. The pI of the protein is the pH at which a molecule carries no net charge. At a pH above the pI the protein will carry a net negative charge. Conversely, at a pH below the pI the protein will carry a net positive charge. Therefore electrostatic interactions are strengthened if the pH is below the pI. Consequently, using a buffer at the same pH as in vivo conditions is necessary to a gain a better estimation of the binding interaction.   
Previous work has suggested that both pI and the number of charges are important in the binding interaction between macromolecules and phytate. The binding of phytic acid to glycin, a protein found in soybean, was investigated using gel filtration chromatography and turbidity measurements with subsequent analysis using phosphorous detection and UV-vis spectrophotometry to determine the amount of protein.270 At pH 4.9, no binding could be identified. Below this pH, binding that resulted in insoluble complexes occurred. This was below the pI of the protein of 5, suggesting an important factor in the phytate-macromolecule structure activity relationship.320  The extent of phytate-protein interaction in corn germ, soybean flakes, and sesame meal was measured using gel filtration chromatography and electrophoresis.321 The composition of basic amino acids did not correlate with phytate binding which is surprising given the electrostatic nature of the phytate-protein interaction. 
It should be noted that precipitation is not synonymous with binding.   It has been suggested that highly charged anions such as phosphate and sulphate can remove water from proteins facilitating protein-protein interaction and subsequent precipitation. This does not require binding to the protein surface. More to the point, the gel filtration study was only capable of showing that binding occurred rather than providing an accurate measure of the binding interaction. 
The aim of this ITC study is to determine the specificity of the phytate-protein interaction by using both HSA and BSA. Similar binding thermodynamics would suggest similar binding sites on the homologous proteins. In addition to this, a titration was performed using 10 mM phosphate, 2.7 mM potassium chloride and 137 mM sodium chloride at pH 7.4 with BSA and phytate. The pI of BSA is 4.7 meaning at pH 7, the protein has large negative charge. A binding site should have a structure that makes specific interactions with the ligand and provides a degree of shape complementary. There are several pockets of positive charge on BSA at pH 7 meaning binding should still occur to some extent if there is a specific recognition motif. This could not be done using lysozyme as the pI of this protein is 11 meaning the experiment would have to be done at pH 12. Such high pH may negatively affect the stability of lysozyme during the long periods required for the titration. The ITC results suggest that the interaction is not specific, with binding only occurring below the pI of BSA. Furthermore binding appears to be isoenergetic (similar ΔG) between both BSA and HSA, suggesting binding occurs at positive amino acids, but perhaps a different set.  For both HSA and BSA, phytate binding was enthalpically favoured and entropically disfavoured for both proteins. 





1. [bookmark: _Toc459130735]Materials and Methods

2. [bookmark: _Toc459130736]Chemicals and Materials
Bovine serum albumin and human serum albumin (essentially fatty acid free and essentially globulin free, ≥99%), (potassium phytate (≥95% purity), acetic acid (99.8%) ammonium acetate, phosphate buffered saline (PBS) were all sourced from Sigma-Aldrich, Gillingham, U.K. Milli-Q water from a Merk-MILLIPORE (Darmstadt, Germany) fountain was used to prepare the reagents. A FiveEasy pH meter (Mettler-Toledo International, Ohio, US) was used to measure the pH of the solutions.
2. [bookmark: _Toc459130737]Isothermal Titration Calorimetry
 A Nano-ITC instrument (TA instruments, Utah, US) was used to measure the binding thermodynamics between phytate and BSA or HSA at 25 °C. Phytate and the protein were dissolved in 10 mM ammonium acetate buffer at pH 4 or PBS buffer at pH 7.4. The proteins were then dialysed in that buffer overnight.  All solutions were degassed for 20 minutes prior to the titration. BSA was made up to either 0.346 mM or 0.149 mM and loaded into the sample cell, whilst the syringe contained either 2.6 mM or 2 mM phytate respectively. For the HSA experiments, 2 mM phytate was loaded into the syringe and the sample cell contained 0.149 mM HSA. For the HSA experiments at least 340.89 µL 2 mM phytate injections into 0.149 µM HSA were made over the course of the titration. For the BSA experiments at lower concentrations, 450.89 µL 2 mM phytate injections into 0.149 µM BSA were made over the course of the titration. For the BSA experiments at higher concentrations, at least 350.89 µL 2.6 mM  phytate injections into 0.346 mM BSA were made over the course of the titration. In each titration, the reference cell contained water. The time delay between each injection was variable to ensure equilibration and the RPM was set to 285 to ensure thorough mixing of the cell. Data analysis was performed using the NanoAnalyse software (TA instruments, Utah, US). The enthalpy of dilution of phytate was subtracted from the raw data. By using NanoAnalyse, raw heat data was integrated peak by peak and normalised per mole of injectant to get a plot of observed enthalpy change per mole of phytate against phytate/protein molar ratio. The first injection was erroneous due to diffusion effects and was subsequently discarded from analysis for the one site binding model. To help with the fitting procedure a constant was applied to the data that subtracts the area data above 0 µJ.   Both the standard mean error and the confidence intervals are provided. Nano ITC users tend to use confidence intervals as the NanoAnalyse software readily provides this. A confidence interval provides a range that contains the population parameter of interest.  













1. [bookmark: _Toc459130738]Results and Discussion
 (
Time (s)
)In this investigation, the interaction of phytate with both BSA and HSA was investigated by ITC in both PBS and 10 mM ammonium acetate buffer. Titration of phytate into both 10 mM ammonium acetate buffer and PBS buffer showed a negligible ΔH as did titration of these buffers into the proteins. For each protein-phytate interaction studied in 10 mM ammonium acetate pH 4, an exothermic interaction was observed. Figure 6.2 and Figure 6.3 show ITC binding isotherms for both phytate binding to HSA and BSA respectively. The plots are sigmoidal but show evidence of a main primary event and a weak secondary event after two molar ratios. 
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[bookmark: _Ref442885349]Figure 6.2: ITC binding isotherm for the interaction of 2 mM potassium phytate and 0.149 mM HSA in 10 mM ammonium acetate at 25 °C pH 4 (closed circles). Acetate titrated into HSA (Crosses). Phytate titrated into acetate (Open triangles). Solid line represents single site independent binding model fit.
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[bookmark: _Ref442885367]Figure 6.3: ITC binding isotherm for the interaction of 2 mM potassium phytate and 0.149 mM BSA in 10 mM ammonium acetate at 25 °C pH 4 (closed circles). Acetate titrated into BSA (Crosses). Phytate titrated into 10 mM acetate (Open triangles). Solid line represents single site independent binding model fit.
At low molar ratios, the binding interaction led to an exothermic response, which decreased in size with successive injections indicative of saturation of binding sites on the protein and favouring equilibrium formation of protein-phytate complexes. The return to baseline was slow, approximately 300 seconds between 0.07 and 0.9 molar ratios, indicating a slow dissociation step of phytate from the albumins. Increasing the molar ratio of phytate increased the time taken to reach equilibrium. At approximately, 1.5 molar ratios, the time taken for phytate to dissociate from the albumins was approximately 500 seconds.  At higher phytate-protein molar ratio of 2 and above, small but notable exothermic peaks were observed beyond binding saturation even though heat effects from phytate dilution were corrected for.  
 This is a familiar feature of many tannin-macromolecule interactions. Titration of tara-gallotannins into gelatin produced small exothermic peaks at tannin-macromolecule molar ratios beyond 200:1 which was attributed to non-specific interactions with gelatin.226 Titration of pentagalloyl glucose into ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) also produced small exothermic peaks at molar ratios beyond 800 tannin-macromolecule molar ratios which is much more than the protein could accommodate on the surface given a simple surface absorption model. The authors suggested two possible reasons. The first could be due to pentagalloyl glucose binding to pentagalloyl glucose already bound forming a tannin-multilayer. The second could be due a change in oligomerisation state for Rubisco allowing further tannin binding to the exposed regions of the subunits.287 For the interaction presented here, for both HSA and BSA, it is unlikely that a multilayer of phytate bound to already bound phytate on the protein is occurring. Phytate is negatively charged and so given the nature of electrostatics, it would be expected that phytate would repel bound phytate. It is possible that phytate is interacting with other smaller positively charged regions on the protein. However, it would be expected that the interaction would be exothermic rather than endothermic given that phytate binding to the albumins is exothermic. Ionic strength is known to be crucial in electrostatic interactions. It is possible when the cell concentration of phytate reaches 0.264 mM it begins to screen, thus promoting dissociation of phytate from the protein. 
The favourable change in enthalpy is most likely due to an electrostatic interaction between the negatively charged phosphate groups on the phytate and the positively charged amino acids on the albumin surface. However, care must be taken when interpreting enthalpy values for both proteins, as this represents global heat changes such as precipitation in addition to binding. Another issue is trying to calculate accurate enthalpy values from the binding isotherms. The second stage of the interaction does not allow a good fit to the data as heat production never reaches 0 µJ. A similar problem has been encountered with those who study tannin-macromolecule interactions. A number of biochemists using ITC to investigate tannin-macromolecule interactions present both the one and two site models.163,204. Using the two site model to calculate energetics of the binding isotherm provided worse confidence intervals and unrealistic values. To determine the thermodynamics using the independent site model, two approaches could be utilised. The data points for the second stage could be removed prior to analysis to help the fit. Fitting the data in this manner produced a large error in the enthalpy value as the model effectively estimates the upper (less favourable) limit of the enthalpy value.  An alternative approach is to use a constant that reduces the heat for the second stage to zero. This provides a more accurate value for the ΔG of binding for the initial event. However, the ΔH value must be treated with caution as it is the summation of two opposing ΔH. 
Although the enthalpy values must be treated with caution, a simple inspection of Figure 6.4 demonstrates that the interaction between HSA and phytate is far more exothermic than that of BSA and phytate. BSA and HSA exhibit 75% sequence identity, this means 25% are not identical. BSA has 99 acidic amino acids, whilst HSA has 98, both proteins have the same number of basic amino acids. However, the amino acid composition is different meaning although the pI of the protein is the same, the number of particular amino acids is different. This variation in composition could be responsible for the differing enthalpies of binding between HSA and BSA. The thermogram for the binding isotherm between BSA and phytate is slightly noisy. Increasing the amount of phytate increases the amount of heat effectively increasing the signal to noise ratio. This means the amount of protein also has to be increased to achieve a molar ratio that allows a good fit to the data. To improve the quality of the thermodynamic data, the BSA concentration was increased to 0.346 mM from 0.149 and the concentration of phytate was increased to 2.6 mM (Figure 6.6). 
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)Figure 6.4: Binding isotherms for 2 mM potassium phytate titrated into HSA (open squares) and BSA (closed circles) both at 149 µM in 10 mM ammonium acetate pH 4 25 °C. 
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Figure 6.5: ITC binding isotherm for the interaction of 2.6 mM potassium phytate and 0.346 mM BSA in 10 mM ammonium acetate at 25 °C pH 4 (closed circles). Acetate titrated into BSA (Crosses). Phytate titrated into acetate (Open triangles). Solid line represents single site independent binding model fit.
 
Table 6.1: Thermodynamic data for the interaction of phytate with BSA and HSA at 25°C. The standard error (bold) and the confidence intervals (italics) are in brackets.*The concentration of BSA was increased from 0.149 to 0.346 mM.
	Protein
	-ΔH 
(kJ/mol)

	-TΔS 
(kJ/mol)
	-ΔG
(kJ/mol)

	Stoichiometry

	BSA
	
71.4
(±5)
(±4)
	
44.1
(±6)

	
27.5
(±0.6)
(±2)
	
1.17
(±0.02)
(±0.04)

	HSA
	105
(±13)
(±7)
	77.4
(±13)

	
27.7
(±1)
(±1)

	
1.5
(±0.1)
(±0.06)


	BSA*
	79.6
(± 2)
(±5)
	51
(± 2)

	
28.
(± 0.3)
(±2)

	
0.85
(± 0.04)
(±1)




The ΔG of binding between both HSA and BSA appears to be the same even when the concentration of BSA is increased. Inspection of the binding isotherms shows that the interaction with phytate and 149 µM HSA is still more exothermic than the interaction of phytate with 346 µM BSA (Figure 6.6).  
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[bookmark: _Ref442885541]Figure 6.6: Binding isotherms for 2.6 mM phytate into HSA at 149 µM (open squares) and BSA at 346 µM (closed circles) in 10 mM ammonium acetate pH 4 at 25 °C.  
Entropy-enthalpy compensation is described as process where any changes in enthalpy are counterbalanced by changes in entropy and vice versa meaning no change in the association constant. A very simple example would be where a ligand has been optimised to make more bonds with the binding site (yielding a favourable increase in enthalpy) but both the ligand and the binding site are less flexible (yielding an unfavourable decrease in entropy). To prevent this, some medicinal chemists have began engineering drugs to hydrogen bond to structured regions of the protein as they carry less entropic penalty. Another approach considers making bonds to functional groups already bonded, meaning less entropic penalty has to be paid.7 Others have suggested that entropy-enthalpy compensation is an artefact due ligand concentration errors.90 Despite the source being an artefact or real, it is still a frustration for those involved in drug optimisation. Since the ΔG of binding are the same for both HSA and BSA it seems entropy-enthalpy compensation exists between the two binding sites. This illustrates the problem of entropy-enthalpy compensation for medicinal chemists. That even presumably the binding sites are dissimilar (as evidenced from the differing ΔH), the ΔG remains relatively similar.  
Lumry and Ranjander suggested entropy-enthalpy compensation was a general property of any interaction carried out in water.13 Both the protein and the ligand are solvated and upon binding there is a degree of desolvation and change in conformation of both the ligand and the protein effecting a change in the free volume of adjacent water. Later on Chervenak and Toone performed a number of protein-carbohydrate ITC studies in both heavy and normal water.322 Deuterium bonding is 10% stronger than hydrogen bonding meaning it provides a measure of solvent reorganisation enthalpy. For those systems studied the solvent reorganisation enthalpy provided 25-100% of the overall global enthalpy change but there was no real change in the ΔG of binding.322 This reinforces the conclusions made by Lumry and Ranjander. It may also provide a reason why the ΔG of binding between HSA and BSA for phytate remains the same but the TΔS are different. 
Leffler’s work on entropy-enthalpy compensation for a series of chemical reactions specified a temperature range where the activation energies and equilibrium constants did not change.91 Performing the experiments at temperatures beyond the compensation temperature in some situations changed the enthalpy without a corresponding change in entropy. Since the binding of phytate to BSA and HSA is isoenergetic it would have been interesting to see if altering the temperature would cause more variation in the binding constant for the two proteins. 
The ITC binding isotherm for both interactions was sigmoidal meaning there is less evidence for cooperative binding or an extensive precipitation phenomena. Both BSA and HSA have pI of 4.67-5.3 meaning that at pH 4, both proteins have a slightly partial to neutral charge. Gel filtration studies have shown that incrementally lowering the pH below the pI increases precipitation.270 Performing these experiments at pH 4 means there is minimal levels of precipitation as the negative charges on the proteins repel each other keeping a level of solubility. The stoichiometry of binding suggests that one phytate binds to one molecule of either BSA or HSA. 
Entropy is often interpreted as a level of disorder in the system. This has been suggested to be an incorrect description due to Equation 6.1. 3,323
	

	(6.1)


The entropy (S) of an ideal gas is equal to W, which is the number of microstates corresponding to a given macrostate and kB is the Boltzmann constant. Pitzer, quoted by Kozliak and Lambert indicated that for one mole of a substance at 0 K cannot be described as ordered having 1026,000,000,000,000,000,000 possible microstates, a microstate being the arrangement of energy of each molecule at a specific time.  Kozliak and Lambert suggest that the only correct description of entropy change involves the change in the dispersion of energy as a function of temperature across a number of accessible microstates.323 Interpreting the entropy change in this way means the number of accessible microstates has increased upon binding.
The serum albumins are known to carry both exogenous and endogenous ligands around the body. This has been exploited by medicinal chemists to as it can change the half-life of a drug and distribution.324 For the titrations carried out in PBS buffer, pH 7.4 at 37 °C, no binding isotherm for the interaction between BSA and phytate was observed (Figure 6.7). This means that BSA binding to phytate present in extracellular fluids is unlikely. Blood is composed proteins, dissolved gasses and mineral ions such as potassium, magnesium, calcium and sodium.  It is possible that phytate is not protein bound in the blood but is bound by cations, since in the blood albumins are typically the carriers of negatively charged ligands. It is also means that the albumins do not prevent phosphatase action on phytate. If they did, it may provide some reason as to why there are large discrepancies between studies on how much phytate exists in the extracellular space as albumin binding to phytate would affect clearance from the blood. 
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[bookmark: _Ref442886111][bookmark: _Ref442886076]Figure 6.7: Upper: Thermogram of the interaction of 2.6 mM potassium phytate and 0.346 mM BSA at 37 °C. Lower: Binding isotherm for the same interaction. 
Increasing the pH well above the pI means that BSA has an overall net negative charge. This could mean that even though there are positively charged regions on the surface of BSA, the overall net negative charge acted to the repel phytate from these areas. This suggests that pI is crucial in determining the specificity of the phytate-protein interaction which is supported by previous studies. 


1. [bookmark: _Toc459130739]Conclusion
The binding interaction between phytate and the albumins has been explored. The interaction is favoured enthalpically, but entropically disfavoured yielding a favourable Gibbs free energy of binding. The binding isotherm is sigmoidal, but shows two stages of interaction. The first stage is exothermic, but becomes decreasingly so as the number of binding sites become saturated with phytate. The second stage which occurs at higher molar ratios is endothermic, which was suggested to be due to excess phytate in the system screening electrostatic interactions and thus shifting the equilibrium towards the unbound state. The phytate interaction with HSA was more exothermic than BSA but the Gibbs free energy of binding for the two proteins was similar meaning that entropy-enthalpy compensation existed between the two binding regions. 
To determine the specificity between phytate and the albumins, the interaction was performed in PBS buffer at pH 7.4 with BSA. No detectable interaction could be measured which suggests that interaction does not involve a specific recognition motif. Furthermore, this suggests that phytate is not transported in the extracellular space by the albumins.  








[bookmark: _Toc459130740]Chapter 7: Conclusions and Future Work

1. [bookmark: _Toc459130741]Main Conclusion
Biphasic binding isotherms produced by Isothermal Titration Calorimetry (ITC) experiments are found in number of areas including materials science, food chemistry, inorganic chemistry and cellular biochemistry. They are routinely suggested as being evidence of cooperative binding, that the initial binding events have a favourable effect on subsequent binding events. However, in some instances, the reasoning behind classifying these binding isotherms as examples of cooperative binding seems lacking.  Data is presented that shows these binding isotherms may be indicative of crosslinking, rather than discrete binding events.
1. [bookmark: _Toc459130742]Modes of Binding for Tannic Acid and Proanthocyanidins to Biopolymers
Tannin-protein interactions occur in both the natural and commercial world.186,325,326 Tannins play an important role in a number of agricultural, nutraceutical and food industries.327-329 Tannin-protein interactions are responsible for the astringent quality of wines, the distribution of phenolics throughout the body and a whole range of antinutritional effects by binding to both endogenous proteins (dietary enzymes) and exogenous proteins.186,192,330 Therefore discerning the strength and specificity of how tannins binds to proteins is of vital importance to a number of industries. Previous work has suggested that in the case of some tannins, the initial binding event increases the binding affinity of subsequent binding events.144,145 This was supported by ITC binding isotherms that showed an increase in the favourable enthalpy at low molar ratios and then a decrease in the favourable enthalpy at higher molar ratios.  These have been described as biphasic or two stage. It was suggested that the increase in binding affinity was due to tannins crosslinking other free binding partners allowing for better binding as the number of crosslinking occurs. Originally, the mechanism behind protein-tannin positive cooperativity could only be applied to peptides exhibiting very little secondary structure. Longer peptides are better able to “wrap around” polyphenols consequently increasing affinity by a number of interactions.200
ITC binding isotherms between tannic acid and BSA showed evidence of binding isotherms that were previously been identified as being evidence for positive cooperative binding. Firstly, proteins such as BSA exhibit fairly rigid tertiary structure meaning it is unlikely that BSA would be able to “wrap around” tannins.   In addition to this, performing the titration at 10 °C produced a monophasic binding isotherm. Secondary structural changes monitored by Circular Dichroism showed no variation over the temperature range suggesting that conformational change was not responsible.  This raised questions regarding the nature of the crosslinking induced positive cooperativity model. Crosslinking was occurring throughout the titration and therefore positive cooperativity should therefore be occurring independent of the 10-25 °C temperature range utilised in this study. Since there was no evidence of positive cooperativity at 10 °C other alternatives were explored.  In view of the fact that the titration of tannic or tetrameric proanthrocynadin into polyproline was monophasic, it was suggested that the biphasicity was due to crosslinking macromolecules at regions of vastly different amino acid composition, and this becomes apparent between 25 and 10 °C due to water displacement becoming more or less favourable. However, it is possible that the reason why tannin-protein binding isotherms are not two stage at 10 °C could be due to decreased aggregation or crosslinking. Indeed, the reason why biphasicity is not present in the tannin-polyproline binding isotherms maybe due to decreased crosslinking or aggregation in comparison to the tannin-protein interactions. 
Performing the ITC experiments at different temperatures allowed a better understanding of the thermodynamics of tannin-protein interactions. Titration of octomeric proanthocyanidin at 10, 25 and 35 °C showed that the initial binding interactions at low molar ratios could be due to the tannin binding primarily at the hydrophilic backbone due to the increase in endothermicity with increasing temperature. At higher molar ratios, there was an increase in exothermicity with increasing temperature meaning the hydrophobic effect was operating. The molecular origins of this could be due to tannin binding to tannins already bound to the protein.
1. [bookmark: _Toc459130743]An Isothermal Titration Calorimetry Study of a Multisite – Electrostatic Binding Interaction between Lysozyme and Phytate
Isothermal Titration Calorimetry (ITC) was used to measure phytate binding to lysozyme. Phytate is known to affect the bioavailability of nutrients by binding to both exogenous and endogenous proteins and so providing a mechanistic rationale and thermodynamic values is of the upmost importance.250 The binding isotherm showed two stages which is normally interpreted as favourable (positive) cooperative binding of a ligand to a macromolecule.150,266,286 However, Nanoparticle Tracking Analysis (NTA) identified small aggregates (a large assembly of molecular species) at low molar ratios used in the ITC study suggesting a crosslinking event rather than positive cooperative binding.   ITC revealed the interaction to be favourable with an association constant in the micromolar range and favourable contributions from both entropy and enthalpy. The source of the favourable enthalpy was suggested to be due to electrostatic interaction between the phosphate groups on the phytate and positively charged amino acids on the protein. This was supported by performing the titrations at 100 and 300 mM ammonium acetate. At 100 mM the exothermicity and the Gibbs free energy became less favourable. Whilst at 300 mM ammonium acetate the interaction was no longer present.
The stoichiometry of binding provided evidence of temperature dependent lysozyme-phyate complex formation, being more prevalent at lower temperatures. This has implications for pig and poultry nutrition as the temperature of food and drinking water could affect bioavalibility of proteinaceous nutrients.
7. [bookmark: _Toc459130744]Future work
Characterising the phytate-lysozyme complexes using the Nanoparticle Tracking Analysis (NTA) software over a wider concentration and temperature range would benefit the mechanistic rationale behind the biphasic phytate-lysozyme binding isotherms. A much lower concentration of phytate and lysozyme would have to be used as larger particles may obscure smaller particles leading to poor particle counting. Therefore, this data will have to be supported by other techniques such as turbidity and zeta potential measurements.
Phytase is an enzyme used to break down phytate into free phosphates and inositol. There has been conflicting evidence regarding the efficacy of this enzyme in the presence of different poultry and pig foodstuffs. This is possibly due to tannins present in the feed interacting with the enzyme and preventing its action. To determine this, ITC experiments could be performed. Tannins could be titrated into the cell containing a solution of phytase. If the tannins bind to the phytase, this could show that phytase-tannin inhibition is responsible. Performing an ITC based enzyme assay could confirm this. In this experiment, a suitable tannin concentration would be present in the buffer of both the ligand and the enzyme. Any change in the enzyme parameters, Vmax or Km can be calculated.
1. [bookmark: _Toc459130745]A Continuous Isothermal Titration Calorimetry (cITC) Study of the Interaction between Phytate and Lysozyme
Previous ITC studies have shown that the interaction between phytate and lysozyme is biphasic. The early molar ratios (below 1) show evidence of a crosslinking interaction with an increase in exothermicity with each injection, whilst at higher molar ratios (above 2), the interaction becomes decreasingly less exothermic which was attributed extensive crosslinking of large lysozyme-phytate complexes. The binding thermodynamics estimated from the first stage are erroneous due to the non-sigmoidal nature of the curve. In addition to this, the binding thermodynamics from the second stage may be an average of a series of binding events rather an interaction with the same energetics.  Continuous isothermal titration calorimetry (cITC) is a technique based on a continuous slow injection of titrant into the cell providing data points in the order of a 1000. The large number of data points means this technique is more suitable for accurately determining the binding thermodynamics of multisite interactions. The binding isotherms for sodium phytate and lysozyme at 40 °C were similar in shape to the incremental ITC (iITC), but the cITC binding isotherms were noisy most likely due to the crosslinking event occurring throughout the titration. The cITC binding isotherms for sodium phytate and lysozyme at 25 °C showed that positive cooperativity was not occurring. 
The potassium phytate-lysozyme interaction for both ciTC and iITC at 10 °C provided different binding isotherms. The cITC binding isotherm showed evidence of another molecular event at 2 molar ratios which was not apparent form iITC binding isotherm. It was concluded this was a change in the crosslinking phenomena.  
8. [bookmark: _Toc459130746]Future Work
The main issue with the cITC studies was trying to obtain thermodynamic information from binding isotherms that were noisy. It is possible that altering the experimental conditions such as RPM, reducing the protein concentration or longer titration times may assist in producing binding isotherms with less noise. 
[bookmark: _Toc459130747]Determining the Specificity of Phytate-Protein Interactions
Phytate is ubiquitous in nature.254 It is known as a phosphate storage in plants as well as a functioning antioxidant.331 In mammalian cells, phytate is known to have a cell signalling role and involved in transcription.254 In the case of RNA maturation, the enzymes responsible are tethered by phytate allowing them to catalyse the removal of proteins from mRNA.318,332 Phytate binding to these enzymes is normally specific and involves a recognition motif on the enzymes.318,332 In the case of phytate binding to exogenous proteins such as lysozyme, the interaction is termed non-specific. Non-specific binding normally depends on the charge or hydrophobicity of the ligand – it does not depend on the structures of the two binding partners.  Albumins are major transporters of negatively charged organic compounds and mineral ions in the blood.177,183 Human serum albumin (HSA) is the variant found in human blood, whilst bovine serum albumin (BSA) is the variant found in cattle. When phytate becomes present in the blood, the albumins may bind it. Understanding this process is crucial since phytate has a role in cancer prevention and metal ion chelation.250  To determine the specificity of the binding interaction between phytate and the albumins, ITC studies were carried out at two different conditions. The interaction carried out in 10 mM ammonium acetate at pH 4 at 25 °C consisted of two stages. The first stage was exothermic and indicative of saturation of binding sites with saturation occurring at approximately two molar ratios for both HSA and BSA. The second stage exhibited endothermic peaks on the thermogram which was taken as a possible dissociation event of phytate from the albumins. To determine the specificity of the binding interaction the titration was performed in phosphate buffered saline (PBS) buffer at pH 7.4 at 37 °C. Firstly, the high ionic strength of the buffer prevents non-specific interactions. Secondly, the proteins have an overall negative charge due to the isoelectric point (pI) of the protein being well below the pH of the buffer. This will also prevent non-specific interaction due to charge-charge repulsion. The interaction was completely eliminated in PBS buffer meaning that the albumins do not carry phytate around the blood stream.
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