AN ABSTRACT OF THE DISSERTATION OF
Shu Jiang for the degree of Doctor of Philosophy in Food Science and Technology
presented on March 21, 2019.
Title: The Role of Ascorbic Acid, β-Cyclodextrins, and Alternative Substrates in
Dictating Rates of Polyphenol Oxidase-Catalyzed Browning in Potato-Based
Reaction Mixtures

Abstract approved: ________________________________________________
Michael H. Penner

Enzymatic browning is a consequence of a series of reactions initiated by
polyphenol oxidase (PPO)-catalyzed quinone formation. Unwanted browning
negatively affects food quality and lowers consumer acceptability. Thus, there is
general interest in strategies to control enzymatic browning. Cyclodextrins are
cyclic glucan oligosaccharides that form inclusion complexes with a number of
potential PPO substrates; thus, there is interest in using these compounds as antibrowning agents. Therefore, a study was done to determine the effect of βcyclodextrins (βCyD) on PPO-catalyzed reactions in a model potato system. Potato
enzyme extracts and semi-purified (acetone powder) potato PPO were used as
enzyme sources. Substrates included phenolics endogenous to potatoes. Reaction
time-courses were followed spectrophotometrically. Extents of βCyD inhibition of
PPO-catalyzed reactions were shown to be substrate specific and can be
quantitatively accounted for based on degrees of βCyD substrate sequestration.
There was no evidence for direct irreversible βCyD inactivation of potato PPO. An
apparent “direct PPO inactivation” by βCyD is shown to result from a sequence of

sequestration-dependent reactions that occur in commonly employed assay systems
for the quantification of PPO in fruits and vegetables.
The ability to accurately measure the activity of PPO in complex matrices is
essential for a) quantifying the amount of active enzyme in foods, b) following the
fractionation of enzyme during processing and handling, and c) doing kinetic
analyses to assess the impact of PPO modifiers. The most common activity
quantification methods for this enzyme are spectrophotometric. A problem
encountered when using such methods is interference due to the presence of
ascorbic acid (AA). AA is widely distributed in plant (fruits and vegetables)-based
foods and is often used as an enzyme “protecting agent” during PPO extraction;
thus, it is commonly associated with PPO activity measurements. A study was done
to determine the nature of AA’s effect on spectrophotometric determinations of
PPO activity. Potato enzyme extracts and semi-purified potato PPO were used as
enzyme sources. Substrates included phenolics endogenous to potatoes. PPO
activities were determined based on initial velocity measurements; typically using
the first linear increases in absorbance post-lag phase as indicative of initial
velocities. AA inactivation of PPO was observed only in the presence of substrate;
thus, there was no evidence for direct AA inactivation of PPO. The inactivation of
PPO attributed to AA is thus substrate mediated. The extent of AA-dependent
inactivation of PPO in model systems varied between substrates. AA-dependent
inactivation of PPO was greatest when catechol was the primary substrate,
presumably due to catechol being the most effective mechanism-based inhibitor of
PPO. AA prevented enzymatic browning in potato PPO extracts, presumably due
to its reduction of the quinones generated as a result of the PPO-catalyzed reaction.

The problems associated with the presence of AA in PPO assay mixtures could be
circumvented by using ascorbate oxidase to remove AA immediately prior to the
addition of catechol as the primary assay substrate or by using chlorogenic acid as
the primary assay substrate.
There is considerable interest in using natural PPO inhibitors to control
browning in fruit and vegetable products. p-Coumaric acid, a common secondary
metabolite of plants, has been studied as an inhibitor of polyphenol
oxidases/tyrosinases from several foods (e.g., mushroom, apple, potato). However,
studies on the use of p-coumaric acid for the inhibition of PPO-initiated browning
in actual food systems are limited. Therefore, a study was done to ascertain the
efficacy of using p-coumaric acid to limit PPO-initiated browning in fresh potato
juice. βCyD was included in this study to determine the potential of using it in
combination with p-coumaric acid for browning inhibition. Diluted fresh potato
juice and semi-purified potato PPO with tyrosine and/or chlorogenic acid were used
as representative reaction mixtures. Tyrosine and chlorogenic acid are the primary
PPO substrates found in potatoes. Color was characterized spectrophotometrically
and/or colorimetrically. Extents of browning inhibition were shown to be reaction
system-dependent. Browning in potato juice per se was unexpectedly enhanced by
the addition of p-coumaric acid. This was interpreted as p-coumaric acid acting as
an alternative substrate with significantly higher browning efficiency. Addition of
βCyD to p-coumaric acid spiked potato juice slightly reduced the extent of color
enhancement; extents of browning under these conditions were higher than that
observed in the native potato juice (i.e., potato juice without the addition of pcoumaric acid). The addition of p-coumaric acid to any of the model reaction

mixtures (i.e., those containing semi-purified enzyme and substrates) significantly
inhibited browning and the addition of βCyD slightly enhanced the inhibitory effect.
The discrepancy in p-coumaric acid effects on browning inhibition in different
reaction systems is postulated to be due to non-enzyme and non-substrate
components in potato juice that participate in the post-PPO reaction sequences that
ultimately lead to brown color formation.
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CHAPTER 1

1 General introduction

2

Polyphenol oxidase (PPO), also referred to as tyrosinase, is a coppercontaining enzyme that is widely distributed in plants, microorganisms and animals.
It catalyzes two types of reactions with the use of molecular oxygen: (1) the
hydroxylation of monophenols, is sometimes referred to as its monophenolase
activity; (2) the oxidation of o-diphenols to its corresponding o-quinones, is
sometimes referred to as its diphenolase activity. Generated o-quinones from both
reactions are highly reactive and polymerized to brown/dark pigments known as
melanins (Figure 1.1) (Parkin, 2017; Taranto et al., 2017). Thus, PPO is one of the
major enzymes that causes browning in food. Unwanted browning leads to food
quality deterioration, especially in fruit and vegetable products. This lowers
consumers’ acceptability and results in large amount of food waste (Queiroz et al.,
2008). However, PPO plays an important role in biotechnological applications such
as its potential use for electrochemical sensing of beverage phenolics (Adamski et
al., 2016), crosslinking of food proteins for texture development (Isachar-Ovdat &
Fishman, 2018) and the treatment of processing waste streams (Mukherjee et al.,
2013). To food scientists, the focus with respect to PPO is primarily on developing
strategies to control browning to improve food quality. The enzymatic browning is
commonly

inhibited

in

three

different

ways,

including

enzyme

inhibition/inactivation, quinones reduction/modification and substrates (i.e.,
phenolics, oxygen) removal/modification (Croguennec, 2016). These mechanisms
are critical with respect to studying inhibition of PPO-initiated browning. Thus, the
first study presented in this dissertation is investigating the mechanism of βcyclodextrin inhibition of potato PPO-catalyzed reactions.

3

Cyclodextrins (CyDs) are cyclic oligosaccharides composed of 1,4-linked D-glucopyranose units. Their torus-like structure, a structure for which the central
cavity is relatively hydrophobic while the rims of the truncated cone are hydrophilic
(Saenger et al., 1998), would allow them to function as water-soluble hosts in hostguest intermolecular interactions (Szejtli, 1998). The relatively nonpolar central
cavity of CyDs can accommodate a range of hydrophobic guest molecules,
including prominent PPO-substrates (Le Bourvellec & Renard, 2012; Rho et al.,
2017; Rodrigues et al., 2002). Thus, CyDs have garnered considerable interest due
to their potential as natural anti-browning agents in foods by enzyme substrates
sequestration. The addition of CyDs to various fruit and vegetable juices has been
shown to slow browning (e.g., apple, peach, pear, grape, celery, potato) (Hicks et
al., 1996; López-Nicolás et al., 2007; López-Nicolás & García-Carmona, 2007;
Singh et al., 2015). However, with respect to the mechanism of CyDs inhibition of
browning, besides the apparent mechanism that CyDs contributes to PPO substrate
depletion, CyDs also act as mixed-type or non-competitive inhibitors in foodrelevant PPO reaction mixtures (Alvarez-Parrilla et al., 2007; de la Rosa et al., 2010;
Gacche et al., 2003; Singh et al., 2015). This is not consistent with CyDs acting via
simple substrate depletion and also indicates direct PPO inactivation by CyDs
(Alvarez-Parrilla, 2007; de la Rosa et al., 2010; Singh et al., 2015). Therefore, it is
certainly necessary to further determine the nature of CyDs inhibition of PPOcatalyzed reactions. Addressing this issue would be relevant to application of CyDs
for the control of enzymatic browning.
Ascorbic acid (AA) is one of the most widely used anti-browning agents in
food industry. Its anti-browning property is typically attributed to reduction of PPO-
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initiated quinones that participate in subsequent browning formations (Queiroz et
al., 2008). This literally indicates a temporary effect of AA on browning prevention
as AA would ultimately be consumed by generated quinones. This suggests AA
does not directly interact with PPO that leads to enzyme inactivation (Kuijpers et
al., 2012). However, multiple studies have reported that AA directly inactivates
PPO from several sources (e.g., mushroom, potato) in the absence of enzyme
substrates (Baruah & Swain, 1953; Golan-Goldhirsh & Whitaker, 1984). In contrast,
pear PPO is reportedly not inactivated by direct incubation with AA with substrates
absent (Arias et al., 2007b). In a view of discrepancy in reported AA effects on
PPO-catalyzed reactions, a further ascertaining the role of AA is required,
especially in enzyme extraction and activity quantification that are limited
addressed in current literatures. Thus, this is what the second study in this
dissertation focuses on.
AA is abundant in plants, especially in vegetables and fruits. As an antioxidant
and enzyme cofactor, it participates in processes of photoprotection, photosynthesis,
environmental stress resistance and cell growth control (Smirnoff & Wheeler, 2000).
AA is also a commonly used reducing agent during enzyme extractions, primarily
to prevent quinone formation due to the quinone inactivation of enzymes (Pierpoint,
2004). AA has been added in PPO extractions from various sources (e.g., apricot,
potato, eggplant) (Derardja et al., 2017; Mishra et al., 2012; Ni Eidhin et al., 2010).
Nonetheless, the effect of using AA on extracted PPO activity has not been well
elucidated. Considering different AA effects reported on PPO-catalyzed reactions
(see above), the question raised herein is does AA protect enzyme by preventing
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quinone formation during the process of extraction (i.e., what is the role AA plays
in PPO extraction).
Another aspect investigated is associated with the role AA plays in the
quantification of PPO activity, especially when determine PPO activity in an AAcontaining enzyme preparation, such as crude enzyme extract with endogenous
and/or exogenous AA present. A common problem encountered during PPO
activity spectrophotometric quantification in the presence of AA, is that reaction
time course appears to show a lag phase and a subsequent decreased rate of product
accumulation (the “initial velocity” following the lag phase) during PPO-catalyzed
reactions (Golan-Goldhirsh & Whitaker, 1984; Sanchez-Ferrer & Garcia-Carmona,
1992). Although there are a variety of approaches exist to the quantification of PPO
activity, including those based on spectrophotometric (García-Molina et al., 2007),
polarographic (Walker, 2005), and chronometric (Muñoz et al., 2006) detection,
spectrophotometric method is the most commonly used because it is simple and
economical (Walker, 2005). This is an indicative of great importance of AA to the
spectrophotometric quantification of PPO activity since PPO was found to be
inactivated when AA is present. It has been reported that PPO inactivation in the
presence of AA is a consequence of mechanism-based (suicide) inactivation
induced by assay substrates, such as catechol, one of the most commonly used
substrates for measuring PPO activity. However, the impact of AA on PPO and
PPO mechanism-based inactivation during enzyme reactions with different
substrates is not clear. An in-depth study of this would allow an improved
understanding of spectrophotometric determination of PPO activity in the presence
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of AA. Thus, the second study addressed the role of AA plays in these two aspects
described above.
The third study in this dissertation intends to evaluate the effect of using pcoumaric acid (pCA) on browning inhibition in actual food system. With respect to
browning inhibition, there are various anti-browning agents that have been studied,
including ascorbic acid or its derivatives (Sapers et al., 1989), citric acid (Ali et al.,
2014), sulfites and sulfur-containing agents (e.g., cysteine, glutathione) (Kuijpers
et al., 2012), ethylenediaminetetraacetic acid (EDTA) (Yoruk & Marshall, 2003),
4-hexylresorcinol, kojic acid, aromatic carboxylic acids (e.g., benzoic and cinnamic
acid), halides (e.g., sodium chloride), -cyclodextrin (Queiroz et al., 2008). Among
them, sulfites used to be highly effective in fruit and vegetables products, but their
use was banned by Food and Drug Administration (FDA) due to health concerns.
AA is generally accepted but its anti-browning effect is limited. Thus, there is
considerable interest in searching for natural PPO inhibitors. pCA, a common
secondary metabolite obtained from plants, has been studied as an inhibitor of
PPOs/tyrosinases from several foods (e.g., mushroom, apple, potato) (Macrae &
Duggleby, 1968; Shi et al., 2005; Walker & Wilson, 1975). Multiple kinetic studies
of pCA inhibition of PPO-catalyzed reactions have shown a competitive or mixedtype (non-competitive in some cases) inhibition of PPO reactions by pCA (de Jesus
Rivas & Whitaker, 1973; Lim et al., 1999; Macrae & Duggleby, 1968; Robert et al.,
1997; Shi et al., 2005). However, these studies review pCA effects in a model
system consisting of purified enzyme and its substrates, studies on the use of pCA
for the inhibition of PPO-initiated browning in actual food systems are very limited.
Several studies found pCA-containing plant extracts inhibit browning in actual food
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systems (e.g., potato/apple puree, fresh-cut banana slices) (Saisung & Theerakulkait,
2011; Sukhonthara et al., 2016). The individual effect of pCA on delaying browning
was only found in mushrooms from a single study (Hu et al., 2016). Thus, focusing
on pCA inhibition of browning in actual food system is significant. This would be
beneficial to browning control in foods that are susceptible to discoloration.
Potato was selected as a representative enzyme system for all studies in this
dissertation. This selection was based on the potato being of global relevance as the
number one non-grain food commodity in the world (Zaheer & Akhtar, 2016), the
significant role PPO plays in potato product quality (Rocculi et al., 2009) and the
potential of using potato PPO in biotechnological applications (Makris, 2015). It
was also found that, regarding potato PPO, research relevant to effects of CyDs and
AA on enzyme extraction and/or enzyme-catalyzed reactions are limited. Potato
browning is associating with dramatic color evolution (yellow, pink/orange, purple,
brown, black) in stages, but studies on color development/reduction in actual potato
system with substrates/inhibitors are limited. Thus, the effect of using pCA on
browning inhibition was evaluated in such a system.
PPO research has a long and rich history. The enzyme was first described in
the 1800s as related to the browning of mushrooms. A recent (March, 2019) inquiry
into the SciFinder Scholar database using only the keyword “polyphenol oxidase”
retrieved over 13,500 citations – the number of papers cited is indicative of the
significance and complicacy of this enzyme system, although this enzyme has been
studied for hundreds of years. Based on current literatures, this research further
determined the role of -cyclodextrin and AA in PPO extraction and/or activity
quantification in a potato-based system; the effect of using one of the natural PPO
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inhibitors, pCA on browning inhibition was also evaluated in an actual potato
system. This is useful for better understanding the nature of inhibitors/substrates
during PPO-catalyzed reactions in potato-based system and for the control of
color/quality deterioration in fruits and vegetables.
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2.1 Abstract
There is general interest in strategies to control polyphenol oxidase (PPO)initiated enzymatic browning due to unwanted browning being associated with
declining food quality. Cyclodextrins are cyclic glucan oligosaccharides that form
inclusion complexes with a number of PPO substrates. This study focuses on the
effect of β-cyclodextrins (βCyD) on PPO-catalyzed reactions. Potato enzyme
extracts and semi-purified potato PPO served as enzyme sources. Substrates
included phenolics endogenous to potatoes. Reaction time-courses were followed
spectrophotometrically; rates were compared by analysis of variance. Extents of
βCyD inhibition of PPO-catalyzed reactions are shown to be substrate specific and
can be quantitatively accounted for based on degrees of βCyD substrate
sequestration. There was no evidence for direct irreversible βCyD inactivation of
potato PPO. An apparent “direct PPO inactivation” by βCyD is shown to result from
a sequence of sequestration-dependent reactions that occur in commonly employed
assay systems for the quantification of PPO in fruits and vegetables.
Keywords: polyphenol oxidase, β-cyclodextrin, inhibition
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2.2 Introduction
Polyphenol oxidase (PPO)-catalyzed quinone formation initiates a series of
reactions leading to the enzymatic browning of foods (Croguennec, 2016). PPOinitiated browning is common to many raw and minimally processed plant-based
foods that have suffered cell disruption, particularly as occurs in fruit and vegetable
harvesting, post-harvest handling and processing. Enzymatic browning is typically
inversely correlated with consumer acceptability of fruit and vegetable products
(Ma et al., 2017) and thus unchecked PPO activity leads to substantial fruit and
vegetable waste; food waste of this type is itself a significant humanitarian and
environmental issue (Food and Agriculture Organization of the United Nations,
2011). Not surprisingly, there has been sustained research aimed at the development
of technologies to control PPO activity in foods susceptible to enzymatic browning.
PPO is also important due to its biotechnological applications, such as in the
electrochemical sensing of beverage phenolics (Adamski et al., 2016), the
crosslinking of food proteins for texture development (Isaschar-Ovdat & Fishman,
2018) and the treatment of processing waste streams (Mukherjee et al., 2013).
Cyclodextrins (CyDs) are cyclic oligosaccharides composed of 1,4-linked D-glucopyranose units. Widespread interest in CyDs is due to their ability to
function as water-soluble hosts in host-guest intermolecular interactions (Szejtli,
1998). This property results from their torus-like structure; a structure for which the
central cavity is relatively hydrophobic while the rims of the truncated cone are
hydrophilic (Saenger et al., 1998). The relatively nonpolar central cavity of CyDs
can accommodate a range of hydrophobic guest molecules. The strength of the
CyD-guest interaction is dependent on the chemical nature of the guest and the size
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of the CyD. The most commonly studied CyD’s are -, β-, and γ-cyclodextrins;
their rings contain 6, 7 and 8 glucose units, respectively. The lowest-priced and
most readily available CyD is β-CyD (Del Valle, 2004).
CyDs have garnered considerable interest due to their potential as natural antibrowning agents in foods since they form host-guest inclusion complexes with
several prominent PPO-substrates (Le Bourvellec & Renard, 2012; Rho et al., 2017;
Rodrigues et al., 2002). The addition of CyDs to various fruit and vegetable juices
has been shown to slow browning (e.g., apple, peach, pear, grape, celery, potato)
(Hicks et al., 1996; López-Nicolás et al., 2007; López-Nicolás & García-Carmona,
2007; Singh et al., 2015). The extent to which CyDs retard browning is food specific;
presumably depending on the nature of a food’s PPO enzymes and the food’s
endogenous substrates, activators and inhibitors (de la Rosa et al., 2010).
The anti-browning properties of CyDs are most typically attributed to PPO
substrate depletion resulting from substrate-CyD complex formation (Billaud et al.,
1995; Le Bourvellec & Renard, 2012). However, multiple kinetic studies have
reported CyDs acting as mixed-type or non-competitive inhibitors in food-relevant
PPO reaction mixtures (e.g., using substrates such as chlorogenic acid and catechol)
(Alvarez-Parrilla et al., 2007; de la Rosa et al., 2010; Gacche et al., 2003; Singh et
al., 2015). This inhibitory behavior is not consistent with CyDs acting via simple
substrate depletion (Segel, 1975). The inhibitory mechanism typically invoked to
account for the more complex inhibition kinetics is direct PPO inactivation by CyDs
(Alvarez-Parrilla, 2007; de la Rosa et al., 2010; Singh et al., 2015). This is
reasonable since CyD destabilization of protein structure is generally accepted; this
phenomenon is rationalized based on CyD association with buried hydrophobic
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amino acid side chains as they become solvent-accessible with protein unfolding,
and thus stabilization of the unfolded state (Aachmann et al., 2012; Cooper, 1992).
The present study questions of the mechanism(s) of CyD inhibition of potato
PPO-catalyzed reactions. There are two major reasons to address this issue. The
first is that the mechanism(s) underlying CyD inhibition of PPO is relevant to
understanding the nature and application of CyDs for the control of enzymatic
browning and thus has relevance to issues of food stability and waste. The second
relates to the use of CyDs as protective agents during PPO recovery from foods
and/or their byproducts, as is often required for quantitative research and biotech
applications. CyD protection of PPO can be rationalized as being a result of CyD
sequestration of phenolics, which in turn slows rates of PPO reactions and its
concomitant suicide (“mechanism-based”) inactivation (Muñoz-Muñoz et al.,
2010). The benefit of minimizing suicide inactivation during PPO recovery would
obviously be moot if CyDs directly inactivate PPOs.
Potato PPO was chosen for the work presented herein based on the potato
being of global relevance as the number one non-grain food commodity in the world
(Zaheer & Akhtar, 2016), the significant role PPO plays in potato product quality
(Rocculi et al., 2009) and the potential of using potato PPO in biotechnological
applications (Makris, 2015). The lone paper addressing βCyD inhibition of potato
PPO concluded that CyDs inhibit potato PPO-catalyzed reactions by both substrate
depletion and direct enzyme inactivation (Singh et al., 2015). The working
hypothesis for this study is that the inhibition of potato PPO that results from the
addition of βCyD to typical PPO-substrate reaction mixtures can ultimately be
explained solely on the basis of the substrate sequestration properties of βCyDs.
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2.3 Materials & Methods

Materials
Russet potatoes were purchased from local markets. -cyclodextrin (CyD),
catechol, chlorogenic acid (CA), and ascorbic acid (AA) were purchased from
Sigma-Aldrich (USA). Substrate stock solutions were prepared in dilute acid (10
mM phosphoric acid) to prevent autoxidation (Muñoz-Muñoz et al., 2012).

Preparation of PPO extract
Approximately 50 g, weighed to nearest 0.1 g, of peeled, washed, diced
potatoes (chilled at 4 oC) was mixed in a pre-chilled blender with an equal weight
of an aqueous solution (chilled at 4 oC) that was 10 mM AA, 50 mM sodium
phosphate, pH 7.0, and homogenized for 30 s. The resulting homogenate was
filtered through four layers of cheesecloth followed by centrifugation of the filtrate
at 10,000 rpm for 15 min (4 oC). The collected supernatant, hereafter referred to as
PPO extract (PPOE), was diluted with buffer and kept in an ice bath until assayed
for PPO activity.

Preparation of semi-purified PPO
A PPO extract was prepared as described just above with the exception that
the homogenizing buffer contained 30 mM AA. Ice-cold acetone was added
dropwise to the PPO extract until it was 50% acetone (v/v); precipitation of PPO
was allowed to proceed at -20 oC for 1 hour. The mixture was then centrifuged at
10,000 rpm for 30 min (4 oC). The supernatant was discarded and the pellet washed
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three times with 25 mL ice-cold acetone. The resulting precipitate was dried under
the hood in an ice bath for approximately 3 hours. The resulting dried powder is
hereafter referred to as PPO-acetone powder (PPOA). Prior to enzyme assays,
PPOA was added to 50 mM sodium phosphate buffer (pH 6.5) to give 25 mg PPOA
per mL buffer. This suspension was allowed to dissolve for ~1 hour at 0 oC and then
centrifuged at 10,000 rpm for 15 min (4 oC). The resulting enzyme-containing
supernatant was decanted and kept in an ice bath until assayed; this solution is
hereafter referred to as the semi-purified PPO preparation.

Quantification of PPO activity
PPO activity was determined spectrophotometrically using Shimadzu
UV160U spectrophotometer with 1-cm path length cuvettes at ambient temperature
(~22 oC) using catechol and CA as substrates. A typical assay system contained
substrate (ranging from 0.1 to 10 mM) and enzyme in 50 mM sodium phosphate
buffer (pH 6.5). Reactions were initiated by the addition of 0.2 mL enzyme
preparation to 2.0 mL temperature-equilibrated substrate solution. The increase in
absorbance due to product formation was monitored for 3 minutes at 400 nm and
420 nm for CA and catechol, respectively. Initial velocities were calculated from
the initial linear portion of reaction curves (first ~30 seconds). PPO activity is
defined as change in absorbance per minute (abs/min).
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βCyD inhibition of PPO-catalyzed reactions
In typical fixed-substrate assays, reactions were initiated by adding 0.2 mL
diluted semi-purified PPO preparation to 2 mL temperature-equilibrated substrate
solution (5.5 mM catechol or 1.1 mM CA; 50 mM sodium phosphate, pH 6.5)
containing varying concentrations of βCyD (0 – 12 mM). In fixed-inhibitor assays,
reactions were initiated by adding 0.2 mL appropriately diluted semi-purified PPO
preparation to 2 mL CA solutions (ranging from 0.11 – 11 mM CA in 50 mM
sodium phosphate, pH 6.5) with or without βCyD (5 mM). Initial velocities were
obtained as described above. Kinetic parameters (Km and Vmax) were estimated by
non-linear least square fitting using Minitab 16 software by Minitab LLC. (State
College, PA).

Effect of substrate on PPO activities using PPOE
Reaction systems were as described above with either 5 mM catechol or 1 mM
CA as substrate and PPOE as the enzyme source. Reactions were initiated by the
addition of appropriately-diluted PPOE; the progress of the reaction was measured
continuously for 3 minutes at wavelengths specified above for each substrate. PPOE
preparations were incubated on ice for varying amounts of time (from 0 to 160
minutes in 30 min increments) prior to initiating activity measurements. Reaction
mixture initial velocities were obtained as described above.

Effect of pre-incubating βCyD with PPOA on subsequent catecholase activity
βCyD was added to five-fold diluted semi-purified PPO preparation to give a
final concentration of 9.8 mM CyD. βCyD/PPO-containing solutions were
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incubated for different periods of time (10, 20, 30, 40, 50, and 60 min) at ~0 oC.
PPO reactions was then initiated by adding 0.1 mL enzyme solution to 2.1 mL
substrate-containing solution (final concentration 5 mM catechol). Extent of
reaction was followed continuously for 3 minutes as change in absorbance at 420
nm. Initial velocities were determined as specified above. Control experiments were
treated identically but without βCyD.

Effect of pre-incubation of βCyD with PPOE on subsequent catecholase
activity
Five-fold diluted PPOE was mixed with CyD-containing solutions differing
with respect to concentration (final concentrations of 3 – 11.8 mM βCyD in 50 mM
sodium phosphate, pH 6.5) and allowed to interact for 15 min at 0 oC. PPO activities
were then determined as described above using catechol as substrate (5 mM). Initial
velocities were determined as described previously.

Calculation of free chlorogenic acid concentration in the presence of CyD
The equation used to calculate free CA concentrations in the presence of βCyD,
based on a CyD:CA binding stoichiometry of 1:1 (Irwin et al., 1994), follows (see
derivation of formula in Núñez-Delicado et al., 1999):

[CA]f =

-([βCyD]t Kb - [CA]t Kb + 1) + √([βCyD]t Kb - [CA]t Kb + 1)2 + 4Kb [CA]t
2Kb
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where [CA] and [CyD] represent CA and CyD concentrations respectively.
Subscripts “f” and “t” refer to free and total concentrations of reactants, respectively.
Kb is the binding (association) constant for CA and βCyD defined as follows:

Kb =

[βCyD-CA]
[CA]f × [βCyD]f

where [βCyD-CA] represent the concentration of inclusion complex between CA
and CyD.
The experimental conditions used for determination of Kb were equivalent to
those used in the kinetic studies (50 mM sodium phosphate, pH 6.5, 22 oC). Extents
of βCyD-CA complex formation were determined using UV-Vis spectroscopy.
Briefly, to a 0.05 mM CA solution was added CyD (final concentrations 0 – 12
mM βCyD), the mixture was incubated at 22 oC for 20 min, and then the absorption
spectra recorded from 250 to 450 nm. The concentration of βCyD–CA complex in
each reaction mixture was calculated based on the linear relationship between
[βCyD-CA] and the amplitude of the difference spectra (derived by comparison of
spectra for 0.05 mM CA solutions with and without added βCyD; Irwin et al., 1994).
The CA/βCyD binding constant was determined by non-linear regression analysis
of the experimental data using the following Kb-derived equation (Irwin et al., 1994):

A = Amax (1 + Kb [CA]t + Kb [βCyD]t
2

−√1 + 2Kb [βCyD]t + 2Kb [CA]t + Kb 2 [βCyD]t 2 + Kb 2 [CA]t - 2Kb 2 [βCyD]t [CA]t )
/2Kb [CA]t
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where A and Amax represent the amplitude and the maximum amplitude of the
difference spectra, respectively.

Statistical analysis
The data were reported as means  standard deviation of triplicate experiments.
Statistical differences between different treatments (groups) were determined by
analysis of variance (ANOVA) and Tukey’s post hoc test (p  0.05). Statistical
analyses were performed using Minitab 16 (Minitab LLC. State College, PA)
software.

2.4 Results & Discussion
Initial experiments evaluated the effect of βCyD on rates of PPOA-catalyzed
catechol and CA oxidation. The results show decreasing reaction rates with
increasing βCyD concentrations in reaction mixtures containing CA as the PPO
substrate (up to 72% inhibition at 12 mM βCyD); the corresponding reaction
mixtures for which catechol was the substrate showed no such inhibition (Figure
2.1). Thus βCyD effects on potato PPO reaction rates are substrate dependent.
Similar results have been shown for other PPO systems (Billaud et al., 1995; de la
Rosa et al., 2010). The substrate-dependent inhibitory activity of βCyD is consistent
with inhibition resulting from substrate depletion. In such cases extents of substrate
depletion, and thus extents of reaction rate depression, are expected to correlate
with the affinities of substrates for participation in substrate-βCyD inclusion
complex formation. The data of Figure 2.1 is consistent with this rationale since
catechol-βCyD inclusion complex formation is weak relative to that for CA-βCyD
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complex formation (Billaud et al., 1995). It is important to keep in mind that
reductions in reaction rates due to substrate depletion will only occur when
experiments are done under conditions where reaction rates are demonstrably
sensitive to changes in substrate concentration. These conditions were met for the
experiments summarized in Figure 2.1 where substrate concentrations were
approximately equal to their respective Km values. Km values determined in this
study for catechol and CA were 6.0 and 0.65 mM, respectively (these values are
similar to those reported by others: 4.11 and 6.80 mM for catechol (Cho & Ahn,
1999; Duangmal & Owusu Apenten, 1999) and 1.70, 0.90, and 0.14 mM for CA
(Duangmal & Owusu Apenten, 1999; Matheis, 1987; Sánchez-Ferrer et al., 1993).
If the inhibition depicted in Figure 2.1 for the PPO/CA reaction system is
solely due to βCyD-CA complex formation, and concomitant CA depletion, then
substrate-velocity plots based on free CA concentrations should be unaffected by
the presence of βCyD. “Free CA” herein refers to the instantaneous concentration
of CA available to participate in the PPO reaction (i.e., not associated with βCyD;
[CA]total - [βCyD-CA]). The substrate versus activity plots in Figure 2.2
demonstrate that reaction rates are sensitive to the presence of βCyD (5 mM) when
considered as a function of total CA concentrations (Figure 2.2a), but not when
considered as a function of free CA concentrations (Figure 2.2b). Free CA
concentrations for this evaluation were calculated based on the experimentally
determined CA/βCyD binding constant (determined as explained in the following
paragraph).
The data used to determine the CA/βCyD binding constant are depicted in
Figure 2.3 as a binding isotherm with the dependent variable being the fraction of
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total CA complexed with βCyD and the independent variable being the total amount
of βCyD in reaction mixtures (Figure 2.3 also includes the corresponding Scatchard
plot of the data). The binding constant for CA/βCyD-inclusion complex formation
under the present experimental conditions was 620 M-1, which is similar to those
reported from NMR (504 M-1; Rodrigues et al., 2002) and spectrophotometric (646
M-1; Irwin et al., 1994) studies. The presently determined binding constant is also
supported by the inhibitor-velocity data of Figure 2.2a; regression analysis of which
yields a Ki for CA of 1.67 mM (which corresponds to a binding constant of 600 M1

; where Kb = 1/Ki). For reference, the analogous binding constant for catechol is

reportedly much weaker (42 M-1; Billaud et al., 1995). The respective affinities of
CA and catechol for βCyD inclusion complex formation support the conclusions
drawn above from the data of Figures 2.1 and 2.2.
The primary question addressed in this study is the nature of βCyD inhibition
of potato PPO-catalyzed reactions, specifically the oxidation of CA and catechol.
The inhibition data presented to this point can be explained solely on the basis of
substrate depletion. This finding challenges the notion that βCyD directly
inactivates potato PPO. The plausibility of direct inactivation of potato PPO by
βCyD, as reported by Singh et al. (2015), is supported by reports of direct
inactivation of PPOs from other sources (Alvarez-Parrilla et al., 2007; de la Rosa et
al., 2010) as well as multiple reports of βCyD directly inactivating other enzymes
(e.g., Wang et al., 2018; Yao et al., 2017; Zou et al., 2017). Direct inactivation of
PPO was assessed in this study by pre-incubating PPO with different concentrations
of βCyD prior to initiating the PPO assay reaction per se by addition of substrate
(catechol). Recall that βCyD had little effect on PPO-catalyzed catechol oxidation
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when added to reaction mixtures at the initiation of the reaction (Figure 2.1); so
decreases in enzyme activity following pre-incubation of PPO with βCyD would be
interpreted as time-dependent direct inactivation of PPO (as a result of PPO-βCyD
interactions during the pre-incubation phase). No significant decreases in PPO
activity were observed following pre-incubations for up to 1-hour with 9.8 mM
βCyD and, at most, minimal decreases in activity were observed as a result of preincubations at saturating levels of βCyD (~ 16.5 mM). These results indicate that
βCyD does not directly inactivate PPO in any manner that is manifest in the timeframe of these experiments.
The results from these βCyD/PPO pre-incubation experiments appear to
directly contradict those published in the only other work concerning βCyD
inactivation of potato PPO (Singh et al., 2015). A difference in the two studies is
that the work described herein was done with an acetone powder PPO preparation
(PPOA) while the previously published study was done with a relatively crude PPO
extract. This makes direct comparison difficult. Therefore, the βCyD/PPO preincubation experiments were repeated herein using a potato PPO extract (PPOE)
analogous to that used in the Singh et al. study. The results from this set of
experiments are shown in Figure 2.4. While βCyD pre-incubation had no effect in
experiments employing the semi-purified PPOA preparation, it clearly had an
inhibitory effect in experiments employing the PPOE preparation (Figure 2.4). The
basis of the difference in the results from the two reaction systems was subsequently
studied.
Typical time courses of product accumulation in PPOA- and PPOE-based
reaction mixtures are presented in Figure 2.5a. Note that the lag phase following
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initiation of the PPOE-catalyzed reaction is not evident in the time course of the
analogous PPOA-catalyzed reaction. The lag phase was determined to be
proportional to the amount of AA in the PPOE preparation. AA is present in the
PPOE preparation as a result of it being widely used as a protectant/anti-browning
agent in PPO extraction schemes (e.g., Singh et al., 2015). Product accumulation in
AA-containing reaction mixtures does not occur immediately upon initiating the
reaction because AA reduces the products (quinones) resulting from the PPOcatalyzed reaction back to their corresponding substrates (diphenols). The point at
which product accumulation starts in such reaction mixtures equals the point at
which the AA in the reaction mixture has been exhausted. AA is not present in the
PPOA enzyme preparation used in this study and thus product accumulation starts
immediately upon initiating the reaction in PPOA-based reaction mixtures.
Time courses from experiments in which βCyD was pre-incubated with PPOE
prior to initiating the reaction by addition of catechol are shown in Figure 2.5b.
Note that the length of the lag phase correlates with the βCyD concentration of
reaction mixtures (in this case the pre-incubation time for all reaction mixtures was
15 minutes). These results are consistent with βCyD decreasing the rate of PPOcatalyzed oxidation of substrate(s) endogenous to the potato and thus present in the
PPOE enzyme preparation. The primary endogenous substrate in potato is CA
(Croguennec, 2016) which, as demonstrated and discussed above, forms inclusion
complexes with βCyD. Thus, the addition of βCyD to PPOE preparations logically
decreases

rates

of

endogenous

CA

oxidation

due

to

substrate

sequestration/depletion. A consequence of this decrease in rates of endogenous CA
oxidation during the pre-incubation phase is that less AA is consumed in the pre-
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incubation phase of the assay; this, in turn, means a correspondingly longer lag
phase is observed upon initiation of the catecholase assay, as was observed (Figure
2.5b) (A scheme depicting the relationship between βCyD, AA, CA and PPO is
presented in Figure 2.7.)
The focus in the previous paragraph was the lag phase observed in time courses
of PPOE-catalyzed catechol oxidation. It is equally important to consider the rates
of reactions following the lag phase. Again consider the time courses of Figure 2.5b.
Note that the longer the lag phase the lower the reaction rate associated with initial
product accumulation. This suggests a time-dependent inactivation of PPO during
the lag phase. The observed time-dependent inactivation is best rationalized based
on the well-established mechanism-based (suicide) inhibition of PPO (MuñozMuñoz et al., 2010).
Catechol has been shown to be a mechanism-based inhibitor of PPOs from
several non-potato sources (Muñoz- Muñoz et al., 2010). The data presented herein
is consistent with catechol also being a mechanism-based inhibitor of potato PPO.
The mechanism of catechol inactivation of potato PPO does not require product
accumulation (based on it occurring during the lag phase of the assay); this is
analogous to what has been observed with mushroom PPO (Golan-Goldhirsh &
Whitaker, 1984). The nature of mechanism-based inhibition is such that a fraction
of PPO-catalyzed catechol oxidations result in enzyme inactivation. This type of
inactivation is occurring throughout the lag phase; recall that PPO is actively
functioning during the lag phase but there is no product accumulation because the
product (o-benzoquinone in this case) is reduced back to catechol by AA. Lag phase
mechanism-based inactivation of PPO is evidenced by a reduction in the rate of
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product accumulation following the lag phase of the assay (recall the termination
of the lag phase corresponds to exhaustion of the AA in the reaction mixture).
The data presented herein establishes that pre-incubation with βCyD
demonstrably inhibits potato PPO when working with the PPOE/catechol but not
when working with the PPOA/catechol reaction systems. The disparity in the results
from the two systems is most directly explained in reference to the following key
points: (1) the primary endogenous PPO substrate in potato is CA, (2) CA and AA
are present in PPOE but not PPOA enzyme preparations, (3) CA is a relatively
ineffective mechanism-based inhibitor of potato PPO, (4) catechol is a relatively
effective mechanism-based inhibitor of potato PPO, and (5) the binding/association
constant for CA/βCyD inclusion complex formation is appreciably stronger than
that for catechol/βCyD inclusion complex formation. Evidence in support of each
of these five points has already been discussed. Taking these key points into account,
βCyD inhibition of PPO in the PPOE/catechol system is best rationalized by first
recognizing that added βCyD sequesters endogenous CA during the pre-incubation
period; this slows the PPO/CA reaction and thus slows the consumption of AA (see
scheme in Figure 2.8). Higher concentrations of βCyD result in slower rates of AA
consumption, which in turn results in higher concentrations of residual AA at the
initiation of the PPO assay (i.e., at the time of catechol addition). Higher AA
concentrations at the initiation of the PPO assay result in longer lag phases due to
prolonged periods over which the AA is reducing the PPO reaction-generated
products. The primary substrate during the lag phase is catechol due to its addition
at relatively high amounts to initiate the assay (i.e., these are “catecholase” assays).
PPO inactivation occurs throughout the lag phase due to the mechanism-based
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inhibitor nature of catechol. The consequence of this series of events is that preincubation of PPOE preparations with increasing concentrations of βCyD result in
decreasing rates of measured PPO/catecholase activity (“activity,” per usual, is
taken as the linear velocity observed following the lag phase). This reduction in
PPO activity with increasing concentrations of βCyD clearly establishes the
involvement of βCyD in PPO inhibition. Note however, that βCyD does not directly
inactivate PPO; PPO inactivation in these catecholase activity-based, βCyD preincubation experiments are a consequence of the series of events described herein
that are entirely dependent on the substrate sequestration properties of βCyD and,
ultimately, result from the catechol-dependent mechanism-based inactivation of
PPO.
A separate set of experiments was done to test the above scenario without
using βCyD to affect AA concentrations. In this case a PPOE preparation without
βCyD was pre-incubated for different lengths of time prior to initiating the catecholbased (catecholase) assay. As explained above, during the pre-incubation phase the
PPO in the PPOE preparation is catalyzing the oxidation of endogenous CA to the
corresponding quinone (CA quinone), which is subsequently reduced back to CA
by AA. The net result is that AA is consumed during the pre-incubation period.
Thus the longer the pre-incubation period the lower the AA concentration at the
initiation of PPO activity measurement (initiation corresponds to the addition of the
enzyme preparation to the buffered substrate solution). The data depicted in Figure
2.6 show that longer lag phases correlate with lower PPO activities when those
activities are measured using catechol as the assay substrate (Figure 2.6a);
analogous experiments in which CA was used as the assay substrate do not show
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the same correlation (i.e., initial velocities coming out of the different lag phases
are essentially the same when using CA as the assay substrate; Figure 2.6b). The
length of the lag phases in Figures 2.5b, 2.6a and 2.6b were dependent on the
amount of AA remaining in reaction mixtures at the initiation of enzyme
quantification. The difference between the sets of data is that the amounts of AA
present in reaction mixtures at the initiation of enzyme quantification were
dependent on βCyD concentrations for the data of Figure 2.5b and dependent on
the length of pre-incubation time (in the absence of βCyD) for the data of Figure
2.6. Comparison of the time-courses depicted in Figures 2.5b and 2.6a, all based on
catecholase activity, show that extents of inhibition correlate with the length of lag
phases, which are dependent on AA concentrations at the point of initiation of
enzyme quantification, regardless of how that AA concentration came to be (with
or without βCyD).
Next consider the absence of βCyD-induced PPO inactivation in experiments
using the PPOA/catechol system. This result is the consequence of the PPOA
preparation having, at most, minimal amounts of AA and endogenous substrate.
The lack of AA and endogenous substrate in the PPOA enzyme preparation is due
to their solubility under the conditions used to make the enzyme precipitate
(Srinivasan & Vanitha Devi, 2010; Taha et al., 2011). Verification of the absence
of AA in PPOA enzyme preparations is the absence of lag phases in the
corresponding reaction time courses (see Figure 2.5a). Recall that extents of
enzyme inhibition in these experiments reflect extents of mechanism-based
inactivation of PPO in the lag phase of the assay. This type of inactivation is absent
in the PPOA-based βCyD pre-incubation experiments because of the absence of lag
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phases in the reaction time courses (Figure 2.5a). The absence of a lag phase also
means that PPO activity measurements better approach true initial velocity
determinations when working with the PPOA enzyme preparation. In such cases,
rates of product accumulation are more likely to be determined prior to
demonstrable mechanism-based inactivation, even when using catechol as the assay
substrate.
In summary, βCyD inhibition of PPO activity in CA-based assays can be
explained solely on the basis of substrate depletion resulting from βCyD-CA
inclusion complex formation. Analogous βCyD-catechol inclusion complexes do
not form to appreciable extents and thus βCyD inhibition is not observed in
catechol-based assay systems when using enzyme preparations devoid of AA and
endogenous substrate. The inhibition observed when using catechol-based assays
with crude PPO extracts (i.e., those containing AA and endogenous substrate; e.g.,
PPOE) is also ultimately attributable to βCyD-CA inclusion complex formation;
although in this case inclusion complex formation leads to a sequence of coupled
consequences that are eventually manifest in mechanism-based PPO inactivation.
The inhibition observed in βCyD/catechol/PPOE reaction mixtures was previously
attributed to direct inactivation of PPO by βCyD (Singh et al., 2015). However,
direct inactivation of PPO by βCyD is not consistent with the totality of the results
reported herein. The mechanistic interpretations developed in this study are
consistent with the totality of the available data on potato PPO/βCyD interactions
and they all hinge on the substrate sequestration properties of βCyDs.
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2.5 Conclusion
The impetus of the research reported herein was to determine the mechanism(s)
by which βCyD affects potato PPO activity. This information has relevance to the
use of βCyDs for the control of endogenous PPO activities in potato products and
in the use of βCyDs in conjunction with potato PPO for biotechnological
applications. The results summarized herein are all consistent with βCyDs affecting
PPO reaction mixtures through selective substrate sequestration. The data does not
support the notion that βCyD directly inactivates potato PPO, as previous reported.
This means that βCyD usage for the control of endogenous potato PPO activity is
best viewed as a reversible equilibrium-based system. With respect to
biotechnological applications, it suggests that βCyDs can be used in conjunction
with potato PPOs without concern for direct βCyD-induced irreversible enzyme
inactivation.
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2.7 Figures
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Figure 2.1. Effect of CyD concentration on rates of PPO-catalyzed reactions with
catechol (◆) and CA (■) as assay substrates. Reaction mixtures were 5 mM catechol
or 1 mM CA, 0 – 12 mM CyD, 50 mM sodium phosphate buffer, pH 6.5. Reactions
were initiated by adding 0.2 mL PPOA enzyme preparation to 2 mL reaction
mixture. Values are means  standard deviation from triplicate assays. Data points
without visible error bars have standard deviations smaller than the designated
symbols.
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Figure 2.2. Substrate versus velocity plots based on PPO-catalyzed oxidation of
CA in reaction systems with and without CyD present (CyD at 5 mM when
present). (a) enzyme activities are plotted with respect to total CA in reaction
mixtures with (■) and without (◆) CyD present. (b), enzyme activities are plotted
with respect to free CA in reaction mixtures with (▲) and without (◆) CyD
present (‘free’ CA concentrations were calculated based on the total amount of CA
added to reaction mixtures and the experimentally determined CA/CyD binding
constant; see text). Reaction conditions were as described in Figure 2.1. Data points
represent means  standard deviation from triplicate assays. Data points without
visible error bars have standard deviations smaller than the designated symbols.
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Figure 2.3. Fractional amount of CA complexed with CyD as a function of CyD
concentration. Reaction mixtures contained 0.05 mM CA and 0 – 12 mM CyD in
50 mM sodium phosphate buffer, pH 6.5. The depicted curve was derived using the
calculated Kb value, as explained in section 2.9 of text. The inset depicts a typical
scatchard plot for CyD and CA binding data, showing the linear relationship
between the ratio ‘complexed CyD/free CyD’ and ‘complexed CyD.’. Data
points represent means  standard deviation from triplicate assays. Data points
without visible error bars have standard deviations smaller than the designated
symbols.

41

Figure 2.4. Percent inhibition of enzyme activity due to pre-incubation of potato
PPO enzyme extract with βCyD prior to initiating catecholase assay. Enzyme
extract (PPOE) was pre-incubated with the specified concentrations of βCyD
(ranging from 0-12 mM) in 50 mM sodium phosphate buffer, pH 6.5, for 15 minutes
prior to initiating activity measurements by mixing 0.2 mL pre-incubation mixture
(containing PPOE and βCyD) with 2.0 mL buffered catechol solution such that the
final catechol concentration in all reaction mixtures was 5 mM. Percent inhibition
was calculated as the decrease in measured enzyme activity relative to that of the
enzyme preparation that had been pre-incubated with buffer alone (0 mM βCyD).
Values are means  standard deviations from triplicate assays. Mean values that do
not share a letter (shown a and b) are significantly different (p  0.05) at different
concentrations of βCyD.
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Figure 2.5. (a), Representative time courses of product accumulation, depicted as
increase in absorbance, during catecholase activity measurements with potato
polyphenol oxidase extract (PPOE, ■) and semi-purified polyphenol oxidase
acetone powder (PPOA, ◆). Reaction mixtures were 5 mM catechol, and 50 mM
sodium phosphate buffer, pH 6.5. Reactions were initiated by adding 0.2 mL PPOE
or PPOA enzyme preparation to 2 mL reaction mixture. (b) Representative time
courses of product accumulation, depicted as increase in absorbance, during
catecholase activity measurements with potato polyphenol oxidase extract (PPOE)
pre-incubated with different concentrations of βCyD (0 mM, ◆; 3 mM, ■; 11.8 mM,
▲). Reaction mixtures were as in (a) with the exception of the added βCyD (final
concentrations of βCyD were 0 mM, 0.3 mM, or 1.2 mM; these correspond to
dilutions of previously stated pre-incubation concentrations).
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Figure 2.6. Representative time courses of product accumulation, depicted as
increase in absorbance, during activity measurements of potato polyphenol oxidase
extracts (PPOE) using (a) catechol and (b) CA as assay substrates. PPO activities
were measured after pre-incubating PPOE preparations at 0 oC for different lengths
of time: 31 (+), 61 (■), 91 (▲), 121 (◆), and 157 () minutes. Reaction conditions
were 5 mM catechol or 1 mM CA, 50 mM sodium phosphate buffer, pH 6.5.
Reactions were initiated by adding 0.2 mL PPOE to 2 mL reaction mixture.
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Figure 2.7. Proposed reactions in a system containing endogenous chlorogenic acid
(CA), polyphenol oxidase (PPO), ascorbic acid (AA), and β-cyclodextrin (CyD).
Other abbreviations: DHA, dehydroascorbic acid; CyD-CA, inclusion complex
between CyD and CA; ka, association (binding) rate constant; kd, disassociation
rate constant.
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Figure 2.8. Pictorial summary of the mechanism for β-cyclodextrin (CyD)
inhibition of polyphenol oxidase (PPO) activity when using the substrate catechol
to assess PPO activity of typical crude enzyme extracts (e.g., PPOE); such extracts
contain endogenous substrate (chlorogenic acid, CA) and ascorbic acid (AA). The
“pre-incubation period” (i.e., the period following enzyme extraction but prior to
addition of catechol substrate to initiate activity quantification per se), the “lag
period” (i.e., the period following catechol addition during which there is no
buildup of product due to product reduction by AA), and the “product accumulation
period” (i.e., the period following the lag phase when reaction mixture AA has
been exhausted) are depicted. The lag period and the product accumulation period
together constitute the “quantification period.” The presence of βCyD in the PPOE
enzyme preparation slows PPO-catalyzed oxidation of CA during the preincubation period due to the sequestration of CA by βCyD. This, in turn, slows the
consumption of AA during the pre-incubation period. The length of the subsequent
lag phase is dependent on the amount of AA in the reaction mixture at the initiation
of enzyme quantification; the length of the lag phase corresponds with the number
of catalytic events required to exhaust AA, all things being equal. The longer the
lag period, the greater the extent of PPO inactivation due to the mechanism-based
inhibition of PPO associated with catechol oxidation (PPO inactivation is depicted
above as a dashed line). The greater the extent of PPO inactivation during the lag
phase, the slower the rate of subsequent product accumulation. The linear phase of
product accumulation immediately following the lag phase is taken as “enzyme
activity.” The extent of reduction in observed enzyme activity equates with the
extent of PPO inhibition. Data and references supporting this scenario are presented
in the main text of the paper.
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3.1 Abstract
The ability to accurately measure the activity of PPO in complex matrices is
essential for a) quantifying the amount of active enzyme in foods, b) following the
fractionation of enzyme during processing and handling, and c) doing kinetic
analyses to assess the impact of PPO modifiers. The most common quantification
methods for this enzyme are spectrophotometric. A problem encountered when
using such methods is interference due to the presence of ascorbic acid (AA). AA
is widely distributed in plant-based foods (fruits and vegetables) and is often used
as an enzyme “protecting agent” during PPO extraction; thus, it is commonly
associated with PPO activity measurements. A study was done to determine the
nature of AA’s effect on spectrophotometric determinations of PPO activity as well
as enzyme extraction. Potato enzyme extracts and semi-purified potato PPO were
used as enzyme sources. Substrates included phenolics endogenous to potatoes.
PPO activities were determined based on initial velocity measurements; typically
using the first linear increases in absorbance post-lag phase as indicative of initial
velocities. AA inactivation of PPO was observed only in the presence of substrate;
thus, there was no evidence for direct AA inactivation of PPO. The inactivation of
PPO attributed to AA is thus substrate mediated. The extent of AA-dependent
inactivation of PPO in model systems varied between substrates. AA-dependent
inactivation of PPO was greatest when catechol was the primary substrate,
presumably due to catechol being the most effective mechanism-based inhibitor of
PPO. However, AA slows mechanism-based inactivation of PPO induced by
catechol only, possibly due to preventing quinone formation. In potato extracts, AA
prevented enzymatic browning presumably due to its reduction of the quinones
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generated as a result of the PPO-catalyzed reaction. The problems associated with
the presence of AA in PPO assay mixtures could be circumvented by using
ascorbate oxidase to remove AA immediately prior to the addition of catechol as
the primary assay substrate or by using chlorogenic acid as the primary assay
substrate.
Keywords: polyphenol oxidase, ascorbic acid, extraction, activity quantification,
mechanism-based (suicide) inactivation
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3.2 Introduction
Polyphenol oxidase (PPO) is a copper-containing enzyme that is widely
distributed in plants, fungi, microorganisms and animals. It catalyzes two types of
bimolecular reactions using molecular oxygen as one of the substrates: (1) the
hydroxylation of monophenols, to o-diphenols, sometimes referred to as
monophenolase activity and (2) the oxidation of o-diphenols to their corresponding
o-quinones, sometimes referred to as diphenolase activity. The o-quinones resulting
from diphenolase activity are highly reactive and often polymerize to form
brown/dark pigments known as melanins (Parkin, 2017; Taranto et al., 2017).
Melanin biosynthesis (pigmentation) is associated with radiation protection in the
skin of animals (Walker & Ferrer, 1998) and plant defense systems against pests
and pathogens (Constabel & Barbehenn, 2008). PPO is of widespread interest to
those interested in controlling food deterioration/waste due to its impact on food
quality. Unwanted melanin formation results in the discoloration and the associated
quality defects, of plant-based foods, particularly fruits and vegetables (Croguennec,
2016). PPO is also important with respect to its potential biotechnological
applications, such as for the electrochemical sensing of beverage phenolics
(Adamski et al., 2016), crosslinking of food proteins for texture development
(Isachar-Ovdat & Fishman, 2018) and the treatment of processing waste streams
(Mukherjee et al., 2013).
A fundamental underpinning of PPO research is the ability to accurately
quantify the amount of active PPO enzyme in a system. This is particularly
important in the food sciences where the objective is often to compare the amount
of PPO activity in different foods and/or assess how PPO activity changes with food
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processing. Such measurements of PPO activity are often done with crude enzyme
extracts and or semi-purified enzyme preparations. A variety of approaches are used
for the quantification of PPO activity; the principal methods are spectrophotometric
(García-Molina et al., 2007), polarographic (Walker, 2005), and chronometric
(Munoz-Munoz et al., 2007). Among these, the spectrophotometric methods are the
most commonly used because they are simple and economical (Walker, 2005).
Spectrophotometric methods are typically based on monitoring the accumulation of
quinones resulting from the PPO-catalyzed oxidation of diphenol substrates (the
most commonly used substrate is catechol). Although o-quinones are generally
unstable, determination of rates based on their accumulation appears valid when
dealing with initial velocity measurements, i.e., when product evolution is
negligible during the initial phase of the reaction (Mayer et al., 1966).
The measurement of PPO activity in a food typically requires that an extract
containing the enzyme be prepared. The efficacy of the extract is important because
it determines whether or not all of the potential PPO is available for quantification.
A major problem when working with plant materials is that the tissue disruption
process necessary to solubilize and extract enzymes causes comingling of phenolics
and PPO (these components are separated by compartmentation in the undisturbed
tissue). Mixing of PPO and phenolics leads to the reactions described above. The
highly reactive quinones generated in these reactions are then available to react with
proteins. This is important with respect to PPO quantification because reactions
between PPO and quinones can lead to PPO inactivation. This, in turn, would result
in underestimating the PPO activity of the starting material. To avoid this type of
inactivation, PPO extracting solvents typically include ascorbic acid (AA), which
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readily reduces quinones to their corresponding diphenols (Bolwell, 2001; Pierpoint,
2004; Zawistowski et al., 1991). The reduction of quinones by AA is the reason it
is one of the most commonly used anti-browning agents in foods (Ioannou & Ghoul,
2013).
The presence of AA in PPO extracts can itself be problematic when trying to
quantify PPO activity. In a typical spectrophotometric assay, which is based on
product/quinone accumulation, AA interferes by reducing the generated quinones
back to the corresponding o-diphenol substrates and thus prevents quinone
accumulation. This is observed as a lag phase in the assay; the length of the lag
phase corresponds to the amount of AA in the system. Once the AA is depleted
from the reaction system, then quinone accumulation proceeds and a reaction rate
can be measured. This phenomenon is the basis of chronometric assays used to
measure PPO activity (Munoz-Munoz et al., 2007), The lag phase per se is not
necessarily bad, but there have been reports of PPO inactivation occurring during
this lag phase (Golan-Goldhirsh & Whitaker, 1984; Sanchez-Ferrer & GarciaCarmona, 1992). If such inactivation occurs, then activities based on product
accumulation following the lag phase will underestimate the PPO activity in the
original extract. Some researchers have tried to avoid the problems associated with
the presence of AA in enzyme extracts by removing it, using dialysis and/or sizeexclusion chromatography (Aka et al., 2013; Augustin et al., 1985), prior to activity
measurements. Others appear to have deemed the phenomenon trivial and thus
ignored it (Broothaerts et al., 2000; Rocha & Morais, 2001).
The inactivation of PPO when in the presence of AA has been addressed in
several papers. Mushroom (Arias et al., 2007a; Golan-Goldhirsh & Whitaker, 1984;)
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and potato (Baruah & Swain, 1953) PPO are reportedly inactivated in the presence
of AA; this inactivation occurs in the absence of phenolic substrates. Pear PPO, in
contrast, is reportedly not inactivated by direct incubation with AA; also in the
absence of substrates (Arias et al., 2007b). The extent of PPO inactivation when in
the presence of AA and phenolic substrates has been shown to be substrate and
enzyme specific (Muñoz-Muñoz et al., 2010).
The above discussion illustrates that the effect of AA on PPOs is either PPOsource specific or, if there is a generally applicable effect, there is no consensus as
to what it is. In view of this, we thought it appropriate to evaluate the effect of AA
on potato PPO. Potato was chosen as the enzyme source for this study based on (a)
it being a representative plant PPO, (b) potato browns readily, (c) potato PPO has
been widely studied (Taranto et al., 2017) and thus critical background information
is known, (d) there is only one publication that addressed the topic of AA interaction
with potato PPO and that study was done without the benefit of current knowledge
(Baruah & Swain, 1953), and (e) potato is an important worldwide food commodity.
Experiments were designed to address the following topics: (a) the protecting effect
of AA when added to PPO extracting solvents, (b) the effect of direct incubation of
AA on PPO in the absence of substrate, (c) the nature of PPO inactivation in the
presence of AA and the substrate catechol, (d) the use of alternative substrates to
minimize PPO inactivation in the presence of AA and (e) the use of ascorbate
oxidase to remove AA prior to PPO activity measurements.
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3.3 Materials and Methods
Materials
Russet potatoes were purchased from local markets. Catechol (ReagentPlus®,
99%) , chlorogenic acid (CA) (95%), ascorbic acid (AA), ascorbate oxidase (AO),
2,2′-azino-bis(3-ethylbenzo thiazoline-6-sulfonic acid) diammonium salt (ABTS)
were purchased from Sigma-Aldrich (USA). AO stock solution was prepared in
aqueous 4 mM sodium phosphate and 0.05% (w/v) bovine serum albumin, pH 5.6,
as described by Bergmeyer (1983). Enzyme solutions were kept on ice until used.
ABTS+• stock solution was prepared following the procedure of Huang et al.
(Huang et al., 2005). AA stock solution was prepared in 100 mM sodium phosphate
buffer containing 0.5 mM EDTA, pH 5.6. PPO substrate stock solutions were
prepared in dilute acid (10 mM phosphoric acid) to prevent autoxidation (MuñozMuñoz et al., 2012).

Preparation of PPO extract
Approximately 50 g, weighed to nearest 0.1 g, of peeled, washed, diced
potatoes (chilled at 4 oC) was mixed in a pre-chilled blender with an equal weight
of an aqueous solution (chilled at 4 oC) that was 50 mM sodium phosphate, pH 7.0,
and homogenized for 30 s. The resulting homogenate was rapidly filtered through
four layers of cheesecloth and Whatman number 1 filter paper via a syringe filter
(Millipore Swinnex). The filtrate resulting from this process is herein referred to as
PPO extract (PPOE). PPOE was diluted with buffer and kept in an ice bath until
assayed for PPO activity.
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Preparation of semi-purified PPO
A PPO extract was prepared as described just above with the exception that
the homogenizing phosphate buffer contained 30 mM AA and the filtrate passing
four layers of cheesecloth was centrifuged at 10,000 rpm for 15 min at 4 oC. Icecold acetone was added dropwise to the resulting PPO-containing extract until it
was 50% acetone (v/v); precipitation of PPO was allowed to proceed at -20 oC for
1 hour. The mixture was then centrifuged at 10,000 rpm for 30 min at 4 oC; the
supernatant was discarded, and the pellet washed three times with 25 mL ice-cold
acetone. The resulting precipitate was dried for 3 hours in a hood while sitting on
an ice bath. The resulting dry semi-purified PPO powder is hereafter referred to as
PPO-acetone powder (PPOA). Prior to enzyme assays, PPOA was added to aqueous
50 mM sodium phosphate (pH 7.0) to give 25 mg PPOA per mL buffer. This
suspension was allowed to dissolve for ~1 hour at 0 oC and then centrifuged at
10,000 rpm for 15 min (4 oC). The resulting enzyme-containing supernatant was
decanted and kept in an ice bath until assayed; this solution is hereafter referred to
as the semi-purified PPO solution.

Quantification of PPO activity
PPO activity was determined spectrophotometrically using Shimadzu
UV160U spectrophotometer with 1-cm path length cuvettes at ambient temperature
(~22 oC) using catechol and CA as substrates. A typical assay system contained
substrate (5 mM catechol or 1 mM CA) and enzyme in 50 mM sodium phosphate
buffer (pH 7.0). Reactions were initiated by the addition of 0.2 mL enzyme
preparation to 2.0 mL temperature-equilibrated substrate solution. Increase in
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absorbance due to product accumulation was monitored at 400 nm and 420 nm for
CA and catechol, respectively. Initial velocities were calculated from the initial
linear portion of reaction curves (first ~30 seconds). PPO activity is defined as
change in absorbance per minute (abs/min).

Effect of AA on PPO activity quantification using catechol and CA as
substrates
Enzyme reactions were initiated by adding 0.1 mL diluted semi-purified PPO
preparation to 2.1 mL temperature-equilibrated substrate solution (final
concentration 5 mM catechol or 1 mM CA; 50 mM sodium phosphate, pH 7.0)
containing varying concentrations of AA (ranging from 0 - 0.1 mM). PPO initial
velocities were determined as specified above.

Effect of AA on extents of PPO mechanism-based inactivation in the presence
of catechol
PPO/catechol incubation solutions were 1 mM catechol, 1.5 mM AA and 50
mM sodium phosphate, pH 7.0. Reactions were initiated by adding 20 L semipurified PPO solution to 0.2 mL incubation mixture at 22 ± 1 oC. Reactions were
allowed to proceed for defined periods of time before an aliquot of the reaction
mixture was removed and tested for residual PPO activity using CA as the substrate
(as described above). PPO/CA reactions were initiated by adding 0.1 mL of the
aliquot from the PPO/catechol incubation mixture to 2.1 mL of reaction mixture
such that the final solution was 1 mM CA and 50 mM sodium phosphate, pH 7.0.
Initial velocities were determined as specified above. Values corresponding to zerotime PPOA/catechol reaction mixture incubation were obtained using reaction
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mixtures that contained no catechol. Control samples were treated identical to the
test samples except they contained no AA. PPOA/catechol incubation samples
receiving supplemental O2 were treated as previously described except reaction that
incubation mixtures were vortexed for 20 seconds every minute starting at the 4min PPO/catechol incubation time. Hence, in the supplemental O2 experiments, the
300, 420, and 600 second PPO/catechol incubation time points have had
supplemental O2 added by vortexing. prior to measuring residual PPO activity using
the CA substrate. An analogous set of experiments as described in this section with
CA as the substrate PPO was incubated with prior to measurement of residual
activity.

Effect of using ascorbate oxidase (AO) for ascorbate oxidation prior to
quantification of catecholase activity
AO solution, (0.1 mL, (10 unit/mL) was mixed with 2.1 mL 5.48 mM catechol,
0.3 mM AA, 50 mM sodium phosphate, pH 7.0.. The resulting mixture was
incubated for 10 min at ambient temperature followed by shaking for 30 sec to
promote oxygen saturation. The PPO reaction was then initiated by adding 0.1 mL
5-diluted semi-purified PPO preparation to the AO/AA/catechol solution (final
concentration

5

mM

catechol).

PPO

activity

was

determined

spectrophotometrically as described above. Control experiments were treated
identically but without AO and/or AA.

Direct effect of AA on PPO activity in model system
These experiments are based on preincubation PPOA with AA for different
periods of time prior to measuring enzyme activity using catechol and chlorogenic
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acid as substrates. In experiments where catechol was used as the substrate to
measure PPO activity, AA was added to five-fold diluted semi-purified PPO
preparation to give a final concentration of 1 mM AA. These AA/PPO-containing
solutions were incubated for different periods of time (10, 20, 30, 40, 50, and 60
min) at 0 oC. At the specified times, 0.2 mL of buffered AO-containing solution
was added to 0.2 mL of the AA/PPO-containing solution (final concentration, 1.25
units AO/mL); these solutions were allowed to incubate for 5 minutes to remove
AA. The resulting solutions were then tested for PPO activity by adding 0.2 mL
AO-treated AA/PPO-containing solution to 2 mL substrate-containing solution
(final concentration 5 mM catechol). Initial velocities were determined as specified
above. Control experiments were treated identically but without AA.
In experiments where CA was used as the substrate to measure PPO activity,
AA was added to semi-purified PPO preparation to give a final concentration of 10
mM AA. AA/PPO-containing solutions were incubated for different periods of time
(30, 60, 90, 120, and 150 min) at ~0 oC before being tested for PPO activity. PPO
reactions was then initiated by adding 0.2 mL diluted AA/PPO-containing solution
to 2 mL substrate-containing solution (final concentration 1 mM CA). Initial
velocities were determined as specified above. Control experiments were treated
identically but without AA.

Direct effect of AA on PPO activity in potato juice
These experiments are based on preincubation of AA-containing PPOE for
different periods of time prior to measuring enzyme activity using chlorogenic acid
as substrate. PPOE, 1 mL, was mixed with 0.2 mL AA (final mixture concentration,
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4 mM AA) and allowed to incubate for 15 min at ~0 oC. at which time the
quantitative PPO assay was initiated by adding 0.2 mL five-fold diluted AA/PPOE
mixture to 2 mL substrate-containing solution (final concentration 1 mM CA).
Initial velocities were determined as described previously. A zero time-point (i.e.,
no exposure of PPOE to added AA prior to initiating the reaction) was determined
by as described above except the appropriate amount of AA was included
simultaneously with the initiation of the PPO reaction. Control experiments were
treated identically but without AA in either the pre-assay incubation or the assay
per se. Experiments were done using PPOE preparations from three individual
potatoes.
Follow-up experiments were done as described just above with the exception
that the AA/PPOE mixture were incubated for longer periods of time (0, 30, 60, 90,
120, and 180 min).

Time course of AO-catalyzed AA reduction in PPOE
AO reactions were initiated by adding 0.2 mL AO solution (final concentration
0.83 unit/mL) to 1 mL five-fold diluted PPOE containing AA (two levels of AA
were tested, final concentrations 0.67 and 1.67 mM). At selected times, 3 mL 0.2
M HCl was added to terminate AA oxidation prior to the subsequent AA
quantification. AA quantification was determined by adding 2.0 mL ABTS+• to 0.1
mL PPOE/AA solution and immediately measuring absorbance at 734 nm. Control
experiments were done identically with the exception that the PPOE solution
contained no AA. The difference between absorbance values for the experimental
and control solutions at analogous time points were taken as being directly
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proportional to AA levels in PPOE (see below). A zero time-point of the AO-treated
AA-containing PPOE was determined by using the same method except AO was
added following the addition of HCl solutions.

Quantification of AA in reaction mixtures using the ABTS/ABTS+• reaction
Three mL of AA-containing 0.2 M HCl (concentrations ranging from 0 – 0.74
mM) were mixed with 1.2 mL buffer or six-fold diluted PPOE. These solutions, 0.1
mL, were then added to 2 mL of ABTS+• solution followed immediately by
measuring the absorbance at 734 nm. Control experiments were done identically
with the exception that the PPOE/buffer solution contained no AA. The difference
between absorbance values for the experimental and control solutions at analogous
time points were taken as being directly proportional to AA levels in PPOE/buffer.
This is based on immediate reduction of ABTS+• by AA compared with other
potential reducing compounds (Walker & Everette, 2009). All reactions were done
at ambient temperature. A linear calibration curve was established based on
experiments in which differing amounts of AA was added to reaction mixtures.

Statistical analysis
The data were reported as means  standard deviation of triplicate experiments.
Statistical differences between different treatments (groups) were determined by
analysis of variance (ANOVA) and Tukey’s post hoc test (p  0.05). Statistical
analyses were performed using Minitab 16 (Minitab LLC. State College, PA)
software.
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3.4 Results and Discussion
Ascorbate is frequently used as a protecting agent during the extraction of plant
enzymes in general (Pierpoint, 2004) and PPOs specifically (Balasingam &
Ferdinand, 1970). The protecting effect is typically attributed to ascorbate reduction
of quinones that result from PPO-catalyzed reactions. The same reducing power
that acts as a protectant during PPO extraction interferes with the classical
spectrophotometric assays used for PPO quantification (e.g., PPO-catalyzed
catechol oxidation and the concomitant increase in absorbance at 420 nm; Mayer et
al., 1966). Thus, it is relevant to consider the merits on including ascorbate in
solutions used for enzyme extraction prior to quantification of PPO activity. Studies
aimed at characterizing the activity of PPO with AA in potatoes are the focus of
this study.
The measured activities of PPOE preparations with and without ascorbate after
15 minutes were not significantly different (Table 3.1). The effect of having
ascorbate present in PPO extracts over longer periods of time are shown Figure 3.1.
If isolated time points in Figure 3.1 are considered independently, then some, but
not all, are found to be significantly different. If the different time points are
considered in total, then the small difference in activity between ascorbate
containing and ascorbate-free extracts was significantly at the 0.05 level. This data
suggests the protection afforded by ascorbate in the extraction solution is small, at
best.
The minimal amount of protection afforded by inclusion of ascorbate in
extraction systems is of interest relative to the known mechanism-based inhibition
of PPOs (Muñoz-Muñoz et al., 2010). This type of inhibition is herein illustrated
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using catechol as the substrate. An alternative type of inhibition is illustrated using
chlorogenic acid as substrate. We know it is alternative to catechol because the
catechol inhibition is largely unprotected by AA where the chlorogenic acid is.
Relative experiments on AA effects on PPO reaction inactivation in the presence of
catechol and CA were done by preincubating the enzyme with catechol or CA and
taking aliquots of the preincubating mixture to observe time-dependent decreases
in enzyme activity. A critical condition required for this experimental procedure is
that substrate catechol or CA does not affect the subsequent determination of
remaining PPO activity using CA as a substrate (i.e., the amount of catechol or CA
from pre-incubation mixture does not compete with CA reactions with PPO for
activity measurements). The maximum amount of catechol (~45 M) or CA (~9
M) that would be present in PPO/CA reaction mixtures in this experiment does
not significantly affect rates of PPO reactions with CA (data not shown). Figure
3.2a shows, in the absence of AA, catechol inactivation of PPO is considerably
rapid (~74% activity loss) within 2 min. The rate of inactivation then reaches zero.
This indicates catechol strongly inactivates PPO during its reactions with the
enzyme; this inactivation happens along with the enzyme catalytic pathway (i.e.,
generating products) (Muñoz-Muñoz et al., 2010). Thus, a higher reaction rate of
PPO/catechol corresponds to a higher enzyme inactivation rate. As shown in Figure
3.2a, at the beginning of PPO/catechol reaction (less than 1 min), fast rate of activity
loss is due to high PPO/catechol reaction rate. However, with time increased, the
rate of PPO inactivation is declining down to zero. This is possibly because of
decreased rates of PPO/catechol reaction resulted from decreased enzyme
substrates (catechol and/or O2). Thus, the effect of change in substrate during the

62

pre-incubation study is further investigated. When remaining enzyme activity was
stable (i.e., no change in rate of PPO inactivation), continuously adding O2 to the
pre-incubation mixture prior to activity measurements significantly increases PPO
inactivation close to 100% (Figure 3.2d). This indicated that the amount of O2 is a
limiting factor for PPO inactivation in this experiment. Also, with the use of 2 mM
catechol in the pre-incubation study, the extent of inactivation was not significantly
different from that when 1 mM catechol was used (data not shown). This
demonstrated that PPO inactivation by catechol stopped due to oxygen exhaustion.
In the presence of AA, catechol inactivation of PPO was found to be ~50% in
2 min and the rate of inactivation was decreasing with time, as when AA is absent.
This indicates that AA is not capable of preventing overall inactivation caused by
catechol. Recall that AA is responsible for reducing o-quinones back to o-diphenols
(i.e., the presence of AA corresponds to the absence of quinone), thus quinone
accumulation is not required for catechol to inactivate PPO. Likewise, the decreased
rate of inactivation in the presence of AA is due to O2 consumption. Continuous O2
supplements to PPO/catechol pre-incubation mixture showed a higher rate and
extent of enzyme inactivation when compared with no O2 supplied (Figure 3.2c).
This demonstrates a deficiency of O2 during PPO/catechol reactions, which resulted
in a discontinuation of PPO reaction, as well as PPO inactivation. Note that
sufficient amount of AA was present to prevent o-quinone formation, this indicates
a constant amount of catechol existing in the pre-incubation mixture.
When comparing the extent of catechol inactivation of PPO in the absence and
presence of AA (Figure 3.2a), the PPO inactivation caused by catechol during the
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observation time is ~23% protected by AA. In general, there are two action
mechanisms for enzyme suicide inactivation shown below:

Where Ea, active enzyme; S, suicide substrate; EaS, active enzyme-substrate
complex; P, product; EaP, active enzyme-product complex; EIP1 and EIP2, inactive
enzyme-product complex 1 and 2; EI, inactive enzyme; k+1, k-1, k+2, k-2 are rate
constants.
In a normal catalytic pathway, depicted by 1, after active enzyme-product
complex forms, active enzyme and product are released. A common inactivation
pathway (inactivation pathway A), depicted by 2, is associating with generating
product along with inactive enzyme. Since product, in this case, o-quinone are very
reactive, it is most likely that released product would interact with (1) enzyme active
site again undergoing inactivation pathway A and leading to enzyme inactivation
and/or (2) other sites of the enzyme resulting in enzyme inactivation (inactivation
pathway B, depicted by 3). The overall enzyme inactivation would be attributed to
combined inactivation pathways A and B. If released product (i.e., o-quinone) can
be eliminated, then there would be no chance for free quinones attacking enzyme
(i.e., inactivation pathway B), which result in less degree of enzyme inactivation.
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However, eliminating product would not affect enzyme inactivation via inactivation
pathway A as inactive enzyme and product are simultaneously released. Thus, less
degree of enzyme inactivation found in the presence of AA (Figure 3.2a) indicated
AA prevents catechol inactivation of PPO that is due to quinone accumulation
(inactivation pathway B), resulting in slower rate and less extent of PPO
inactivation. Meanwhile, data suggests catechol inactivation, to some extent, is
attributed to quinone accumulation (i.e., quinone accumulation contributes an
overall higher rate of PPO inactivation). However, AA clearly does not protect PPO
from catechol inactivation. In contrast, AA has a significant protective effect on
PPO in the presence of CA since PPO inactivation was found to be not significant
in the presence of AA but found to be significant when AA is absent (Figure 3.2b).
This indicates CA is not a strong suicide inhibitor as catechol and the enzyme
inactivation found is probably due to very reactive chlorogenic acid quinone
attacking (i.e., via inactivation pathway B). The finding herein is providing possible
explanations for that PPO inactivation in extract was not found in the absence of
AA, which results in minimal protecting effect of AA on PPO (see Figure 3.1).
They are (1) endogenous non-CA substrates in PPO extracts may not be effective
suicide inhibitors; (2) endogenous substrate concentrations may limit the extent of
reaction/inactivation; (3) Non-PPO molecules present in potato extracts may
compete for reaction with quinones resulting in less PPO inactivation.
Next consider the direct effect of AA on potato PPO. This was assessed by
pre-incubating PPO with different concentrations of AA prior to initiating the PPO
reaction by the addition of substrates (catechol and CA). To avoid AA interference
during subsequent PPO/catechol-based assay (see detailed explanation below),
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plenty of AO was introduced to selectively oxidize/remove AA in the reaction
mixture prior to the initiation of PPO assays. Figure 3.3a shows that no significant
decreases in PPO activity with catechol were observed following pre-incubations
for up to 1-hour with 1 mM AA (activity was measured in the absence of AA;
Present AA in PPOA preparation was removed AO). A similar experiment but
employing PPO/CA-based assays also shows that PPO remains stable with even a
higher concentration of AA (10 mM) for up to 150 min (no significant decreased
reaction rates following pre-incubation) (Figure 3.3b). These results indicate that
AA does not directly inactivate potato PPO under current experimental conditions
(e.g., in the presence of O2). This contradicts the previous published work
concerning AA effect on potato PPO (Baruah and Swain, 1953). They found AA
irreversibly inhibits potato PPO under anaerobic condition due to its interaction
with enzyme active site. The finding seems reasonable since deoxy PPO (presented
in the absence of oxygen) is the most instable form reported (Munoz-Munoz et al.,
2009).
Data presented above shows AA does not direct inactivate potato PPO, and
AA minimally protect PPO during the extraction, thus the primary effect of AA on
potato extracts is preventing browning (see Figure 3.4). Including 30 mM AA
during potato PPO extraction prevented browning for at least 2 hours (no change in
absorbance observed); color formed rapidly in potato extracts with AA absent
(color formation measured at 480 nm herein is due to product from oxidation of
tyrosine, one of PPO substrates endogenous to potato). However, with respect to
PPO activity in potato extracts, the color formation (without AA present) minimally
affects PPO activity and enzyme activity remains relatively stable for up to 3 hours
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(see Figure 3.1). This contradicts, at least in potato system, the positive correlation
between quinone/browning formation and PPO inhibition which has been reported
(Anderson, 1968; Balasingam & Ferdinand, 1970). Thus, during PPO extractions
in potato, AA is not necessary to be used to prevent enzyme activity loss (only
minimal activity loss was found in potato extraction in the absence of AA) but
recommended to be used for maintaining the property of native enzyme by
minimizing any significant modification that could be due to o-quinone
formation/browning reactions (Smith & Montgomery, 1985; Zawistowski et al.,
1991).
A common problem encountered when spectrophotometrically quantifying
PPO activity in enzyme preparation containing AA, is that reaction time course has
a lag phase and a subsequent decrease rate of product accumulation (the “initial
velocity” following the lag phase) during PPO/catechol reactions, as depicted in
Figure 3.5a. With respect to lag phases, it showed the higher concentration of AA
the longer lag phase was observed. This relationship is due to AA reducing the
colored product (o-benzoquinone) back to catechol with a consequence of no
product accumulation. Product accumulation would not be noticed until AA is
exhausted. Thus, AA concentration is positively correlated with the length of lag
phase. With respect to measured enzyme activity (i.e., rate of product accumulation),
longer lag phases were associated with slower rates of product accumulation,
indicating lag phase-dependent (AA-dependent) PPO inactivation. Similar results
have been shown for other PPO/substrate systems (Golan-Goldhirsh & Whitaker,
1984; Sanchez-Ferrer & Garcia-Carmona, 1992). However, time courses of
PPO/CA reactions with AA (Figure 3.5c) showed no decreased rates of product
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accumulation following different lag phases (the length of lag phases was correlated
with AA concentration in the PPO reaction mixture as observed with substrate
catechol). This apparently suggests no AA-dependent PPO inhibition and AA
participating in PPO/CA reaction system mainly as a reducing agent (affects
reaction product accumulation). The discrepancy in AA effects on PPO reactions
with different substrates is plausibly explained by the property of substrates.
Substrate catechol has been shown to be a well-established mechanism-based
(suicide) inhibitor of PPOs from several non-potato sources (Ingraham et al., 1952;
Muñoz-Muñoz et al., 2010). Data presented earlier is consistent with catechol also
being a mechanism-based inhibitor of potato PPO (Figure 3.2a). The mechanism of
catechol inactivation of potato PPO does not require product accumulation (based
on it occurring during the lag phase of the assay). The nature of mechanism-based
inhibition is such that a fraction of the PPO-catalyzed catechol oxidations results in
enzyme inactivation. This type of inactivation is occurring throughout the lag phase;
recall that PPO is actively functioning during the lag phase but there is no product
accumulation because the product (o-benzoquinone) is reduced back to catechol by
AA. Lag phase mechanism-based inactivation of PPO is evidenced by a reduction
in the rate of product accumulation following the lag phase of the assay (recall the
termination of the lag phase corresponds to exhaustion of the AA in the reaction
mixture). Such a reduction in the rate of product accumulation is not due to substrate
depletion because adding O2 to the reaction mixture does not increase the rate of
accumulation (Figure 3.5b). Next consider PPO/CA-based reaction system, this
quantification system did not show significant lag-phase mechanism-based PPO
inactivation most likely because CA is ineffective as a mechanism-based inhibitor
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of potato PPO compared with catechol (see Figures 3.2a and 3.2b). Nonetheless,
PPO inactivation in the presence of AA is found to be substrate dependent. Thus,
the effect of AA on PPO/PPO reactions is assumably dependent on substrates
participated in enzyme reactions.
Based on the problem discussed above, it is also important to consider potential
approaches that are appropriate for PPO activity measurements in an AAcontaining system. The problem associated with AA is commonly happening during
a PPO/suicide substrate (e.g., catechol)-based assay (see Figure 3.5a). Catechol is
considered as one of the most common substrates used for PPO assays. This is
probably due to catechol giving high Vmax value for PPO from several sources
(Ioniţă et al., 2017; Rapeanu et al., 2006) and also due to the extensive use for the
PPO assays (based on numerous PPO studies using catechol as a substrate for the
measurement of PPO activity). PPO is sometimes also called “catecholase”, its
corresponding activity, “catecholase” activity, specifically addresses the enzyme
action on catechol, which makes substrate catechol critical to PPO enzymes. In the
case of catechol used as a substrate, while AA is also present in the reaction system,
it is necessary to eliminate AA to retrieve a better activity measurement. As
mentioned earlier in above discussion, AA was selectively removed by AO. With
respect to application of AO to PPO activity quantification, the present study
extensively evaluated the use of AO prior to the PPO spectrophotometric assay with
substrate catechol. Figure 3.6a shows that measured PPO activity with AA present
was 87.6% lower than that without AA. However, after AA was completely
removed by AO, measured PPO activity was comparable with that obtained from
reaction mixture containing no AA. This indicates that AO is capable of removing
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AA without affecting PPO activity measurement. The applicability of AO in PPO
activity quantification is dependent on: (1) Effect of AO on PPO itself; (2) Effect
of AO on PPO-catalyzed reactions (i.e., on substrate catechol and O2); (3)
Efficiency of AO-catalyzed oxidation of AA. These three points are described as
follows respectively. First, pre-incubation of AO with PPO for up to 1 hour does
not affect subsequent PPO activity (data not shown) suggesting no appreciable
interaction between these two enzymes (i.e., AO does not have direct effect on PPO).
Second, pre-incubation of AO with AA-containing catechol solution prior to
initiating the PPO assay (i.e., adding PPO solution) does not significantly affect the
amount of catechol that is available to PPO, resulting in no changes in rate of
PPO/catechol reactions comparing with that in a system without AO and AA
(Figure 3.6a). Note that this experiment was done under conditions where PPO
reactions are sensitive to changes in catechol concentration. Unaffected PPO
activity on catechol suggests a high specificity of AO to substrate AA not to
catechol (Sereikaité et al., 1993). In the case of AO application to an AA-containing
substrate solution prior to initiating the PPO assay, the amount of oxygen is a
concern for subsequent PPO reactions since O2 is also an essential substrate for
AO/AA reaction. Thus, after pre-incubation of AO with AA-containing catechol
solution, sufficient amount of oxygen for PPO reactions was achieved by shaking
the pre-incubation mixture for a minute prior to the initiation of PPO reaction.
Figure 3.6a also confirmed that no influence of AO associated O2 on subsequent
PPO activity measurements. The amount of oxygen would not be a concern when
pre-incubating AO with AA-containing enzyme preparation as subsequent PPO
reactions would be initiated by adding a small amount of pre-incubation mixture
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PPO/AO/AA to a relatively large amount of substrate solution containing no AO
and AA. In practical, pre-incubating AO with enzyme preparation is normally
required for PPO activity quantification in a crude enzyme system containing AA.
Third, efficiency of AO-catalyzed oxidation of AA was evaluated via a time
course of AA degradation catalyzed by AO in PPO extract (AA was spiked in PPOE
prior to the addition of AO). PPO extract system was included herein due to the
goal of quantifying PPO in crude enzyme systems that is commonly containing AA.
In this experiment, the amount of AA remaining in AO reaction mixtures at
different reaction times was quantified using AA/ABTS+• reaction, during which
ABTS+• is reduced back to ABTS by AA so AA concentration is proportional to
the amount of ABTS+• reduced. Time courses in Figure 3.5b showed, the same
amount of AO is capable of completely oxidizing low concentration of AA (0.67
mM) more rapidly (~10 min) than relatively high concentration of AA (1.67 mM)
(~30 min). This indicates, at least under current experimental conditions, the
weakness/drawback of applying AO as an AA removing agent prior to a PPO assay
is AO pre-treatment is time-consuming comparing with a rapid PPO assay (2-3 min),
although enzyme treatment of AA is highly selective most importantly not affecting
PPO/PPO reactions. Nonetheless, use of AO for AA removal can be improved by
adjusting experimental conditions (e.g., lowering initial AA concentration,
increasing AO concentration) in order to serve for PPO activity quantification in an
AA-containing system.
Instead of removing AA from a quantification system, another alternative
approach to the spectrophotometric measurement of PPO activity in the presence of
AA is using CA as a substrate. Recall that PPO/CA-based assay was not sensitive
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to the reaction mixture containing AA (no significant effect of AA on measured
PPO activity on CA after lags, see Figure 3.5b). Thus, CA appears to be a more
appropriate substrate when AA is present in the activity quantification system
comparing to catechol. This is supported by data in Figure 3.7. It showed that effects
of the amount of PPOE preparation (i.e., enzyme concentration) on PPO activity
measurements using CA as a substrate in the absence and presence of AA are almost
equal, especially shown in the first six data points (two calibration curves are
comparable). This suggests no inhibitory effect of AA on PPO/CA-based assay.
The data also illustrate the applicable concentration range (from limit of
quantitation to limit of linearity) observed in calibration curve “1” is wider than
calibration “2” (departs from linearity at 0.4 mL of PPOE), although the limit of
quantitation for both curves are the same (0.09 mL of PPOE). Therefore, PPO/CAbased assay that used for a system containing AA not only overcomes AA
interference exiting in a spectrophotometric assay but also intends to provide a
larger useful concentration range for the enzyme quantification.
In summary, AA minimally protects potato PPO during its extraction, and
primarily prevent browning by reducing PPO-initiated quinones back to odiphenols; the effect of AA on spectrophotometrically quantifying PPO activity is
dependent on substrates being used for the quantification. Significant PPO
inactivation in the presence of AA was found when substrate catechol was used for
the activity quantification. This inactivation is actually attribute to catechol being a
mechanism-based enzyme inhibitor of PPO. AA slows the mechanism-based
inactivation induced by catechol but not prevent such an inactivation. PPO was
found to be protected by in the presence of CA. To allow PPO activity
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measurements in an AA-containing system, (1) quantification using mechanismbased enzyme inhibitors as substrates (e.g., catechol) must consider removing AA
(e.g., using AO) because AA would cause a false quantification of PPO activity; (2)
quantification using ineffective mechanism-based enzyme inhibitors as substrates
(e.g., CA, in the case of potato PPO).

3.5 Conclusion
The present study evaluated the role of AA in potato PPO extraction and
activity quantification. The results summarized herein show that AA primarily
prevents quinone formation and minimally protect potato PPO during the extraction.
PPO inactivation found during spectrophotometric activity quantification in the
presence of AA is due to catechol being a mechanism-based inhibitor of enzyme.
AA was found to slow but not prevent such a mechanism-based inactivation of
catechol induced, possibly due to preventing quinone formation. PPO was found to
be protected by AA in the presence of CA. There is no direct effect of AA on potato
PPO inactivation. The problems associated with the presence of AA in PPO assay
mixtures could be circumvented by using ascorbate oxidase to remove AA
immediately prior to the addition of catechol as the primary assay substrate or by
using chlorogenic acid as the primary assay substrate.
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3.7 Figures and Tables

Figure 3.1. Effect of pre-incubating AA with PPOE on subsequent PPO activity
measurements using CA as a substrate. PPOE was pre-incubated with (■) and
without (◆) AA (AA at 4 mM when present) in 50 mM sodium phosphate buffer,
pH 7.0, for different periods of time prior to initiating activity measurements by
mixing 0.2 mL pre-incubation mixture (containing PPOE and AA) with 2 mL
buffered CA solutions (final concentration 1 mM CA). Control experiments were
treated identically but without AA. Values are means  standard deviations from
triplicate assays. Data points without visible error bars have standard deviations
smaller than the designated symbols. Mean values that do not share a letter are
significantly different (p  0.05) at the same pre-incubation time.
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Figure 3.2. Effect of PPO/catechol or CA reaction time on remaining enzyme
activity measured using CA as a substrate. Semi-purified PPO was pre-incubated
with 1 mM catechol (a) or 0.2 mM CA (b) in the absence (■) and presence (◆) of
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1.5 mM or 1 mM AA, respectively in 50 mM sodium phosphate buffer, pH 7.0, for
different periods of time. The remaining PPO activity in the pre-incubation mixture
was then measured by adding 0.1 mL pre-incubation mixture to 2.1 mL buffered
CA solutions (final concentration 1 mM CA). (c), with respect to PPO/catechol
reaction, in the presence of 1.5 mM AA, reaction conditions were as in (a) without
(◆) and with (▲) vortex of pre-incubation mixture for ~20 sec at every minute
starting from 4-min PPO/catechol reactions (applied for time points 300 – 600 sec),
prior to remaining PPO activity measurements. (d), with respect to PPO/catechol
reaction, in the absence of AA, reaction conditions were as in (a) without (■) and
with () vortex of pre-incubation mixture for ~20 sec at every minute starting from
4-min PPO/catechol reactions (, applied for time points 300 – 600 sec), prior to
remaining PPO activity measurements. Values are means  standard deviations
from triplicate assays.

81

(a)

PPO activity (Δabs/min)

0.59
0.57

0.55
0.53
0.51
0.49
0.47
0.45
0

20

40

60

80

Pre-incubation time (min)
(b)

PPO activity (Δabs/min)

0.35
0.30
0.25
0.20

0.15
0.10
0.05
0.00
0

50

100

150

200

Pre-incubation time (min)
Figure 3.3. Effect of pre-incubating AA with semi-purified PPO preparation on
subsequent enzyme activity measurements using (a) catechol and (b) CA as
substrates. Semi-purified PPO preparation was pre-incubated with (■) and without
(◆) AA (AA at (a) 1 mM and (b) 10 mM when present) in 50 mM sodium phosphate
buffer, pH 7.0, for different periods of time prior to initiating activity measurements
by mixing 0.2 mL pre-incubation mixture (containing PPO and AA) with 2 mL
buffered substrate solutions (final concentration 5 mM catechol or 1 mM CA). Prior
to PPO activity measurements using catechol as a substrate, 1.25 unit/mL ascorbate
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oxidase was added to pre-incubation mixture (containing PPO and AA) to remove
AA. Control experiments were treated identically but without AA. Values are
means  standard deviations from triplicate assays. Data points without visible error
bars have standard deviations smaller than the designated symbols.
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Figure 3.4. Time course of color development in potato extract, depicted as
increase in absorbance, in the absence (◆) and presence (■) of ascorbic acid. Potato
extracts were made in 50 mM sodium phosphate buffer containing 0- or 30-mM
ascorbic acid. Color was measured at 480 nm after incubation of potato extracts at
room temperature for different periods of time. Values are means  standard
deviations from triplicate assays.
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(c)

Figure 3.5. Representative time courses of product accumulation, depicted as
increase in absorbance, during activity measurements of potato PPO using catechol
(a and b) and CA (c) as substrates. PPO reaction conditions were 5 mM catechol or
1 mM CA, 50 mM sodium phosphate buffer, pH 7.0, varying concentrations of AA
(◆, 0 mM; ■, 0.025 mM; ▲, 0.05 mM; , 0.075 mM; +, 0.1 mM). Reactions were
initiated by adding 0.1 mL semi-purified PPO preparation to 2.1 mL reaction
mixture. (b), reaction conditions were as (a) with the exception of adding O2 by 10sec shaking PPO reaction mixtures containing AA (◇, 0.075 mM and △, 0.1 mM)
at 1 min or 2 min, respectively, after initiation of the enzyme reaction. Insets in (a)
and (c), relationship between AA concentration and the length of lag phase.
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Figure 3.6. (a) Representative time course of product accumulation, depicted as
increase in absorbance, during potato PPO-catalyzed reactions using catechol as a
substrate. PPO reaction mixtures were 5 mM catechol solution, in 50 mM sodium
phosphate buffer, pH 7.0, containing 0 mM AA (◆), 0.3 mM AA (■), or 0.3 mM
AA and 0.45 unit/mL AO (▲), respectively. Reactions were initiated by adding 0.1
mL semi-purified PPO preparation to 2.2 mL reaction mixture described above. (b)
Time courses of AO-catalyzed oxidation of AA in PPOE. AO reaction mixtures
contained AA (◆, 0.67 mM; ■, 1.67 mM) and five-fold diluted PPOE. Reactions
were initiated by adding 0.2 mL AO solution (final concentration 0.83 unit/mL) to
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1 mL reaction mixture. AO reactions were terminated by adding 3 mL 0.2 mM HCl
solution prior to AA quantification. AA was quantified by ABTS+• reduction assay.
Values are means  standard deviations from triplicate assays. Data points without
visible error bars have standard deviations smaller than the designated symbols.
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Figure 3.7. Effect of enzyme concentration, as amount of PPO extract (PPOE) on
PPO activity measurements using CA as a substrate. PPO reaction mixtures
contained 1 mM CA and 50 mM sodium phosphate buffer, pH 7.0. Reactions were
initiated by adding 0.2 mL PPOE with (■) and without (◆) AA (AA at 3 mM when
present) to 2 mL reaction mixtures. Calibration curves (1 and 2) showing the linear
relationship between the amount of PPOE and PPO activity. Data points represent
means  standard deviations for triplicate assays. Data points without visible error
bars have standard deviations smaller than the designated symbols.
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Table 3.1 Effect of pre-incubating AA with PPOE on subsequent PPO activity
measurements using CA as a substrate. Enzyme extract (PPOE) was pre-incubated
with 4 mM AA in 50 mM sodium phosphate buffer, pH 7.0, for 15 minutes prior to
initiating activity measurements. PPO reactions were initiated by adding 0.2 mL
pre-incubation mixture (containing PPOE and AA) to 2 mL buffered CA solution
(final concentration 1 mM). Incubation time 0 min herein represents no AA preincubation with PPOE prior to the enzyme assay but AA was included
simultaneously with the initiation of PPO reactions. Control experiments were
treated identically but without AA. PPO was extracted from three individual
potatoes. Values are means  standard deviations from triplicate assays. Mean
values within individual PPOE followed by the same letter are
not significantly different (p > 0.05).

PPOE
1
2
3

Incubation
component
With buffer
With AA
With buffer
With AA
With buffer
With AA

PPO activity (abs/min)
Pre-incubation time (min)
0
15
a
0.086  0.0028
0.088  0.0035a
0.080  0.0035a
0.082  0.0035a
0.134  0.0069a
0.134  0.0035a
0.141  0.0135a
0.140  0.0091a
a
0.112  0.0125
0.120  0.0000a
0.118  0.0069a
0.118  0.0069a
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4 The effect of p-coumaric acid on browning inhibition in potato
polyphenol oxidase-catalyzed reaction mixtures
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4.1 Abstract
There has been considerable interest in using natural PPO inhibitors to control
browning in fruit and vegetable products. p-Coumaric acid, a common secondary
metabolite of plants, has been studied as an inhibitor of polyphenol
oxidases/tyrosinases from several foods (e.g., mushroom, apple, potato). However,
studies on the use of p-coumaric acid for the inhibition of PPO-initiated browning
in actual food systems are limited. Therefore, a study was done to ascertain the
efficacy of using p-coumaric acid to limit PPO-initiated browning in fresh potato
juice. βCyD was included in this study to determine the potential of using it in
combination with p-coumaric acid for browning inhibition. Diluted fresh potato
juice and semi-purified potato PPO with tyrosine and/or chlorogenic acid were used
as representative reaction mixtures. Tyrosine and chlorogenic acid are the primary
PPO substrates found in potatoes. Color was characterized spectrophotometrically
and/or colorimetrically. Extents of browning inhibition were shown to be reaction
system-dependent. Browning in potato juice per se was unexpectedly enhanced by
the addition of p-coumaric acid. This was interpreted as p-coumaric acid acting as
an alternative substrate with significantly higher browning efficiency. Addition of
βCyD to p-coumaric acid containing potato juice slightly reduced the extent of color
enhancement; extents of browning under these conditions were higher than that
observed in the native potato juice (i.e., potato juice without the addition of pcoumaric acid). The addition of p-coumaric acid to any of the model reaction
mixtures (i.e., those containing semi-purified enzyme and substrates) significantly
inhibited browning and the addition of βCyD slightly enhanced the inhibitory effect.
The discrepancy in p-coumaric acid effects on browning inhibition in different
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reaction systems is postulated to be due to non-enzyme and non-substrate
components in potato juice that participate in the post-PPO reaction sequences that
ultimately lead to brown color formation.
Keywords: polyphenol oxidase, browning inhibition, p-coumaric acid, potato juice
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4.2 Introduction
Enzymatic browning leading to unwanted tissue discoloration is a great
concern in the food industry because it negatively affects food quality (particularly
appearance) and thus lowers consumer acceptability. Thus, unwanted enzymatic
browning results in large amounts of food waste. This browning (production of
melanin pigments) is a consequence of a series of reactions initiated by polyphenol
oxidase (PPO)-catalyzed phenolic compound oxidation to quinones (Queiroz et al.,
2008). The PPO reaction is common to raw, oxygen-exposed, plant-based foods
that have suffered cell disruption, particularly during fruit and vegetable postharvest
handling, storage and processing. Thus, there remains considerable interest in
developing strategies to control browning in foods. Enzymatic browning is
commonly retarded using one or more of three different approaches, (1) enzyme
inhibition/inactivation, (2) quinone reduction/modification, and (3) substrate (i.e.,
phenolics, oxygen) removal/modification (Croguennec, 2016). Chemical antibrowning agents that have been studied for these purposes include ascorbic acid
and its derivatives (Sapers et al., 1989), citric acid (Ali et al., 2014), sulfites, sulfurcontaining organics (e.g., cysteine, glutathione) (Kuijpers et al., 2012),
ethylenediaminetetraacetic acid (EDTA) (Yoruk & Marshall, 2003), 4hexylresorcinol, kojic acid, aromatic carboxylic acids (e.g., benzoic and cinnamic
acids), halides (e.g., sodium chloride), cyclodextrins (Jiang & Penner, 2019;
Queiroz et al., 2008). Sulfites were among the most widely used anti-browning
agents for fresh fruit and vegetable products, but their use was banned by the FDA
in 1986 due to the health concerns. Nowadays, ascorbic acid is probably the most
widely used anti-browning agent in food industry. Unfortunately, ascorbic acid
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works by reducing quinones back to the corresponding di-phenols and thus it only
temporarily controls browning (Croguennec, 2016). Once the ascorbic acid in a
system is consumed, then quinones will build up and brown color will form. Hence,
alternative anti-browning agents need to be investigated.
There is considerable interest in searching for natural PPO inhibitors to control
browning in fruit and vegetable products. p-Coumaric acid (pCA), a common
secondary metabolite obtained from plants, has been studied as an inhibitor of
PPOs/tyrosinases from several foods (e.g., mushroom, apple, potato) (Macrae &
Duggleby, 1968; Shi et al., 2005; Walker & Wilson, 1975). pCA inhibition of PPO
is reported reversible due to its competitive or mixed-type (non-competitive in some
cases) inhibitory behavior under different reaction conditions depending on
substrates and enzymes from various sources (de Jesus Rivas & Whitaker, 1973;
Lim et al., 1999; Macrae & Duggleby, 1968; Robert et al., 1997; Shi et al., 2005).
The interaction between pCA and PPO in the presence of a natural substrate
tyrosine is commonly explained by pCA competing with tyrosine for the active site
of the enzyme due to its structure being similar to that of tyrosine (see Figure 4.1)
(Chang, 2012). In fact, pCA can be oxidized by PPO from several sources (e.g.,
mushroom, potato) (Garcia-Jimenez et al., 2017; Macrae & Duggleby, 1968),
confirming that it can reside in the active site. Thus, being an alternative substrate
for PPO, pCA appears to inhibit PPO-catalyzed oxidation of the natural phenolics
endogenous to fruits and vegetables, such as tyrosine. The oxidation of pCA results
in the formation of a different quinone (i.e., o-caffeoquinone), which leads to
different quinone-derived products. The result is that pCA inhibits the formation of
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the melanin pigments that would naturally be derived as a result of tyrosine
oxidation (Chang, 2009, Garcia-Jimenez et al., 2017).
The pCA effect on inhibiting PPO-catalyzed reactions is well studied in model
systems comprised of enzyme and substrate in buffer (Macrae & Duggleby, 1968;
Robert et al., 1997; Shi et al., 2005). However, studies on the use of pCA for the
inhibition of PPO-initiated browning in actual food systems are very limited. Antibrowning effects were found in actual food systems (e.g., potato/apple puree, freshcut banana slices) when pCA-containing plant extracts, such as rice bran extract
and pineapple shell extract were used (Saisung & Theerakulkait, 2011; Sukhonthara
et al., 2016); the anti-browning nature of these extracts was attributed to the pCA
within them. The individual effect of pCA on delaying browning was only found in
mushroom from a single study (Hu et al., 2016). Thus, the direct/individual effect
of pCA on browning inhibition in actual food systems has not been extensively
investigated. This is certainly relevant to understanding the nature and application
of pCA for the control of enzymatic browning in foods. Arguments in favor of
investigating pCA as an anti-browning agent for use in fruits and vegetables
include : (1) pCA has been shown to inhibit PPO-catalyzed reactions and related
browning in model systems; (2) pCA is widely distributed in plants and thus
potentially readily available (e.g., rice/corn bran, pineapple shell, ginseng leaves)
(Choi et al., 2007; Lim et al., 1999; Saisung & Theerakulkait, 2011; Sukhonthara
et al., 2016), and (3) pCA is a natural compound that is likely to be ‘safe’ for food
applications.
The present study uses freshly-prepared potato juice as a representative food
system to investigate the effect of pCA on browning inhibition. Potato juices readily
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undergo enzymatic browning (Narváez-Cuenca et al., 2013); the browning
associated with potato juice occurs in stages, from yellow to pink to brown to black.
Severe blackening of potato tissues and juices has been attributed to the oxidation
of the endogenous substrate tyrosine (Adams & Brown, 2007). This discoloration
undoubtedly lowers the quality of potato products (Color is often considered as the
first quality parameter evaluated by consumers [Pathare et al., 2013]). There is
limited information related to the color development in potato juice system
associating with substrates/inhibitors. Thus, studying such a system would provide
more information about color development/reduction. Although fresh potato juice
is not commercially produced for consumers, it is used as the model food system
because understanding the color development in potato juice will help us
understand the process in potato tissue (e.g., fresh-cut potatoes) and the juice is far
easier to use experimentally.
The aim of this study was to investigate the effect of using pCA on browning
inhibition in a potato juice system. A relatively defined model system was included
in this study for comparative purposes. The specific questions addressed in this
study are: (1) Does pCA inhibit browning in fresh potato juice? (2) Does pCA
behave the same towards browning inhibition in model and fresh potato juice
system?
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4.3 Materials & Methods
Materials
Russet potatoes were purchased from local markets. p-Coumaric acid (pCA)
(98.0%, HPLC), L-tyrosine (reagent grade, 98.0%, HPLC), -cyclodextrin
(CyD) (97%), chlorogenic acid (CA; preferred IUPAC numbering 5-Ocaffeoylquinic acid [Clifford, 1999]; 95%), L-ascorbic acid (AA) (reagent grade,
crystalline), and tropolone (98%) were purchased from Sigma-Aldrich (USA).
Chlorogenic acid stock solutions were prepared in dilute acid (10 mM phosphoric
acid) to prevent autoxidation (Muñoz-Muñoz et al., 2012).

Preparation of fresh potato juice
Approximately 50 g, weighed to nearest 0.1 g, of peeled, washed, then diced
potato (chilled at 4 oC) was mixed in a pre-chilled blender with an equal weight of
an aqueous solution (chilled at 4 oC) that was 10 mM AA, 50 mM sodium phosphate,
pH 7.0, and homogenized for 30 s. The resulting homogenate was filtered through
four layers of cheesecloth followed by centrifugation of the filtrate at 10,000 rpm
for 15 min at 4 oC. The collected supernatant, hereafter referred to as fresh potato
juice, was kept in an ice bath until used for enzymatic browning studies (within 1
hr).

Preparation of semi-purified PPO
A PPO extract (i.e., fresh potato juice) was prepared as described above with
the exception that the homogenizing phosphate buffer contained 30 mM AA. Icecold acetone was added dropwise to the PPO extract until it was 50% acetone (v/v);
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precipitation of PPO was allowed to proceed at -20 oC for 1 hour. The resulting
suspension was then centrifuged at 10,000 rpm for 30 min at4 oC. The supernatant
was discarded, and the pellet washed three times with 25 mL ice-cold acetone. The
resulting washed precipitate was dried in the hood while setting in an ice bath for
approximately 3 hours. The resulting dried powder is hereafter referred to as PPOacetone powder (PPOA). Semi-purified PPO enzyme preparation/solution (SPPO)
was made by adding PPOA to 50 mM sodium phosphate buffer, pH 7.0, to give 25
mg PPOA per mL buffer. This suspension was allowed to dissolve for ~1 hour at 0
o

C and then centrifuged at 10,000 rpm for 15 min at 4 oC. The resulting enzyme-

containing supernatant, hereafter referred to as semi-purified PPO preparation, was
decanted and kept in an ice bath until used.

Quantification of color formation
Color was determined spectrophotometrically and/or colorimetrically at
ambient temperature (~22 oC). Spectrophotometrically, color formation was taken
as increase in absorbance at 490 nm using Shimadzu UV160U spectrophotometer
with 1-cm disposable cuvettes. Colorimetrically, formation was also characterized
using a Hunter Lab Color Quest colorimeter with a D65 light source and an observer
angle at 10 o in a transmittance mode. An optically-clear glass cell with 10 mm path
length was used. Measured CIE coordinates, L* (lightness-darkness), a* (redgreen), and b* (yellow-blue) were used for color evaluation. The L* parameter was
used as a measure of “lightness,”, the a* parameter a measure of the relative redgreen intensity, and the b* parameter a measure of relative yellow-blue intensity.
The total color difference E* was calculated as follows:
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E* = [(L*)2 + (a*)2 + (b*)2]1/2
Where L*, a*, and b* represent the difference in L*, a* and b* between control
and tested samples, respectively (Pathare et al., 2012).

Effect of tyrosine on model potato juice color development
Model potato juice system contained 0.3 mM CA, various concentration of
tyrosine (0 – 2 mM) and semi-purified enzyme in 50 mM sodium phosphate buffer,
pH 7.0. Enzyme reactions were initiated by adding 0.1 mL semi-purified PPO
preparation to 2.1 mL temperature-equilibrated substrate solution. After two-hour
reaction at ambient temperature (~22

o

C), color spectra were then taken

spectrophotometrically ranging from wavelength 400 – 800 nm.

Effect of pCA concentration on color formation in a model and fresh potato
juice system
In a model system, reaction mixtures contained 0.05 mM CA, 2 mM tyrosine,
and various concentration of pCA (0 – 5 mM) in 50 mM sodium phosphate buffer,
pH 7.0. Enzyme reactions were initiated by adding 0.1 mL semi-purified PPO
preparation to 2.1 mL above reaction mixtures. After two-hour reaction at ambient
temperature (~22 oC), color was measured spectrophotometrically as described
above. In a fresh potato juice system, enzyme reactions were initiated by adding 0.4
mL potato juice to 2 mL 50 mM phosphate buffer, pH 7.0, containing pCA amounts
such that final reaction mixture concentrations of pCA ranged from 0 – 5 mM. After
two-hour reaction at ambient temperature (~22
spectrophotometrically as described above.

o

C), color was measured
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Effect of pCA and/or CyD on color formation in a model and fresh potato
juice system
In the model system, reaction mixtures contained 2 mM tyrosine, 0.05 or 0.3
mM CA, 5 mM pCA, or 10 mM CyD or a combination of the latter two in 50 mM
sodium phosphate buffer, pH 7.0. Enzyme reactions were initiated by adding 0.1
mL semi-purified PPO preparation to 2.1 mL above reaction mixtures. PPO reaction
mixtures

were

incubated

for

2

hours.

Color

was

then

measured

spectrophotometrically and colorimetrically as described above. In the fresh potato
juice system, reaction mixtures contained 5 mM pCA, or 10 mM CyD or a
combination of the latter two in 50 mM sodium phosphate buffer, pH 7.0. Enzyme
reactions were initiated by adding 0.4 mL fresh potato juice to 3 mL above reaction
mixtures. PPO reaction mixtures were incubated for 2 hours. Color was measured
spectrophotometrically as described above.

Effect of juice concentration on pCA and/or CyD inhibition of color
formation
Reaction mixtures contained 5 mM pCA, or 10 mM CyD or a combination
of the latter two in 50 mM sodium phosphate buffer, pH 7.0. Enzyme reactions were
initiated by adding 0.2, 1.0, or 2.0 mL fresh potato juice to 8.6, 7.8, or 6.8 mL above
reaction mixtures, respectively. Color was measured spectrophotometrically as
described above.
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Effect of tropolone on color formation in pCA-containing fresh potato juice
Reaction mixtures contained 0.2 mM tropolone and various concentration of
pCA (0 – 5 mM) in 50 mM sodium phosphate buffer, pH 7.0. Enzyme reactions
were initiated by adding 0.4 mL fresh potato juice to 2 mL above reaction mixtures.
After two-hour reaction at ambient temperature (~22 oC), color was measured
spectrophotometrically as described above. Control experiments were treated
identically but without tropolone.

Statistical analysis
The data were reported as means  standard deviation of triplicate experiments.
Statistical differences between different treatments (groups) were determined by
analysis of variance (ANOVA) and Tukey’s post hoc test (p  0.05). Statistical
analyses were performed using Minitab 16 (Minitab LLC. State College, PA)
software.

4.4 Results & Discussion
Freshly cut potatoes readily brown due to PPO-catalyzed quinone formation.
Color formation progresses through a range of colors (e.g., yellow, pink, orange,
purple, brown, black), eventually turning black. The molecular nature of potato
discoloration has not been worked out. This work aims to contribute toward the goal
of understanding this process by comparing the effect of pCA on color development
in potato juice and a model system. Initial experiments were aimed at characterizing
color development in the model system which is based on potato PPO and substrates
endogenous to the potato. The goal of these initial experiments was to have a well
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characterized, relatively simple, system against which to compare the character of
color development in the actual potato juice system.
The first experiment evaluated the effect of tyrosine on color development in
the SPPO/CA model system (Figure 4.2). CA and tyrosine are the primary
endogenous PPO substrates of potato. Ratios of tyrosine to CA for this experiment
were 0, 3.33, and 6.67, simulating the ratio of these substrates in potato tubers (Dao
& Friedman 1992; Leszczyński, 1989, Matheis & Belitz, 1977). Comparing with
the color spectrum that is solely due to PPO/CA reactions, PPO reactions with a
mixture of tyrosine and CA clearly generate a pink/reddish product which is
maximumly absorbed at ~490 nm. The compound formed is likely to be
dopachrome, produced from auto-oxidation of dopaquinone, an initial product from
PPO-catalyzed tyrosine/L-DOPA oxidations (Chang, 2009). At physiological pH,
unstable dopachrome undergoes rearrangement forming intermediates that can
react with other compounds especially with nucleophiles, resulting in black/dark
brown colored products (Ramsden & Riley, 2014). Such a color change (from pink
to black) compounds was actually observed in a reaction mixture containing semipurified PPO preparation and tyrosine during a long reaction time (~24 hours) at
room temperature. But when PPO reacts with CA under the same conditions, the
color of reaction mixtures changed from yellow to brown instead. It has been
reported that quinones generated by PPO/CA reactions are yellowish/greenish and
subsequent quinone reactions with other compounds (e.g., amino acids, proteins)
leading to polymerization of brown pigments (Croguennec, 2016). This indicates
tyrosine is the substrate, not CA, that contributes the color formation from pink to
black in the model system, which is actually very similar to that in a fresh potato
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juice system. In fact, it has been reported that tyrosine is associated with blackspot
formation in potato tubers (Stevens et al., 1998). Thus, with tyrosine being a more
significant substrate in color development in potato, pink/reddish color was
particularly studied (i.e., color absorbance measured at 490 nm) in potato juice
system.
The primary question addressed in this study is the effect of pCA on color
formation in actual potato juice system. In combination with pCA, βCyD was also
included in this study to determine the potential of using it for browning inhibition.
For simplicity, pCA and/or CyD effect on PPO-initiated color formation was
firstly evaluated in the model system and then the fresh potato juice system. With
respect to the model system, after 2-hour PPO reactions with tyrosine and CA in
the absence of pCA and/or CyD, it was found the higher the CA concentration the
higher absorbance of the reaction mixture (Figure 4.3). This indicates enzyme
affinity to different substrates. In the case of current systems, smaller Km value of
potato PPO for CA (0.14 mM) comparing with that for tyrosine (1.4 mM) indicates
CA is a preferable substrate for potato PPO (Matheis & Belitz, 1977). Also, PPO
enzymes generally oxidize diphenols more rapidly than monophenols (Yoruk &
Marshall, 2003). Thus, CA is the substrate that is rapidly oxidized by PPO. Being
a monophenol, tyrosine is very slowly oxidized by potato PPO (Macrae &
Duggleby, 1968). Indeed, with higher concentration of CA (0.3 mM) in the reaction
mixture, the color first observed (~1 min after reaction initiation) was quite
yellow/light green which is likely to be quinone products generated from CA
oxidation (Croguennec, 2016). The color then changed to pink/orange after 2-hour
reactions. Recall that the pink/reddish color is more likely due to dopachrome,
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coming from PPO/tyrosine oxidation. In the presence of low concentration of CA
(0.05 mM), the yellow color due to CA oxidation was not visually observed but
pink color was shown instead. This indicates, in the case of the model system, PPO
oxidizes CA faster than tyrosine, and the ratio of tyrosine and CA decides the
relative intensity of pink and yellow color.
In the presence of 5 mM pCA, the color formation was significantly reduced
(Figure 4.3) comparing with the control system (no pCA added). This demonstrates
an inhibition of color formation in the model system by pCA. pCA has been
reported as a competitive inhibitor of potato PPO when monophenol p-cresol is a
substrate, and a mixed-type inhibitor when CA is a substrate (Macrae & Duggleby,
1968). With respect to current system, since pCA can be very slowly oxidized by
potato PPO (Macrae & Duggleby, 1968), pCA could act as an alternative substrate
that possibly competes with tyrosine used by PPO, resulting in a decrease in
dopachrome initiated by tyrosine oxidation. Note that color inhibition by pCA
would only occur when the product generated from PPO/pCA reaction and its
secondary reactions intends to show less color comparing with color from
dopachrome due to tyrosine oxidation. In the presence of 10 mM CyD, the color
formation was significantly reduced comparing with when CyD was absent, but
the extent of color reduction was less than when 5 mM pCA was present (Figure
4.3). The mechanism of CyD inhibiting potato PPO-initiated color formation is
that CyD forms inclusion complex with CA resulting in a reduction of free CA
concentration and slower PPO/reaction with CA. With respect to PPO/tyrosine
reactions, CyD does not have a significant effect due to its low binding capacity
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with tyrosine. Our previous work has already shown CyD does not directly
inactivate PPO in potato.
When both pCA and CyD were included in the reaction mixture, the extent
of color inhibition was higher than when either pCA or CyD was used alone,
especially in the presence of high CA concentration (Figure 4.3). This also indicates
a strong interaction between CyD and CA but not pCA. It has been reported that
in water, the CyD/pCA binding constant (stability constant) is 160 M-1 (Liu et al.,
2016), which is approximately 4 times smaller than CyD/CA (646 M-1; Irwin et
al., 1994). Thus, CyD does not bind pCA as strongly as CA. The effect of pCA on
color formation would not be limited as the amount of free pCA that can interact
with PPO does not significantly change in the presence of CyD. This was shown
in Figure 4.3 that a combined use of CyD and pCA does not decrease the color
reduction but even slightly increases.
To better characterize the color formation in the model system, color was also
measured colorimetrically. The result shows L* values in the presence of pCA
and/or CyD are higher than the control (with pCA and/or CyD absent), especially
in the presence of higher concentration of CA (0.3 mM) (Figure 4.4a). This
indicates the addition of pCA and/or CyD lightens color of reaction mixtures, with
a combined use of pCA and CyD the most efficient on color inhibition. However,
all lightness values are very high (> 90) due to the model system itself and also due
to the path length of colorimeter transmittance cell that was used. In the presence
of pCA and/or CyD, both a* and b* values are decreasing comparing with that in
the absence of pCA and/or CyD (Figures 4.4b and 4.4c). This indicates both red
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and yellow color were significantly reduced by pCA and/or CyD. Figure 4.4d also
shows the significant total color difference (i.e., color reduction) in the presence of
pCA and/or CyD and a combined used of pCA and CyD results in the greatest
total color difference. Based on color parameters (L*, a* and b*) and the total color
difference, pCA alone has a higher inhibitory effect on color formation than CyD
alone. However, the addition of βCyD enhanced the inhibitory effect of pCA on
color formation in the model system (Figure 4.4).
Data presented in the model system shows pCA significantly inhibits color
formation, with an enhanced inhibitory effect in the presence of CyD. However,
in a fresh potato juice system, the addition of same amount of pCA enhanced color
formation, with a less extent of color enhancement in the presence of CyD
comparing with fresh potato juice in the absence of pCA and/or CyD (Figure 4.5).
Further experiments evaluated the effect of pCA concentration on color formation
in both model and fresh potato juice system. The results show color formation is
reduced, depicted as decreases in absorbance with increasing pCA concentrations
in the model system containing substrates and semi-purified enzyme (up to 60%
color inhibition at 5 mM pCA); However, the addition of pCA, especially at
concentrations 0.5 and 1.0 mM, significantly increases the color absorbance in fresh
potato juice comparing with no pCA added (Figure 4.6). This is similar to what was
found in Figure 4.5. These indicates new colored compounds might be generated in
a fresh potato juice with the addition of pCA. Thus, pCA is likely to be an
alternative substrate of potato PPO or other enzymes (e.g., peroxidase). To test if
the color enhancement is due to PPO, a PPO specific inhibitor, tropolone was
included in the fresh potato juice system. Figure 4.7 shows that in the presence of
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tropolone, color formation was completely inhibited either with or without pCA.
This suggests PPO is responsible for color enhancement with pCA present possibly
due to pCA being a substrate in the fresh potato juice system. It is reasonable
because pCA can be very slowly oxidized by potato PPO (Macrae & Duggleby,
1968). Being a substrate of PPO, pCA is possibly hydroxylated to caffeic acid by
PPO, and the latter is then oxidized to caffeic acid quinone. The similar reactions
occur in the spinach-beet PPO system (Vaughan & Butt, 1970). In this case, the
caffeic acid quinone would subsequently react forming dark red/brown pigments,
differing from black pigments produced by tyrosine oxidation. An observation
regarding this is in the presence of pCA, brown pigments were eventually formed
(after ~24 hours) comparing with black pigments produced in the absence of pCA.
This indicates by interacting with PPO, pCA might alter the final colored product
that should be initiated by PPO reactions with endogenous substrates in the fresh
potato juice.
When different amount of fresh potato juice was added to reaction mixtures
containing pCA and/or CyD, the effect of pCA on color formation is similar.
pCA significantly enhances browning in fresh potato juice at all concentrations, but
a reduced extent of color enhancement was found when the highest amount of
potato juice was added (Figure 4.8).

High amount of fresh potato juice is

associating with the more concentrated enzyme, endogenous substrates, and other
compounds. Reduced extent of color enhancement is probably due to: (1)
endogenous substrates would compete with PPO reactions with pCA, thus affect
the color formation due to PPO/pCA; (2) other compounds in the potato juice inhibit
the color formation due to PPO/pCA.
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When comparing the effect of pCA on browning inhibition in the fresh potato
juice system with the model system, the effect of pCA on browning inhibition was
shown to be reaction-system dependent. The discrepancy in pCA effects on
browning inhibition in different reaction systems is possibly due to several reasons:
(1) pCA is more rapidly oxidized in the fresh potato system than in the model
system, probably due to the low catalytic efficiency of semi-purified PPO on pCA
comparing with a crude enzyme; (2) non-enzyme and non-substrate components in
fresh potato juice participate in the post-PPO reaction sequences that ultimately lead
to enhanced brown color formation.

4.5 Conclusion
The present study evaluated the efficacy of using pCA to limit PPO-initiated
browning in fresh potato juice. The addition of pCA in the fresh potato juice system
unexpectedly enhanced browning but significantly inhibits browning in the model
system. The extent of browning inhibition by pCA appears to be reaction-system
dependent. The difference in pCA effects on browning inhibition is probably due
to components present in fresh potato juice that can participate in efficient browning
formation after PPO-catalyzed reactions or the crude enzyme in fresh potato juice
that can use pCA as an alternative substrate more efficiently than a semi-purified
PPO preparation. By working with different systems, this study demonstrates the
difficulty in applying PPO inhibitors to an actual food system, which is more
complexed and various factors are to be considered.
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4.7 Figures

Figure 4.1. Structure of L-tyrosine and p-coumaric acid (pCA).
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Figure 4.2. Color spectra of a model system containing semi-purified PPO
preparation and substrates. Reaction mixtures were 0.3 mM CA, 0 – 2 mM tyrosine
(tyr), 50 mM sodium phosphate buffer, pH 7.0. Reactions were initiated by adding
0.1 mL semi-purified PPO preparation to 2.1 mL reaction mixture. Spectrums were
taken spectrophotometrically after two-hour reactions.
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Figure 4.3. Effect of pCA, CyD, and a combination of pCA and CyD on color
formation, depicted as increase in absorbance, in a model system. Reaction mixtures
were potato endogenous substrates solution (2 mM tyrosine (tyr) and 0.05 mM or
0.3 mM CA), and 5 mM pCA or 10 mM CyD or a combination of pCA and CyD.
Enzyme reactions were initiated by adding 0.1 mL semi-purified PPO preparation
to 2.1 above reaction mixture. Color absorbance were spectrophotometrically
measured at 490 nm after two hours PPO reactions at room temperature. Values are
means  standard deviations from triplicate assays. Mean values that do not share a
letter are significantly different (p  0.05) at the same CA concentration.
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Figure 4.4. Effect of pCA, CyD, and a combination of pCA and CyD on color
formation, depicted as change in color parameters L* (a), a* (b), b* (c) and total
color difference E* (d) in the model system. Reaction mixtures were as in Figure
4.3. Enzyme reactions were initiated by adding 0.6 mL semi-purified PPO
preparation to 12.6 mL reaction mixture. Color were colorimetrically measured
after two-hour PPO reactions at room temperature. Values are means  standard
deviations from triplicate assays. Mean values that do not share a letter are
significantly different (p  0.05) at the same CA concentration.
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Figure 4.5. Comparison of pCA and/or CyD effects on color formation in a model
and fresh potato juice system. In a model system, reaction mixtures contained 2 mM
tyrosine, 0.05 mM CA, and 5 mM pCA or 10 mM CyD or a combination of pCA
and CyD. Enzyme reactions were initiated by adding 0.1 mL semi-purified PPO
preparation to 2.1 above reaction mixture. In a fresh potato juice system, reaction
mixtures contained 5 mM pCA, or 10 mM CyD or a combination of the latter two
in 50 mM sodium phosphate buffer, pH 7.0. Enzyme reactions were initiated by
adding 1 mL fresh potato juice to 7.8 mL above reaction mixtures. Values are means
 standard deviations from triplicate assays. Mean values that do not share a letter
are significantly different (p  0.05) within the same system.
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Figure 4.6. Effect of pCA concentration on color formation, depicted as increase
in absorbance, in a model and fresh potato juice system. In the model system,
reaction mixtures contained 0.05 mM CA, 2 mM tyrosine, and various
concentration of pCA (0 – 5 mM) in 50 mM sodium phosphate buffer, pH 7.0.
Enzyme reactions were initiated by adding 0.1 mL semi-purified PPO preparation
to 2.1 mL above reaction mixtures. In a fresh potato juice system, reaction mixtures
contained various concentration of pCA (0 – 5 mM) in 50 mM sodium phosphate
buffer, pH 7.0. Enzyme reactions were initiated by adding 0.4 mL fresh potato juice
to 2 mL above reaction mixtures. Values are means  standard deviations from
triplicate assays. Mean values that do not share a letter are significantly different (p
 0.05) within the same system.
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Figure 4.7. Effect of tropolone on color formation depicted as increase in
absorbance, in a fresh potato juice system. Reaction mixtures contained 0.2 mM
tropolone and various concentration of pCA (0 – 5 mM) in 50 mM sodium
phosphate buffer, pH 7.0. Enzyme reactions were initiated by adding 0.4 mL fresh
potato juice to 2 mL above reaction mixtures. Control experiments were treated
identically but without tropolone. Data points represent means  standard deviation
from triplicate assays. Mean values that do not share a letter are significantly
different (p  0.05) at the same pCA concentration.
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Figure 4.8. Comparison of pCA and/or CyD effects on color formation in reaction
mixtures containing various amount of fresh potato juice (PJ). Reaction mixtures
contained 5 mM pCA, or 10 mM CyD or a combination of the latter two in 50 mM
sodium phosphate buffer, pH 7.0. Enzyme reactions were initiated by adding 0.2,
1.0, or 2.0 mL fresh potato juice to 8.6, 7.8, or 6.8 mL above reaction mixtures,
respectively. Values are means  standard deviations from triplicate assays. Mean
values followed by different letters are significantly different (p  0.05) at the same
concentration of fresh potato juice.
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CHAPTER 5

5 General conclusion
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The impetus of all studies included in this dissertation was to
determine/evaluate the role of βCyD, AA and pCA in rate of PPO-catalyzed
browning in potato-based reaction mixtures. The first study determines the
mechanism(s) by which βCyD affects potato PPO activity. This information has
relevance to the use of βCyDs for the control of endogenous PPO activities in potato
products and in the use of βCyDs in conjunction with potato PPO for
biotechnological applications. The results summarized herein are all consistent with
βCyDs affecting PPO reaction mixtures through selective substrate sequestration.
The data does not support the notion that βCyD directly inactivates potato PPO, as
previous reported. This means that βCyD usage for the control of endogenous
potato PPO activity is best viewed as a reversible equilibrium-based system. With
respect to biotechnological applications, it suggests that βCyDs can be used in
conjunction with potato PPOs without concern for direct βCyD-induced irreversible
enzyme inactivation. The second study evaluated the role of AA in potato PPO
extraction and activity quantification. The results summarized herein show that AA
primarily prevents quinone formation and minimally protect potato PPO during the
extraction.

PPO

inactivation

found

during

spectrophotometric

activity

quantification in the presence of AA is due to catechol being a mechanism-based
inhibitor of enzyme. AA was found to slow but not prevent such a mechanismbased inactivation of catechol induced, possibly due to preventing quinone
formation. PPO was found to be protected by AA in the presence of CA. There is
no direct effect of AA on potato PPO inactivation. The problems associated with
the presence of AA in PPO assay mixtures could be circumvented by using
ascorbate oxidase to remove AA immediately prior to the addition of catechol as
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the primary assay substrate or by using chlorogenic acid as the primary assay
substrate. The third study evaluated the efficacy of using pCA to limit PPO-initiated
browning in fresh potato juice. The addition of pCA in the fresh potato juice system
unexpectedly enhanced browning but significantly inhibits browning in the model
system. The extent of browning inhibition by pCA appears to be reaction-system
dependent. The difference in pCA effects on browning inhibition is probably due
to components present in fresh potato juice that can participate in efficient browning
formation after PPO-catalyzed reactions or the crude enzyme in fresh potato juice
that can use pCA as an alternative substrate more efficiently than a semi-purified
PPO preparation. By working with different systems, this study demonstrates the
difficulty in applying PPO inhibitors to an actual food system, which is more
complexed and various factors are to be considered.
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