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Abstract 

The work described in this Thesis has focused on the development and application of 

biochemical techniques to characterise grape polyphenol oxidase (PPO). PPO is a copper-

containing enzyme that uses molecular oxygen as cosubstrate to catalyse two different 

reactions: the hydroxylation of monophenols to diphenols, and the subsequent oxidation of 

diphenols to ο-quinones. 

The mature form of grape PPO (residues 104–443) was produced recombinantly by using an 

Escherichia coli expression system. The purification protocol was optimised to give active 

enzymes. Mass spectrometry was used to confirm the identity of the recombinant protein, and 

ultraviolet/visible (UV/Vis) spectrophotometry was to study the kinetics and inhibition of the 

enzyme. Overall, the results showed that the recombinant grape PPO possessed similar activity 

to enzymes that were purified from grapes. 

A nuclear magnetic resonance (NMR)-based kinetic and inhibition assay was also developed 

by using grape and mushroom PPOs as model systems. Using the NMR assay, the roles of 

antioxidants and inhibitors in modulating the effect of PPO-catalysed polyphenol oxidation 

were investigated. The method was also validated by work in tandem with virtual high-

throughput screening and molecular modelling, in which several novel inhibitors of grape PPO 

were discovered. 

The substrate selectivity of PPO was also investigated by using grape PPO as a model system. 

Four different grape PPO mutants were produced and purified, and their ability to accept 

monophenol and diphenol as substrates was investigated. The results showed that two residues 

inside the active site may modulate the monophenolase and diphenolase activities of the 

enzyme although it was not possible to conclusively pin-point the exact roles these amino acid 

residues play. 

The extraction, purification and characterisation of grape PPO from New Zealand Sauvignon 

Blanc grapes were also investigated. It was found that grape juice contained negligible amount 

of grape PPO. However, grape PPO was successfully extracted and purified from grape berries. 

The extracted protein was characterised by mass spectrometry. This was the first time grape 

PPO was purified from Sauvignon Blanc grapes, which may provide useful information to the 

wine industry as PPO-catalysed oxidation of polyphenols may affect the flavour molecules that 

give wines their distinctive tastes. 
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1. Introduction 

1.1 General perspectives 

Polyphenol oxidases (PPOs) are type-3 dicopper enzymes that catalyse the oxidation of 

polyphenols in the presence of molecular oxygen. There are two members of PPOs, 

catechol oxidase and tyrosinase. Catachol oxidase catalyses the oxidation of ortho-

diphenols to ortho-quinones, whilst tyrosinase catalyses both the oxidation of 

monophenols to ortho-diphenols, and the subsequent oxidation of ortho-diphenols to 

ortho-quinones (Figure 1.1).1 Laccase, which catalyses the oxidation of para-diphenols 

than para-quinones, is also sometimes classified as a PPO. PPOs are found in most 

prokaryotic and eukaryotic organisms.2 They are involved in many important biological 

functions, from being part of the defence mechanism against pathogens and insects in 

plants, to the biosynthesis of melanins, pigments that are found in skins, hairs and eyes.3  

 
Figure 1.1 Tyrosinase and catechol oxidase are members of the polyphenol oxidase (PPO) enzyme 

family. Tyrosinase catalyses the oxidations of both monophenols and ortho-diphenols, whilst catechol 

oxidase only catalyses the oxidation of ortho-diphenols to ortho-quinones. 

1.2 Catalytic mechanism of PPOs 

The active site of PPO is highly conserved. Typically, it contains a dinuclear copper 

center that interacts with both oxygen and phenolic substrates. Each copper ion is 

coordinated by three nitrogen atoms from three different histidine residues. 

Mechanistically, PPOs can exist in four different oxidation states. These include deoxy, 

oxy, met and deactivated states. The different oxidation states of PPO are determined 
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by the different binding geometries and oxidation states of the dicopper centre (Cu2+, 

Cu+ or Cu0) and the reduction level of the dioxygen (O2, O2
- or O2

2-; see Figure 1.2).4,5 

 
Figure 1.2 The four oxidation states of PPO (met-PPO, deoxy-PPO, oxy-PPO and deactivated-PPO). 

The structure of met–PPO was defined by Ismaya, et al.,6 and oxy-PPO was defined by Robert et al.7 

Native PPO is mostly found in its met form, approximately 85%, in which a hydroxyl 

ion (OH-) binds two copper ions forming a bridge.8 Two tetragonal Cu2+ ions coordinate 

with two strong-equatorial and one weak-axial histidine ligands.9 This form of PPO is 

capable to catalyse the oxidation of o-diphenol to o-quinone, which concurrently reduce 

the PPO into the deoxygenated form (deoxy-PPO). Deoxy-PPO contains two Cu+ ions 

with similar coordination arrangement of the met form but without the 

hydroxidebridge.4 Deoxy-PPO can rapidly bind oxygen (O2) and convert into the 

oxygenated (oxy) form of PPO. Oxy-PPO is similar to the met form in structure. It 

contains two tetragonal Cu2+ ions, but a peroxide ligand (O2
2-) is bound to the copper 

met
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ions instead of a hydroxide.7,9,10 As the primary oxidising form of PPO, oxy-PPO can 

catalyse the oxidation of both monophenol and o-diphenol into o-quinione in seperate 

monphenolase and diphenolase catalytic cycles (see below; Figure 1.3). Oxy-PPO 

generally shows a preference towards o-diphenol than monophenol.11 Interestingly, 

there were reports suggesting that oxy-PPO may sometimes accidentially recognise 1,2-

diphenol or 1,3-diphenol (resorcinol) as monophenols and catalyse the oxidation of 

these diphenol substrates via the monophenolase mechanism, resulting in an 

irreversible suicide-inactivation of PPO (deactivated-PPO). In this state, one of the 

copper ions is reduced to Cu0 and no longer coordinates the histidine residues. PPO can 

be slowly inactivated by o-diphenol, but rapidly inactivated by resorcinol through this 

minor inactivating reaction pathway.4,5,12,13 

PPOs catalyse the oxidation of monophenol and diphenol via two distinct catalytic 

cycles (Figure 1.3). In the monophenolase catalytic cycle (Figure 1.3a), the aromatic 

ring of the monophenolic substrate is initially oriented by hydrophobic π-π interaction 

with one of the CuB-coordinating histidine from oxy-PPO (Figure 1.3a). This 

orientation can guide the phenol to bind in a way so that the hydroxyl group will get 

deprotonated and that the oxygen of the phenolic hydroxyl group will bind to CuA.7,9 

The flexible histidine residues that are coordinated to CuA can then facilitate the 

abstraction of a proton from the ortho position of the phenolic ring, thus allowing a C-

O bond to be formed with the oxygen that bridges between CuA and CuB via 

electrophilic aromatic substitution (Figure 1.3a).7,9,10,14-18 This results in a diphenol-

PPO complex.  

The next step involves two possible pathways. In the main pathway, the diphenol will 

be further oxidised into o-quinone, which is then released from the active site resulting 
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in the formation of deoxy-PPO. Deoxy-PPO can then rebound with oxygen to regenerate 

the oxy-PPO form, and subsequent rounds of monophenolase catalytic cycle will 

continue until all substrate are consumed. In the minor pathway, instead of further 

oxidation reaction, the o-diphenol product is released by heterolytic dissociation 

resulting in the formation of met-PPO.4,5 Diphenol oxidation can be catalysed by both 

the oxy and met forms of PPO (see Cycle I in Figure 1.3b), whilst phenol oxidation can 

only be catalysed by oxy-PPO (Figure 1.3a). If the o-diphenol then rebinds to met-PPO, 

further oxidation reaction will occur. However, if a monophenol binds to met-PPO, or 

if the met-PPO incorrectly recognises the o-diphenol as a monophenol, this may result 

in an irreversible inactivation of PPO (Cycle II in Figure 1.3b).12,13,19 

In contrast to the monophenol-PPO binding mode (Figure 1.3a), o-diphenol initially 

binds to the PPO active site through coordination at CuB of oxy-PPO or met-PPO (see 

Cycle I in Figure 1.3b). This has led to the proposal that accessibility to CuA may partly 

determine whether the enzyme could obtain both monophenolase and diphenolase 

activities, or only diphenolase activity.20 The CuB centre of met- and oxy-PPO shows a 

tetragonal-pyramidal geometry (OH- or H2O2), which provides the ‘hydrophobic pocket’ 

for o-diphenol binding.7,9,10 The cycle begins with deprotonation on adjacent hydroxyl 

groups of o-diphenol via the corresponding hydroxide- or peroxo-bridged Cu(II) centre, 

which changes the oxidation state of Cu from (II) to Cu(I) with optimum redox potential 

change.4,19,21 This is then followed by two phases, the reductive phase and the oxidative 

phase.  

The reductive phase includes two steps: (1) the conversion of oxy-PPO to met-PPO, and 

(2) the subsequent conversion of met-PPO to deoxy-PPO. In the first step, two electrons 

from o-diphenol are transferred to the peroxo-bridged active site of oxy-PPO. The 
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ternary PPO-O2
2--substrate complex will immediately cleave one oxygen atom from the 

O-O bond of the peroxy ligand, and then release met-PPO with the corresponding o-

quinone and water. In the second step, met-PPO still retains a stable oxidation state of 

Cu(II) in the active site. However, the remaining oxygen atom is in the protonated form, 

and therefore met-PPO is unable to bind to molecular oxygen. Therefore, o-diphenol 

binds to this met-PPO form. The o-diphenol will get oxidised and generate the deoxy 

form of PPO, which can then bind with molecular oxygen to regenerate oxy-PPO 

(Figure 1.3b).22,23 
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Figure 1.3 The PPO catalytic mechanism. (a) The catalytic cycle for monophenolase. (b) The catalytic 

cycle for diphenolase. 
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1.3 The overall structure of PPO 

PPOs are multi-domain proteins. Typically, PPOs from plants and other higher 

eukaryotic organisms contain three domains. These include an N-terminal domain that 

contains a putative signalling or transit peptide, a central catalytic domain that contains 

the dicopper active site, and a C-terminal domain that may play a role in regulating the 

enzyme’s activity by shielding or blocking the active site. PPOs from fungi and bacteria 

often lack the N-terminal domain and contain only the central and C-terminal domains. 

Although uncommon, PPOs that lack the C-terminal domain have also been reported 

(Figure 1.4).  

 
Figure 1.4  Domain structure of PPOs from different groups of species. The arrow indicates a known or 

predicted cleavage site for generation of the mature protein. The conserved (or central) domain seems 

to contain the central copper binding domain CuA and CuB regions with six histidine residues in brown. 

The location of cysteine (Cys)-rich part can also play a key role on the formation of disulphide linkage 

that can stabilise protein structure. 

In plants, nuclear-encoded plastid PPOs can post-translationally direct the chloroplast 

envelope to process the mature protein using the transitpeptide that is found in the N-
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terminal of the protein.  In eukaryotes PPOs, an additional 18 amino acids can be found 

at the N-terminal as a putative signalling peptide, but no signal peptide can be found in 

fungi and bacteria PPOs.24 

PPOs from plants and higher eukaryotes were typically expressed as pre-pro-proteins 

that contain all three domains. The N-terminal signalling or transit domain is then 

removed by proteolytic cleavage, which results in the latent pro-protein state that 

contain only the central catalytic domain and the C-terminal domain. Finally, 

proteolytic cleavage of the C-terminal domain will result in the final ‘mature’ form of 

the protein. This opens up the entrance of the active site by as the C-terminal domain 

covers the entrance of the catalytic site is removed, as demonstrated by the crystal 

structures of aurone synthase, a PPO from Coreopsis grandiflora.25 In addition to 

proteolytic cleavage, there have also been reports suggesting that latent PPOs can be 

‘activated’ in vitro by the use of detergents, which presumably trigger conformational 

change of the protein and ‘opens up’ the entrance of the active site. This hypothesis was 

supported by recent work by Naresh et al., who conducted molecular dynamics (MD) 

simulations using the crystal structure of a structurally-related protein hemocyanin 

(PDB ID: 1JS8).26 

Structurally, the catalytic domain of all reported PPO structures shares similar features. 

Two copper ions (CuA and CuB) were coordinated by six conserved histidine residues, 

and a dicopper active site is held in a four α-helical bundle. In addition, the extra helices 

around the core of the protein are widely diverse from tyrosinase and catecholase.27 The 

overall structure of Aspergillus oryzae PPO (PDB ID: 4J3Q) shows this identical 

catalytic copper site within a four α-helical core (see Figure 1.5). Interestingly, a 

thioether bridge between a cysteine residue and a histidine residue was proposed to act 
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as a ‘stabiliser’ for the coordination of CuA as the histidine residue that form the 

covalently thioether bridge with cysteine was located on a flexible loop instead of the 

α-helical bundle core. This thioether bridge has been found in some PPOs, such as Vitis 

vinifera PPO,28 Agaricus bisporus PPO,6 and Ipomea batatas PPO,19 but it does not 

exist in Aspergillus oryzae PPO, neither Streptomyces castaneoglobisporus PPO nor 

Bacillus megaterium PPO.27 

 
 Figure 1.5 (a) The crystal structure of Aspergillus oryzae PPO (PDB ID: 4J3Q). Four core α-helices 

(α3, α4, α8 and α9) are highlighted in magenta. (b) Two copper ions in active site of Aspergillus oryzae 

PPO are shown in brown spheres and the coordinating six histidine residues are shown in green sticks.  
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1.4 Substrate selectivity between tyrosinase and catechol oxidase  

Several proposals were made to provide a rationale for the tyrosinase and catechol 

oxidase activities in PPOs, although, to date, none of these proposals were successful 

in accounting for all aspects of the PPO monophenolic and diphenolic substrates 

selectivity.  

The initial proposal was based on the assumption that, in order for oxidation reactions 

to occur, monophenolic substrates need to bind to CuA and diphenolic substrates to 

CuB inside the PPO active site. This proposal was supported by several structural and 

biochemical studies. These include a structural study of Ipomoea batatas PPO, a 

catechol oxidase (PDB ID: 1BT3).19 The crystal structure of Ipomoea batatas PPO 

shows that a bulky phenylalanine residue (Phe-261) is located directly above CuA 

(Figure 1.6a).19,23 This residue is often being referred to in the literature as the ‘blocker 

residue’, whose function was proposed to block the direct binding of monophenolic 

substrates to CuA. Although monophenolic substrates may still bind to CuB, 

reorientation towards CuA is blocked by the phenylalanine residue, thus the enzyme 

only exhibits catechol oxidase activity.15,23  

The proposal was further supported by the crystal structure of Streptomyces 

castaneoglobisporus PPO, which is a tyrosinase. In Streptomyces castaneoglobisporus 

PPO, the residue at the blocker position is a glycine (Gly-204) (Figure 1.6b). The small 

size of the glycine residue therefore allows substrate binding to both CuA and CuB, 

thus the enzyme exhibits both monophenolase and diphenolase activities.14 

Mutagenesis work with Bacillus megaterium PPO has further strengthened this 

proposal. Compared to the wild-type of Bacillus megaterium PPO, the mutation of an 
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arginine residue (Arg-209) to a histidine above CuB can hinder diphenolic substrate 

access to CuB, because the arginine residue is more flexible than histidine residue. 

Whilst the valine residue (Val-218) above CuA is small and flexible, there is less 

interfering with monophenolic substrate binding to CuA (Figure 1.6c & d). As a result, 

mutation R209H of Bacillus megaterium PPO has decreased diphenolase activity and 

increased monophenolase activity compared to the wild-type.29 

 
Figure 1.6 Active sites of (a) Ipomoea batatas PPO, (b) Streptomyces castaneoglobisporus PPO, 

(c) Bacillus megaterium PPO, and (d) B. megaterium R209H PPO.  Two copper ions are highlighted in 

brown spheres, and six histidine residues in active site are shown in green sticks. CuA in Ipomoea 

batatas is ‘blocked’ by a bulky phenylalanine residue, whilst in S. castaneoglobisporus and B. 

megaterium, a smaller amino acid (glycine or valine) is present in the same position. In B. megaterium, 

mutation of an arginine residue (Arg-209) to a histidine above CuB can hinder diphenolic substrate 

access to CuB. 
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Recent work by Goldfeder et al. produced experimental results that did not fit this 

proposal. Using PPO from Bacillus megaterium PPO, a tyrosinase, Goldfeder et al. 

obtained protein crystal structures with both monophenol (tyrosine) and diphenol (L-

3,4-dihydroxyphenylalanine, or L-dopa) substrates.15 The crystal structures showed that 

both monophenol and diphenol bind to Bacillus megaterium PPO in similar fashion on 

CuA. The small valine residue (Val-218) at the blocker position exhibited a slight 

conformational change upon substrate binding, which the authors suggested may play 

a role in orienting the substrates at the PPO active site (Figure 1.7). The authors also 

conducted mutagenesis work, in which the valine residue at the blocker position was 

replaced by a bulky phenylalanine. If the ‘blocker residue’ proposal is correct, the 

monophenolase activity should decrease because the phenylalanine residue should 

block substrate access to CuA. However, the monophenolase activity actually increased 

and the diphenolase activity decreased (Figure 1.7). The crystal structure of the V218F 

mutant suggested that the phenylalanine residue can adopt a different conformation and 

make space for monophenolic substrates to bind CuA.15 

One of the differences between Bacillus megaterium PPO and Ipomoea batatas PPO 

was that Bacillus megaterium PPO lack a thioether bridge at one of the histidine 

residues that coordinates CuA.27 The authors suggested that the lack of thioether bridge 

allows some flexibility of the phenylalanine blocker residue, and hence monophenolic 

substrates can rearrange from the axial to equatorial orientation that is needed for 

monophenol oxidation, whilst the oxidation of diphenol substrates can proceed in both 

the axial or equatorial orientations.15 
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Figure 1.7  Superimposition of the active sites of wild-type Bacillus megaterium PPO (PDB ID: 3NQ1) 

and V218F Bacillus megaterium PPO (PDB ID: 4HD4). It was shown that the phenylalanine residue can 

adopt a different conformation and make space for monophenolic substrates to bind CuA. Val-218 and 

Phe-218 are highlighted in orange and magente sticks respectively. Two copper ions are indicated in 

brown spheres, and six histidine residues in active site are shown in green sticks. 

However, this active site restriction theory was disputed by work conducted by Bijelic 

et al. using walnut (Juglans regia) PPO (PDB ID: 5CE9), which is a tyrosinase.20 

Similar to Ipomoea batatas PPO, a thioether bridge could be found on one of the three 

histidine residues that coordinates CuA in Juglans regia PPO, as well as the presence 

of a bulky phenylalanine residue (Phe-260) above CuA (Figure 1.8a). Interestingly, 

unlike Ipomoea batatas PPO, the phenylalanine residue above CuA in Juglans regia 

PPO was positioned in a way that it did not block substrate accessibility to CuA even 

in the absence of any substrates. Instead, the authors suggested an alternative second-

shell residue proposal. Juglans regia PPO contains a small hydrophobic leucine residue 

(Leu-244) in the second shell above CuB (Figure 1.8b). They showed that Juglans regia 

PPO has a preference for substrates that are more polar (e.g. without carboxylic groups 

on the aromatic rings), whilst in previous work with Bacillus megaterium PPO, the 

second shell residue is an arginine (Arg-209) and hence it was able to accept 

CuA

CuB

Phe218

Val218



14 

 

monophenol and diphenol as substrates.15 The authors suggest that second shell 

residues may guide the substrates into the active site in the correct orientation so that 

there was no need for substrate orientation rearrangements once they are inside the 

active site.15,20 

In 2016, Solem et al. proposed another theory that may explain PPO’s catechol oxidase 

and tyrosinase activities.30 The theory relies on the differences in the monophenol and 

diphenol oxidation mechanisms. It was proposed that a proton must be removed from 

the hydroxyl group of the monophenolic substrate prior to oxidation, whilst the 

oxidation of diphenols does not require deprotonation. It was proposed that a conserved 

water molecule, which was coordinated by two conserved residues (glutamic acid and 

asparagine, Glu-195 and Asn-205 of Bacillus megaterium PPO), was important for the 

deprotonation of the monophenolic substrate. Vitis vinifera PPO, which showed strong 

diphenolase activity but negligible monophenolase activity, lacks the conserved 

asparagine residue, instead, a glycine (Gly-241) was present. Solem et al. mutated the 

glycine into an asparagine (G241N) and found that Vitis vinifera PPO can be converted 

into a monophenolase.30 There are two possible explanations to this observation. The 

negatively charged asparagine sidechain introduce a partially negative charge to oxygen 

atom of the conserved water molecule. When the monophenolic substrate approaches 

the active site, the partially negative charged water molecule deprotonates the 

monophenolic substrate to form a positively charged hydronium ion. The deprotonated 

phenolate substrate then coordinates CuA for oxidation. Alternatively, the proton is 

released after the monophenolic substrate binds to CuA and then transferred to the 

conserved water molecule (see Figure 1.9).30 
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Figure 1.8 The active-site of Juglans regia PPO. (a) Two cooper ions are shown as brown spheres. The 

six cooper-coordinating histidine residues are illustrated as stick modes (lime for carbon, blue for 

nitrogen, and red for oxygen).  A thioether bridge between Cys-91 and His-108 is indicated as a yellow 

stick, and Cys-91 as a red stick. (b) The “blocker residue” (Phe-260) above CuA, and the “second shell 

residue” (Leu-244) above CuB are shown as  magenta and yellow sticks respectively, whereas the 

remaining structure is illystrated as grey cartoon with 50% transparency. A monophenolic substrate 

tyrosol (grey) can interact hydrophobically with Leu-244 through its hydrophibic tail (red).The pathway of 

tyrosol binding to active site is indicated with a black arrow. 
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Figure 1.8 Proposed pathway for the deprotonation of monophenol in wild-type and mutation G241N 

Vitis vinifera PPO (VvPPOcs-3). The presences of asparagine (Asn-241) and glycine (Glu-236) are 

crucial to the enzyme’s monophenolase activity.   

1.5 Vitis vinifera PPO  

Amongst fruits, grape (Vitis vinifera) is known to possess high PPO activity.31,32 The 

quinones formed by PPO-catalysed reactions are reactive substances, which can self-

aggregate and react with amino acids to produce coloured compounds.32 These coloured 

compounds will lead to deteriorative changes in nutritional and organoleptic properties 

of the grapes.32,33 These browning reactions occur rapidly in damaged berries or during 

crushing of fresh grapes into juices, which are problematic for industries that use grapes, 

including the wine industry. It was postulated that high activities of V. vinifera PPOs 

may affect the flavour, sensory, aroma, colour and antioxidant capacity of the wines.34,35 

The study of V. vinifera PPO is therefore important in order to control these undesirable 

browning processes.  

Several studies have been conducted with V. vinifera PPO. However, there is still 

ambiguity of whether V. vinifera PPO displays tyrosinase activity or only catechol 

oxidase activity. V. vinifera PPO extracted from Grenache grapes was reported to 
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display only catechol oxidase activity;28 in contrast, PPOs from Dornfelder and Riesling 

grape berries and Cabernet Sauvignon grape skins were recently reported to display 

both monophenolase and diphenolase activities.36,37 The crystal structure of V. vinifera 

PPO from Grenache grapes was published in 2010. The overall structure of V. vinifera 

PPO was found to be similar to other PPOs, which contain a binuclear copper CuA and 

CuB centre that is situated in a four-helical-bundle core. Interestingly, the access to 

CuA was found to be restricted by a phenylalanine residue (Phe259) thus limiting the 

space for a substrate to bind CuA. The same observation was also shown in Ipomoea 

batatas PPO, which is a catechol oxidase. 19,28,36 However, molecular dynamics 

simulations showed that, even in the presence of a thioether bridge that is characteristics 

of catechol oxidase, this bulky phenylalanine residue is likely flexible enough to 

provide access for substrate binding (see Figure 1.9).36 The possible reason why some 

studies showed that grape PPO did not display any tyrosinase activity might be because 

of the low turnover rate of monophenols to diphenols.38 Most plant PPOs occur as 

monomers that show similarity in molecular architecture with a molecular weight of 

about 70 kDa, but few plant PPOs are observed as oligomers.2,39 A surprising 

observation using native polyacrylamide gel electrophoresis (PAGE) showed that grape 

PPO migrated slower than the tetrameric mushroom PPO, which has a molecular weight 

about 120 kDa.36  This indicates that some grape PPOs may exist in an aggregated state. 

Using size exclusion chromatography, the studies showed that monomeric grape PPO 

(molecular weight: 38 ± 1 kDa) contains monophenolase activity.36 This suggests grape 

PPO may exhibit a feedback mechanism that switches its monophenolase activity on 

and off through aggregation.    
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Figure 1.9 (a) The overall structure and (b) active-site of V. vinifera PPO (PDB ID: 2P3X). Each copper 

atom is highlight in brown sphere, and is coordinated by three histidine residues that are shown in cyan 

(blue N, red O and cyan C). The four-helixes are show in pink. 
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1.6 Modulator of PPO 

PPOs are known to be involved in a wide range of important biological roles. For 

example, mammalian PPO is involved in the first step of melanogenesis by catalysing 

the oxidation of tyrosine.3 Plant PPO is also involved in enzymatic browning in 

damaged fruits and vegetables.40 These unwanted effects can potentially be stopped or 

reversed by the use of PPO activity modulators. It is therefore not surprising that a large 

number of PPO activity modulators from both natural and synthetic origins have been 

reported in previous investigations; however, they are not still well-classified in the 

literature. For instance, many compounds were reported in the literature as ‘PPO 

inhibitors’ when they are actually reducing agents that are used to reverse the effect of 

PPO-catalysed oxidation reactions. To date, all reported PPO activity modulators can 

be classified into three different categories: reducing agents, competitive inhibitors and 

metal chelators (see Scheme 1.1).  
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Scheme 1.1 Typical modulars of PPO. Representatives on (a) reducing agents, (b) substrate 

competitive inhibitors, and (c) mixed inhibitors. 

1.6.1 Reducing agents as PPO modulators  

Reducing agents are frequently used as a browning preventer in the food industry, due 

to their high water solubility, safety, and relative ecomony.41 Ascorbic acid is an oxygen 

scavenger, which is readily oxidised to dehydroascobic acid in the presence of oxygen, 

whilst at the same time it can reduce quinones back to diphenols.42,43 In addition to 

ascorbic acid, cysteine and glutathione can spontaneously bind with the electrophilic 
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centre of quinones through their thiol group to form mono- or dithiol-catechol adducts 

and inhibit enzymatic browning.43,44 

1.6.2 Substrate competitive inhibitors of PPO 

A major class of PPO inhibitors are the flavonoids. Members of this class of inhibitors 

include catechin and kaempferol (Scheme 1.1b), which share structural similarity to 

PPO substrates. Flavonoids compete against the substrate and obstruct substrate’s 

approach to the PPO active site. In addition, flavonoids that contain a bulky α-keto 

group may chelate copper in the active site of met-PPO and lead to the irreversible 

inactivation of PPO.45 

Gallic acid and derivatives are also competitive inhibitors of PPO. Whilst gallic acid 

derivatives with short (<10) alkyl chain are readily oxidised by PPO as substrates, those 

that have long (>10) alkyl chains can inhibit PPO activity without being oxidised. 

However, the exact reason behind this observation is not known.46 

Some diphenols with a simple structure often work as both substrates and enzyme 

activators. They become competitive inhibitors only when the production of quinone is 

difficult or impossible to achieve.47 1,4-Dihydroxybenzene can rapidly bind to oxygen 

as an oxidant. In the presence of PPO, it can covalently bind to histidine in the active 

site as a poor substrate.48 1,3-Dihydroxybenzene behaves as a weak PPO inhibitor, but 

some 4-substituted derivatives are potent PPO inhibitors.49,50 2, 3-

Dihydroxynaphthalene, as the diphenol substrate analogue, is a good substrate for 

laccase. Its bicyclic catechol gives highly resistance towards the formation of quinones, 

which results in an effective PPO inhibition.47 



22 

 

2-Hydroxy-4-methyoxybenzaldehyde is another example of a substrate competitive 

PPO inhibitor. It contains three substituents, including an aldehyde group, a phenol-

type hydroxyl group and a methoxy group. The aldehyde group can react with a 

nucleophilic group, such as amino and hydroxyl groups, to form a Schiff base with 

primary amino groups from the active site of PPO. In this case, 2-hydroxy-4-

methyoxybenzaldehyde can form a copper-carboxylic acid complex in the active site. 

The methoxy group, as the electro-donating group, is located at para position with 

regards to the aldehyde group, which makes the formed Schiff base more stable and 

increases the extent of inhibition towards PPO.51,52 

Benzoic acid works as a competitive inhibitor toward the monophenolase activity of 

Agaricus bisporus PPO, but it shows a mixed inhibition including competitive and 

noncompetitive inhibition towards diphenolase activity. This difference is decided by 

the protonated or deprotonated state of the PPO active site.53,54   

1.6.3 Mixed inhibitors of PPO 

Some inhibitors can work as both copper chelator and completive inhibitors, including 

Kojic acid, L-mimosine, and tropolone. They chelate the metal ions inside the active 

site. During the changes of redox status, they are then involved in coordination onto Cu 

(II) and Cu (I) ions.47 Moreover, these mixed inhibitors show some structural 

similarities to phenolic substrates that can allow them to compete with diphenolic 

substrates in binding to oxy-PPO.47 The presence of the substrates is necessary for 

inhibition, as they are obligatory intermediates in the catalytic turnover. 

Kojic acid is a fungal metabolic product. It acts as a slow-binding PPO inhibitor, as 

well as an antibiotic substance. As it is a good scavenger of free radicals, it can efficient 
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counteract oxygen consumption.55 The mechanism of kojic acid inhibition follows the 

same copper chelation mechanism as flavonoids, but it chelates at oxy form of PPO 

rather than met-PPO.52  

By forming complexes with transition metal ions, tropolone was initially identified as 

a chelator that can denature metalloproteins.56 To date, it has shown slow-binding 

inhibition on diphenolase activity, and a competitive inhibition on monophenolase 

activity.57 As it is structurally analogous to diphenolic substrates, diphenolase-tropolone 

complexes occur slowly between free tropolone and PPO. The crystal structure of 

Agaricus bisporus PPO with tropolone indicated that tropolone only inhibits oxy-PPO, 

because the tropolone-binding mode started by forming a pre-Michealis complex with 

oxy-PPO. Tropolone can then bind to the PPO active site, rather than coordinate with 

two copper ions (see Figure 1.11).58,59  

 
Figure 1.11 Geometry of Agaricus bisporus PPO-tropolone complex (PDB ID: 2Y9X). The active site is 

indicated as pink surface representation, binuclear copper ions are brown spheres, and tropolone is 

highlighted as a cyan stick. 
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1.7 Reducing agents employed in pre-fermentation stage of Sauvignon 

Blanc grape juice 

New Zealand Sauvignon Blanc has been considered as New Zealand’s flagship wine 

that makes up about 86% of total exports volume of wine in recent years. Sauvignon 

Blanc grape is a green-skinned grape variety which is wildly cultivated in the maritime 

climatic regions of New Zealand, particularly in Marlborough in the South Island.  

Benefited by the specific geographic environment, New Zealand Sauvignon Blanc wine 

is becoming internationally recognised for its tropical fruit flavours and distinctive 

aroma.60 The main phenolic compounds are non-flavonoids in Sauvignon Blanc grape 

juice (and in the subsequent wine), namely hydroxycinnamoyl-tartaric acids and trans-

caftaric acid (Figure 1.11 a & b).61  The high antioxidant activity has been reported to 

play a crucial role to inhibit carcinogenesis, mutagenesis and cardiovascular diseases.62 

Once grape berries are crushed, the oxygen-dependent enzymatic oxidation will be 

induced by the released grape PPO and phenolic substrates. This reaction leads to 

decreases of levels of phenolic compounds, and the formation of o-quinones,63 which 

are particularly unstable. Indeed, o-quinones can spontaneously combine with 

nucleophilic compounds such as other phenolics, amino acids and sulfhydryl aroma 

compounds. In order to limit these reactions, glutathione is used to trap o-quinone in 

grape juices during wine-making.64 Glutathione contains a tripeptide with an electro-

rich nucleophilic mercapto center, and in its reducing form it is the most abundant free-

thiol containing compound in grape berries.65,66 The addition of glutathione can result 

in a significantly higher total wine phenolic content. The reason is because glutathione 

can spontaneously bind with the electrophilic centre of the trans-caftaric acid o-quinone 

and form grape reaction adducts, including 2-S-glutathionyl caftaric acid (Figure 
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1.11c).65,66 In the meantime, the o-quinone is reduced back to an o-diphenol through 

the regeneration of the vicinal dihydroxyl ring. The increasing content of these 

glutathione-containing o-diphenol compounds may inhibit catechol oxidase activity of 

grape PPO.  Furthermore, glutathione can also prevent decreases of aromatic esters, and 

it can eventually enhance wine stability by limiting adverse effects of wine aging.66,67  

 
Figure 1.11 The main compounds found in grape juice after adding glutathione. Two main phenolic 

substrates are (a) p-coumaroyl tartaric acid and (b) trans-caftaric acid. The typical adduct is (c) 2-S-

glutathionyl caftaric acid. 

In addition to glutathione, reducing agents including sulphur dioxide and ascorbic acid 

are widely used during the winemaking process. Remarkably, sulphur dioxide obtains 

both antioxidant and germicidal properties. There are three forms that need to be 

considered when sulphur dioxide is dissolved in water, namely bisulphite (HSO3
-), 

sulphite (SO3
2-) and molecular sulphur dioxide (SO2). The most universal forms in wine 

are bisulphite and molecular sulphur dioxide, while nothing that under must and wine 

condition (pH 3 to 4), the main free form HSO3
- cannot directly react with oxygen. 

Bisulphite and sulphur dioxide are relatively non-toxic, but there are legal maximum 

limits that winemakers need to observe. Excessive additions can be detected by smell, 

currently in New Zealand the standard content is from 250 to 400 milligrams per 

litre.68,69   

(a) (b) (c)
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Because of the increasing concerns over sulphite sensitivity on allergic reactions, there 

is now a trend to lower the use of SO2 in recent years. Thus, ascorbic acid and 

glutathione are often used as replacements to SO2.
64,70 As ascorbic acid can be quickly 

consumed once grape are crushed, it is usually present at non-detectable levels in grape 

juice. There is an assumption that ascorbic acid can reduce o-quinones back to o-

diphenols, and it is oxidised into dehydroascorbic acid.71 Because of its pro-oxidant 

activity, ascorbic acid has been restricted in its applicability for winemaking. In addition, 

high concentrations of ascorbic acid may cause gastro-intestinal irritations 

among consumers.72 

1.8 Objectives 

The main objective of the work reported in this Thesis was to characterise PPO, in 

particular grape PPO, from kinetic, mechanistic and inhibition perspectives.  

The objective for Chapter 2 was to conduct a literature review about the techniques that 

are commonly-used to study the kinetics of PPOs.  

The objectives for Chapter 3 were to optimise the recombinant production and 

purification of grape PPO using an Escherichia coli expression system, and to 

characterise the recombinant protein using mass spectrometry and UV/Vis 

spectrophotometry. 

The objectives for Chapter 4 were to develop a NMR-based assay to study PPO activity 

and inhibition, and to demonstrate the applicability of the technique to study PPO by 

using a series of inhibitors and antioxidants. The technique was also used in tandem 

with virtual high-throughput screening to discover new inhibitors of PPO. 
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The objectives for Chapter 5 were to produce mutant PPOs and to conduct kinetic 

analyses to investigate the roles of several amino acid residues that were proposed to 

be important for PPO’s substrate selectivity.  

The objectives for Chapter 6 were to establish a methodology to extract and purify 

grape PPO from Sauvignon blanc grapes, and to characterise the purified protein by 

mass spectrometry. 

The objective for Chapter 7 was to describe the experimental procedures that were used 

to conduct the work that was reported in this Thesis. 
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2.     Practical Approaches on Measurement Polyphenol Oxidase Activity 

2.1   Preface 

This Chapter was written as a draft review article, which describes the different 

techniques that are commonly-used to study the kinetics of PPOs. These include 

ultraviolet/visible (UV/Vis) spectrophotometry,1-5 assays using gel electrophoresis,6-7 

oxygen consumption assays,8-12 assays that use radiolabelled substrates,13,14 and 

fluorometric assays.15,16 The use of immobilised PPO as biosensors to detect and 

quantify phenolic compounds is out of scope and will not be discussed in this review. 

2.2   UV/Vis spectrophotometry 

UV/Vis spectrophotometry is the most frequently used technique to study PPO-

catalysed reactions. Oxidation of a phenolic substrate may lead to a change in the 

optical property of the compound. This allows the reaction to be monitored by 

following changes in absorbance at a certain wavelength (Figure 2.1).17 The changes in 

the UV/Vis absorption of the reaction follows the Beer-Lambert relationship (Equation 

2.1), which relates absorbance (𝐴) to concentration (𝑐), extinction coefficient of the 

quinone product ( 𝜀 ) and light path-length ( 𝑙 ).17 This relationship allows the 

concentration of the reaction product to be quantified by the absorbance of the mixture.  

𝐴 = 𝜀𝑐𝑙                     (Equation 2.1) 

 

Figure 2.1 Essential features of a spectrometer designed to measure absorbance changes at λmax 

Light Source Monochromator Slit Cuvette

 
Detector
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One example of using UV/Vis spectrophotometry to study PPO-catalysed reactions was 

reported by Valero et al. Using 4-methylphenol and 4-methylcatechol as substrates, the 

authors studied the oxidation of the compound to 4-methylquinone by grape PPO.1 4-

Methylphenol and 4-methylcatechol are colourless compounds, whilst 4-

methylquinone absorbs light at a 400 nm wavelength with an extinction coefficient (ε) 

of 1350 M-l cm-1, thus these are ideal substrates for UV/Vis spectrophometry.3 

When 4-methylphenol was used as a substrate, the authors observed a lag period at the 

beginning of the reaction.1,2 However, when 4-methylcatechol was used as a substrate, 

no such lag period was observed.3,4 Instead, a linear increase of the absorbance at 400 

nm, which reflects the formation of the 4-methylquinione product, was observed. The 

lag period is characteristic for the monophenolase activity of many PPOs. PPOs may 

exist in three forms, the met, oxy and deoxy forms. The lag period observed when 4-

methylphenol was used as a substrate may be explained by the formation of the met-

PPO:4-methylphenol complex, which does not lead to the formation of the quinone 

product. 

Although UV/Vis spectrophotometry can be applied to study PPO-catalysed reactions 

directly, the oxidised quinones can be unstable and they may polymerise to form dark 

coloured pigments.18 These polymerised products may be insoluble and may precipitate 

from the solution, thus leading to a change in the UV/Vis absorption. In order to solve 

this problem, an alternative spectrophotometric method was proposed. This method 

relies on a coupling reaction between 3-methyl-2-benzothiazolinone hydrazone 

(MBTH) and quinones to form a stable adduct that can be observed by UV/Vis 

spectrophotometry (Reaction 2.1).3-5 

2 ο-quinone + 1 MBTH→1 MBTH-ο-quinone + 1 ο-diphenol (Reaction 2.1) 
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The MBTH method was first applied to analyse PPO diphenolase activity by trapping 

the product of L-3,4-dihydroxyphenylalanine (L-Dopa) oxidation. The pigment formed 

by MBTH-quinone was stable for at least 30 minutes. The nucleophile MBTH did not 

inhibit enzyme activity.12 Moreover, the extinction coefficient (ε) of the MBTH-

quinone adduct was higher than the quinone itself. Thus, the MBTH assay is more 

sensitive owing to the higher ε and the superior stability of the complex when compared 

to quinone on its own. 

However, not all substrates may be used with the MBTH method, as some 

corresponding MBTH-quinone adducts do not have high solubility in aqueous 

solutions,4 thus limiting the reliability of the measurements. It is therefore important to 

optimise the system to ensure the MBTH-coupled reaction reflects the kinetics of the 

PPO-catalysed reaction. 

2.3   Enzyme assays with gel electrophoresis  

Many reported studies of PPO used enzymes that were extracted and (partially) purified 

from organisms such as plants. These enzyme mixtures may contain impurity proteins. 

They may also contain a mixture of latent and active PPOs. In-gel activity assay is a 

useful technique to identify the proteins in the mixture that exhibit PPO activity. The 

basic principle of the assay is relatively simple. First, native gel electrophoresis is 

applied to separate the proteins based on their molecular weight. This is then followed 

by exposing them to an enzyme-specific substrate to detect enzymatic activities. The 

basis of this experiment is that the biological activity of the enzyme needs to be retained 

following electrophoretic separation.17 In the case of PPO, since its catalytic activity is 

not inhibited or adversely affected by 10% sodium dodecyl sulphate (SDS), SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) may be used for the seperation.6,7,19  
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After native SDS-PAGE, the gel was then soaked in a staining solution that contains 

monophenol or diphenol substrates of PPO. MBTH was also added in the mixture to 

aid the visualisation of the quinone product on the gel (Figure 2.2).7 

 

Figure 2.2 Procedures on electrophoresis technique for in-gel PPO activity. 

An alternative method is to immobilise a substrate (for example, catechol) on a 

chromatography paper to evaluate PPO activity (i.e. “catechol paper”). Catechol paper 

could be prepared by immersing a chromatographic paper in 0.5% catechol (w/v), 

which is followed by a drying step at 37 C for 5 minutes. The resultant catechol paper 

can be stored at room temperature in a dark room until use. In this method, after gel 

electrophoresis, the gel was immediately pressed onto the top of a dried catechol paper 

(Figure 2.3). A dark brown band will be blotted onto the catechol paper as a result of 

the PPO-catalysed production of ο-benzoquinone. The concentration of the 

benzoquinone product is proportional to the colour of the PAGE-blot, which can be 

measured by imaging techniques.6 

Step 1: Electrophoresis is finished

Step 2: Gel is soaked into staining solution contains 

substrate and MBTH

Gel

Step 3: Scan the gel following the increasing 

incubation time 

Increasing Incubation Time
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Overall, both in-gel activity assays presented here are useful for the identification of 

active PPO from a protein mixture. Although these methods can be applied (and indeed 

have been applied) to study the kinetics of PPO-catalysed reactions, the setup of these 

assays can be tedious. In addition, as the proteins were immobilised in a polyacrylamide 

matrix in the gel, caution must be paid when comparing the enzyme activities through 

in-gel assays to those obtained in solution. 

 

Figure 2.3 Procedures on electrophoresis technique for visualising the PPO activity by “Catechol Paper” 

2.4   Oxygen consumption assay 

As oxygen is required for PPO-catalysed oxidation reactions, the measurement of 

oxygen consumption may also be used to follow PPO-catalysed reactions. Janovitz-

Klapp et al. first demonstrated the use of an oxygen consumption assay to study the 

kinetics of apple PPO using a Clark-type oxygen electrode.8 The experiment was 

carried out in air-saturated solutions. As oxygen uptake was being measured, it was 

possible to measure the effect of oxygen and the phenolic substrate on the rate of the 

reaction. By measuring oxygen consumption at different phenolic substrate 

concentrations, it was found that the ‘binding’ of oxygen (determined using the 

Short Plate

Spacer Plate
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Spacer Plate
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Michaelis constant, KM) was independent of the concentration of the phenolic substrate 

(and vice versa), and that their binding likely occurred in a step-wise manner. Such 

information is often difficult to achieve because the consumption of oxygen is not 

typically measured in other assays.  

In 2007, Abhijith et al. reported an alternative oxygen consumption assay, which 

involved the use of a Clark oxygen electrode with immobilised PPO (Figure 2.4).9 In 

the experiment, PPO was immobilised onto a cellophane membrane. To improve the 

stability of the PPO membrane, lysozyme, serum albumin or gelatin can be added as 

protein-based stabilising agents. They can then be cross-linked with the immobilised 

PPO on the membranes by using glutaraldehyde. This method was used by the authors 

to detect and quantify the polyphenol content in tea. This experiment is useful to 

measure complex mixtures such as tea, as changes in the UV/Vis absorption as a result 

of PPO-catalyses polyphenol oxidation are likely masked by the colour of other 

aromatic compounds in the mixture. 
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Figure 2.4 Theoretic diagram on Clark-type oxygen electrode with immobilized polyphenol oxidase. (A) 

Pt electrode, (B) Ag/AgCl electrode, (C) electrolyte (KCl solution), (D) Teflon membrane, (D-1) a 

modified electrode with a dialysis membrane contained PPO in the middle, (E) rubber ring, (F) 

galvanometer, (G) voltage supply, (H) air bubbles, (I) reaction model system.     

2.5   Radioenzymatic assay 

Whilst the use of UV/Vis spectrophotometry may allow studies of PPO kinetics, it is 

prone to error as the absorbance of the oxidised product, which is not stable and prone 

to precipitation, is measured. An alternative method, which uses radiolabelled 

substrates, such as those that are labelled with 3H or 14C, may enable more accurate 

kinetic measurements to be made. This method was demonstrated by work by 

Motoshahi et al. by using L-[ring-3H] tyrosine and L-[carboxyl-14C] tyrosine as 

substrates.13 Mushroom PPO-catalysed the oxidation of L-tyrosine to L-Dopa, which is 

then subsequently oxidised to dopaquinone. The free amine group of dopaquinone may 

act as a nucleophile to form dopachrome in an non-enzymatic manner, which then 

rearranges and decarboxylates into 5,6-dihydroxyindole. The authors demonstrated that 
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these steps could be monitored by the release of tritium ions (3H+, as 3H2O), which were 

liberated from the phenolic ring of L-[ring-3H] tyrosine, and 14CO2, which was 

generated in the last step of the non-enzymatic reaction (Figure 2.5). 

There are several advantages by using radioenzymatic assay. Firstly, the measurement 

is highly specific. Secondly, the experiment is sensitive and is usually free from 

interference.13,14 Finally, the results can be easily quantified. However, the method, at 

least with the system that the authors used, rely on the hypothesis that the formation of 

dopachrome was equal to tyrosine consumption, and that the formation of the tritiated 

water was in a steady state. Inaccurate kinetic measurements may be obtained if the 

assumption is incorrect. In addition, the use of radioactive substances require specialist 

equipment and health and safety approval, which limit the general applicability of the 

technique. 

 

Figure 2.5 Theoretical graph on radiometric assay on PPO activity by L-[ring-3H] tyrosine and L-

[carboxyl-14C] tyrosine 

2.6   Fluorescence assays 

In addition to UV/Vis spectrophometry,1-5 in-gel activity assay,6,7 oxygen consumption 

assay,8-12 and radioenzymatic assay,13,14 fluorescence emission spectroscopy was also 

applied to study PPO-catalysed reactions. Recently, two fluorescence sensing platforms 
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were developed that may offer superior sensitivity and accuracy to detect PPO-

catalysed reactions.   

2.6.1   Glutathione (GSH)-Protected Gold Nanoclusters (Au NCs) 

fluorometric assay  

The first method relies on the use of glutathione (GSH) protected gold nanoclusters (Au 

NCs), which, when excited at a 350 nm wavelength, has an emission peak at 610 nm 

wavelength. The presence of PPO and phenolic substrate (dopamine was used in the 

example) did not affect the fluorescence of the Au NCs. However, the formation of 

dopaquinones quenches the fluorescence. As the emission intensity 610 nm was 

gradually extinct, a new emission at 400 nm, which originated from the PPO:dopamine 

complex and PPO-catalysed products, increased in intensity. The fluorescence intensity 

ratio at these two wavelengths (I400/I610) may be used to quantify PPO-catalysed 

reactions by the ratiometric fluorescence method.15 Detection limits of 0.006 unit mL-1 

for PPO activity and 1.0 nM for dopamine concentration were reported, making this 

method one of the most sensitive techniques to detect PPO activity to date (see Figure 

2.6). 

 

Figure 2.6 Theoretic diagram of the ratiometric fluorescence method on the oxidation of Dopamine 

(DA), the formation of PPO/DA complex and the fluorescence quenching of Au NCs by Dopamine 

Quinone. 
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2.6.2   Carbon quantum dots (CQDs) fluorometric assay  

Another new method to detect PPO-catalysed reactions was reported in 2015. The 

method utilised carbon quantum dots as fluorophore as it emits a strong yellowish green 

fluorescence. Dopamine was chosen as the substrate and it was functionalised on the 

surface of the carbon quantum dots (CQDs). Oxidation of the dopamine that is 

functionalised on the CQDs will lead to an intraparticule photo-induced electron 

transfer (PET) process between the CQD and the dopaquinone, in which the CQD acts 

as the electron donor and the dopaquinone acts as an electron acceptor. As a result of 

this PET process, the fluorescence of the conjugate is quenched simultaneously. Hence, 

PPO activity can be detected and quantified by following changes in the fluorescence 

intensity of the dopa-CQD conjugate over time (see Figure 2.7).16 More importantly, 

the authors also demonstrated that this method can be applied to visualise PPO-

catalysed reactions in cells. Such detection is difficult to obtain by other imaging 

techniques.  

 

Figure 2.7 Schematic diagram on the PPO activity based on carbon quantum dots (CQDs) from original 

fluorophore to fluorescence quenching by Dopamine Quinone based on intrapaticle photoinduced 

electron transfer (PET). 

2.7   Conclusions 

The techniques that are commonly-used to detect PPO-catalysed reactions were 

reviewed in this chapter. UV/Vis spectrophotometry is the most applied method. 

However, the accuracy of this procedure may suffer due to the instability of the quinone 

product. A chemically-coupled method using MBTH may help solve this issue. 
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However, the solubility of the resultant MBTH-quinone complex may limit the 

applicability of the method. A radioenzymatic assay has also been applied. However, it 

requires the use of specialist detection equipment. In-gel activity assays have also been 

reviewed. These methods allow the detection of PPO-catalysed reactions after 

separation of a protein mixture by gel electrophoresis, and they are useful techniques 

to identify the active PPO component from a mixture. Finally, two novel fluorescence-

based techniques have also been reviewed. 
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3. Grape polyphenol oxidase: production, purification and 

characterisation1 

3.1 Introduction 

Grape (V. vinifera) PPO has attracted significant interest from the wine industry as 

oxidative browning, which is caused by PPO-catalysed oxidation of phenolic 

compounds, affects both the sensory properties and nutritional value of wines (see 

Chapter 1).1-5 It is therefore not surprising that grape PPO has been studied intensively 

by both academia and industry since the early 1970s.6 The molecular weight of full 

length grape PPO was reported to be ~67 kDa.7-11 Similar to other plant PPOs (see 

Chapter 1), grape PPO was found to undergo a maturation process after protein 

synthesis, with posttranslational cleavage at both the N- and C-terminals. The final 

‘mature’ protein was found to have a molecular weight of ~40 kDa (Table 3.1).7-11   

Using enzymes that were purified from Grenache grape berries, Virador et al. reported 

the first structure of mature grape (V. vinifera) PPO in 2010 (residues 104–443).11 

Mature grape PPO contains two copper ions at the active site. The first catalytic copper 

ion (CuA) is coordinated by His-190, His-211 and His-220. His-190 is in the centre of 

helix α4, His-211 is in front of helix α5, and His-220 is located at the beginning of helix 

α5. The other copper (CuB) is coordinated by His-342, His-346 and His-375. His-342 

and His-346 are located at the beginning of helix α12, while, His-375 is located at the 

                                                 
1 The work described in this Chapter was conducted in collaboration with Martin J. Middleditch, Stuart 

J. Morrow and Kristine A. Boxen. M.J.M provided technical support for MS analysis and S.J.M 

performed accurate mass measurements. K.A.B performed accurate DNA sequencing services.  
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end of helix α14. In addition, the N-terminus is stabilised by two disulphide bridges, 

one between Cys-114 and Cys-129 and the other one between Cys-128 and Cys-191. A 

thioether bridge was found between His-211 and Cys-423. The active site of grape PPO 

is similar to both sweet potato (Ipomoea batatas) PPO, which is a catechol oxidase, and 

walnut (Juglans regia) PPO, which is a tyrosinase (Figure 3.1). There are contrasting 

reports suggesting grape PPO could be a catechol oxidase or a tyrosinase.11-13 It is 

therefore of interest to study the substrate selectivity of grape PPO.  

Most grape PPO studies that have been reported to date were conducted with enzymes 

isolated from grapes. However, it is often difficult to directly compare the results 

obtained by different studies that were reported in literature, because (1) the enzymes 

that were used in these studies were often isolated from different types of grapes, (2) 

the isolated enzymes may have different purity, and (3) the isolated enzymes may exist 

in different maturation states. The access to highly-purified enzymes in a homogenous 

population, such as those from a recombinant source, may enable further mechanistic 

and structural studies of grape PPO.   
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Table 3.1 Deduced amino acid sequence of grape PPO. A red highlight indicates the sequence of the 

N-terminal domain (residues 104-443), which is the suequence appearing in the X-ray sturcture of 

mature grape PPO (PDB ID:2P3X). 
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Figure 3.1  Superimposition of overall and active site of grapePPO (PDB ID: 2P3X), Ipomoea batatas 

PPO (PDB ID: 2P3X), and Juglans regia PPO (PDB ID: 5CE9) (a) The overall structures are shown as 

cartoon models and colored differently: Grape PPO is magenta, Ipomoea batatas PPO is green, and 

Juglans regia PPO is yellow. The black box delineates the active sites from three PPOs in (b) with two 

copper ions in brown spheres. (b) The active site with copper-coordinating hitidine residues of grape 

PPO are illustrated as stick models (cyan C, blue N, red O).  
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In addition to mechanistic studies, the understanding of the kinetic and catalytic 

properties of grape PPO may enable the wine industry to develop protocols to minimise 

oxidative browning during winemaking. However, such in vitro studies often require 

large quantities of active and pure grape PPO, which is difficult to obtain by isolation 

and purification from grapes. Hence, recombinant grape PPO, which may be produced 

in large quantity in a controlled manner, may enable these studies to be performed.  

The recombinant production of the latent form of grape PPO was reported by Solem et 

al. in 2016.14 In that work, the authors applied a modified protocol that was initially 

reported by Dirks-Hofmeister and co-workers to produce plant PPOs (dandelion 

(Taraxacum officinale) and tomato (Solanum lycopersicum)) by Escherichia coli.15 

However, the protocol was relatively tedious and required more than 72 hours of total 

incubation time. The recombinant production of the mature form of grape PPO has 

never been reported. 

3.2 Objectives  

The objectives of the work described in this Chapter were to develop and optimise a 

procedure to produce and purify the mature form of grape PPO by using an Escherichia 

coli expression system, and to characterise the purified recombinant proteins by mass 

spectrometry and ultraviolet/visible (UV/Vis) spectrophotometry to ensure the proteins 

were active and that their catalytic abilities were similar to those that were reported 

with enzymes that were purified from grapes.
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3.3 Production of recombinant grape PPO 

3.3.1 Molecular cloning 

There are several requirements for the production of recombinant proteins. These 

include an appropriate expression system, a suitable expression vector and a DNA 

fragment that encodes the protein of interest. 

E. coli is a well-established and relatively easy-to-handle expression system for 

heterogeneous protein production. Previous studies have demonstrated the applicability 

of using E. coli to produce plant PPOs including latent grape PPO. E. coli was therefore 

chosen as the expression system for this study. 

The DNA sequence of the mature form of grape PPO (residues 104-443) were obtained 

from the report published by Virador et al. with white Grenache grape protein (Table 

3.1).11 For molecular cloning, a synthetic DNA fragment from a commercial source was 

used. The native DNA sequence from Grenache grape was used. However, if the yield 

of soluble recombinant protein was poor, codon-optimised DNA sequence could be 

easily incorporated, an advantage of using synthetic gene fragments when compared to, 

for example, polymerase chain reaction (PCR)-based amplifications.16 

Several considerations were made when choosing an expression vector for cloning. The 

vector should ideally encode a purification tag, such as a poly-histidine tail, for the ease 

of protein purification. It should contain a protease cleavage site so that the purification 

tag could be removed from the protein after purification. Gileadi et al. have made 

available a series of expression vectors that were derived from the commercially-

available pET28a vector with the expression of the cloned gene driven by the T7-lac 

operator (LacO) system. The first vector of the series, pNIC28-Bsa4, encodes a 



45 

 

polyhistidine tag at the N-terminal and a tobacco etch virus (TEV) protease cleavage 

site connecting the polyhistidine tag and the protein.17 Other vectors in the series encode 

larger fusion tags such as thioredoxin to help the solubility of the target protein. Due to 

the versatility of this vector series, pNIC28-Bsa4 was chosen in this study (Figure 3.2). 

The pNIC28-Bsa4 vector were prepared using the method reported by Gileadi et al.17 

In short, the restriction enzyme BsaI was applied to cut open the vector and remove the 

sacB gene. The expression of sacB gene is sensitive to sucrose and lethal to bacteria 

growth, which provides a selection against the uncut vector.18 Using T4 DNA 

polymerase and dGTP, two single-stranded ‘sticky ends’ are formed. The synthetic 

DNA fragment, which contained the following extra sequences tacttccaatccatg and 

tatccacctttactgtta at the 5’ and 3’ ends respectively (Table 3.2), were then prepared by 

T4 DNA polymerase and dCTP. This results in complementary sticky ends that can 

‘stick’ the opened vectors and prepared DNA fragments together into a recombinant 

plasmid.19 The recombinant plasmid was then transformed into E. coli XL10-Gold 

ultracompetent cells and can be isolated when required.20 The recombinant plasmid was 

confirmed by DNA sequencing (DNA Sequencing Centre, The University of Auckland).
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Table 3.2 (a) DNA sequence of grape PPO (residues 104-443). Text highlighted in red italic indicates 

the sequence required for cloning to the vector pNIC28-Bsa4. Text highlighted in italic indicates the 

sequence required for cloning to the vector pNIC28-Bsa4. (b) Rare codon table for grape PPO (residues 

104-443). The data was obtained by the Rare Codon Caltor http://www.doe-

mbi.ucla.edu/~sumchan/caltor.html  

Rare 

Codon

Frequency of 

Occurrence

Repeated and/or 

Consecutive 

Rare Codons

CGA 0

ACG CCC = 1  

CCC AUA = 1 

AUA GGA = 1

CGG 1

AGG 1

AGA 4

GGA 3

GGG 2

AUA 6

CUA 4

CCC 7

ACG 5

tacttccaatccatg

gctcccatcc aggcaccgga tatatccaag tgtggtaccg ccaccgtgcc

tgatggtgta acgcccacaa attgttgccc gccagtcacc acaaagatta

tagatttcca gctaccttcc tcaggttccc ccatgcgtac caggccagct

gctcacttgg tcagcaaaga gtacttagcc aagtataaaa aggccattga

gctgcagaaa gctcttcctg atgatgaccc gcgtagtttc aagcaacagg

ctaatgtcca ttgcacctat tgccaagggg cttatgatca ggttgggtat

accgacctag aactccaggt tcatgcttca tggcttttcc tccctttcca

ccgttactat ctctacttca atgagagaat tcttgcaaag ttgatcgacg

atcccacctt cgctttgccc tattgggctt gggataaccc tgatggcatg

tatatgccga ccatctatgc tagttcccca tcatcactct acgacgagaa

gcgcaacgcc aagcacctgc ctccgactgt gatcgatctc gactacgatg

gcaccgaacc cacaatccct gatgacgaac taaaaaccga caatctggca

atcatgtaca aacaaattgt gtcgggtgcc acgactccta agcttttcct

tggttaccca taccgcgccg gcgatgcgat tgaccctgga gcgggtaccc

ttgagcacgt cccacataat atagtccaca aatggactgg tcttgctgat

aagcctagtg aggacatggg aaacttctat actgccggca gagaccccat

attcttcggt caccacgcca atgtcgatcg gatgtggaat atatggaaaa

ctataggagg taaaaataga aaggatttca cggatacgga ttggcttgac

gccacgttcg tcttctacga cgagaacaaa caacttgtta aagtcaaggt

ctcggactgt gtcgacactt ccaagctgag ataccaatat caggatattc

ctattccatg gctaccaaaa

taacagtaaaggtggata

(a)

(b)

http://www.doe-mbi.ucla.edu/~sumchan/caltor.html
http://www.doe-mbi.ucla.edu/~sumchan/caltor.html
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Figure 3.2 An illustration of ligation-indenpend cloning beween the sythetic gene of mature grape PPO 

and the vector. The recombinant plasmid was then transformed into  E. coli XL10-Gold ultracompetent 

cells. 
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3.3.2 Production of recombinant grape PPO  

The recombinant production of grape PPO was then evaluated. E. coli DE3-derivatives 

competent cells were chosen to test protein expression because they contain T7 RNA 

polymerase gene, which is controlled by the lacO promoter from recombinant plasmid. 

Thus, protein overexpressions can be induced by the addition of lactose, or a lactose 

analogue such as isopropyl-β-D-thiogalactopyranoside (IPTG). Three different 

competent cells, including E. coli BL21 (DE3), E. coli BL21-CodonPlus(DE3)-RP and 

E. coli BL21-CodonPlus(DE3)-RIPL, were tested. When compared to BL21(DE3) cells, 

BL21-CodonPlus (DE3)-RIPL and BL21-CodonPlus(DE3)-RP contain extra copies of 

genes that encode tRNAs that recognise the rare codons of E. coli.21 This is because the 

sequence encoding grape PPO contains several E. coli rare codons, including CCC (7 

occurrences), AUA (6 occurrences), CUA (4 occurrences), AGA (4 occurrences) and 

AGG (1 occurrence) (Table 3.2).  

In order to evaluate the protein production conditions, 100 mL scale expression trials 

were conducted. The transformed E. coli were first allowed to multiply at 37°C until an 

optical density at 600 nm wavelength (OD600) reached 0.6. Next, IPTG were added to 

induce the production of the recombinant protein. Three different IPTG concentrations 

(0.2, 0.5 and 1 mM) were tested. In addition, two different post-induction temperatures 

(18°C and 28°C) were also tested. 37°C was not tested because Dirks-Hofmeister et al. 

reported that a lower expression temperature may allow the plant PPOs to fold into the 

correct conformation. The results were analysed by sodium dodecylsulphate 

polyacrylamide gel electrophoresis (SDS-PAGE). The optimal condition for protein 

expression was found to be E. coli BL21-CodonPlus(DE3)-RP cells at 18°C and 0.2 

mM IPTG concentration (Figure 3.3). Using this condition, a large scale production 
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was conducted. The bacterial cell pellet was harvested by centrifugation and were 

stored at -80°C until use. 

 

Figure 3.3 SDS-PAGE analysis illustrates soluable proteins expressed from E. coli BL21-

CodonPlus(DE3)-RP at 18°C. The strongest protein band highlighted with dark frame contains the 

highest concentration of soluble proteins. This indicates the optimal condition for protein expression was 

induced by 0.2 mM IPTG at 18°C. 

3.4 Purification of recombinant grape PPO 

3.4.1 Immobilised metals of affinity chromatography (IMAC) 

The purification procedure of recombinant grape PPO was then optimised. As the 

recombinant protein was produced with an N-terminal poly-histidine tag, immobilised 

metal affinity chromatography (IMAC) was used for the first step of purification. This 

step can separate histidine-tagged proteins from untagged proteins by means of a 
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reversible interaction between the poly-histidine tag protein and the binding chelated 

transition metal ions, such as Co(II), Cu(II), Zn(II), Ni(II), and Fe(II) ions.22

As vinifera PPO is a multi-copper protein, the Sepharose column of IMAC was then 

charged with Cu(II) ions. However, decolourisation of the Cu(II)-charged column was 

observed after application of the cell lysate that contained overexpressed recombinant 

grape PPO. SDS-PAGE showed that the recombinant grape PPO did not bind to the 

column and the protein was collected in the flow through (Figure 3.4a). It can be 

reasoned that recombinant grape PPO may bind Cu(II) with a high affinity, and the 

cause of the decolourisation of the Cu(II)-charged column is likely due to grape PPO 

stripping the Cu(II) ions from the Sepharose resin. An alternative metal ion for IMAC 

was therefore necessary in order to purify the recombinant grape PPO from the cell 

lysate. 

A Ni(II)-charged Sepharose column was then tested on the purification of recombinant 

grape PPO. In contrast to the Cu(II)-charged column, no decolourisation was observed. 

The recombinant protein was found binding to the Ni(II) column, and the protein could 

be eluted from the column by the application of a buffer that contains a high 

concentration of imidazole (500 mM) as judged by SDS-PAGE (Figure 3.4b). After 

IMAC, along with other impurity bands, two prominent protein bands at ~40 kDa and 

~60 kDa were observed in the SDS-PAGE (Figure 3.4b). The calculated molecular 

weight of recombinant grape PPO together with the N-terminal polyhistidine tag and 

TEV cleavage site was 41.3 kDa. Protein mass spectrometry analysis showed that the 

protein band at ~60 kDa was an E. coli chaperonin, which is commonly found co-

purified with other recombinant proteins, whilst the band at ~40 kDa corresponded to 

grape PPO (Figure 3.4b).  
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Figure 3.4 SDS-PAGE analysis on purification of recombinant grape PPO by immobilised metal affinity 

chromatography (IMAC). Peak fractions were eluted by elution buffer containing 500 mM imidazole. The 

red arrows indicate the predicated molecular weight of protein at about 41.26 kDa. (a)  5 mL Cu(II)-

charged Sepharose column. (b) 5 mL Ni(II)-charged Sepharose column.
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3.4.2 Size exclusion chromatography 

In order to reduce the amount of the E. coli chaperonin contaminant from the elution, 

size exclusion chromatography was then considered to separate the impurity E. coli 

proteins from the recombinant grape PPO. The size exclusion chromatography can 

purify proteins by their different molecular weights. The molecular weight of 

recombinant grape PPO is predicated to be about 41.26 kDa, whilst the impurity E. coli 

chaperonin proteins are ~60 kDa. Two size exclusion columns, which were optimised 

to separate proteins between 1 kDa and 100 kDa, and between 5 kDa and 250 kDa, 

were tested. However, whilst it was possible to separate the two proteins in some 

fractions, a significant amount of recombinant grape PPO was co-eluted with the E. coli 

chaperonin (see Figure 3.5). Some impurity proteins existed in each fraction, because 

they have close molecular weights with grape PPO. Therefore, they were difficult to 

remove by size exclusion chromatography. 
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Figure 3.5 SDS-PAGE on peak fractions were eluted with sodium phosphate buffer (66.67 mM, pH 6) 

through size exclusion chromatography (1~100 kDa). The target protein grape PPO (~40 kDa)  was 

highlighted by a red arrow, and the major impurity protein (~60 kDa) was indicated by an orange arrow, 

which was present in fraction 8. 

3.4.3 Optimisation on imidazole concentrations in IMAC 

As size exclusion chromatography could not completely separate recombinant grape 

PPO with impurity proteins, the optimisation on imidazole concentrations in the elution 

step of IMAC was then reconsidered. This is due to recombinant grape PPO and the 

impurity proteins may have a different affinity to the Ni(II)-charged column.  

Depending on the strength of the non-specific interactions between the impurity 

proteins and the Ni(II)-charged column and the strength of the binding between the 

column and the polyhistidine-tag of recombinant grape PPO, it may be possible to 

selectively elute the impurity proteins and recombinant grape PPO by varying the 

imidazole concentrations. It was postulated that under a low concentration of imidazole, 
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specifically) will be washed off. This can be followed by a high concentration of 

imidazole so that proteins that are strongly associated to the column will be rinsed out.22  

A gradient of elution buffer was therefore applied with a gradient of imidazole from 50 

mM to 500 mM imidazole over twenty minutes. Peak fractions were analysed by SDS-

PAGE in Figure 3.6. It was found that the E. coli chaperonin was eluted from the 

column at low imidazole concentration (< 255 mM). At the high imidazole 

concentration, relatively pure recombinant grape PPO could be obtained. Interestingly, 

it was also found that purer proteins could be obtained by connecting two columns 

together in a linear fashion with elution with a gradient (Figure 3.6b). This is 

presumably due to a larger surface area for the recombinant protein to interact with the 

column. 
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Figure 3.6 The gradient concentration of imidazole was loaded onto (a) a 5 mL Ni(II)-charged column, 

and (b) a double 5 mL Ni(II)-charged column. 
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3.4.4 Optimisation on removal of the polyhistidine tag by TEV protease  

The pNIC28-Bsa4 vector allows the production of grape PPO with an N-terminal poly-

histidine tag and a TEV protease cleavage site.17 TEV protease was prepared by 

following procedures described by Tropea et al.23 The cleavage site of TEV protease 

was between Q (Glutamine) and S (Serine) according to polyhistidine tag (Figure 3.7a). 

TEV protease can remove the amino acids before the 'asterisk'. The incubation 

condition was optimised by adding 1 mg of TEV protein per 100 mg of purified proteins 

and incubate at 4°C for 16 hours (Figure 3.7b). After the polyhistidine tag from 

recombinant grape PPO was cleaved, the mixture was loaded on IMAC again. TEV-

treated PPO cannot bind to the column because it no longer contains a polyhistidine tag, 

so it was collected in the flow-through. By contrast, TEV protease, which contains a 

polyhistidine tag, and the cleaved tag are attached to the column when the mixture was 

loaded onto IMAC (Figure 3.7a).  
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Figure 3.7 (a) The optimisation on TEV protease incubation period by SDS-PAGE analysis. (b) The 

removal  of TEV protease through 5 mL Ni(II)-charged column.
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3.4.5 Ion exchange chromatography 

Although the application of IMAC and size exclusion chromatography could lead to 

relatively pure recombinant grape PPO, impurity bands could still be seen on SDS-

PAGE. The ion exchange chorography, which separates proteins by their charge, was 

therefore applied to further purify the recombinant grape PPO. The isoelectric point (pI) 

of grape PPO without poly-histidine tag is 5.67. In a solution with a pH above the 

protein’s pI (e.g. pH 7.5), the protein will carry negative charges. When the protein is 

subjected to anion exchange chromatography, it will bind to the anion exchange resin 

that is coated with positively charged cations. A linear gradient of buffer containing 0 

to 1 M NaCl was applied over a 20 minutes period. Pure grape PPO was obtained at 

low NaCl gradients (up to 32.5%, or ~325 mM NaCl, see Figure 3.8), whilst at high 

NaCl concentrations. Both grape PPO and E. coli chaperonin were found eluted 

together from fractions 8 to 10, but E. coli chaperonin protein was found binding to the 

anion exchange column longer than grape PPO due to the differentiation on their 

charges. By pooling and concentrating the fractions containing only grape PPO, pure 

proteins were obtained as judged by SDS-PAGE (Figure 3.8). 
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Figure 3.8 SDS-PAGE analysis on peak fractions were showed with corresponding concentration of 

NaCl by anion exchange chromatography. 

3.4.6 Post-purification work-up 

As recombinant grape PPO was purified using a Ni(II) column, the bound Cu(II) inside 

the grape PPO active site may exchange with Ni(II), which may result in inactive 

enzymes. This was confirmed by kinetic experiments using UV/Vis spectrophotometry 
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Figure 3.9 Recombinant grape PPO purified by Ni(II) column was found to be inactive (Blue). By 

incubating the protein with Cu(II) ions, active grape PPO could be obtained. Polyphenol oxidation was 

observed by UV/Vis spectrophotometry by monitoring changes in absorbance at 400 nm wavelength at 

37°C for 30 minutes. Reactions included 0.2 µM grape PPO and 100 μM 4-methylcatechol. Experiments 

were conducted in triplicate.

Attempts to make apo-grape PPO by incubating the purified protein with 

ethylenediaminetetraacetic acid (EDTA), a strategy that was used with other 

oxygenases and oxidases, was unsuccessful and the protein was found to be denatured 

and precipitated.24-26 As protein-metal binding was a dynamic equilibrium process, the 

recombinant protein was incubated with excess Cu(II) ions, in order to facilitate the 

formation of the protein-Cu(II) complex. The protein was initially incubated with a 

large excess of CuCl2 (>80 fold of molar excess). However, protein precipitation was 

observed, presumably due to Cu(II) being a good Lewis acid.26 After optimising the 

incubation condition, it was found that incubating a dilute solution of protein (10 μM) 

at low Cu(II) molar excess (100 μM CuCl2) at 4°C overnight will lead to full exchange 
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of Cu(II) to the protein (Figure 3.10). Any higher concentration of CuCl2 may result in 

precipitation of proteins. 

 

Figure 3.10  10 μM grape PPO was incubated with 100 μM, 200 μM, and 400 μM CuCl2 respectively. 

The content of insoluble increased by the incubation period at 4°C. If the concentration of CuCl2 

exceeds 100 μM, such as 200 μM, and 400 μM, over 50% of grape PPO will be precipitated. 

The saturation of Cu(II) ions in grape PPO were confirmed by inductively coupled 

plasma mass spectrometry (ICP-MS; Conducted by Stuart Marrow, School of Chemical 

Sciences). After incubating the purified protein with CuCl2, the protein was buffer 

exchanged into water and the concentration of the protein was measured. The sample 

was then denatured by incubating in a hot water bath (~100°C) (see Figure 3.11a). As 

a result, the metals that were bound to the protein should be released into the solution. 

After centrifugation, the supernatant was tested for its metal ion composition and their 

concentrations. It is found that the protein contained two molar equivalents of Cu(II) 

(i.e. CuA and CuB), whilst the Ni(II) concentration in the sample was found to be less 

than 5% (Figure 3.11b). Overall, around 10 mg of pure and active enzymes can be 

0

0.5

1

1.5

2

2.5

3

3.5

1 2 3

P
ro

te
in

 c
o

n
c

e
n

tr
a

ti
o

n
 m

g
/m

L

CuCl2 concentration/ μM

Before incubating with CuCl

After 16 hr incubation

400100 200

2



62 

 

typically obtained from 5 L of 2YT media after the purification and workup 

procedures. 

 

Figure 3.11 (a) SDS-PAGE on pure grape PPO used for metal ions identification (b) The concentrations 

of metal ions from the relative grape PPO. 

3.4.7 Identification of purified protein 

The purified protein was then tested by mass spectrometry to confirm its identity. 

Native non-denaturing mass spectrometry showed a peak with a mass of 38,795Da, 

which matches the protein without a polyhistidine tag (see Figure 3.12a). The next peak 

that was of a substantial size corresponded to a 57kDa contaminant (see Figure 3.12b), 

which was confirmed as the chaperone protein in E. coli. It was interesting that the 

contaminant peak was significant when compared to the peak that corresponded to PPO. 

This may due to the two proteins ionised to a different extent in the spectrometer.   
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Figure 3.12 Protein mass spectrometry analysis illustrated the retention time versus intensitiy of (a) 

grape PPO and (b) the chaperone protein in E. coli. In (a), a peak with a mass of 38795 Da was 

observed. This matches the molecular weight of the protein without a polyhistidine tag (38798.97 Da as 

determined by its amino acid sequence, which contained two extra amino acids serine and methionine 

at the N-terminal of the protein as encoded by the plasmid). 

In addition to whole protein mass spectrometry, tandem mass spectrometry (MS/MS) 

was also attempted to observe the two disulphide bridges and a thioether bridge, which 

were reported in proteins isolated from grapes.11 A 4 kDa peptide was observed in a 

non-reduced trypsin-digested sample. However, this peptide was not present in a 

reduced sample. Grape PPO contains two disulphide bonds, which were between C114 

and C129, and C128 and C191. The homodimer is likely to happen during post-

digestion, which frees up C128 to react with each other. Unfortunately, no coverage of 

16       17       18       19        20       21       22       23       24       25        26       27       28       29    30       31       32        33       34

0.0e0

2.0e4

4.0e4

6.0e4

8.0e4

1.0e5

1.2e5

In
te

n
s
it

y

Time/min

24.552~25.569

Mass/Da

(b)

16       17       18       19        20       21       22       23       24       25        26       27       28       29    30       31       32        33       34

0.0e0

2.0e4

4.0e4

6.0e4

8.0e4

1.0e5

1.2e5

In
te

n
s
it

y

Time/min

18.502~19.502

Mass/Da

(a)



64 

 

the peptide CTYCQGAYDQVGYTDLELQVH was observed and therefore it was not 

possible to determine the presence of a thioether bridge (Figure 3.13). 

 

Figure 3.13 (a) A proposed structure of a homodimeric peptide that was found in a non-reduced trypsin-

digested sample.The disulphide bond formed between Cys-114 and Cys-129 is shown in black, and the 

disulphide bond between Cys-128 of the two monomers is shown in red. (b) Mass spectrum of the 

dimeric peptide. m/z is equal to 1080 4+ ions with a retention time at 23.11 min. 
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3.5 Characterisation of recombinant grape PPO 

3.5.1 Single substrate concentration testing on recombinant grape PPO

UV/Vis spectrophotometry is a popular technique for the monitoring of PPO-catalysed 

reactions (for review, see reference 27). It is a continuous spectrophotometric method 

that monitors changes in UV/Vis absorbance at a fixed wavelength.27,28 Single 

concentration (1.4 mM) of four types of monophenols and four types of diphenols 

substrates were initially employed to test grape PPO (0.2 µM) activity through a 

continuous spectrophotometric method (Figure 3.14).  

Typical diphenol substrates including pyrocatechol, 3,4-dihydroxyphenylalanine, 4-ter-

butylcatechol, 4-methylcatechol were observed to be colourless under visible light 

between 400 and 750 nm, which are ideal to monitor the formation of coloured product 

catalysed by grape PPO. Their extinction coefficients with relative maximum 

wavelength were reported from previous investigatons.29-31 Compared to 4-

methycatechol, 4-ter-butylcatechol achieved the highest enzymatic reaction rate. The 

formation of product 4-ter-butyl-1,2-quinone was observed in the first minute with a 

brilliant yellow yielded in the reaction cuvette. However, the subsequent aggregation 

of product showed a green-yellow colour, which may cover the initial yellow colour; 

moreover, this non-enzymatic reaction was much faster than enzymatic oxidation, 

therefore, the absorbance was slightly increased after reaction started for 4 minutes. In 

contrast to 4-ter-butylcatechol, pyrocatechol and 3,4-dihydroxyphenylalanine are slow-

binding to grape PPO, in which the enzymatic oxidation was not completed after 40 

minutes. Thus, their reaction rates were much slower than 4-methylcathol and 4-ter-

butylcatechol. To date, 4-methylcatechol was confirmed as the optimal diphenol 

substrate, because it can give a gradient increase of absorbance changes, and complete 



66 

 

the reaction within optimal period (Figure 3.14a). As Fronk et al. characterised grape 

PPOs isolated from Riesling and Dornfelder wine grapes can obtain both tyrosinase and 

catecholase activities,13 monophenol substrates including 4-propylphenol, tyrosine, 4-

tert-butyphenol, and 4-methylphenol, were employed to test tyrosinase activity of 

recombinant grape PPO. From Figure 3.14b, recombinant grape PPO displayed very 

weak tyrosinase activity within a long incubation period (24 hr), and 4-methylcatechol 

obtained the highest rate, which was about 23 μM/hr.   

 

Figure 3.14 Single concentration kinetic experiment was monitored at relative wavethlength using 0.2 

µM grape PPO with 1.4 mM substrate at 37°C. Each substrate structure is illustrated after the individral 

reaction rate. (a) Relative faster reaction rates were observed by diphenol substrates, which were 

recodered in units of μM/min. (b) Much slower rates were obtained by using monophenol substrates.
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3.5.2 Development of a UV/Vis assay for PPO activities 

For PPO-catalysed reactions, 4-methylcatechol, which is colourless, has been 

confirmed as an optimal diphenol substrate. The oxidised product, 4-methyl-1,2-

quinone, which shows an intense pink colour, can be monitored by UV/Vis 

spectrophotometry at 400 nm wavelength. As expected, incubation of 4-methylcatechol 

with the recombinant grape PPO resulted in the formation of a pink solution at a low 

substrate concentration (<400 μM), which indicated the formation of the oxidised 

product (Figure 3.15). Interestingly, incubation of the recombinant grape PPO with a 

high concentration of 4-methylcatechol (>600 μM) resulted in an initial increase in 

absorption at 400 nm, but over time, the absorption dropped and the formation of a 

brownish solution, which subsequently precipitated as a brown pellet, was observed. It 

was reported previously that the PPO-catalysed oxidation product (e.g. 4-methyl-1,2-

quinone) was unstable and may form high molecular weight adducts or polymerised 

products.3,32 The brown colour observed at high substrate concentration was due to the 

formation of these high molecular weight or polymerised products, whose formation 

were more efficient than low substrate concentrations (see Figure 3.15). 
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Figure 3.15 Pictures on enzymatic oxidation of 4-methylcatechol to 4-methyl-1,2-quinone monitored by 

UV/Vis spectroscopy. Relative substrate concentrations are indicated above the picture. At low 4-

methylcatechol concentration, this reaction appeared to form a pink solution, which corresponded to the 

absorbance of 4-methyl-1,2-quinone, the oxidised product. However, at high 4-methylcatechol 

concentrations (>600 μM), after the initial increase of a pink colour, the solution turned brown, 

presumably due to the formation of the aggragated or polymerised 4-methyl-1,2-quinone adduct. The 

picture was taken after 20 minutes incubation. 

Despite the formation of the unwanted polymerised 4-methyl-1,2-quinone products 

over time, the initial rate of the formation of 4-methyl-1,2-quinone can still be measured 

by UV/Vis spectrophotometry as browning of the solution typically did not occur until 

after 10 minutes. The initial rate of reaction was calculated by absorbance changes at 

400 nm wavelength divided by extinction coefficient (ε = 1350 M-1 cm-1) and 

corresponding light distance (L = 1 cm) per minute. Kinetics parameters, including 

Michaelis constant (KM) and maximum catalytic activity (Vmax), for recombinant grape 

PPO were then obtained.  The KM and Vmax were found to be 5 ± 0.5 mM and 337 ± 12 

μM min-1 respectively (Figure 3.16). 
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Figure 3.16 Kinetic analyses of grape PPO-catalysed oxidation of 4-methylcatechol as monitored by 

UV/Vis spectrophotometry. The KM obtained was 5 ± 0.5 mM and maximum catalytic activity of PPO 

(Vmax) was 337 ± 12 mM min-1. Measurements were conducted in triplicate and errors shown are 

standard derivations. 

3.5.3 Pervious investigation on grape PPO activities 

A wide range of KM for grape (V. vinifera) PPO were reported in literatures using 

(partially) purified enzymes. In 2014, KM values of ~100 mM were shown in a report 

by Ünal and Şener using Narince grape PPO and 4-methylcatechol as substrate.33 In 

2009, KM values of ~2.8 mM and ~12.8 mM were reported by Fortea et al. for Crimson 

Seedless grape PPO and 4-tert-butyl-catechol as substrate by using different activators 

for the extracted enzymes.34 In 2007, Ünal et al. reported a KM value of ~45 mM for 

PPO from Sultaniye grape using catechol as substrate.35 In 2006, Rapeanu et al. 

reported a KM value of ~53 mM for Victoria grape PPO with catechol as substrate.36 

Ünal and Şener reported a KM value of ~25 mM for Emir grape PPO by using catechol 

as substrate.37 In a study carried out by Sánchez-Ferrer et al. in 1988, a KM value of ~9 
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mM was reported for Monastrell grape PPO using 4-methylcatechol as substrate.12 In 

1976, Cash et al. reported a KM value of ~67 mM for Concord grape PPO by using 

catechol as substrate.38 The differences in the reported KM were likely due to the 

different sources and purification techniques used in extracting grape PPO from plants. 

The extracted enzymes were also likely to contain a mixture of active and inactive 

enzymes, which is akin to competition inhibition as the substrate is no longer able to 

bind the protein. It can be reasoned that the relatively small KM value (5 ± 0.5 mM) 

obtained with recombinant grape PPO were partly due to the fact that all of recombinant 

enzymes were in a single homogenous population. 

3.5.4 Inhibition assay 

Single concentration inhibition experiments were conducted by using 0.2 µM grape 

PPO, 1.4 mM 4-methylcatechol and 200 μM inhibitor (Figure 3.17). The first five 

inhibitors were chosen according to previous investigation on PPO inhibition, namely 

benzamidine, morin, kojic acid, 2,4-dihydrocinnamic acid, and tropolone.  

Tropolone obtained the strongest PPO inhibition (87.5%). As it is structurally 

analogous to diphenol substrates, tropolone can gives a slow-binding of non-immediate 

response on the enzymatic reaction due to tropolone-binding mode can initially form a 

pre-Michealis complex with oxy-PPO.39,40 

In contrast to tropolone, 2-Chloro-2,4,6-cycloheptatriene-1-one as one of tropolone 

analogue showed the lowest amount of PPO inhibition (6.4 %). This can be reasoned 

by the importance of hydroxyl group in the 2-position of cycloheptatriene. The 

replacement of hydroxyl group with a chloride in 2-chloro-2,4,6-cycloheptatriene-1-

one led to a significant decrease on PPO inhibition. 2,3-Dihydroxy-5-(1-methylethyl)-
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2,4,6-cycloheptatrien-1-one containing two hydroxyl group in cycloheptatriene, is also 

a tropolone analogue, which achieved 61.8 % PPO inhibition. 

Benzamidine works as a competitive inhibitor toward the tyrosinase activity of 

Agaricus bisporus PPO, but it shows a mixed inhibition including competitive and 

noncompetitive inhibition towards diphenolase activity.41 In this case, it only exhibited 

14.5% inhibition.  

Kojic acid obtained 42.7% PPO inhibition, because it is a good scavenger of free 

radicals that can efficiently counteract oxygen consumption.41 Morin, a flavonol, shares 

structural similarity at the dihydroxyphenyl group as PPO substrates (Figure 3.17b). It 

obtained 31.6 % PPO inhibition. According to a structure-related activity study on 

flavonols, they show potent inhibition by hindering substrates’ approach to active site.42 

2, 4-Dihydrocinnamic acid is a derivative of resorcinol (1, 3-dihydroxybenzene).43 It 

becomes a competitive inhibitor due to its quinonisation being difficult or impossible 

to conduct. Thus, it achieved 69.2% PPO inhibition.
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Figure 3.17 (a) Single concentration inhibition experiments using 0.2 µM grape PPO, 1.4 mM 4-

methylcatechol and 200 μM inhibitor were conducted. (b) Chemical structures of inhibitors. 
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3.6 Conclusions 

In this chapter, the mature form of grape PPO has been successfully produced and 

purified by using an E. coli expression system. The purification protocol has been 

optimised to ensure highly-purified and active enzymes can be obtained. Finally, the 

pure recombinant enzyme has been confirmed to be active by using UV/Vis 

spectrophotometry. This protocol, together with the protocol that was reported by 

Solem et al. for the production of latent grape PPO,14 enable pure and active grape PPO 

to be obtained in mg quantity in a reproducible manner. This work will pave the way 

for systematic studies of grape PPO catalytic mechanisms, and the access to the 

recombinant protein will also enable the development of grape PPO inhibitors for the 

winemaking industry.
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4. Development and application of an NMR-based assay for 

polyphenol oxidases1 

4.1 Introduction 

4.1.1 Current assays to measure PPO activity 

Over the last few decades, several assays have been developed to monitor the activity 

of PPO. The most widely applied method is ultraviolet/visible (UV/Vis) 

spectrophotometry.1 Typically, this involves monitoring the UV/Vis absorption of 

ortho-quinones, the product of PPO-catalysed reaction(s). However, ortho-quinones are 

unstable, which over time may lead to polymerised products.2,3 As a result, the UV/Vis 

absorption may change and causes inaccurate kinetic measurements. A 

spectrophotometric assay that measures substrate consumption has been reported.4 

However, it requires the use of synthetic diazo substrate analogues, thus limiting its 

general applicability. An alternative spectrophotometric method, which involves 

monitoring the formation of coupled adducts between ortho-quinones and nucleophilic 

reagents such as 3-methyl-2-benzothiazolinonehydrazone hydrochloride (MBTH), was 

also reported.5-9 This nucleophilic reagent converts the unstable ortho-quinone products 

into a stable adduct, and thus prevents the accumulation of unwanted ortho-quinone 

polymer and reduces the inaccuracy of kinetic measurements.  

In addition to UV/Vis and NMR spectroscopies, activity staining assays using 

polyacrylamide electrophoresis gels between the oxidation products and MBTH or 4-

                                                 
1  The work described in this Chapter was conducted with the collaboration Ayesha Zafar and Dr 

Jóhannes Reynisson. They designed and performed virtual screening.  
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amino-N,N-diethylaniline sulphate were also described.10,11 Radioactive assays, 

including the tritium-based assay using 3H-labelled tyrosine as substrate and measuring 

the formation of 3H2O,12 and the 14CO2-based assay, which measures the indirect release 

of 14CO2 by using 14C-labelled carboxytyrosine as substrate,7 were also applied. An 

oxygen consumption assay was also applied to monitor PPO activity,13 although it 

requires specialist equipment and could be tedious to set up.  

4.1.2 NMR spectroscopy to monitor enzyme kinetics 

Nuclear magnetic resonance (NMR) spectroscopy is an established technique for 

studies of enzyme kinetics.14-17 It allows the monitoring and quantification of reaction 

kinetics in real time by following changes in peak intensity or area upon substrate 

consumption and/or product(s) formation. NMR also allows the characterisation of 

reaction products in situ, and is particularly useful for enzymatic reactions that yield 

multiple products. For example, NMR-based kinetic assays have been applied to 

characterise complex enzyme catalytic systems including (but not limited to) 

carbohydrate-processing enzymes,18-20 enzymes that are related to antibiotic 

resistance,21,22 and oxygenases.23,24  

4.2 Objectives 

This work described in this Chapter aimed to establish a NMR-based assay to measure 

PPO activity and inhibition. Mushroom (Agaricus bisporus) PPO was used to optimise 

the experimental conditions, and to test the effects of antioxidants on polyphenol 

oxidation through the NMR-based assay. Recombinant grape (Vitis vinifera) PPO was 

applied to demonstrate the feasibility of applying NMR spectroscopy for inhibitor 

screening. Finally, virtual high-throughput screening was used to discover new 
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inhibitors of PPO, and the NMR assay was used to determine inhibition constant (IC50) 

and to rank the potency of the inhibitors. 

4.3 Development of a 1H NMR assay for PPO activity  

4.3.1 Model system on different catalytic activities of mushroom PPO  

The different catalytic activities of monophenolase and diphenolase were first observed 

through 1H NMR spectroscopy. Mushroom (A. bisporus) PPO, a tyrosinase, was used 

as it is known to catalyse the oxidation of both monophenols and diphenols (Figure 

4.1a).25 4-Methylphenol and 4-methylcatechol were used as substrates. The model 

system was firstly set up using 200 μM of 4-methylphenol and 1 μM of mushroom PPO. 

From Figure 4.1b, the resonances that correspond to 4-methylphenol decreased and a 

new set of resonances increased in intensity. In situ characterisation by 1H-1H 

correlation spectroscopy (COSY) and 1H-13C heteronuclear multiple-bond correlation 

spectroscopy (HMBC) showed that the new set of resonances was due to 4-methyl-1,2-

quinone. 4-Methylcatechol, the reaction ‘intermediate’, was not observed, which is in 

agreement with the current proposed catalytic mechanism of PPO.26 Overall, full 

substrate to product turnover was achieved after about 20 minutes (Figure 4.1c). 
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Figure 4.1 1H NMR spectroscopy of monophenolase activity for a reaction mixture containing 1 μM 

mushroom PPO, 200 μM 4-methylphenol in 66.7 mM sodium phosphate buffer at pH 6.0 in 90% H2O 

and 10% D2O, at 298 K. (a) Enzymatic oxidation on monophenols and diphenols. (b) NMR spectra on 

substrate 4-methylphenol decreasing at 7.06 ppm and product 4-methyl-1,2-quinone increasing at 7.0 

ppm over 22.4 min.  (c) Corresponding concentration plot for the reaction with time. 
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Previous kinetic analyses of mushroom PPOs have shown that the oxidation of catechol 

is faster than the oxidation of phenol.27 Indeed, when 4-methylcatechol was incubated 

with mushroom PPO under the same conditions, full conversion of 4-methylcatechol to 

4-methyl-1,2-quinone was observed in less than 4 minutes. This was in fact the time 

required between sample preparation and the acquisition of a 1H NMR spectrum.  

Interestingly, in addition to 4-methyl-1,2-quinone, several small peaks were observed 

in the methyl and aromatic regions towards the end of the reaction when 4-

methylphenol or 4-methylcatechol was used as substrate (Figure 4.2). The intensity of 

these peaks was too low for structural characterisation. However, quinones are unstable 

and are known to form condensation or polymeric products at high concentrations.2,3 It 

is also known that catechols may sometimes be processed by PPOs as phenols to form 

3-hydroxyquinones.28 Hence, these small peaks may correspond to these by-products. 
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Figure 4.2 Small peaks observed towards the end of PPO-catalysed reactions in both the methyl and 

aromatic regions: (a) 200 μM 4-methylphenol only; (b) 1 μM mushroom PPO only; (c) 200 μM 4-

methylphenol incubated with 1 μM mushroom PPO after 4 min; (d) 200 μM 4-methylphenol incubated 

with 1 μM mushroom PPO after 22 min. The most prominent extra peak is indicated by a black arrow. 

Reactions were conducted in 66.7 mM sodium phosphate buffer at pH 6.0, and at 298 K. 

1.92.02.12.22.3 ppm
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4.3.2 Measurement on different catalytic activities of grape PPO  

In order to study the catalytic activity of grape PPO, the optimised conditions were 

applied using the 1H NMR technique. The mature form of white Grenache grape PPO 

(residues 104-443) was expressed in Escherichia coli BL21-CodonPlus(DE3)-RP and 

purified by metal-affinity and anion-exchange chromatographies, essentially as 

described in Chapter 3. When 4-methylcatechol (1400 μM) was incubated with grape 

PPO (0.2 μM), the signals corresponding to 4-methylcatechol decreased in intensity, 

and several new peaks were formed including the major peaks corresponded to 4-

methyl-1,2-quinone (Figure 4.3). However, these peaks were significantly broadened, 

presumably due to aggregation of 4-methyl-1,2-quinone via π-π stacking in solution. 

Under the same conditions, the oxidation of 4-methylphenol to 4-methyl-1,2-quinone 

was not observed (Figure 4.4). 
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Figure 4.3 Grape PPO catalysed the turnover of 4-methylcatechol to 4-methyl-1,2-quinone (Red: time = 

0 min; Blue: time = ~17 min). The peaks of 4-methyl-1,2-quinone were significantly broadened. Several 

small peaks were also observed towards the end of the reaction in the methyl region (asterisk, see 

Figure 4.2). Hash indicate peaks from impurities. 0.2 μM grape PPO and 1400 μM 4-methylcatechol 

were reacted in 66.7 mM sodium phosphate buffer at pH 6.0, and at 293 K. 
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Figure 4.4  NMR spectra obtained at low grape PPO concentration (0.2 μM), which did not catalyse the 

turnover of 4-methylphenol (1400 μM) to 4-methyl-1,2-quinone (Red: time = 0 min; Blue: time = ~17 

min). Asterisk indicate an impurity peak. Reactions were conducted in 66.7 mM sodium phosphate 

buffer at pH 6.0, and at 293 K. 

When a low concentration of 4-methylcatechol (100 μM) was incubated with 0.2 μM 

grape PPO, the formation of 4-methyl-1,2-quinone was observed (Figure 4.5a). 

However, under the same conditions, the turnover of 4-methylphenol to 4-methyl-1,2-

quinone was not observed (Figure 4.5b). 
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Figure 4.5 NMR spectra after 17 min for a low concentration (100 μM) of substrate: (a) 4-

methylcatechol, or (b) 4-methylphenol was incubated with 0.2 μM grape PPO. The methyl peaks of 4-

methylphenol, 4-methylcatechol and 4-methyl-1,2-quinone were highlighted in a magenta circle, a blue 

asterisk, and a green triangle respectively. 
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There are contrasting reports in literature that classify grape PPO as a tyrosinase or as 

a catechol oxidase.28-31 In order to investigate this issue further, 100 μM 4-methylphenol 

was then incubated with a high concentration of grape PPO (8 μM; 40 times the 

concentration used for 4-methylcatechol). After a prolonged incubation period (~30 

minutes), a small amount of 4-methyl-1,2-quinone was observed (Figure 4.6). As 

monophenolase can only bind to oxy PPO, but diphenolase can bind to both oxy PPO 

and met PPO, monophenolase gives a characteristic lag period while met PPO moves 

forward to oxy PPO.26,31,32 This lag period was often observed during the measurement 

of monophenolase activity of grape PPO.33-35 Results showed that grape PPO is indeed 

a tyrosinase, although its monophenolase activity showed a longer lag period compared 

to mushroom PPO. Such measurement is difficult to obtain by other techniques (e.g. 

spectrophotometry) because they do not allow the direct identification and 

characterisation of the reaction products. 
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Figure 4.6 NMR spectra obtained at high grape PPO concentration (8 μM), where grape PPO catalysed 

the turnover of 4-methylphenol (1400 μM) to 4-methyl-1,2-quinone (Red: time = 0 min; Blue: time = ~30 

min). Asterisk indicate an impurity peak. Reactions were conducted in 66.7 mM sodium phosphate 

buffer at pH 6.0, and at 293 K.  

4.3.3 Measurement on grape PPO activity 

1H NMR spectroscopy was then used to quantify PPO kinetics. 4-methylcatechol 

turnover was monitored and measured at different substrate concentrations and a fixed 
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μM), only one set of peaks was formed, which corresponded to 4-methyl-1,2-quinone. 
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particular, a broad singlet peak at 1.98 ppm has increased in relative intensity (Figure 
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4.7). This was accompanied by the development of a brown colour in the reaction 

mixture, which over time, precipitated into brown solids. Thus, this result was 

consistent to peaks observed with mushroom PPO (see Figure 4.2), which corresponded 

to the condensation or polymeric products of quinones.  

 

Figure 4.7 NMR spectra obtained after 17 min incubation with 0.2 μM grape PPO and different 

concentrations of 4-metyl catechol. PPO activity was measured by the decreases of methyl peaks from 

4-methylcatechol (blue asterisk) at 2.06 ppm, while methyl peaks of 4-methyl-1,2-quinone were 

highlighted in green triangles. At a high concentration of 4-methylcatechol (e.g. >600 μM), several small 

peaks (in red circles) were formed subsequently.
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Nonetheless, by following the decrease of the methyl peak of the substrate 4-

methylcatechol, kinetic parameters for grape PPO were obtained (Figure 4.8). The 

methyl resonance was used because it is a singlet peak with a 3-H integral, thus it offers 

better signal-to-noise than aromatic resonances. The resonances of the reaction products 

were not followed due to the formation of multiple products (see above). The maximum 

velocity (Vmax) of the reaction was found to be 292.7 ± 19.8 μM min-1 and the Michaelis 

constant (KM) was found to be 4.7 ± 0.8 mM. The KM and Vmax values of grape PPO 

were 5 ± 0.5 mM and 337.3 ± 12.3 μM min-1 respectively, which were reported 

previously by using UV/Vis spectrophotometry in Chapter 3. Among these two assays, 

Vmax by UV/Vis spectrophotometry achieved a higher value than NMR, likely due to 

differences in experimental temperatures for UV/Vis experiment (37 °C) and NMR 

assay (20 °C).  

 

Figure 4.8 Kinetic analyses of grape PPO-catalysed oxidation of 4-methylcatechol as monitored by 

NMR spectrophotometry. Measurements were conducted in triplicate and errors shown are standard 

derivations. 
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4.4 Studying the effect of antioxidants on PPO-catalysed reactions 

Antioxidants including ascorbate and glutathione are often used, for example, in the 

wine industry, to counter or reverse the effect of polyphenol oxidation.36-40 Antioxidants 

are also sometimes mistakenly referred to in literature as polyphenol oxidase 

‘inhibitors’, although their mode of action is likely non-enzymatic. 1H NMR was used 

to investigate and understand the effects of antioxidants on PPO-catalysed polyphenol 

oxidation reactions. Mushroom PPO was used as a model system. 

4.4.1 The effect of ascorbate on PPO-catalysed reactions 

The effect of ascorbate on mushroom PPO-catalysed oxidation reactions was initially 

tested. In the presence of ascorbate, incubation of 4-methylcatechol with mushroom 

PPO resulted in no change of the 4-methylcatechol resonances. The resonances of 

ascorbate were found to decrease over time, which was coupled to the increase in a new 

set of resonances that corresponded to dehydroascorbate (Figure 4.9). In the absence of 

mushroom PPO, control experiments showed no change of the ascorbate resonances. 

These results show that ascorbate was acting as a reducing agent, presumably reducing 

the PPO-catalysed product 4-methyl-1,2-quinone back to 4-methylcatechol, and at the 

same time being oxidised to dehydroascorbate. In order to ensure the effect of ascorbate 

was non-enzymatic, mushroom PPO was first reacted with 4-methylcatechol to form 4-

methyl-1,2-quinone. As the molecular weight of mushroom is about 120 kDa, the 

enzyme was then removed by using a protein spin concentrator with a molecular weight 

cut-off (MWCO) of 10 kDa. Addition of ascorbate showed that the 4-methyl-1,2-

quinone was reduced back to 4-methylcatechol, thus confirming the role of ascorbate 

as a reducing agent that reverses the effect of PPO-catalysed oxidation reactions in an 

non-enzymatic manner (Figure 4.10). 
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Figure 4.9 NMR spectra obtained over a period of 22.4 min during the reaction of 1 μM mushroom PPO 

with 200 μM 4-methylcatechol  in the presence of 1 mM ascorbate. Reactions were conducted in 66.7 

mM sodium phosphate buffer at pH 6.0, and at 298 K.  
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Figure 4.10  NMR spectra obtained (a) after 1 μM mushroom PPO was incubated with 200 μM 4-

methylcatechol for 40 min, and protein was removed by a spin concentrator; (b) after 1 mM ascorbate 

was added to the solution in (a). 4-Methyl-1,2-quinone was found reduced back to 4-methylcatechol 

after adding 1 mM ascorbate. The reactions were conducted in 66.7 mM sodium phosphate buffer at pH 

6.0, and at 298 K. 
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Interestingly, when 4-methylphenol was incubated with mushroom PPO in the presence 

of ascorbate, 4-methylphenol was found to be ‘converted to’ 4-methylcatechol. This 

was coupled with ascorbate turnover into dehydroascorbate (Figure 4.11). Ascorbate 

was easily consumed during enzymatic reaction. Thus, this result showed the limitation 

of the use of antioxidants to counter the effect of PPO-catalysed oxidation reactions.  

Whilst antioxidants such as ascorbate are effective reducing agents for quinones, they 

cannot reverse the effect of monophenol hydroxylation. By following the time course 

of 4-methylphenol turnover in the presence of PPO and ascorbate, the reaction appeared 

to have stopped after around 15 minutes. Even though there were around 15% of 4-

methylphenol left in the mixture, no further turnover was observed and the increase of 

dehydroascorbate was also halted, which indicated that ascorbate has been largely 

consumed (see Figure 4.11b).  
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Figure 4.11 NMR spectra obtained after the reaction of 1 μM mushroom PPO and 200 μM 4-

methylphenol in the presence of 1 mM ascorbate. The reactions were conducted in 66.7 mM sodium 

phosphate buffer at pH 6.0, and at 298 K. (a) NMR spectral data over a period of 22.4 min. (b) 

Corresponding concentration plot for the reaction with time 
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Under the same conditions in the absence of ascorbate, the complete 4-methylphenol 

turnover was observed in Figure 4.12. Previous studies have suggested that PPO may 

slowly inactivate during oxidation reactions.26 Although the inactivation mechanism is 

not known, our results show that the presence of antioxidants may speed up this 

inactivation process. 

 

Figure 4.12 NMR spectra obtained during the reaction of 1 μM mushroom PPO with 200 μM 4-

methylphenol in the absence of ascorbate. The reactions were conducted in 66.7 mM sodium phosphate 

buffer at pH 6.0, and at 298 K. (a) NMR data over a period of 22.4 min. (b) Corresponding concentration 

plot for the reaction with time. Note that, in contrast to the reaction in the presence of ascorbate (see 

Figure 4.11), full turnover of 4-methylphenol was observed. 
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4.4.2 The effect of glutathione on PPO-catalysed reactions 

Next, the effect of glutathione was tested using 1H NMR spectroscopy. When 4-

methylcatechol was incubated with mushroom PPO and glutathione, the intensity of the 

resonances that corresponded to 4-methylcatechol and glutathione decreased, and a new 

set of resonances appeared. The reactions appeared to have stopped after around 15 

minutes. Even though there were around 15% of 4-methylphenol left in the mixture, no 

further turnover was observed (Figure 4.13). 

 

Figure 4.13 NMR spectra obtained for the reaction of 1 μM mushroom PPO, 200 μM 4-methylphenol 

and 1 mM glutathione . The reactions were conducted in 66.7 mM sodium phosphate buffer at pH 6.0, 

and at 298 K. (a) NMR data over a period of 22.4 min. (b) Corresponding concentration plot for the 

reaction with time.  
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quinone, as it is less sterically hindered than C-3. This is followed by keto-enol 

tautomerisation to form the stable adduct (Figure 4.14b). Previous studies have shown 

that the addition of ascorbate or glutathione may affect the organoleptic properties of 

wine to a different extent.36-40 The formation of the glutathione-catechol adduct as 

shown by 1H NMR assay may help provide a rationale for the differences. 

 

Figure 4.14 (a) NMR assignment of a glutathione-4-methylcatechol adduct. (b) Deduced process on the 

formation of a glutathione-4-methylcatechol adduct. 

(b)(a)
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4.4.3 The effect of antioxidants on phenolic compounds to PPO-catalysed 

reactions 

The effect of antioxidants was then tested on the phenolic compounds, which are 

commonly found in grape juices and wines, including caffeic acid and catechin.40 When 

caffeic acid was incubated with mushroom PPO, instead of the corresponding quinone, 

multiple products were observed (Figure 4.15). The observation confirmed previous 

reports that oxidised caffeic acid products were unstable.41  

 

Figure 4.15 (a) NMR spectra obtained during the reaction of 1 μM mushroom PPO with 200 μM caffeic 

acid. The reactions were conducted in 66.7 mM sodium phosphate buffer at pH 6.0, and at 298 K. 

Multiple products were observed. (b) Corresponding concentration plot of the reaction with time.  
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Incubation of caffeic acid, mushroom PPO and ascorbate completely eliminated the 

formation of the oxidised products, suggesting the reduction of quinones by ascorbate 

was faster than the degradation/further reaction of the quinones (Figure 4.16).  

 

Figure 4.16 NMR spectra for the reaction of 1 μM mushroom PPO with 200 μM caffeic acid in the 

presence of 1 mM ascorbate. The reactions were conducted in 66.7 mM sodium phosphate buffer at pH 

6.0, and at 298 K. There was no product peaks observed at 5.8 ppm compared to Figure 4.15.
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However, addition of ascorbate after the oxidation of caffeic acid did not fully reverse 

the effect of the PPO-catalysed oxidation. Although the number and amount of oxidised 

products were lowered, the formation of some by-products was clearly irreversible 

(Figure 4.17). 

 

Figure 4.17 NMR spectra obtained after reaction of 1 μM mushroom PPO with 200 μM caffeic acid. 1 

mM Ascorbate was added afterwards 1 minute. The reactions were conducted in 66.7 mM sodium 

phosphate buffer at pH 6.0, and at 298 K. Whilst ascorbate was able to reduce the oxidised caffeic acid 

back to caffeic acid, it was not able to convert the degradation products back to caffeic acids (see 

Figure 4.15 and Figure 4.16).  
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Interestingly, incubation of catechin with mushroom PPO led to a decrease in catechin 

signals but no new resonances were observed (Figure 4.18). This could due to 

aggregation or precipitation of the oxidised catechin products. The reaction appeared to 

slow down and stopped after around 25 minutes, with around 40% of unreacted catechin 

still in the reaction mixture (Figure 4.18b).  

 

Figure 4.18 Reaction of mushroom PPO with catechin. The concentrations of mushroom PPO and 

catechin were 1 μM and 200 μM respectively. Reactions were conducted in 66.7 mM sodium phosphate 

buffer at pH 6.0. Temperature was 298 K. (a) Catechin signals reduced in intensity. However, no new 

signals were observed. The reaction appeared to slow down and stopped after around 25 minutes, with 

around 40% of unreacted catechin still in the reaction mixture. (b) Corresponding plot of the reaction. 

0

40

80

120

160

200

0 5 10 15 20 25

C
o

m
p

o
u

n
d

 /
 μ

M

Time / min

catechin

6.06.26.46.66.8 ppm

4 min

22.4 min

13.2 min

(a) (b)

catechin

catechin



100 

 

Catechin was reported to be an inhibitor of PPO although its exact mechanism of action 

is not known. Addition of ascorbate to catechin before the addition of mushroom PPO 

resulted in no loss of the catechin signal, suggesting the reduction of the oxidised 

catechin was faster than the aggregation or precipitation of the oxidised products 

(Figure 4.19). However, addition of ascorbate after catechin was oxidised did not 

reverse the effects of the oxidation reaction, and no recovery of the catechin signal was 

observed. 

 

Figure 4.19 NMR spectra for the reaction of 1 μM mushroom PPO with 200 μM catechin in the presence 

of ascorbate. The reactions were conducted in 66.7 mM sodium phosphate buffer at pH 6.0, and at     

298 K. 

Overall, in order to understand the effects of antioxidants to PPO-catalysed reactions, 

1H NMR spectroscopy was applied. These results may provide valuable information for 

winemakers especially in terms of the amount and timing of reducing agent additions. 
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4.5 Inhibition assay 

4.5.1 1H NMR assay development to study PPO inhibition 

Given the important biological roles the PPO play in both mammals and plants, a large 

number of PPO inhibitors from both natural and synthetic origins have been reported 

in literature.42-44 The development of new PPO inhibitors may benefit from an efficient 

inhibition assay, therefore the 1H NMR assay was used as a tool to study PPO inhibition.  

First, the inhibition assay was optimised by using five known PPO inhibitors, 

benzamidine, morin, tropolone, 2,4-dihydroxycinnamic acid and Kojic acid (Figure 

4.20a). Single concentration inhibition experiments using 200 nM grape PPO, 1.4 mM 

4-methylcatechol and 200 μM inhibitor were conducted (Figure 4.20b). The initial 

turnover rate of 4-methylcatechol was measured by comparing the intensity of the 

methyl peak of 4-methylcatechol when no enzyme was added. It was found that 

tropolone was the strongest inhibitor, with almost 100% inhibition at 200 μM 

concentration. This is followed by morin and 2,4-dihydroxycinnamic acid, which show 

around 50% inhibition. Benzamidine and Kojic acid were found to be weak inhibitors 

of grape PPO, with around 30% inhibition being observed.  
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Figure 4.20 (a) Structures of the inhibitors that were tested in this study. (b) Percentage inhibition of 

grape PPO activity with five reported PPO inhibitors. The reaction mixture contained 0.2 μM grape PPO, 

1.4 mM 4-methylphenol and 200 μM inhibitor in 66.7 mM sodium phosphate buffer at pH 6.0 in 90% H2O 

and 10% D2O, and at 293 K.
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The half maximal inhibitory concentration (IC50) of tropolone against grape PPO was 

then measured by conducting the 1H NMR assay at different tropolone concentrations. 

An IC50 of 7 ± 2 μM was obtained in Figure 4.21a, which was 10 times lower than the 

second strongest inhibitor 2,4-dihydroxycinnamic acid at 77.8 ± 10.8 μM (Figure 

4.21b). This value is comparable to those reported values in the literature against other 

PPOs.45,46  
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Figure 4.21 IC50 curves for inhibitors (a) tropolone and (b) 2,4-dihydroxycinnamic acid by non-linear 

curve fitting.  
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4.5.2 Validating novel inhibitor scaffolds obtained by virtual screening  

In order to discover new inhibitors for grape PPO, the NMR-based inhibition assay was 

applied further. Polyphenol oxidation is a longstanding problem during winemaking as 

it may lead to the loss of flavour molecules in wine.43,47,48 The use of PPO inhibitors 

may help winemakers to control this process. By using a two-step process, potentially 

new chemical scaffold(s) can be identified and selected, which may be important for 

inhibiting grape PPO.  

First, high-throughput screening was used to identify chemical structures that may bind 

the protein. This was followed by 1H NMR-based single concentration inhibition assay 

to validate the results. Virtual screening was conducted by Ayesha Imran and Dr 

Jóhannes Reynisson. 

For the virtual screen, 10,000 natural products were downloaded from the 

InterBioScreen database. These were screened against the binding pocket of grape PPO 

(PDB id: 2p3x, Resolution: 2.2 Å).29 The centre of the binding pocket was defined as 

the position of the Phe-259 amino acid residue (x = 16.142, y = -10.653, z = 19.500), 

which is part of active site.  

Four scoring functions, including the GoldScore, ChemScore, ChemPLP and Astex 

Statistical Potential (ASP), were implemented to predict the binding modes and relative 

energies of the ligand-receptor complexes. Ten docking runs per ligand with  library 

screening settings of 30% efficiency were used. 757 candidates emerged from the 

consensus scoring and filtering based on the GoldScore (≤45), ChemScore (≤18), 

ChemPLP (≤55), ASP (≤27). These were re-docked with 100% efficiency in 

conjunction with a maximum of 50 docking runs per ligand. The candidates after the 
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second screening were eliminated based on GoldScore (≤15), ChemScore (≤15), 

ChemPLP (≤40) and ASP (≤20), which resulted in 500 candidates. The results were 

then inspected visually for consensus of the best predicted bound configuration between 

the scoring functions. Ligands that are strained or have undesirable moiety, e.g. those 

that are linked to chemical reactivity, were removed (Figure 4.22).  Overall, 34 

compounds were selected for experimental testing (Figure 4.23).  

 

Figure 4.22 The screening cascade implemented in this work. 

10000 molecules  

757 molecules  
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Figure 4.23 Structures of the hits that were obtained by virtual screening. Blue indicates compounds 

that show similar inhibition efficacy to other reported PPO inhibitors including morin and 2,4-

dihydroxycinnamic acid. 
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Then, the 1H NMR-based single concentration inhibition experiments were conducted. 

Interestingly, a reduction of grape PPO catalytic activity was observed for almost all 

compounds (Figure 4.24). However, most compounds were found to be weak inhibitors 

and only showed around 20% reduction in catalytic activity.   

 

Figure 4.24  Changes in PPO activity assessed using 1H NMR spectroscopy. The reaction mixture 

contained 0.2 μM grape PPO, 1.4 mM 4-methylcatechol and 200 μM inhibitor in 66.7 mM sodium 

phosphate buffer at pH 6.0 in 90% H2O and 10% D2O, and at 293 K. (See Figure 4.23 for details on the 

compound structures). 

Two compounds, 16 and 26, led to a ~40% reduction in grape PPO catalytic activity, 

which is similar to other reported PPO inhibitors including morin and 2,4-

dihydroxycinnamic acid. Importantly, unlike many reported PPO inhibitors, the 

resultant compounds do not contain the phenol or diphenol scaffold (Figure 4.25 and 
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Figure 4.26). Further improvement of these compounds may lead to the development 

of new families of PPO inhibitors.  

 

 

Figure 4.25 The docked configuration of 16 to the binding site of PPO (PDB:2p3x) using ChemPLP. (a) 

Overview of the structure. (b) Red depicts a positive partial charge on the surface, blue depicts negative 

partial charge and grey shows neutral/lipophilic areas. (c) The ligand blocks the pocket, having π-π 

stacking with Phe259. 

Phe259(b) (c) Cu

(a)
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Figure 4.26 The docked configuration of 26 to the binding site of PPO (PDB:2p3x) using ChemPLP. (a) 

Overview of the structure. (b) Red depicts a positive partial charge on the surface, blue depicts negative 

partial charge and grey shows neutral/lipophilic areas. (c) The ligand blocks the pocket, having π-π 

stacking with Phe259.

4.5.3 Validating novel inhibitors obtained by molecular modelling 

Although virtual screening yielded several novel inhibitors, they did not inhibit grape 

PPO as strong as tropolone. Therefore, a structural-activity relationship study was 

conducted using molecular modelling and then NMR spectroscopy (Figure 4.27). 

Tropolone analogues that are available commercially were used in this study, as these 

Phe259(b) (c) Cu

(a)
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may improve the inhibition potency according to molecular descriptor (Table 4.1) and 

scores (Table 4.2).  

 

Figure 4.27 (a) Structures of seven structural analogues of tropolone. (b) Changes in PPO activity 

assessed using 1H NMR spectroscopy. The reaction mixture contained 0.2 μM grape PPO, 1.4 mM 4-

methylcatechol and 200 μM inhibitor in 66.7 mM sodium phosphate buffer at pH 6.0 in 90% H2O and 

10% D2O, and at 293 K. 
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Table 4.1 Predicted molecular descriptors of the tropolone analogues using QikProp (QikProp v3.2; 

Schrödinger: New York, 2009.). MW – molecular weight, HB -  hydrogen bond, Log P – logarithm of the 

water / 1-octanol partition coefficient, PSA- polar surface area.  

 

Table 4.2 Predicted scores of the Tropolone analogues with PPO. Abbreviation used: GS, GoldScore; 

CS, ChemScore; PLP, ChemPLP; ASP, Astex Statistical Potential. 

Replacement of the tropolone hydroxyl group with a chloride group led to a significant 

decrease in inhibition potency, indicating that hydrogen bonding interaction is 

important (Figure 4.27b). All bicyclic structures showed poor inhibition potency, which 

is not surprising given the small grape PPO binding pocket. Interestingly, the two 

compounds that have the highest binding potency both have an isopropyl function group, 

indicating hydrophobic interactions could contribute to binding. Compound 36, which 

is an isopropyl substituted tropolone analogue, has an IC50 value of 46 ± 6 μM (Figure 

Compound 

Number
Molecule Name MW

donor

HB

accpt

HB
LogP LogS PSA

35
2-Hydroxy-3,5,7-trimethylcyclohepta-2,4,6-trien-

1-one
164.2 1 2.7 1.491 -2.26 44.569

36
2-Hydroxy-4-(propan-2-yl)cyclohepta-2,4,6-trien-

1-one
164.2 1 2.7 1.351 -2.057 50.172

37
4-Hydroxy-2,3,6-trimethoxy-5H-benzo[7]annulen-

5-one
262.2 0 4 2.206 -2.456 59.728

38 2-Chlorocyclohepta-2,4,6-trienone 140.5 0 2 1.346 -1.453 28.011

39 3-Hydroxy-5H-dibenzo[a,d][7]annulen-5-one 222.2 1 2.7 2.287 -2.996 45.35

40 3-Methoxy 5-Dibenzosuberenone 236.2 0 2.7 3.019 -3.134 32.007

41
2,3-Dihydroxy-5-(1-methylethyl)-2,4,6-

cycloheptatrien-1-one
180.2 2 3.5 0.839 -1.95 69.515

Reference Tropolone 122.1 1 2.7 0.5 -0.932 49.294

Compound 

Number
Molecule Name GS CS PLP ASP

35 2-Hydroxy-3,5,7-trimethylcyclohepta-2,4,6-trien-1-one -19.57 9.13 -9.38 -23.09

36 2-Hydroxy-4-(propan-2-yl)cyclohepta-2,4,6-trien-1-one 17.59 9.45 -6.24 -17.01

37 4-Hydroxy-2,3,6-trimethoxy-5H-benzo[7]annulen-5-one -32.15 -9.21 -44.48 -23.89

38 2-Chlorocyclohepta-2,4,6-trienone 28.1 8.58 28.54 -2.19

39 3- Hydroxy-5H-dibenzo[a,d][7]annulen-5-one -2.3 14.07 10.12 -8.14

40 3-Methoxy 5-Dibenzosuberenone -6.85 8.73 2.72 -14.66

41 2,3-Dihydroxy-5-(1-methylethyl)-2,4,6-cycloheptatrien-1-one 10.47 12.49 13.34 -1

Reference Tropolone 26.41 10.45 13.29 -3.01
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4.28 and Figure 4.29). Indeed, compound 41, which has an additional hydroxyl group, 

was found to be a stronger inhibitor than tropolone with an IC50 value of 2 ± 0.5 μM 

(Figure 4.30 and Figure 4.31). 

 

Figure 4.28 IC50 curve of compound 36 by non-linear curve fitting. The reaction mixture contained 0.2 

μM grape PPO, 1.4 mM 4-methylphenol and varying concentrations of inhibitor in 66.7 mM sodium 

phosphate buffer at pH 6.0 in 90% H2O and 10% D2O, and at 293 K. 
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Figure 4.29 (a and b) The docked configuration of compound 36 to the binding site of PPO (PDB: 2p3x) 

using GS. Red depicts a positive partial charge on the surface, blue depicts negative partial charge and 

grey shows neutral/lipophilic areas. (c) The ligand fits into the binding pocket blocking access to it. The 

H-bond is shown as a green line between the ligand and the amino acid Asn240. 

Asn240

(b) (c) Cu

(a)
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Figure 4.30 IC50 curve of compound 41 by non-linear curve fitting. Reaction mixture contained 0.2 μM 

grape PPO, 1.4 mM 4-methylphenol and varying concentrations of inhibitor in 66.7 mM sodium 

phosphate buffer at pH 6.0 in 90% H2O and 10% D2O, and at 293 K. IC50 value was determined to be 2 

± 0.5 μM. 
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Figure 4.31  The docked configuration of compound 41 to the binding site of PPO (PDB:2p3x) using 

PLP. (a) Overview of the structure. (b) Red depicts a positive partial charge on the surface, blue depicts 

negative partial charge and grey shows neutral/lipophilic areas. (c) The ligand fits into the binding 

pocket blocking access to it having π-π stacking with Phe259 and His243.  
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(a)

His243
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4.6 Conclusions 

Overall, this chapter has successfully established a 1H NMR-based assay to study the 

kinetics and inhibition of PPO by using mushroom and grape PPOs as model systems. 

The assay allows real time monitoring of PPO-catalysed reactions and in situ 

characterisation of reaction products. In particular, this assay allowed the elucidation of 

the mode of action of reducing agents in PPO reactions. This assay also allows the study 

of PPO inhibition, including the measurement of IC50 values. In tandem with high 

throughput virtual screening, this assay allows us to screen and quantify potential 

inhibitors of grape PPO. Two novel inhibitors were identified that do not contain the 

phenol or diphenol core, which may be useful for future inhibitor development work.  

Finally, together with molecular modelling and using the 1H NMR-based assay, a 

structure-activity relationship study of analogues of tropolone was conducted. Among 

those tropolone analogues, compound 41 (2,3-dihydroxy-5-(1-methylethyl)-2,4,6-

cycloheptatrien-1-one) was found to be a more potent PPO inhibitor than tropolone.  



5. Investigations on the substrate selectivity of polyphenol oxidases 

5.1 Introduction 

Substrate selectivity of polyphenol oxidase (PPO) is a long-debated problem. Despite 

the structural similarity of the active sites, catechol oxidase shows no monophenolase 

activity, whilst tyrosinase can accept both monophenols and diphenols as substrates. 

Most reported studies utilised a structural approach, in which the structures of catechol 

oxidase and tyrosinase were compared, and mutagenesis work was then carried out to 

illustrate the effect of particular amino acid residues on the catalytic activity of the 

enzymes. Whilst such approach is valid in principle, often PPOs from different 

organisms or species were compared. This has led to the development of multiple 

proposals about PPO’s substrate selectivity. However, none of these proposals work for 

all PPOs. A full description of all the proposed rationales for PPO substrate selectivity 

can be found in Chapter 1. 

The ‘blocker residue theory’ was one of the first proposals to explain the selectivity 

between catechol oxidase and tyrosinase. It suggested that the access of monophenols 

to CuA was crucial to the enzyme’s catalytic activity. If a bulky residue was located 

above CuA, it may block access of the monophenol substrate to CuA, and hence the 

enzyme will not be able to accept monophenols.1-4 However, this theory did not work 

for all PPO, most notably with walnut (Juglans regia) PPO, which has a bulky 

phenylalanine blocker residue above CuA but could accept both monophenols and 

diphenols as substrates.5  

The ‘second shell residue theory’, in contrast, suggested that the pre-orientation and 

‘guiding’ of the substrate to the active site Cu ions are more crucial to the selectivity of 
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the enzyme. However, this proposal has only been demonstrated once with one PPO 

(walnut PPO).5 The proposal’s applicability to other PPOs is not known. 

A third proposal is based on the different oxidation mechanisms between monophenols 

and diphenols. It was suggested that a deprotonation step occurs prior to oxidation, 

which is important when monophenols are used as substrates, but not for diphenols. 

This proposal was tested using the latent form of grape PPO.6 However, the ‘blocker 

residue theory’ and the ‘second shell residue theory’ were not addressed in that work. 

5.2 Objectives 

The work described in this Chapter aimed to use grape (Vitis vinifera) PPO as a model 

system to test all three theories about PPO’s substrate selectivity. Mutant grape PPOs 

were made to test the ‘blocker residue theory’ and the ‘second shell residue theory’. 

These, together with the work reported by Solem et al.6 that showed the importance of 

the deprotonation step in controlling grape PPO’s monophenolase activity, should 

enable a proper comparison of the validity of the three different theories. 
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5.3 Testing the blocker residue theory using wild-type and mutant 

grape PPOs 

Grape PPO has a phenylalanine residue (F259) located above CuA (Figure 5.1). Despite 

having the so-called ‘blocker residue’, monophenolase activity was observed at high 

enzyme concentration (see Chapter 4). It could be argued that this observation was not 

in contradiction with the blocker residue theory, as the blocker residue severely reduced 

the ability of the enzyme to accept monophenols as substrates. There are also studies 

suggesting that the phenylalanine residue in grape PPO has some intrinsic flexibility to 

allow monophenol substrates to bind.4 Nonetheless, if the blocker theory is valid, the 

replacement of the phenylalanine residue of grape PPO with a smaller amino acid 

should enhance the ability of the enzyme to accept monophenols as substrates.  

In order to test this argument, it was decided to replace the blocker phenylalanine 

residue of grape PPO by a small amino acid residue. The mutagenesis work was based 

on mushroom PPO, which is a tyrosinase.7 Structural alignment of the mushroom and 

grape PPOs showed that mushroom PPO has a small sized valine residue (Val-283 in 

Figure 5.1) in the ‘blocker residue’ position.8,9 It was therefore decided to produce 

F259V grape PPO. Using the optimised procedure as described in Chapter 3 with 

synthetic gene fragment, pure F259V grape PPO was obtained (Figure 5.2).  
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Figure 5.1 Active sites of (a) mushroom PPO and (b) grape PPO. The ‘blocker residues’ are highlighted 

in red cirles. 

 

Figure 5.2 SDS-PAGE analysis on purified mutant F259V grape PPO. 
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The monophenolase activity of F259V grape PPO was then tested by using 4-

methylphenol as a substrate. Interestingly, when compared to wild-type grape PPO, the 

activity of F259V grape PPO was found to be four times slower per unit of protein 

(Figure 5.3; 3.7 μM min-1 mg-1 c.f. 19.9 μM min-1 mg-1). Interestingly, F259V grape 

PPO did not have any diphenolase activity (Figure 5.3 and Figure 5.4). This observation 

was surprising because the oxidation of diphenols do not involve binding to CuA. Our 

results showed that the ‘blocker residue’ may have an effect in the enzyme’s substrate 

selectivity. Further experiments are required to fully understand the role of the ‘blocker 

residue’ in PPO monophenolase and diphenolase activity. 

 

Figure 5.3 (a) Monophenolase and (b) diphenolase activities of mutant F259V and wild-type of grape 

PPO assessed using 1H NMR spectroscopy. All reactions were conducted in 66.7 mM sodium 

phosphate buffer at pH 6.0, and at 293 K. 
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Figure 5.4  NMR spectra after 17 minutes incubation. 100 μM 4-methylcatechol was incubated with 0.2 

μM (a) mutant F259V grape PPO, or  (b) wild-type grape PPO respectively. All reactions were 

conducted in 66.7 mM sodium phosphate buffer at pH 6.0, and at 293 K. 

5.4 Investigating the ‘second shell residue’ 

Next, the ‘second shell residue theory’ was tested. The theory suggests that a second 

shell residue, located above CuB, is important for guiding access of the substrate to the 

active site. If the residue has a hydrophobic sidechain, it will favour hydrophobic 

substrates; if the residue is charged, it will favour charged substrates. This theory was 

initially tested with walnut PPO, in which the second shell residue was a hydrophobic 

leucine.5  

Structural alignment of the grape and walnut PPOs showed that a positively charged 

lysine reside occupied the same position in the second shell (Figure 5.5).5,9 Thus, if the 

second shell residue theory was valid, mutation of the charged lysine to a leucine 

(K244L) should enhance the enzyme’s ability to accept hydrophobic substrates (e.g. 4-

methylphenol). K244L PPO was therefore produced and purified using the same 

procedure as described in Chapter 3 (Figure 5.6). 
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Figure 5.5 Active sites of (a) walnut PPO and (b) grape PPO. The ‘second shell residues’ are 

highlighted in red cirles. 

 

Figure 5.6 SDS-PAGE analysis on purified mutant K244L grape PPO. 

Interestingly, the monophenolase activity of K244L PPO was lower than wild-type PPO 

by using 4-methylphenol as substrate (7.5 μM min-1 mg-1 c.f. 19.9 μM min-1 mg-1 in the 

wild-type enzyme; Figure 5.7). The mutation appeared to turn grape PPO into a better 

monophenolase than diphenolase, as the mutation severely reduced the enzyme’s 

ability to accept 4-methylcatechol as substrate.  
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Figure 5.7 (a) Monophenolase and (b) diphenolase activities of mutant K244L and wild-type of grape 

PPO assessed using 1H NMR spectroscopy. All reactions were conducted in 66.7 mM sodium 

phosphate buffer at pH 6.0, and at 293 K. 

In order to probe this observation further, the mutant K244F grape PPO was prepared 

(Figure 5.8). Phenylalanine is more hydrophobic than leucine and it may enhance the 

monophenolase of the enzyme. It is interesting to investigate if K244F grape PPO can 

accept diphenols as substrate or not. 

 

Figure 5.8 SDS-PAGE analysis on purified mutation K244F grape PPO. 
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The monophenolase of K244F grape PPO was first tested. Indeed, the monophenolase 

activity of the mutant increased when compared to K244L grape PPO (11.9 μM min-

1 mg-1; Figure 5.9). Interestingly, when compared to other mutants in this Chapter, the 

diphenolase activity of the enzyme was retained. However, it was still five times lower 

than wild-type grape PPO.  

 

Figure 5.9 (a) Monophenolase and (b) diphenolase activities of mutant K244F and wild-type of grape 

PPO assessed assessed using 1H NMR spectroscopy. All reactions were conducted in 66.7 mM sodium 

phosphate buffer at pH 6.0, and at 293 K. 

In order to exclude the effect of the ‘blocker residue’, a double mutant, K244F F259V 

grape PPO, was produced (Figure 5.10). Interestingly, this mutant exhibited neither 

monophenolase activity nor diphenolase activity (Figure 5.11 and Figure 5.12). Overall, 

these experiments showed that the second shell residue may influence the enzyme’s 

ability to accept monophenols and diphenols as substrates, although no clear trends 

were obtained. 
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Figure 5.10 SDS-PAGE analysis on the purified mutant K244F F259V grape PPO. 

 

Figure 5.11 Monophenolase and (b) diphenolase activities of mutant K244F F259V and wild-type of 

grape PPO assessed using 1H NMR spectroscopy. All reactions were conducted in 66.7 mM sodium 

phosphate buffer at pH 6.0, and at 293 K. 
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Figure 5.12 NMR spectra after over 42 minutes incubation. 100 μM 4-methylphenol was incubated with 

4 μM (a) wild-type grape PPO, or (b) the double mutant K244F F259V grape PPO respectively. All 

reactions were conducted in 66.7 mM sodium phosphate buffer at pH 6.0, and at 293 K. 
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5.5 Conclusions and further work  

In summary, four mutants of grape PPO were produced and tested to verify the two 

proposals about PPO’s monophenolase and diphenolase activities. All mutants showed 

a reduction in catalytic activities when compared to the wild-type enzyme (Table 5.1).  

 

Table 5.1 Monophenolase and diphenolase activities of wild-type and four mutants of grape PPO 

Interestingly, the diphenolase activity of both K244L and F259V grape PPOs were 

severely reduced, essentially turning the protein into a monophenolase. K244F grape 

PPO, in contrast, retained both monophenolase and diphenolase activities. The double 

mutant K244F F259V grape PPO did not show any monophenolase or diphenolase 

activities. It was not possible to observe a trend based on the current experimental data 

although changes to these residues did exert an effect in the substrate selectivity of the 

enzyme. It is worth noting that the kinetic analyses that were conducted in this work 

were only single concentration measurements. Further experiments, including full 

kinetic analyses of the four mutants, are required to obtain a full understanding of the 

roles that these residues play in grape PPO catalytic activity. For example, changes in 

KM and/or Vmax should enable one to pinpoint whether the mutations affect the binding 

of the substrate or the rate of the oxidation reaction. These measurements were not 

conducted in this work due to time constraints. 

Type of grape PPO Monophenolase activity 

μM min-1 mg-1

Diophenolase activity 

μM min-1 mg-1

Wild-type 19.9 18608.8

Mutant F259V 3.7 0

Mutant K244L 7.5 14.7

Mutant K244F 11.9 3394.1

Mutant K244F F259V 0 0
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6. Extraction and purification of polyphenol oxidase from Sauvignon 

Blanc grape1 

6.1 Introduction 

6.1.1 Sauvignon Blanc polyphenol oxidase 

Sauvignon Blanc is a type of green-skinned grape that is widely cultivated in New 

Zealand. New Zealand Sauvignon Blanc wine is remarkable for its intense tropical and 

passion fruit characters.1 Polyphenol oxidation, catalysed by polyphenol oxidase (PPO), 

is a long-standing problem in the making of Sauvignon Blanc wines. 

Firstly, PPO catalyse the oxidation of phenolic compounds in the grape juice. The 

oxidised quinone product may self-aggregate and react with amino acids, which may 

lead to the formation of brown pigment molecules (see Figure 6.1). Due to the high 

phenolic compound contents in grapes, enzymatic browning can occur rapidly in 

damaged berries before fermentation. This reaction will lead to deteriorative changes 

in nutritional and organoleptic properties, and eventually diminish consumer 

acceptance of flavour, sensory, aroma, colour and antioxidant capacity of final wine 

production.2-8 

In addition, during the fermentation process, volatile thiols such as 3-mercaptohexanol 

locked up as precursors in the grape can be gradually liberated by yeasts.9 These varietal 

thiols contribute to the typical distinctive aromas of the final wine.1,9 Previous 

investigations have shown that PPO catalysed-products may react with these thiols 

                                                 
1 The work described in this Chapter was in collaboration with Dr Mukram Mackeen. M.M performed 

accurate mass measurements through LC-MS/MS and provided technical support for MS analysis. 
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leading to a decrease in their concentrations. Thus, PPO catalysed oxidation may bring 

adverse effects on the oxidative stability of final wine.9-11 

Given the effect PPO-catalysed oxidation reactions have on the winemaking process, it 

is therefore important to quantify the amount of PPO in Sauvignon Blanc grapes and to 

understand their functions. 

 

Figure 6.1 (a) Examples of the polyphenols that are found in Sauvignon Blanc wines. (b) Enzymatic 

browning process in grape must include tyrosinase and catechol oxidase activities of grape PPO. 

6.1.2  Extraction of polyphenol oxidase from grapes 

Grape PPOs were first studied in the 1950s.12 In 1971, Harel and Mayer reported the 

partial purification of PPO from Tamar grapes and characterised their oxidation 

activities. They found that grape PPOs may exist in three different forms. These include 

the inactive pre-pro protein, the latent pro-protein and the active form. It was not clear 

which forms of grape PPO the authors purified.13 In 1992, Rathjen and Robinson 

reported the extraction and purification of latent PPO from grapevine. The molecular 

weight of the protein was 60 kDa.14 In 1994, Dry and Robinson showed that full length 

grape PPO has a molecular weight of 67 kDa. However, the active form of grape PPO 
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has a molecular weight of 40 kDa, which was truncated at both the N- and C-

terminals.15  

The first crystal structure of active form PPO from Grenache grape was reported by 

Virador et al. with a molecular weight of 38.4 kDa.16 In 2006, Marusek et al. suggested 

that the C-terminal domain from high molecular weight latent PPO may act as a ‘cover’ 

of the active site and block the access of substrates.17 This proposal was later confirmed 

by Fronk et al., who used PPOs (60 kDa and 38 kDa) that were extracted from 

Dornfelder and Riesling grapes. The authors found that the 38 kDa PPO showed much 

stronger activity than the 60 kDa PPO. However, if the C-terminal domain was cleaved 

by proteolysis, or if it was forced loose by a detergent such as sodium dodecyl sulfate, 

the entrance to active site will be opened up leading to the activation of the enzyme.6   

Studies of grape PPO are relevant to the wine industry because of the oxidation 

reactions that it catalyses. Although grape PPOs have been extracted from different 

types of grapes before, to date, no PPOs have been extracted from Sauvignon Blanc 

grapes, which is an important variety to the New Zealand wine industry.   

6.2 Objectives 

The objectives of the work described in this Chapter are to establish a methodology to 

extract and purify grape (Vitis vinifera) PPO from Sauvignon Blanc grapes. The 

purified PPO are then identified by liquid chromatography-tandem mass spectrometry 

(LC-MS/MS). 
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6.3 Method developments on PPO extraction from Sauvignon Blanc 

juice 

6.3.1 Preparation of Sauvignon Blanc juice 

Fresh Sauvignon Blanc grapes were collected from vineyards in Marlborough, New 

Zealand, and squeezed using Hydropress-Aka Bladder press on a cold night. Because 

the high temperature can accelerate oxidation issues with phenolics, after squeezing, 

the juices were stored on dry ice in 100 mL containers immediately. The juices were 

then transported to Auckland and stored at -20 °C until use. 

6.3.2 Measurement of protein content in Sauvignon Blanc juice 

First, the total protein concentration in the juice was determined. Proteins that contain 

aromatic residues such as tryptophan absorb at 280 nm. Spectrophotometry was 

therefore applied to measure the total protein concentration. The value was determined 

to be 0.26 mg/mL. Makhotkina et al. reported that Sauvignon Blanc juice contains a 

high concentration of phenolics.18 The total phenolics can also be measured at 280 nm 

due to the characteristic absorption of their benzene cycles.19 The protein concentration 

determined by this method is therefore likely inaccurate. 

A dye binding method using the Bradford’s reagent was therefore considered to 

measure the total protein content in the Sauvignon Blanc grape juice. Bradford’s 

reagent contains phosphoric acid, ethanol and the dye Coomassie Brilliant Blue (G-

250). The dye can bind to proteins and form a protein-dye complex through two types 

of interaction, hydrophobic interactions with hydrophobic and aromatic amino acids 

and electrostatic interactions with charged amino acids. The resultant complex causes 

an increase in the UV/Vis absorption at 595 nm that is proportional to the protein 
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concentration. Absolute protein concentration in a protein sample can be determined by 

standard curves by using proteins such as bovine serum albumin (BSA). 20 Two 

standard curves, one with the concentration range 0 to 1.2 mg/mL BSA, and the other 

one with a concentration range of 0 to 0.012 mg/mL BSA were obtained (Figure 6.2).  

 

Figure 6.2 Standard curves for the absorbance readings obtained in the Bradford protein assay. (a) Linear 

relation with BSA protein concentration in the 0~1.2 mg/mL range; (b) Linear relation in the 0~0.012 

mg/mL range.   
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The average net absorbance of the Sauvignon Blanc juice was about 0.066 at 595 nm. 

Using the standard curve, the protein concentration in Sauvignon Blanc juice was 

determined to be about 11 ng/mL. In previous studies, the Bradford reagent had been 

used to determine the total protein concentration of Napoleon grape, which was found 

to be 6.5 ng/mL.20 The total protein concentrations between the two different types of 

grape juice are in the same range.

6.3.3 Extraction of PPO from Sauvignon Blanc juice 

In order to simplify the extraction process, the next step involved the removal of 

proteins that have a molecular weight less than those of active PPO. By using liquid 

chromatography-electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS), 

Tian, B. et al. established that most proteins in Sauvignon Blanc grapes were in the 

molecular weight range between 20 and 30 kDa.22 This result has been confirmed by 

work conducted by Tattersall et al., which showed the main protein fractions from 

Alexandria grapes were between 24 and 32 kDa.23 The molecular weights of active 

PPOs extracted from Riesling and Dornfelder wine grapes were about 38 and 40 kDa 

in SDS-PAGE.6  It was therefore decided to remove proteins that were less than 30 kDa 

by using a ultracentrifugal filter with a 30 kDa molecular weight cut-off (MWCO) to 

simplify the purification process.  

After three rounds of spin concentration runs, protein retentates from the first spin to 

the last spin were marked as fractions 1, 3 and 5 respectively, and the corresponding 

flow-throughs were labelled as fractions 2, 4 and 6. Fraction 7 and 8 were insoluble 

tissues coated on the filter after the second and the last spins. All fractions were then 

boiled with sample loading buffer, which contained sodium dodecyl sulphate (SDS), 

fresh reducing agent (2-mercaptoethanol) and bromophenol blue. The reducing agent 
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can disrupt the protein-protein disulphide bonds in proteins, and reform their tertiary 

structures into linear molecules when boiled with SDS. The denatured proteins were 

then coated by SDS with a uniform native charge.24,25 Bromophenol blue can work as 

an acid-based indicator. At neutral pH, it mostly absorbs red light and therefore shows 

a blue colour, whilst at low pH (<3), it absorbs ultraviolet and blue light and therefore 

it appears yellow.26 Thereby, after boiling with the sample buffer, if the solution shows 

a yellow colour, the pH of sample will be lower than 3, while if the solution indicates 

a normal blue colour, the pH of the sample will be above 4.6. If the pH of the solution 

is between 3 and 4.6, bromophenol blue will illustrate a characteristic green-red colour. 

This colour was observed in fractions 7 and 8 (Figure 6.3a). 



137 

 

 

Figure 6.3 (a) Sample buffer color after mixing with fractions. Proteins in Sauvignon Blanc juice, protein 

retentates (1, 3 and 5), protein solutions (2, 4, and 6) and insoluble tissues (7 and 8)  as recorded using 

SDS-PAGE, with (b) a Coomassie blue staining, and (c) a silver nitrate staining.
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As the MWCO of the ultra-centrifugal filter was 30 kDa, most proteins over 30 kDa in 

the juice should remain as protein retentates. However, there were still proteins (<30 

kDa) that appeared with the protein retentates. This may due to the low liquidity of 

Sauvignon Blanc juice, which contained a relatively high level of sugar (23 Brix). After 

each spin, the protein retentates became ‘sticky’ and aggregated, and as a result, the 

remaining proteins (<30 kDa) could not flow through the filter device (see Figure 6.3b).  

Silver staining is the technique that is used to visualise proteins in the low-nanogram 

concentration range. It is 50-100 times more sensitive than standard Coomassie blue 

staining.27-29 In order to visualise if PPO was present in the samples, they were treated 

by silver staining. A pair of neighbouring protein bands (~25 kDa) appeared in protein 

fraction retentates and solutions after the first and second spins (fractions 1 to 4 in 

Figure 6.3c). It is worth noting that, because the staining period was relatively long, 

proteins with low molecular weights (<15 kDa) may be leached out after silver staining 

and hence cannot be observed in the gel.  

Using silver staining, many protein bands were visible between 50 and 70 kDa in 

fraction 5 (Figure 6.3c), which was the protein retentates after the final spin. However, 

there was no distinct protein band observed at the molecular weight (~38 kDa) expected 

for the active form of grape PPO.  The detection limit of silver staining for proteins is 

about 1 ng per 100 mL of grape juice. Therefore, the concentration of PPO in Sauvignon 

Blanc juice may be less than 1 ng/mL. Previous studies showed that grape PPO was 

mainly located in the grapes’ pulps and peels. During the crushing of Sauvignon Blanc 

grapes, these parts were disposed of.   

In addition, the lack of PPO in Sauvignon Blanc juice may also be explained by the 

instability of the protein under acidic conditions. The pH value of Sauvignon Blanc 
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juice was about 3. Using recombinant grape PPO (see Chapter 3), it was found low pH 

may inactivate and precipitate the protein (Figure 6.4). It is therefore concluded that the 

concentration of PPO was too low to be readily extracted from Sauvignon Blanc juice. 

 

Figure 6.4 Influence of pH (from 2 to 10) on the protein solublity of recombinant grape PPO. 

6.4 Extraction and purification of PPO from Sauvignon Blanc grapes 

6.4.1 Effect of EDTA on grape PPO extraction   

As a hexadentate ligand to sequester metal ions, ethylenediaminetetraacetic acid 

(EDTA) has been widely applied to enzyme extraction.30 However, few study on the 

extraction of grape PPO used EDTA to chelate metal-bonded proteins. It is because 

copper ions are essential to the function of PPO, EDTA may reduce Cu(II) ions to Cu(I) 

ions in the active site, and eventually dissociate copper ions from the active site. 

Thereby, EDTA was not recommended to extract PPO, in which the resultant PPO may 

be rendered less active or inactive. 
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6.4.2 Crude PPO extraction 

6.4.2.1 Temperature-induced partitioning by Triton X-114 

Although it was not possible to extract PPO from the juice, it may be possible to extract 

them from Sauvignon Blanc grape berries. The first step of crude PPO extraction 

followed the method described by Núñez-Delicado et al..21 Ascorbate, a reducing agent, 

was employed to prevent rapid oxidation of phenolics during extraction. During 

mechanical homogenisation, the non-ionic detergents including Triton X-100 and 

Triton X-114 were used to prevent enzyme inactivation.31 Compared to Triton X-100, 

Triton X-114 has a specific low cloud point at 23 C.32 As the incubation temperature 

is raised, the size of the micelles that they may form will increase, thus preventing 

proteins from being denatured during the temperature-induced phase partitioning. 

Moreover, Triton X-114 was also useful to remove hydrophobic dyes (e.g. chlorophyll 

and anthocyanins), phenolics and hydrophobic proteins through partition on the 

temperature-induced phase.31  

The solution of crude extracts was initially clear at 4 C. Once it was warmed to 37 C, 

the solution became turbid due to the formation of mixed micelles with Triton X-114. 

The solution was then centrifuged at high speed, and the detergent-rich phase was 

discarded because most mixed micelles contained hydrophobic proteins, phenolics and 

anthocyanins were found in detergent-rich phase.33-35 PPO is a hydrophilic protein and 

should therefore in the detergent-poor phase, which was marked as fraction “s”, as 

shown in Figure 6.6a. 
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6.4.2.2 Salting out  

The second step of crude PPO extraction was ‘salting-out’. The mechanism of salting 

out is based on preferential solvation. Ammonium sulphate, a salt that is highly soluble, 

is often used as a cosolvent for salting out to provide high ionic strength. Water has a 

high dielectric constant. When ammonium sulphate is dissolved in water, it will be 

dissociated to form cationic ammonium (NH4
+) and anionic sulphate (SO4

2-) ions. The 

hydration layer of protein can prevent aggregation by maintaining the correctly folded 

conformation. According to Figure 6.5, at a low concentration of salt, the anions and 

cations provided by ammonium sulphate can neutralise charges on the protein surface, 

thus it can prevent aggregation of protein, so protein solubility can reach the maximum. 

With the increasing of ammonium sulphate concentration, the solubility of protein will 

decrease. Some proteins are easily aggregated due to the accelerated exclusion of water 

from the hydration layer of protein (Figure 6.5). In addition, different types of protein 

will therefore be precipitated out from solution at the different concentration of salt. 36-

39 

 

Figure 6.5 Principle of salting-out using ammonium sulphate as cosolvent (salt). 
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used in this study followed the method described by Núñez-Delicado et al.7 First, the 

protein solution was adjusted to 50% saturation with ammonium sulphate. Under this 

condition, PPO was still soluble, but other proteins may be precipitated. The insoluble 

proteins were then removed by centrifugation. The supernatant was then adjusted to 75% 

saturation with ammonium sulphate. Under this condition, PPO was precipitated, and 

the resulting PPO extract was then dialysed with the same buffer without salt. The 

optimal dialysis period was 24 hr (fraction d2 in Figure 6.6b), in which most protein 

bands were obtained from 15 to 43 kDa.  



143 

 

 

Figure 6.6 (a) Flowchart on crude extraction of Sauvignon Blanc grape PPO (b) SDS-PAGE analysis of 

crude extracts of PPO (fractions s), dialysed fraction d1 (dialysis for 12 hours), d2 (dialysis for 24 hours ) 

and d3 (dialysis for 48 hours), and the discarded fraction x.The  first step was conducted through 

temperature-induced phase partitioning with Triton X-114. By applying the increasing ion strength (see 

Figure 6.5), most proteins were isolated in a saturation of ammonium sulfate (50~75%) in the second 

step. The crude extracts were produced after the last step on dialysis with the low ionic strength buffer. 
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6.4.3 Further purification on crude extracts of grape PPO  

The PPO crude extract was then subjected to a further purification step (Figure 6.7) 

through ion exchange chromatography. Diethylaminoethyl (DEAE) cellulose is a 

positively charged resin that is commonly used in anion-exchange chromatography, in 

which proteins can be isolated based on their charges.40  

 

Figure 6.7 Flowchart on a further purification on the crude extraction of PPO. 

 From the theoretic diagram shown in Figure 6.8a, in the first step, the resin was coated 

with positively charged counterions in the initial buffer. In the second step, after loading 

crude extracts onto the column, the positively charged resin will bind negatively 

charged molecules based on the negative charge of the molecules. 41  In the third step, 

different proteins in the crude extracts (that were now attached to the column) were 

released by applying a solution with increasing salt (NaCl) concentrations. The more 

positively charged proteins were initially eluted from the column, whilst the more 

negatively charged proteins may stay attached to the column until most positive-charge 

proteins were eluted (Figure 6.8b). To estimate the molecular weight, peak fractions 

were examined using SDS-PAGE analysis with silver nitrate staining (see Figure 6.9).
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Figure 6.8 (a) Theoretical phases during DEAE cellulose anion-exchange chromatography. (b) 

Fractions were eluted with an increasing salt (NaCl) gradient in a DEAE cellulose anion-exchange 

chromatography. The peak fractions were judged by SDS-PAGE with silver staining. 
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6.5 Identification of PPO extracts 

From the non-reducing SDS-PAGE illustrated in Figure 6.9, peak fractions on lanes 2, 

4 and 5 showed two close protein bands at about 38 kDa. This result is in agreement 

with purified PPOs extracted from Riesling and Dornfelder wine grapes.6 As the 

reported two PPOs were mature forms of grape PPO, fractions 2, 4 and 5 may display 

enzyme activity. 

 

Figure 6.9 Non-reducing SDS-PAGE on concentrated peak fractions. Fractions loaded on lane 2, 4, and 

5 were examined using LC-MS/MS spectrometry.

Total protein concentration of fraction 2, 4 and 5 were about 2.53, 1.06 and 0.49 mg/mL 

respectively. The identification of proteins in fraction 2, 4 and 5 were verified by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS), which was conducted by Dr 

Mukram Mackeen of the Malaysia Genome Institute. The results showed that most 

grape PPO was found in Fraction 4, which contained mature active PPO with around 

50% coverage. The rest of the protein was found to be grape (Vitis vinifera) malate 

250

100

75

25

50

37

kDa

20

150

15

3 54 621



147 

 

dehydrogenase, which has a molecular weight of 37 kDa.42 Fraction 5 also contained 

grape PPO, however, it only contained around 8% coverage. Although both fractions 

contained grape PPO, their purity was relatively low. The results nonetheless showed 

that PPO is present in Sauvignon Blanc grapes. 

6.6 Conclusions 

Overall, this study showed that the amount of PPO in Sauvignon Blanc juice was 

negligble. The total protein concentration was 11 μg per mL juice, and no PPO was 

detected, which implied they must be present in  the ng/mL concentration range. 

However, the amount of proteins in Sauvignon Blanc grapes was significantly higher. 

Partial purification of grape PPO was successful and the identity of the protein was 

confirmed by LC-MS/MS spectrometry. However, the yield and purity of grape PPO 

were not enough for downstream experiments on PPO characterisation through enzyme 

kinetics and inhibition assays. 
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7.      Experimental 

7.1    Cloning procedures 

7.1.1 Materials 

Restriction enzymes BasI-HF and T4 DNA polymerase were obtained from New 

England Biolabs. Synthetic gene encoding grape (Vitis vinifera) PPO (gBlocks) were 

obtained from Integrated DNA Technologies. The pNIC28-Bsa4 vector was a gift from 

Opher Gileadi (Addgene plasmid #26103). Competent cells XL10-Gold, BL21 (DE3), 

BL21-CodonPlus(DE3)-RP and BL21-CodonPlus(DE3)-RIPL were obtained from 

Agilent. GeneJET PCR Purification Kit and GeneJET plasmid miniprep kit were 

obtained from Thermo Fisher. All other chemicals were obtained from Bio-rad, Sigma-

Aldrich/Merck and Thermo Fisher unless otherwise stated. If necessary, pipette tips 

(HTL or Eppendorf) and microcentrifuge tubes (VWR) were sterilised using a benchtop 

autoclave (3850 EL Autoclave, Tuttnauer) at 121 °C for 20 min. Type 1 water was 

obtained using a Arium Pro VF Ultrapure Water System (Sartorius). 

7.1.2   Preparation of recombinant plasmid  

7.1.2.1   Preparation of vector pNIC28-Bsa4  

The pNIC28-Bsa4 vector (Addgene Plasmid #26103) was prepared using the procedure 

reported by Gileadi et al..1 In brief, BsaI HF restriction enzyme was used to cut open 

the vector. The reaction condition was listed in Table 7.1a. The mixture was incubated 

at 50 °C for 3 hours. This procedure releases a 2 kb gene fragment containing the sacB 

gene. The open vector was then purified using a GeneJET PCR Purification Kit 
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(Thermo Fisher) following manufacturer’s instructions. The purified open vector was 

then treated with T4 DNA polymerase and dGTP to create cohesive ends for ligation. 

The reaction mixture (see Table 7.1b) was first incubated for 30 minutes at 22 C, and 

then the T4 DNA polymerase was inactivated by heating the mixture to 75 C and 

incubated for 20 min.1 The open and prepared vector was stored at -20 C until use. 

Component Reaction Volume/μL 

Type 1 Water 32 

NEB Buffer 3 5 

10 mg/mL BSA  0.5 

0.2 μg/μL Vector  12.5 

10 unit/μL BsaI  1.5 

Total Volume 50 μL 

 

Component Reaction Volume/μL 

Type 1 Water 21.5 

BsaI-digested vector 50 

10×T4 polymerase buffer 10 

25 mM dGTP 10 

10 mg/mL BSA 1 

100 mM DTT 5 

T4 DNA polymerase  2.5 

Total Volume 100 μL 

 Table 7.1 Reaction mix for (a) cutting vector pNIC28-Bsa4) and (b) trimming cohesive ends of vector 

pNIC28-Bsa4 respectively.1  

7.1.2.2   Preparation of DNA insert  

The DNA sequence of the mature form of white Grenache grape V. vinifera PPO 

(residues 104-443) were obtained from the report published by Virador et al.(Table 

7.2).2 In order to clone onto the pNIC28-Bsa4 vector, the tacttccaatccatg sequence was 

added to the 5’ end and taacagtaaaggtggata was added to the 3’ end of the DNA 

sequence encoding grape PPO104-443 when designing the synthetic gene fragment. The 

(a) 
 
 
 
 

 

 (b) 
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synthetic gene fragment was ordered from Integrated DNA Technologies, which was 

delivered as freeze-dried solid.  

 

Table 7.2 DNA sequence of grape PPO (residues 104-443).2 Text highlighted in italic indicates the 

sequence required for cloning to the vector pNIC28-Bsa4. 

100 ng of the synthetic gene fragment was dissolved into 10 µL 1×TE buffer (Table 

7.3a) to a final concentration of 10 ng/μL. The synthetic gene fragment was then 

incubated with T4 DNA polymerase and dCTP to create cohesive ends.  

The reaction mixture was prepared by following Table 7.3b. The mixture was first 

incubated at 22 °C for 30 minutes. The T4 DNA polymerase was then inactivated by 

incubating the mixture at 75 °C for 20 minutes. The prepared DNA insert was stored at 

-20 °C until use.  
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Buffer Component Amount per 100 mL 

1×Tris/EDTA 
buffer 

1 M Tris-HCl buffer (pH 8.0)  1 mL 

0.5 M EDTA 200 µL 

 

Component Volume/ μL 

10 ng/μL DNA insert 5 

Type 1 Water 2.75 

10×T4 polymerase buffer 1 

100 mM dCTP 0.4 

100 mM DTT 0.5 

BSA 10mg/mL 0.1 

T4 DNA polymerase  0.25 

Total Volume 10 μL 

Table 7.3 (a) Preparation of 1×TE (Tris/EDTA) buffer. (b) Reaction mixture for constructing cohesive 

ends of target insert.1  

7.1.2.3   Annealing and transformation 

The annealing and transformation procedures to generate the recombinant plasmid 

followed the protocol described by Gileadi et al..1 In brief, 1 μL of the open and 

prepared vector was mixed with 2 μL the pre-treated insert at room temperature in a 

sterile microcentrifuge tube for 20 minutes. 50 μL of competent cell XL10-Gold was 

then added to the mixture and incubated on ice for 30 minutes. The tube was transferred 

into a water bath at 42 °C for 60 seconds and immediately put it on ice for 2 minutes. 

400 μL super optimal broth (SOC) media (Table 7.4a) was then added. The resultant 

mixture was incubated at 37 °C for 1 hour. Finally, the entire transformation mixture 

was plated on a LB-agar plate (Table 7.4b) containing 5% sucrose and 0.05 mg/mL 

kanamycin. The plate was incubated at 37 °C overnight. 

A single colony from the LB agar plate was picked and inoculated into 100 mL 2×YT 

(a) 
 
 

(b) 
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medium (Table 7.4c) and 3 mg kanamycin in a 500 mL Erlenmeyer culture flask 

(Schott). It was then incubated overnight at 37 °C with a shaking rate around 220 rpm. 

GeneJET plasmid miniprep kit (Thermo Fisher) was then used to extract and purify 

plasmids from the overnight culture following manufacturer’s instructions. The DNA 

sequence of the recombinant plasmid was sequenced by Kristine Boxen (Centre for 

Genomics, Proteomics & Metabolomics, The University of Auckland). The plasmid 

was stored at -20 C until use. 

Component Amount per 100 mL 

NaCl 58.4 mg 

Tryptone 2 g 

Yeast Extract 0.5 g 

KCl 18.6 mg 

MgCl2 95.2 mg 

glucose 360.3 mg 

Type 1 water 100 mL 

 

Component Amount per 500 mL 

NaCl 5 g 

Tryptone 5 g 

Yeast Extract 2.5 g 

Agar 7.5 g 

Type 1 water 500 mL 

 

Component Amount per 100 mL 

NaCl 0.5 g 

Tryptone 1.6 g 

Yeast Extract 1 g 

Type 1 water 100 mL 

 Table 7.4 (a) Component on SOC medium. (b) Component on LB agar plate. (c) Component on 2×YT 

medium. 

(a) 
 
 
 
 

 

 

(b) 
 
 
 
 

 

 
(c) 
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7.2      Protein production 

7.2.1   Small-scale expression trials  

The plasmid was transformed into BL21 (DE3), BL21-CodonPlus(DE3)-RP and BL21-

CodonPlus(DE3)-RIPL competent cells using the procedure described above. A single 

colony from the agar plate was picked and inoculated into a starting culture of 100 mL 

2×YT medium containing 0.05 mg/mL kanamycin. It was then incubated overnight at 

37 °C with a shaking rate around 220 rpm.  

200 μL of the starter culture was then inoculated into 100 mL of 2×YT medium and 

incubated at 37 C until reached an optical density (OD) of 0.6 at 600 nm. Three 

different concentrations (0.2 mM, 0.5 mM, or 1 mM) of isopropyl β-D-1-

thiogalactopyranoside (IPTG) was added to induce the expression of recombinant grape 

PPO. Two incubation temperatures (18 °C or 28 C) was applied respectively for 

overnight. In next morning, cell cultures were centrifuged at 12,000 rpm (4 °C, 30 min). 

The harvested cell pellets were resuspended into 5 times (w/v) of binding buffer (Table 

7.5a). The resuspended cells were defined as the whole cell. About 10 mL whole cell 

solution were lysed on ice by sonication at 60 amplitudes for 15 seconds with 45 

seconds interval for three times using a Misonix S-4000 sonicator. After centrifugation 

at 4000 rpm (4 °C) for 20 minutes, the supernatant was collected as the cell lysate. The 

total proteins from whole cell and cell lysate were subjected into SDS-PAGE with a 

12.5% acrylamide reserving gels a 4% acrylamide stacking gel as described in Section 

7.5.2. 
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7.2.2   Large scale growth  

The condition largely follows the condition used for expression trials. The BL21-

CodonPlus(DE3)-RP cells was used. In short, bacterial cultures were grown in 2×YT 

medium containing kanamycin (0.05 mg/mL) at 37 °C in an incubator shaker at 180 

rpm until optical density at 600 nm wavelength (OD600) of 0.6. The cells were induced 

with 0.2 mM IPTG and then incubated at 18 °C overnight. The bacterial cell pellets 

were harvested by centrifugation and were stored at -80 °C until use. 

7.2.3   Preparation of cell lysate 

The cell pellets were gently resuspended with 1% (v/v) Halt Protease Inhibitor Cocktail 

(EDTA-Free), DNAse I (RNase-free) (2 units per mL of cell lysate) with 1 mM MgCl2 

in 5 times (w/v) of binding buffer (see Table 7.5a) for 30 min at 4 °C. The resuspended 

mixture were then lysed on ice by sonication at 60 amplitudes for 15 seconds with 45 

seconds interval for three times using a Misonix S-4000 sonicator. Then, the insoluble 

debris was removed by centrifugation (24,000 rpm, 4C and 40 minutes). 

7.3   Protein purification 

7.3.1   Composition of buffers used for purification  

The composition of the buffers used for protein purification were listed in Table 7.5. 

Buffers were made up in Type 1 water. pH was adjusted using 1 M HCl and 1 M NaOH, 

and pH adjustments were carried out using a PHS-3C pH meter (INESA, China) 

combined with E-201F pH electrode (INESA). Electrodes were calibrated to pH 7.0 

and either pH 4.0 or 9.0 before use. All buffers were filter sterilised through 0.22 μm 

filters (Sartorius) and were stored in Schott Glass Bottles (Duran laboratory glassware) 
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at 4 °C. 

Buffer Component Amount per 100 
mL 

  
  

Binding buffer 

NaH2PO4·H2O 54.9 mg 

Na2HPO4·7H2O 429.4 mg 

NaCl 2.922 g 

Imidazole 34.04 mg 

Washing buffer 

NaH2PO4·H2O 54.9 mg 

Na2HPO4·7H2O 429.4 mg 

NaCl 2.922 g 

Imidazole 0.3404 g 

  
  

Elution buffer 

NaH2PO4·H2O 54.9 mg 

Na2HPO4·7H2O 429.4 mg 

NaCl 5.844 g 

Imidazole 3.404 g 

 

Buffer Component Amount per 100 
mL 

sodium phosphate  
66.67 mM pH 6 

NaH2PO4·H2O 792.9 mg 

Na2HPO4·7H2O 246.9 mg 

 

Buffer Component Amount per 100 
mL 

Start buffer NaH2PO4·H2O 45.5 mg 

Na2HPO4·7H2O 447.7 mg 

  
Elution buffer 

NaH2PO4·H2O 45.5 mg 

Na2HPO4·7H2O 447.7 mg 

NaCl 5.844 g 

Table 7.5 The components of buffer used in (a) affinity chromatography, (b) size exclusion 

chromatography, and (c) anion exchange chromatography. 

7.3.2   Affinity chromatography 

Protein purification was conducted using an ÄKTA Start chromatography system (GE 

Healthcare) at 4C. Affinity chromatography was conducted using a 5 mL HisTrap HP 

column (GE Healthcare). The column was firstly charged with 2.5 mL 1 M CuCl2 or 

NiCl2 and equilibrated by 5-10 column volumes of binding buffer (see Table 7.5a). 

(a) 
 
 

(b) 
 
 

(c) 
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About 50 mL cell lysate was then loaded onto the column followed by 5 column 

volumes of wash buffer (see Table 7.5a). The protein was then eluted with a linear 

gradient of 50–500 mM imidazole (see Table 7.5a) in the same buffer over twenty 

minutes. The concentration of purified grape PPO was tested by using NanoDrop 2000c 

spectrophotometer (Thermo Scientific) as described in Section 7.4.1.  

7.3.3   Digestion of polyhistidine-tag by TEV protease 

The plasmid of tobacco etch virus (TEV) protease was a gift from Yuliana Yosaatmadja 

and A/Prof. Christopher J. Squire (School of Biological Sciences, The University of 

Auckland). TEV protease was produced and purified following the procedures 

described by Tropea et al..3 

Typically, 25 mg of polyhistidine tag grape PPO was incubation with 1 mg of TEV 4 °C 

for 18 hours. The mixture was then applied through affinity chromatography to remove 

the cleaved polyhistidine tag and TEV protease. Grape PPO with the polyhistidine tag 

removed was collected in the flow through. 

7.3.4   Size exclusion chromatography 

Gel-filtration columns S-100 HR (GE Healthcare) or S-200 HR (GE Healthcare) was 

used to further purify the protein. In brief, 1 mL of protein sample was injected into the 

gel-filtration column after equilibration with 2 column volumes of sodium phosphate 

buffer (Table 7.5b). Peak fractions were eluted by the same buffer and analysed by SDS-

PAGE. Fractions containing pure protein were supposed to pool together. Amicon 

Ultra-15 centrifugal filter devices (Merck Millipore) with a 30 kDa MWCO (molecular 

weight cut-off) were applied to concentrate protein fractions executing in a bench-top 



157 

 

centrifuge (Multifuge 3S-R, Thermo electron) at 4600 rpm. After three times of buffer 

exchange steps with 20 mM sodium phosphate buffer at 4 °C, the sample protein was 

then concentrated to 1 mL (pH 7.5, Table 7.5c). 

7.3.5   Ion exchange chromatography 

The isoelectric point (pI) of grape PPO without polyhistidine tag was calculated as 5.67 

using the ProtParam tool of the ExPASy Bioinformatics Resource Portal. A HiTrap Q 

column were applied on a further purification of grape PPO. The column was initially 

prepared by washing with 5 column volumes of 1 M NaCl, 10 column volumes of Type 

1 water, and 10 column volumes of the start buffer (Table 7.5c). The protein mixture 

was then buffer exchanged and concentrated to the start buffer (Table 7.5c) using 

Amicon Ultra MWCO 30 kDa (Millipore), and loaded onto a 1 mL HiTrap Q HP 

column (GE Healthcare) equilibrated with the same buffer. Fractions were eluted with 

a linear gradient of 0 to 1 M NaCl in the same buffer over twenty minutes.  Peak 

fractions were collected and analysed by SDS-PAGE. 

7.3.6 Copper ions incubation 

The eluted proteins were buffer exchanged into 66.6 mM sodium phosphate buffer (pH 

6.0). It was then diluted to 12 μM concentration and incubated with 100 μM CuCl2 at 

4 °C overnight. The protein was then buffer exchanged into 66.6 mM sodium phosphate 

buffer (pH 6.0) and stored in 10 μL aliquots at -80 °C until use. Protein concentration 

was measured by using NanoDrop 2000c spectrophotometer (see Section 7.4.1).  
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7.4    Protein concentration determination 

7.4.1 NanoDrop 2000c spectrophotometer 

The protein concentration of purified PPO was measured by using NanoDrop 2000c 

spectrophotometer (Thermo Scientific).4 After selecting options on Protein A280 and 

Other protein (E & MW), the buffer solution was used as blank. Protein molecular 

weights and extinction coefficients were calculated using the ProtParam tool. 2 μL of 

the protein solution was used per measurement and all measurements were conducted 

in triplicate.  

7.4.2   Bradford Reagent  

Bradford Reagent was used to determine the concentration of proteins in Sauvignon 

Blanc juice by performing Bradford protein assays.5 Protein calibration curve was 

conducted using bovine serum albumin (BSA; Table 7.6). All procedures were 

conducted at room temperature. Typically, 0.1 mL of protein standard solution (0.2 to 

1.2 mg/mL) was added to 3 mL of Bradford Reagent to a final volume of 3.1 mL (Table 

7.6a). Alternatively, 1 mL of standard proteins (2 to 12 μg/mL) was added to 1 mL of 

the Bradford Reagent to a final volume of 2 mL (Table 7.6b).  The absorbance was then 

measured at 595 nm. Unknown protein concentration of samples was determined by 

comparison to the prepared standard curves (Table 7.6).  
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Tube 
No. 

Sample Addition of 
sample (mL) 

Protein standard 
(mg/mL) 

Bradford 
Reagent (mL) 

Net 
absorbance at 

595 nm (𝒚𝒔) 

1 Water   
 
 
 

0.1 

0   
  
 
 

3 

   
 
 
  

𝒚𝒔 = 𝒂𝒙 + 𝒃 

2            
[BSA] 
protein 

standard 
solution 

0.2 

3 0.4 

4 0.6 

5 0.8 

6 1.0 

7 1.2 

8 SB juice unknown (x) 

 

Tube 
No. 

Sample Addition of 
sample (mL) 

Protein standard 
(μg/mL) 

Bradford 
Reagent (mL) 

Net absorbance 

at 595 nm (𝒚𝒎) 

1 Water   
 
 
 

1 

0   
  
 
 
1 

  
 
 

   

𝒚𝒎 = 𝒂𝒙 + 𝒃 

2            
[BSA] 
protein 

standard 
solution 

2 

3 4 

4 6 

5 8 

6 10 

7 12 

8 SB juice unknown (x) 

Table 7.6 (a) Protocol on standard protein concentration using 3.1 mL Bradford assay. (b) Protocol on 

micro standard protein concentration using 2 mL Bradford assay. 

7.5     Gel electrophoresis 

7.5.1 Materials 

Bio-rad Precision Plus Protein Kaleidoscope Prestained Protein Standards were used 

for sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) and 

native gel electrophoresis. All chemicals were obtained from Bio-Rad and Sigma-

Aldrich unless otherwise stated.  

(a) 
 
 
 
 

 

 

 

 

(b) 
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7.5.2   Sodium dodecyl sulphate polyacrylamide gel electrophoresis  

SDS-PAGE (Sodium dodecyl sulphate polyacrylamide gel electrophoresis) was 

performed to estimate the molecular weight of proteins.6 Compositions of two resolving 

gels and stacking gels employed for SDS-PAGE were described in Table 7.7. 10% (w/v) 

Ammonium persulphate (APS) and 10% (w/v) sodium dodecyl sulphate (SDS) 

solutions were freshly prepared by ultrapure water for each gel preparation. The setting 

of the gel was initiated by adding APS and tetramethylethylenediamine (TEMED). The 

resolving gel was firstly solidified in a gel cast. The staking gel solution was then cast 

upon the resolving gel. A comb (Bio-Rad) was immediately inserted onto the staking 

gel to make 10 wells. 

10 μL of the analyte was mixed with 10 μL of the SDS-PAGE sample loading buffer 

(Table 7.8). The mixture was then boiled at 100 °C for 2 minutes and centrifuged for 1 

minute at 13,000 rpm. 5 μL of prestained protein marker was loaded on each gel. 10 

fluorescent bands represented 10 recombinant proteins between 10 and 250 kDa were 

illustrated after electrophoresis. The gel cassette with two gels was immersed in SDS 

running buffer (Table 7.8). Electrophoresis was carried out at a constant voltage of 150 

V for about 2 hours at room temperature by applying on Mini-PROTEAN Tetra Cell 

System (Bio-Rad). The completed gels can be stained by a standard Coomassie blue 

staining or a more sensitive sliver staining (see Section 7.5.4 and Section 7.5.5). 
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Buffer Component Amount per 100 mL 

Tris-HCl     
1.5 M pH 8.8 

Tris-base 18.171 g 

37.2% HCl 2.14 mL 

Tris-HCl    
0.5 M pH 6.8 

Tris-base 6.057 g 

37.2% HCl 3.94 mL 

 

Composition Amount 

Type 1 water 3.3 mL 

Acrylamide/Bis-acrylamide (30%) 4 mL 

1.5 M Tris (pH 8.8) 2.5 mL 

10% (w/v) SDS  100 μL 

10%(w/v) APS  100 μL 

TEMED  5 μL 

Total Volume  10 mL 

 

Composition Amount 

Type 1 water  1.485 mL 

Acrylamide/Bis-acrylamide (30%) 335 μL 

0.5 M Tris (pH 6.8) 625 μL 

10% (w/v) SDS  25 μL 

10%(w/v) APS  25 μL 

TEMED 5 μL 

Total Volume 2.5 mL 

Table 7.7 (a) Components of Tris-HCl buffer used to prepare resolving and stacking gels. (b) 

Components for two SDS-PAGE resolving gels with 12% acrylamide. (c) Components for two SDS-

PAGE stacking gels with 4% acrylamide. 

 

 

(a) 
 
 
 

(b) 
 
 
 

(c) 
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Solutions Composition Amount 

  
2×Sample loading 

buffer 

0.5 M Tris-HCl (pH 6.8) 1.25 mL 

10% SDS 4 mL 

Glycerol  2.5 mL 

β-mercaptoethanol  1 mL 

1% Bromophonol blue  500 μL 

Ultrapure water 0.75 mL 

Total Volume  10 mL 

                     
1×Running Buffer 

pH 8.3 

Glycine 14.4g 

Tris Base 3.02g 

SDS 1 g 

Ultrapure water 1 L 

Total Volume  1 L 

Table 7.8 Components on sample loading buffer and running buffer for SDS-PAGE 

7.5.3   Native PAGE 

Native PAGE was prepared in non-reducing and non-denaturing buffers (Table 7.9). 

The procedures on preparing resolving gel and stacking follow the same procedure as 

SDS-PAGE (Section 7.5.2) expect for the addition of 10% SDS or reducing agents. 10 

μL of sample was mixed with 10 μL sample loading buffer (see Table 7.9) without 

heating. Native PAGE electrophoresis was carried out at a relative low voltage of 50 V. 

The gel container was kept in an ice box for about six hours until protein ladder reached 

the bottom of gel cast. Standard Coomassie stain or silver stain were used to stain native 

gels.  
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Composition Amount 

Ultrapure water 3.3 mL 

Acrylamide/Bis-
acrylamide (30%) 

4 mL 

1.5 M Tris-HCl (pH 
8.8) 

2.5 mL 

10% (w/v) APS 100 μL 

TEMED 8 μL 

Total Volume 10 mL 

 

Composition Amount 

Ultrapure water 1.51 mL 

Acrylamide/Bis-
acrylamide (30%) 

335 μL 

0.5 M Tris-HCl (pH 
6.8) 

625 μL 

10% (w/v) APS 25 μL 

TEMED 5 μL 

Total Volume 2.5 mL 

 

Solutions Composition Amount 

  
 

2×Sample 
loading 
buffer 

0.5 M Tris-HCl (pH 6.8) 1 mL 

Glycerol  2.5 mL 

1% Bromophonol blue  500 μL 

Ultrapure water 6 mL 

Total Volume  10 mL 

 
1×Running 

Buffer  
pH 8.3 

Glycine 14.4g 

Tris Base 3.02g 

Ultrapure water 1 L 

Total Volume  10 mL 

Table 7.9 (a) Components for two native resolving gels with 12% acrylamide. (b) Components for two 

native stacking gels with 4% acrylamide. (c) Components for 2 times sample loading buffer and running 

buffer for native gels. 

(a) 
 
 
 

(b) 
 
 
 

(c) 
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7.5.4   Coomassie blue staining  

SDS-PAGE or native gels were rinsed by deionised (DI) water. The gels were covered 

by about 1.5 cm staining solution (Table 7.10), and microwaved on high power for 40 

seconds to 1 minute until the staining solution boiled. The gel was incubated in the 

staining solution for 5 to 10 minutes on a rocking table, then staining solution was 

poured out, and DI water was used to rinse the gel several times until staining solution 

was fully removed from the container. Fresh destain solution (Table 7.10) was added to 

cover the gel by about 2 cm, and the gel was incubated to destain overnight on a rocking 

table. 

Solution Composition Amount per Litre 

 
Coomassie stain 

solution 

Coomassie blue 1 g 

Methanol 400 mL 

Acetic acid 100 mL 

DI water 500 mL 

 
Destain solution 

  

Methanol  400 mL 

Acetic acid  100 mL 

DI water 500 mL 

Table 7.10 The compositions of Coomassie stain solution and destain solution (1 L) 

7.5.5   Silver nitrate staining 

Nondiamine silver nitrate stains using silver nitrate as the silvering agent and 

formaldehyde in alkaline carbonate solution as the developing agent was used (Table 

7.11).  

All solutions were freshly made just prior to use, and all steps were performed at room 

temperature unless otherwise stated. After electrophoresis, silver staining was 

performed as described by Chevallet et al.,7 using the Bio-Rad Silver Stain Kit or home-

made solutions as described in Table 7.11.  
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There are several procedures should be noted before beginning the silver staining. In 

step 2, the gel should be washed enough time with washing solution; otherwise, the 

remaining fixing solution can interfere with the later steps resulting in bad image at the 

end. In step 3, if the gel is over-treated by sensitizing solution (0.02% Na2S2O3), it will 

lead to a faster process on darkening the gel in step 7. In step 5, the gel should be treated 

with silver solution for 30 minutes to 1 hour. The over-treating gel will result in 

unwanted artefacts at the end. In step 7, the developing gel process can take from one 

minute to 30 minutes, which is depended on protein concentrations and pervious steps. 

The overdeveloped gel will rapidly turn dark brown which cannot observe any bands 

at the end. Once the gel was becoming clear in developing solution, the stopping 

solution should be exchanged with the developing solution immediately in step 8.  



166 

 

Solution Composition Amount per 
200 mL 

Procedure  Time  

 
Step 1 

Fixing 

Methanol 100 mL  
Place one Mini gel in fixing solution and 

shake for one hour to overnight 

 
one hour to 
overnight 

Acetic acid 24 mL 

35% Formaldehyde 100 μL 

Type 1 water 76 mL 

Step 2 

Washing 
Ethanol 73 mL Remove fixing solution and wash the gel 3 

times with 200 mL washing solution 
3×20 min 

Type 1 water 127 mL 

Step 3 

Sensitising 
Na2S2O3 0.04 g Remove water and shake the gel in 

sensitising solution 
2 min 

Type 1 water 200 mL 

Step 4 

Rinsing 
 

Type 1  water 
 

200 mL 
Remove sensitising solution and wash 3 

times with each 200 mL Type 1 water 
3×5 min 

Step 5  

Silver nitrate 
staining 

AgNO3 0.4 g  
 Remove water and shake in silver nitrate 

staining solution 

 
30 min to 

1 hr 35% Formaldehyde 152 μL 

Type 1 water 200 mL 

Step 6  

Rinsing 
Type 1 water 200 mL Remove sensitising solution and wash 2 

times with each 200 mL DI water 
2×1 min 

 
Step 7 

Developing 

Na2CO3 12 g  
Remove water and shake the gel in 

developing solution 

                               
1-30 min 35% Formaldehyde 100 μL 

0.02% Na2S2O3 4 mL 

Type 1 water 196 mL 

Step 8 

Stopping 
solution 

Methanol 100 mL Remove developing solution and shake gel 
in stopping solution 

                        
10 min Acetic acid 24 mL 

Type 1 water 76 mL 

Step 9  

Store olution 
Acetic acid 2 mL Remove stopping solution and leave the 

gel in store solution at 4C 

  

Type 1 water 198 mL 

Table 7.11 Protocols and components of solutions for silver-staining. 

7.6   Identification of purified recombinant grape PPO 

This step was conducted by Mr Martin Middleditch (Auckland Science Analytical 

Services, The University of Auckland). Gel bands were diced and destained with 1:1 

acetonitrile: 50 mM ammonium bicarbonate, then reduced with 10 mM dithiothreitol at 

56C for 15 minutes. The supernatant was then replaced with 50 mM iodoacetamide 

and the samples incubated in the dark at room temperature for 30 minutes. Gel pieces 

were dehydrated with acetonitrile, dried, then re-swelled with 12.5 ng/μL sequencing 

grade modified porcine trypsin (Promega) and incubated overnight at 37 °C. Digests 

were acidified with 1 μL of 50% formic acid. 

A 10 μL aliquot of digest was injected onto a C18 PepMap trap cartridge (LC Packings, 
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Amsterdam, Netherlands) for desalting prior to chromatographic separation on a 

0.3×100mm 3.5 μ Zorbax 300SB C18 Stablebond column (Agilent Technologies) using 

the following gradient at 6 μL/min: 0-3 min 10% B, 34 min 40% B, 36 min 97% B, 39 

min 97% B, 40.5 min 10% B, 45 min 10% B, where A was 0.1% formic acid in water 

and B was 0.1% formic acid in acetonitrile. The column eluate was ionised in the 

electrospray source of a QSTAR-XL Quadrupole Time-of-Flight mass spectrometer 

(Applied Biosystems). A TOF-MS scan from 330-1600 m/z was performed, followed 

by three rounds of MS/MS on the three most intense multiply-charged precursors in 

each cycle. The resulting data was searched against all reviewed entries from the 

Uniprot protein sequence database (547,351 entries as at January 2015), using 

ProteinPilot v5.0 (Sciex, Foster City, CA, USA). The following search parameters were 

used: Sample Type, Identification; Search Effort, Rapid; Cys Alkylation, 

Iodoacetamide; Digestion, Trypsin. 

7.7   Inductively coupled plasma mass spectrometry (ICP-MS) 

This step was conducted by Mr Stuart Morrow (Auckland Science Analytical Services, 

The University of Auckland). Purified PPO (1 μM) was denatured by incubation in a 

water bath at 100 °C for 20 minutes. The precipitants were removed by centrifugation 

at 10,000 rpm for 2 minutes. The samples and buffer blank were diluted 10 times in a 

5% HNO3 solution (69% Tracepur) in a 15 mL centrifuge tube and were analysed on 

an Agilent 7700x ICP-MS in Helium mode to reduce polyatomic interferences. An 

external calibration curve was prepared using single-element certified reference 

standards (1000 µg/mL, Peak Performance) in matrix matched media. Instrument drift 

and matrix effects were monitored by using Scandium as an online internal standard. 
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7.8   UV/Vis measurement 

PPO activity was determined as described by Rapeanu et al..8 Single concentration (1.4 

mM) of four monophenol and four diphenol substrates were employed to test grape 

PPO (0.2 µM) activity through a continuous spectrophotometric method. The diphenol 

substrates are pyrocatechol, 3,4-dihydroxyphenylalanine, 4-ter-butylcatechol and 4-

methylcatechol were observed colourless. Their absorbances at 389 nm, 400 nm and 

475 nm were closed to zero. Extinction coefficient (ε) of pyrocatechol is 1370 M-1 cm-

1 at 389 nm wavelength.9 Extinction coefficient of 3,4-dihydroxyphenylalanine is 3700 

M-1 cm-1 at 475 nm wavelength.10 Extinction coefficient of 4-ter-butylcatechol is 1150 

M-1 cm-1 at 400 nm wavelength, and the extinction coefficient of 4-methylcatechol is 

1350 M-1 cm-1 at 400 nm.11 Based on the Beer-Lambert Law (A=ε×L×c),  the 

colorimetric method was conducted by recording the increases in absorbance at max 

through Nanodrop 2000c UV/Vis spectrometer (Thermo Scientific) at 37 °C. The 

changes of substrate concentration were calculated by the increases of absorbance 

divided by extinction coefficient and corresponding light distance (1 cm).12,13 The 

reaction volume was 500 μL using BRAND UV Cuvettes (Sigma Aldrich). 

Kinetic parameters such as Michaelis-Menten constant (KM) and maximum reaction 

velocity (Vmax) of recombinant grape PPO were calculated by Michealis-Menten 

equation ( v =
𝑣𝑚𝑎𝑥[𝑆]

𝐾𝑚+[𝑆]
 ). In brief, reactions contained grape PPO (0.2 µM) and 4-

methylcatechol (0.05 mM to 20 mM) in sodium phosphate buffer (pH 6, 66.67 mM). 

The resultant curves were fitted using SigmaPlot 12.5 (Systat Software Inc). 

Single concentration inhibition experiments were conducted by using 0.2 µM grape 

PPO, 1.4 mM 4-methylcatechol and 200 μM inhibitor. The first five inhibitors were 
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chosen according to previous investigation on PPO inhibition, namely benzamidine, 

morin, kojic acid, 2,4-dihydrocinnamic acid, and tropolone. 

7.9      NMR spectroscopy to monitor enzyme kinetics and inhibition 

7.9.1   Materials  

Unless otherwise stated, chemicals were from Merck, Sigma-Aldrich, Thermo Fisher 

and ECP Laboratory & Research Chemicals. Competent cells BL21-CodonPlus(DE3)-

RP were from Agilent. D2O was supplied by Cambridge Isotope Laboratories. NMR 

tubes (528-PP-7) were from Wilmad. 

7.9.2   NMR Experiments  

NMR experiments were conducted at a 1H frequency of 500 MHz using a Bruker 

Avance III HD spectrometer equipped with a BBFO probe, and using standard 5 mm 

NMR tubes with a sample volume of 500 μL. Further experiments were undertaken at 

600 MHz using a Bruker Avance spectrometer equipped with a cryoprobe, and with 160 

μL Bruker 3 mm MATCH NMR tubes. Experiments were conducted at 293 K or 298 

K. Solutions were buffered using 66.7 mM sodium phosphate buffer (pH 6.0) dissolved 

in 90% H2O and 10% D2O. The pulse tip-angle calibration using the single-pulse 

nutation method (Bruker pulsecal routine) was undertaken for each sample.14 Standard 

Bruker water suppression was achieved using the excitation sculpting method (2 ms 

Sinc1.1000 pulse). Standard Bruker pulse programmes were used for all experiments. 
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7.9.3   1H NMR time course 

Time course experiments were monitored by standard Bruker 1H experiments with 

water suppression by excitation sculpting. Unless otherwise stated, the number of 

transients was 16, and the relaxation delay was 2 seconds. Typically, a reference 1H 

spectrum containing the reaction mixture (without the enzyme) was first measured. The 

NMR tube was then removed from the instrument and a small amount of enzyme 

(usually less than 5 μL) was added directly to the tube to initiate the reaction. The tube 

was then inserted back into the NMR machine and the time course measurement was 

initiated using the Bruker multizg command. Usually up to 16 experiments were 

recorded. The lag time between addition of enzyme and the end of the first experiment 

was usually 4 minutes. Initial rates were calculated by linear fitting using Excel 2013 

(Microsoft) for data points up to 20% turnover. Kinetic parameters were obtained using 

the Hanes plot.15 Linear fitting was done using Excel 2013 (Microsoft). 

7.9.4   Inhibition constant (IC50) measurement 

1H spectra were used to monitor PPO-catalysed reactions as described above. All 

experiments were conducted at 293 K. The initial rate was calculated as percentage 

turnover of substrate divided by time (typically 4 minutes). The percentage turnover 

was monitored by integrating the methyl signal of the substrate in the reference 

spectrum against the methyl signal of the substrate after 4 minutes. The percentage 

turnover was less than 20% to ensure the reaction was in the initial phase. IC50 values 

were obtained using a standard sigmoid curve. Curve fitting was done using SigmaPlot 

13.0 (Systat). 
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7.10 Virtual screening 

Virtual screening was conducted by Ayesha Zafar and Dr Johannes Reynisson (School 

of Chemical Sciences, University of Auckland). 10,000 natural products were 

downloaded from the library in InterBioScreen (IBS). These were screened against the 

binding pocket of PPO (PDB: 2p3x, Resolution: 2.2 Å).2 SCIGRESS (Ultra version 2.6, 

FUJITSU) program was used to prepare the crystal structures for docking, namely, the 

addition of hydrogen atoms and the removal of crystallographic water molecules. The 

centre of the binding pocket was defined as the position of the Phe259 amino acid 

residue (x = 16.142, y = -10.653, z = 19.500) which is the part of active site. The Gold 

Score (GS),16 Chem Score (CS),17,18 PLANTS (ChemPLP)19 and Astex Statistical 

Potential (ASP)20 scoring functions were implemented to predict binding modes and 

relative energies of ligand-receptor complexes with the GOLD v5.2 software suit 

(Cambridge Crystallographic Data Centre). Library screening settings (30% efficiency) 

were used in conjunction with 10 docking runs per ligand. Candidates emerged from 

the consensus scoring and filtering based on the GoldScore (≤45), ChemScore (≤18), 

ChemPLP (≤55), ASP (≤27). These were re-docked with the standard default settings 

(100% efficiency) in conjunction with maximum 50 docking runs per ligand. The 

candidates after second screening were eliminated based on the GoldScore (≤15), 

ChemScore (≤15), PLP (≤40), ASP (≤20).  

7.11 Production and characterisation on four mutants of grape PPO 

Procedures for expression and purification of four mutants of grape PPO followed the 

same procedures described in Section 7.1, Section 7.2 and Section 7.3.  Monophenolase 

and diphenolase activities were assessed using 1H NMR spectroscopy (see Section 7.9). 
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For the measurement of monophenolase activity, the reaction mixture contained 4 μM 

enzyme and 100 μM 4-methylphenol. For the measurement of diphenolase activity, the 

reaction mixture contained 0.2 μM enzyme and 1.4 mM 4-methylcatechol. All reactions 

were conducted in 66.7 mM sodium phosphate buffer at pH 6.0, and at 293 K. 

7.12    Centrifugal filter applied on concentrating Sauvignon Blanc grape 

juice  

 

Figure 7.1 Process on concentrating Sauvignon Blanc grape juice through Amicon Ultra-15 centrifugal 

filter units (30 kDa cut-off) 

One container of SB juice was defrosted at 4 °C from -30 °C for overnight. 15 mL of 

SB juice was loaded upon the filter device of an Amicon Ultra-15 centrifugal filter unit 

equipped with a 30 kDa of molecular weight cut-off (Millipore) as illustrated in Figure 

7.1. The Amicon Ultra-15 centrifugal filter unit was used to concentrate Sauvignon 

Blanc grape juice by ultrafiltration at 4000 rpm and 4 °C for 20 minutes per run 
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(Multifuge 3S-R centrifuge, Thermo Electron), whilst protein retentate (>30 kDa), 

protein solution (<30 kDa) and insoluble tissues were collected after three runs and 

were analysed by SDS-PAGE with a standard Coomassie blue staining and silver 

staining.  

7.13      Extraction and purification of grape PPO from Sauvignon Blanc 

grape 

7.13.1   Preparation of Buffer 

The following experiments were carried out in buffered solution which were listed in 

Table 7.12. 

Buffer Component Amount  
per 100 mL 

sodium phosphate         
100 mM pH 7.3 

NaH2PO4·H2O 328.4 mg 

Na2HPO4·7H2O 2.042 g 

Bis-Tris propane           
20m M pH 7.5 

 
Bis-Tris Propane 

 
564.5mg 

 

Table 7.12 Components of buffer used for PPO extraction and purification. 

7.13.2   Crude extraction  

Sauvignon Blanc berry PPO was extracted and purified followed the procedures 

reported by Núñez-Delicado et al. and Sánchez-Ferrer et al..21,22 Fresh Sauvignon Blanc 

grapes were hand-picked and stored at -20C until being used.  

250 grams of grape berries was homogenised for 10 minutes with 100 mL of 10 mM, 

pH 7.3 sodium phosphate buffer containing 10 mM ascorbic acid and 2% (w/v) Triton 

X-114. The homogenate was incubated in 4 °C fridge for 10 minutes and then warmed 
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to 37 °C for 15 minutes.  This turbid solution was centrifuged at 10,000 rpm for 30 

minutes at 25 °C, and the resulting supernatant was filtered through 4 layers of gauze. 

In order to remove the remaining phenols, the clear detergent-poor solution was 

subjected with temperature-incubated phase separation with fresh Triton X-114 which 

was added to a final concentration of 4% (w/v) and incubated at 37 °C for 15 minutes.  

After centrifugation at 12,000 rpm for 30 min at 20 C, the dark detergent-rich phase 

was discarded, and the detergent-poor supernatant (fraction s in Figure 6.6a) was 

collected for downstream purification, which was stirred with 50% saturation of 

(NH4)2SO4 at 4 °C for overnight. The mixture was centrifuged again at 13,000 rpm for 

2 hours at 4 °C. The pellet was discarded, and the supernatant was added (NH4)2SO4 to 

obtain a saturation of 75%, then stirred at 4 °C for overnight. The subsequently 

precipitates obtained between 50 and 75% were collected by centrifugation at same 

rotor speed for 3 hours at 9 °C and then dissolved into less than 1 mL of 100 mM, pH 

7.3 sodium phosphate buffer. The salt content was removed by dialysing with 50 times 

volume of same buffer for four changes in 48 hours. The mixture was collected as the 

crude extracts of grape PPO (fraction d in Figure 6.6a).  

 

15 mL of crude extracts was loaded onto a 2.2×28 cm column of DEAE cellulous anion-

exchanger (Figure 6.7). It was equilibrated with 500 mL buffer A (20 mM Bis-Tris 

Propane pH 7.5) at a flow rate of 2.5 mL min-1. 3 mL of fractions were eluted by a 

gradient increasing on NaCl concentration (0 to 300 mM) in 240 mL of buffer A and 

washed with 100 mL buffer A until no protein was detected at 280 nm. Fractions around 

same peak were pooled together and concentrated by using Amicon Ultra-15 centrifugal 

filter units (30 kDa molecular weight cut-off) at 4000 rpm, 20 minutes for three runs. 
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13 peak fractions were analysed by SDS-PAGE with a silver staining. The protein 

concentration of individual peak fraction was determined by measuring the A280 using 

a NanoDrop 2000c spectrophotometer (Thermo Scientific). Protein buffer solution (20 

mM Bis-Tris propane pH 7.5) was used as blank. Typically, 2 μL of the analyte was 

used per measurement. All measurements were conducted at least three times. 

7.13.3    Identification on purified fractions by LC-Ms/Ms spectroscopy 

Samples were alkylated with iodoacetamide and digested with trypsin. Experiments on 

identification of target grape PPO sequencing were conducted by Dr Mukram Mackeen 

on Fusion Orbitrap LC-MS/MS spectroscopy (Thermo Scientific) at the Malaysia 

Genome Institute. Moreover, a TOF-MS scan from 330-1600 m/z was performed, 

followed by three rounds of MS/MS on the three most intense multiply-charged 

precursors in each cycle. Results were output from a SEQUEST proteomics software 

search and were analysed by Mr Martin Middleditch at University of Auckland. MS/MS 

data were acquired in the ion trap of the Fusion. Grape (Vitis vinifera) has 54,000 

unreviewed entries on the ProteinPilot search, but the search was only provided the 

reviewed entries from all species, which may not have enough entries available for 

matching grape PPO.  
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