High pressure control of protein structure and functionality 

Abstract

Purpose: this article considers the use of high pressure processing in order to gain functional advantages through proteins structure control. High pressure processing has been used to produce high quality food with extended shelf life and could also be used to modify foods functionality.

Approach: the effect of high pressure on protein structure and functionality are looked at and comparisons are made with heat effect in places. -lactoglobulin and whey proteins are mainly taken as examples. 
Findings: A controlled partial protein unfolding through mild high pressure processing could lead to a range of intermediate molecular structures. These are distinct from the native and completely unfolded structure and have been referred to as molten globules. The partly unfolded molecular states hence are postulated to have increased functionality and could be interesting for the food industry.
Originality: the opportunity and challenges represented by these theoretical elements are discussed. In particular, the effect of protein concentration and aggregation is emphasised.
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General review paper
High pressure has been investigated as an alternative to heat to process food for many years. Indeed, high pressure treatment, up to 800 MPa, have been used as an alternative to heat to produce various food types as enzymes and microorganisms are inactivated (Earnshaw, 1996). Pressure does not have the disadvantages linked to heat processing and helps in delivering preservative free foods with fresh like quality. This is because pressure energy is milder than heat energy and can only disrupt weak bonds, such as hydrophobic and electrostatic ones, while leaving covalent bonds unaffected (Balny et al., 1997 ; Lullien-Pellerin and Balny, 2002). This can explain why vitamins content are maintained after pressure processing of plant based systems if the temperature is moderate (Oey et al., 2008) while biopolymers which are stabilised by various intramolecular bonds, such as proteins, may be disrupted by high pressure hence resulting in functional changes (Messens et al., 1997).
Proteins constitute a major food biopolymer that contributes greatly to the organoleptic and nutritional quality of foods. Protein denaturation through processing is an important element which may occur during manufacturing of many food products and influence the organoleptic and nutritional quality of foods. Like heat, pressure treatments can result in globular proteins unfolding and denaturation. Indeed, because when a protein unfolds the volume of the protein is reduced, the application of pressure leads to protein unfolding (Balny et al., 1997). High pressure processing hence offer an opportunity to create foods with different properties to heat treated ones.
The changes brought about by processing to the protein structure could lead to increased digestibility because of easier access to enzymatic sites. Hoppe et al. (2013) found the susceptibility of egg white digestibility to pepsin to be increased after high pressure processing at 800 MPa to a greater extent that after heat treatment at 95°C. Zeece et al. (2008) found that -lactoglobulin enzymatic hydrolysis was increased after pressure treatment. This could reduce the allerginicity of the protein and could be useful in the production of allergen free milk for example. 
 Also, high pressure induced protein structural changes could lead to an increased flavour binding due to partial exposure of hydrophobic elements (Yang et al., 2003) or gel formation properties through the exposure of reactive groups leading to intermolecular interactions (Devi et al., 2013) .
This paper will look more specifically at the surface functional properties that could result through the unfolding/denaturation of globular proteins, taking mainly whey proteins as an example. 

Protein unfolding and molten globule

Protein denaturation is actually a complex phenomenon during which protein unfolding and aggregation occur successively or simultaneously. When the protein molecule is unfolded, intra-molecular interactions can occur that stabilise the molecular structure in a non-native form. Additionally, inter-molecular interactions can lead to aggregation which is usually irreversible (Dumay et al., 1994).
It is thought that between the native state of a protein and its fully unfolded state, a continuum of states, some of which that could be stable, exist called molten globule (Qi et al., 2001). When a globular protein unfolds, apolar elements that were located inside the structure in the native structure are exposed to the solvent. The affinity of the molten globule to hydrophobic molecules is increased as a result (Liu et al., 2005). It is thought that improvement of a functional property such as foaming properties could result from an increase in surface hydrophobicity (Messens et al., 1997) with potential opportunities for food applications (Qi et al., 2001). Hence, although these intermediates (between native and fully denatured structures) have an unclear nature, their formation through controlled unfolding of the protein using mild processing could lead to molecules with optimum functional properties (Qi et al., 2001). The potential for food applications could be enormous, especially for proteins not fully exploited at the moment like whey proteins (Liu et al., 2009). 
High pressure protein structural effects 

Like for temperature, the pressure effect depends on physicochemical parameters such as the protein concentration, ionic strength, pH, and temperature. Various changes to protein structure are induced by pressure. For example, the -lactoglobulin dimmer is dissociated under pressure and the monomers are partially unfolded. This is similar to what happens upon heating (Considine et al., 2007). Also, there is evidence that upon unfolding elements buried inside the globular protein structure (the tryptophan, non-polar groups and the buried thiol group) become exposed for both heat and pressure treatments (Considine et al., 2007). However, although the effects of both physical parameters are similar, their mechanisms are probably different as different bonds are affected. The changes brought about by pressure may be less likely to lead to aggregation than those from heat (Considine et al., 2007), giving an opportunity for controlling the molecular species produced through processing.

Various studies have investigated the effect of high pressure on -lactoglobulin. Usually, the secondary structure (estimated by far-UV circular dichroism) remains intact upon transition to the molten globule state although it seems that for -lactoglobulin the level of -helix increases and the tertiary structure (near-UV circular dichroism spectra features) disappears (Aouzelleg et al., 2004). Additionally, the surface hydrophobicity is increased (Yang et al., 2003). The unfolded protein presenting elements such as thiol groups and hydrophobic elements at the surface is much more reactive and the molecules eventually aggregate (Dumay et al., 1994). 
Partial unfolding of a protein is usually more beneficial than full unfolding. Bals and Kulozik (2003) showed this through the assessment of foaming ability of heat denatured whey protein isolate. However, protein unfolding through heat processing may be more difficult to be done in a controlled way as the energy input acts at several levels and on various bond types. Unfolding may lead to the unmasking or unburial of groups that could be involved in intermolecular reactions and hence polymerisation (through sulphydryl-disulfide interchange reaction). Hence, an optimum level of unfolding should be found in order to have the desired functional properties (Damodaran, 1994). Mild processing methods, such as high pressure processing, may allow for a progressive unfolding of the molecule which could allow controlling the protein structure, level of aggregation and functionality through processing.
High pressure protein functionality effects 

The fact that the molten globule shows an increased surface hydrophobicity has led authors to postulate that it could have increased functional properties. This can affect in a beneficial way the surface active properties that require amphiphilic properties, and also the formation of interfacial films, because of an increased protein-protein interaction level. Indeed, once adsorbed at interfaces, intermolecular hydrophobic interactions allow the formation of a viscoelastic film at the oil-water and air-water interfaces and thus increases foams and emulsions stability (Dickinson, 1999). In line with the theory, it has been shown that pressure increased the foaming volume properties of whey protein isolate (İbanoğlu and Karataş, 2003). However, the effect of high pressure on foam stability was more complex. Indeed, foam stability was increased with pressure but then decreased at the higher pressures studied (İbanoğlu and Karataş, 2003). Emulsion properties of -lactoglobulin were not found to be improved through pressure processing (Galazka et al., 1996). Other proteins such as -lactalbumin see their functional properties more positively affected by mild pressure/temperature treatments (Rodiles-López, 2008).
In addition, the increased affinity to some hydrophobic probes found for high pressure induced -lactoglobulin did not correlate with increased flavour binding properties, which shows that the link between increased surface hydrophobicity and increased functional properties is not direct (Yang et al., 2003).

Aggregation/protein interactions
One of the difficulties when studying proteins is that the aggregation during high pressure processing is concentration dependent. Indeed, it has been shown that as proteins concentration increased, irreversible aggregation through intermolecular interaction was more likely to happen (Dumay et al., 1994). The aggregates are complex, as interactions can occur through disulfide and hydrophobic bonds (Considine et al., 2007). Protein unfolding may be considered completely reversible if no inter- or intra molecular interactions occur during the unfolding stage. However, in most conditions relevant to food, the concentration is high and irreversible aggregation occurs. In food such as milk for example, additional interactions between proteins such as whey proteins and casein micelles occur ultimately influencing the final food properties (López-Fandiño, 2006). In many cases, these interactions are positive as the formation of a gel may be the desired outcome and the use of high pressure processing can lead to new structures through whey or caseins interactions for dairy products for example (Devi et al., 2013). For functional properties requiring lower concentrations such as foaming, aggregation is actually not wanted or at least it should be limited so that no protein precipitation occurs. After unfolding, aggregates may form and it may be thought that any advantages in functional properties such as foamability may be then lost. However, for -lactoglobulin, it has been shown that the creation of small aggregates (dimmers and trimers) could actually help increase foam stability due to an increased viscosity of the protein solution in the continuous phase which slows down liquid drainage. These aggregates, however, should not be present to such an extent that they reduce the diffusion of the partially unfolded proteins to the interface as this is the mechanism that increases the protein foamability (Moro et al, 2011).
Foegeding and Davies (2011) also make the point that studies at low concentration range in protein when looking at foaming are far from real food system. In these dilute conditions, most of the proteins are at the interface while at higher protein concentrations, the continuous phase has an excess amount of protein that influences the foam characteristics obtained.
An additional difficulty is that functionality assessments may require different protein concentration to those used for structural assessment, which makes the link between structure and functionality challenging. For example, emulsifying properties require relatively high protein concentrations and it could be difficult to link the results with information obtained from fluorescence or circular dichroism spectroscopy, for example, which need low protein concentrations. This could explain why the theoretical functional property increase is observed in some instances for foaming but not for emulsifying for -lactoglobulin, for example. At the higher concentrations required to assess the emulsifying properties it is thought that more aggregation may occur and hence reduce the emulsifying characteristic which should have been increased because of protein unfolding (Galazka et al., 1996). For foaming, less concentrated solutions are used and the benefit of partial unfolding on functionality can then be observed (Galazka et al., 2001).
Conclusion

Pressure denaturation of proteins could be used in order to impart functional advantages in foods such as surface active properties. The unfolding of proteins being less prone to aggregation and precipitation when pressure is applied than when heat is used, controlled structural changes could be obtained potentially leading to optimal  functional advantages. Protein concentration can have a major impact on the observed effects and optimisation of processes in terms of protein unfolding and aggregation must occur in order to get the best surface functional properties.
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