Journal of

Applied Biotechnology
Reports

J Appl Biotechnol Rep. 2021 June;8(2):83-95

@ 10.30491)ABR 2021.255549.1308

L))

st Review Article

Extraction and Characterization of Polyphenol Oxidase
From Plant Materials: A Review

Danilo C. Sabarre Jr', Camila Flor Yagonia-Lobarbio™
'BioProcess Engineering and Research Center, Department of Chemical Engineering, University of San Carlos, Cebu City, Philippines

Corresponding Author: Camila Flor Yagonia-Lobarbio, PhD, Professor, BioProcess Engineering and Research Center, Department
of Chemical Engineering, University of San Carlos, Cebu City, Philippines. Tel: +6332-230-0100, Fax: +6332-344-6783, Email:
cfjyagonia@usc.edu.ph

Received November 2, 2020; Accepted April 4, 2021; Online Published May 18, 2021

Abstract

Polyphenol oxidase (PPO) is a copper-containing enzyme that can be used for different applications including wastewater treatment and biosensing.
Given these wide arrays of application, the reaction and biochemical characteristics of the enzyme must be known to further determine its other
applications and to control the essential factors during processing. The purpose of this research was to review the different factors that influence
effective extraction and characterization of PPO from plant materials. The pH of the extraction mixture, extraction temperature, type of buffer,
mass to solvent ratio, extraction time, and additives are the factors that influence effective extraction of PPO from plant materials. Since PPOs
taken from different plant sources have varied protein structures, these factors have different effects during extraction. The isolated PPO from the
extraction process can be characterized based on its activity as a function of pH, temperature, and type of substrate, and on the values of its kinetic
parameters (K _and V). PPO isolated from different plant sources show varied optimum pH, optimum temperature, substrate affinity, and kinetic

parameter values.
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Introduction

Polyphenol oxidase (PPO) is a broad class of copper-
containing enzymes responsible for the browning reaction
observed in plants and animals.! The PPO found in humans is
responsible for skin pigmentation including the development
of freckles. In plants, PPO has been shown to be found inside
the cell, particularly in the cell’s plastids while phenolic
compounds that act as PPO’s substrate are found in the cell’s
vacuoles.>® When the PPO and polyphenols are mixed either
by senescence or because of injury, the reactions catalyzed by
PPO commence. Both membrane-bound and soluble PPO
are reported to be present in the thylakoid membrane and
thylakoid lumen, respectively.*

There are three types of reactions that are catalysed by PPO:
the hydroxylation of monophenols to form o-diphenols (also
called as cresolase activity), the oxidation of o-diphenols to
form o-quinones (also called catecholase activity), and the
oxidation of p-diphenols to form p-quinones (also called
laccase activity).>** The last of the three reactions is particular
to laccase, a sub-class of the broad PPO group, although
laccase can also catalyse the oxidation of o-diphenols to
o-quinones.’ The three catalysed reactions, shown in Figure
1, utilize oxygen as an oxidant and co-substrate. Although
cresolase activity is coupled with catecholase activity and may
be viewed as a series of reactions, the catecholase activity is

not always preceded by cresolase activity.” The o-quinones
can then polymerize or form complexes with amino acids
or proteins leading to the formation of brown pigments
or polymers. In the food industry, the formation of these
brown polymers is undesirable as it decreases the visual and
nutritional quality of the plant leading to problems in its
marketability.%”

Different sources of PPO have been reported in literature
including fungi, bacteria, seafood, and plants. PPO has
been characterized from the mushrooms Agaricus bisporus,
Armillaria mellea, Lentinus edodes, Lepista nuda, Hypholoma
fasciculare, and Pycnoporus sanguineus.*'* PPO has also been
produced intracellularly in the bacteria Bacillus sp. A."'' The
PPO found in shrimps and lobsters are responsible for the
darkening of the crustaceans’ parts during storage.'*’* PPO
has been extracted, purified, and characterized in various
plants including sapodilla plum,'® apple fruit,”” avocado
fruit,'® marula fruit,” potato,® Chinese cabbage, banana
pulp,? cauliflower,” and truffles.?* Different parts of a plant
can also contain PPO. For instance, PPO has been shown to
be present in different parts of the mango fruit including the
pulp, peel, and sap.>>*’

PPO has been reported to have several industrial uses. The
ability of PPO to oxidize aromatic compounds has garnered
significant interest. Previous studies have immobilized PPO
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Figure 1. Three Types of Reactions Catalyzed by PPO: (A) hydroxylation of monophenols to form o-diphenols, (B) oxidation of o-diphenols to form
o-quinones, (C) oxidation of p-diphenols to form p-quinones*#; drawn using ACD/ChemSketch.

in different supports (e.g. membranes, gels, nanocomposites,
nanoparticles) for the removal of phenols and other aromatic
compounds from wastewater discharged from diverse
industries like plastic, steel, paper, wood, etc.®®*' Removal
of these toxic compounds is important as they can cause
health problems such as renal diseases, skin cancer, and even
death.” The use of PPO in the bioremediation of wastewater
is preferable since it uses molecular oxygen as the oxidant in
its reactions. Other bioremediation methods using peroxidase
or hemoglobin would need hydrogen peroxide, a costly
chemical, in lieu of molecular oxygen.** Aside from its ability
to treat wastewater, PPO immobilized in polymers, anionic
clays, and carbon nanotubes was also used as biosensors to
detect cyanide content and phenolic compounds in aqueous
solutions.”?

The presented studies highlight the importance of
having an adequate supply of PPO. Hence, extraction
and characterization of PPO from different plant sources
is important. The aim of this research was to review the
different factors that influence effective extraction of PPO
from plant materials and its subsequent characterization. The
isolated PPO from different plant materials was characterized
and compared based on the activity as a function of pH,
temperature, and type of substrate, and on the values of its
kinetic parameters (K_and V__ ).

Extraction of Plant PPO

Since PPO in plants is shown to be an intracellular enzyme,
it has to be removed through the disruption of the plant’s
cellular structure.”® This involves breaking the integrity of the
rigid cell wall housing the cellular fluid and organelles. After
disruption of the cell wall, the cellular contents are released
and should be solubilized in a solvent.”

In the entire extraction process, PPO’s stability and its
possible inactivation are prime concerns.” The development
of the extraction procedure and the selection of extraction
conditions should be geared towards the realization of these
goals. A suitable buffer in ice-cold temperature is normally

used in PPO extraction to solubilize the released enzyme
while maintaining enzyme stability.***

Before the extraction of PPO, a few preparatory steps are
done. The fresh plant tissue is chilled on ice, cleaned, and
minced quickly. These steps should be done in as little time as
possible to minimize endogenous degradation.”® The mincing
of the plant source into small pieces would improve the
extraction efficiency by increasing the surface area exposed
to the buffer.®®

Compared to animal cells, bacteria, and yeasts, the
disruption of plant cells is somehow challenging due to the
presence of the rigid cell wall. To break the plant’s cell wall,
cellular disruption is usually done by vigorous mechanical
methods.* Various equipment can be used to disrupt the
plant cell’s structure. These include ultrasonic sonicators,
homogenizers (e.g. pestle and tube, Polytron), mortar and
pestles, and blenders.”** Among these, the laboratory
blender is generally used for efficient homogenization of the
plant tissue particularly for fleshy or nonfibrous tissues.’**
It uses shear forces to physically disrupt the cell wall and
promote release of cell contents into the buffer. Care should
be taken when mechanical disruption methods are used as
they produce heat which must be controlled. Aside from the
production of heat, foaming during blending should also be
prevented to avoid oxidation and enzyme denaturation.”

The extraction and the corresponding assay conditions of
PPO are sourced from different plant parts including the pulp,
kernel, and seed are shown in Table 1. According to Table 1,
there are different parameters that affect the extraction of
PPO. These are (1) pH of the extraction mixture, (2) extraction
temperature, (3) type of buffer, (4) mass to solvent ratio, (5)
extraction time, and (6) additives used. It can be seen that
different research studies used different parameter conditions
in the extraction of PPO from different plant materials.

Factors Affecting PPO Extraction
pH of the Extraction Mixture
The pH of the extraction mixture, representing the
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Table 1. Extraction Conditions for Polyphenol Oxidase

Extraction Conditions

PPO Source Mass:Solvent

Extraction

Specific Activity References

iti (U/mg)
Buffer Ratio (g:mL) Time Additives pH  Temp. 4
Fruit pulp/meat
0.1 M sodium phosphate . . 4 g PVPP, 0.5 mM
Avocado buffer 1:5 2 min PMSF 6.8 - - 70
1% (w/v) PVPP, 1%
. . (v/v) Triton X-100,
maa:'lg 02M SOdt;‘J?f"ethSphate 12 24 hrs 0.33 mg/100 mL 7 4C 41 61
& aprotinin, and 0.1 mM
PMSF
Banana 0-1M SOdt;‘:?ethSphate 6:9 Tmin 4% (W) Triton X-114 7.3 4°C 404 71
. 4% PVPP, T M NaCl,
Blueberry 0.2 M phosphate buffer 1:1 30 min 1% Triton X-100 6.5 - - 72
Tainong 0.1 M sodium phosphate 91 ) 1% PVPP i ) ) 52
mango buffer
Kernel
Mango 0.01 M phosphate buffer 2:5 - - 6 - - 73
African . L
mango 0.025 M phosphate buffer 1:10 3 min. 10 mM ascorbic acid 6.8 4°C 4.1 U/ml/mg 74
Pinhao 01 M sodium phosphate 12 0.33 min - 7 - 6.89 75
buffer
Acetone, 0.05 M sodium . Acetone:
Chestnut phosphate buffer Acetone: 1:4 - - 7 20°C 299 76
Seed
. 0.025 M sodium
Oil bean phosphate buffer - - - 7 - 7,670 77
S 0.002 M EDTA, 0.003
Vanillabean 01> Mbis-tris-propane 1:8 5min  MDTT and1.25g 8  4°C 13,500 78
buffer
PVPP
0,
Field bean 0.1 M Tris-HCI buffer 1:5 lohrs 27 WMPVPRand o 2,013 68

1.2% (w/v) NaCl

For all pertinent studies except Sojo et al”" one unit of PPO activity is defined as the change in absorbance of 0.001 per minute.
For Sojo et al’' one unit of PPO activit is defined as the amount of enzyme that produced 1 pmol of the corresponding quinone/min.

Reagents: PVPP, polyvinylpolypyrrolidone; DTT, dithiothreitol;
phenylmethylsulfonyl fluoride

concentration of H* ions, influences the optimal PPO activity
and should be considered as one of the main factors in the
PPO extraction." Biochemical processes are highly sensitive
to slight changes in the hydrogen ion concentration of the
solution. In the isolation of plant enzymes, optimum results
were found when the pH of the extracting medium is between
6.5 and 7.2. It was also suggested that a buffer pH of around
pH 7.0 should be used as the plant cytoplasm is around this
value.” It is also good to note that the pH of the extraction
buffer should be checked after putting the additives, if any,
to the extraction buffer as these may change the pH of the
buffers.”” When the pH of the extraction buffer is greater than
7.5, the auto-oxidation of dihydroxyphenols to quinonoids
and of protective thiol reagents is increased.”” Many enzymes
are active at narrow pH ranges, and exposure to pH values
outside of these ranges may result to enzyme denaturation
and irreversible inactivation.” Keeping the pH of the
extraction buffer constant is also a factor that can help ensure
the reproducibility of experimental results.*

The chosen buffer's pK should be close to the optimal

EDTA, ethylenediaminetetraacetic acid; NaCl, sodium chloride;

PMSF,

pH of the enzyme as the buffering capacity of the buffer is
maximum at the pK_ value and drops off quickly 1 pH unit
from the pK . Generally, the enzyme’s optimal pH should be
within 1 pH unit from the buffer’s pK  value.”” In addition,
the buffer should not be used outside this range. The pH of
the extraction buffer can be calculated using the Henderson-
Hasselbalch equation in equation 1.

[basic species]
pH=pK, +logz————

[acidic species | (1)
Based on equation 1, the pK_ of the buffer is that pH where
the concentrations of the basic and acidic species comprising
the buffer are equal. It is important to note that this equation is
only valid in the pH range of 3 to 11.* Outside this pH range,
water’s ionic species have to be included in the equation.

As seen in Table 1, all of the studies in the extraction of PPO
from different plant materials utilize a pH value of 6.0-8.0.
The effect of the extraction buffer’s pH on the PPO activity
has been studied. In the extraction of PPO from raspberry,
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investigating and using a pH range of 5.0 to 8.0, the maximum
PPO activity is recorded when the pH of the extraction buffer
is set at pH 7.0.® In the extraction of PPO from banana
roots, pH values of 5.5 and 9.0 were also investigated where
the highest PPO activity is found for pH values of 7.0 and
9.0.% The authors surmised that the optimum pH of 9.0 was
probably due to the phenolic substrate’s auto-oxidation at this
pH level.

Extraction Temperature

Itis also important to control the temperature of the extraction
mixture. Usually, extraction mixture temperatures are kept as
low as possible (near 4°C) to prevent enzyme denaturation
and minimize protease activity.’>** As seen in Table I, the
extraction temperatures are in the range of 0-4°C.

In the extraction of PPO in a laboratory scale, a blender may
be used. When this equipment is used, it is recommended to
use pre-cooled reagents and apparatus at the pre-determined
temperature to prevent local elevation of temperature in
the buffer during the blender operation.*** Moreover, the
blender is to be operated in short (15-30 seconds) bursts
with adequate cooling time in between bursts.” To aid in
keeping the extraction temperature as low as possible, the
homogenization process is recommended to be performed in
a cold room.”

Type of Buffer

Buffers consisting of an acid and its conjugate base (e.g. acetic
acid and acetate) help maintain a stable pH when studying an
enzyme.” Different types of buffers can be used in enzyme
extraction. Each type of buffer is composed of different ions
which can have varied effects on different enzymes.*

Several factors have to be considered in selecting an
appropriate extraction buffer. These include the pH optimum
of the target enzyme, specific effects of the buffer on the
enzyme, subsequent purification methods, the buffer’s
sensitivity to temperature, its interaction with substrates and
metals, and cost." As mentioned, the buffer’s pK should be
close (at most 1 pH unit away) from the enzyme’s optimum
pH value. Following this criterion, a couple of buffers may
be qualified to be used in extraction. In the extraction of
1-aminocyclopropane-1-carboxylate synthase from etiolated
mung bean hypocotyls, the use of potassium phosphate buffer
produced over twice as much enzyme activity compared to
when three other buffers (i.e. Bicine-KOH, Tricine-KOH,
and 2-amino-2-ethyl-1,3-propanediol buffers) were used.”’
The effect of buffer type on the activity of Candida rugosa
lipase has also been studied.”® The authors investigated
three buffer types: sodium citrate, sodium phosphate, and
Tris-HCL Results show that at 0.2 M equal concentrations,
C. rugosa lipase has showed maximum activity in sodium
phosphate buffer and least activity in Tris-HCI buffer. It can
be concluded that the buffer ions interact with the amino acid
residues of the enzyme’s catalytic site and interfere with the
catalytic mechanism resulting to different values of enzyme
activity.*

Types of buffers also exhibit different characteristics which

must be taken into consideration in buffer selection. Primary
amine buffers are temperature-sensitive and are shown
to interfere with the Bradford protein assay.” The pK of
Tris buffer changes from 8.85 at 0°C to 8.06 at 25°C, so this
should be considered when temperature is a concern. Tris-
HCI buffers have also been reported to react covalently with
proteins.®® Some buffers also form complexes with metals
present in the extraction medium. If this is a concern in the
extraction process, the so-called Good buffers (e.g. HEPES)
developed by Good et al’! are preferred since they have low
metal-binding capabilities compared to inorganic buffers.
However, the Good buffers are more expensive than inorganic
buffers. Some Good bulffers also give false-positive colours
when the Lowry protein assay is used.” Phosphate buffers,
on the other hand, are usually used in enzyme extraction as
they are compatible with most enzymes, do not cause enzyme
inhibition or denaturation, and are also inexpensive.”* As
can be seen in Table 1, the majority of studies use phosphate
buffer in PPO extraction. Its compatibility with PPO is evident
based on the studies of Tsai et al*” and Salis et al.*®

Mass to Solvent Ratio

The ratio of the amount of plant material to extract PPO from
the amount of extraction buffer is another variable which
may be investigated. Better extraction is obtained when more
buffer volume is used compared to the mass of plant source.*?
For every mass of plant source, it is recommended to use at
least twice the buffer volume.*® The mass to solvent ratio is
a compromise between achieving maximum extraction and
using minimum buffer volume. Inadequate buffer volume
may result to change in pH during extraction which is an
undesirable event as it may inhibit or possibly denature
the enzyme, as discussed. The volume of the buffer should
be chosen such that during blending, undue vortexing and
sparging of air into the extraction mixture which can oxidize
cellular compounds leading to enzyme inhibition is avoided.*”
In Table 1, all studies except the study of Wang et al®* have
used a minimum mass to solvent ratio of 1:2. The effect of
changing the mass to solvent ratio during extraction has
been studied. In the extraction of PPO from banana roots,
changing the mass to solvent ratio from 1:10 to 1:20 increased
the enzyme’s activity from 115 U/g-s to 190 U/g-s.*® The
increase in the buffer volume possibly resulted to a better
enzyme extraction. However, an increase in buffer volume
does not always translate to higher enzyme activity. In the
extraction of PPO from the apple fruit, when the ratio of the
apple sample to buffer was changed from 1:5 to 1:2.5, the
PPO activity increased by about 6-fold.”® The authors posited
that the increased ease in homogenization and in enzyme
solubilisation may have led to the increase in activity.

Extraction Time

The extraction time is the amount of time used to disrupt
the cell structure enabling the release of the PPO and other
intracellular compounds. Concurrently, the extraction time
is also the amount of contact and interaction times between
PPO and these intracellular compounds which may cause
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inactivation or denaturation of the enzyme.® It is for this
reason that rapid extraction is important.*® Keeping the
extraction time as low as possible would also be economically
preferable since lesser energy is used.

According to Table 1, the extraction time for PPO is also
varied among different plant sources. The effect of extraction
time on the PPO yield or activity has been reported to be
different depending on the PPO source. A study on the
extraction of wheat PPO indicated that extraction time has
no major influence on the PPO activity.® Meanwhile, the
enzyme activity significantly increased when extraction
time increased for PPO extraction from potato peel.”® These
differences can be attributed to the differing properties of
PPO when extracted from different plant sources.

Additives

As mentioned, upon disruption of the cellular plant structure
to obtain the enzyme PPO, other intracellular compounds are
also released which can mix with PPO and possibly cause its
inactivation or denaturation. To remove these compounds
or minimize their effects, different types of additives may be
employed.”’

Protease Inhibitors

One of the compounds released during cell disruption are
proteases contained in the vacuoles of the plants.? Proteases,
also called as proteinases, are proteolytic enzymes that cleave
peptide bonds and break proteins down into individual amino
acids.”* It can also partially degrade the enzyme which can
lead to poor conclusions about its size and structure.*’ The
inactivation and removal of proteases is imperative in PPO
extraction.®” Some common protease inhibitors include
PMSF  (phenylmethylsulfonyl fluoride), benzamidine,
aprotinin, EDTA, EGTA, pepstatin A, leupeptin, and
antipain.”'

Before using a protease inhibitor, it is important to
understand its properties as some protease inhibitors can
be toxic or unstable under certain conditions.” Cocktails of
protease inhibitors are commercially available to use against
two or more classes of proteases but care must be taken to
ensure that it does not inhibit the activity of the enzyme.*®
The class of protease in an enzyme extract can be determined
by using azocasein in the presence and absence of different
protease inhibitors.*

In the early stage of enzyme extraction where the
concentration of the target enzyme is low, the damage caused
by proteases may be minimal. In addition, the presence of
a wide range of proteins to which the protease act on also
minimizes the action of the protease on the target enzyme."!
The use of protease inhibitors is imperative when purification
methods are adopted since the concentration of the enzyme
in the buffer will increase.”® A simple way to minimize the
damaging effects of these proteolytic enzymes is to inhibit
them by conducting the experiments at low temperatures
such as 5-10°C.>*

The presence of protease in mango has been reported.
Ahmad et al*® has reported the presence and extraction of

protease in the horse mango (Mangifera foetida Lour) kernel.
The protease obtained from this study has enzyme activity of
up to 12.27 U/mL. However, the type of protease extracted
has not been investigated. For the mango peel, the presence of
serine proteases has been widely reported.””>®

Protective Agents
Plant cells may also contain endogenous phenolic compounds
which interfere in extraction. These phenolic compounds are
converted to polymeric pigments by PPO in the presence of
oxygen.* These polymeric pigments can adsorb and inactivate
the extracted enzymes.*” To prevent this, it is recommended to
add polyvinylpyrrolidone (PVP) or its insoluble counterpart
polyvinylpolypyrrolidone (PVPP).* Both additives can
adsorb the phenolic compounds by forming stable hydrogen
bonds to the phenol groups preventing the formation of
the polymeric pigments.**** PVP and PVPP also do not
interfere in enzyme assays, though PVPP has the added
advantage of being easily removed in the clarification steps
by either filtration or centrifugation.*****> Aside from PVP
and PVPP, ascorbic acid may also be used as a reducing agent
for the phenolic compounds converting them to phenolic
substrates.'® However, reducing agents have to be removed
before the enzyme assay to prevent enzyme inhibition.®

As seen in Table 1, PVP and PVPP are commonly used
additives in the extraction of PPO. Previous research has also
studied the effect of these additives in the extraction of PPO.
On the extraction of PPO from banana roots, the addition of
1% PVPP increased the PPO activity by almost 3-fold which
indicates its effective role as a protective agent.*® Cortez et
al'® studied the effect of PVP concentration on the PPO
activity. They reported that in the extraction of PPO from the
sapodilla plum, maximum PPO activity is reported when the
PVP concentration is held at 3%. Meanwhile another study
on the extraction of PPO from apples showed that a PVP
concentration of 1% is enough to achieve maximum PPO
activity level, and increasing it to 2% does not change enzyme
activity.”® In the same study by Rocha et al,” the effect of using
either PVP or PVPP has also been studied. When PVPP is
used, a higher PPO activity of 440 U/mL-min was achieved
as compared to a PPO activity of 68 U/mL-min when PVP
is used.

Detergents

Detergents are another class of additives that may be used in
the extraction of enzymes. Detergents are polar lipid molecules
that are soluble in water.*® Each detergent molecule consists of
a hydrophobic tail and a hydrophilic head. The hydrophobic
tail is composed of a linear or branched hydrocarbon while
the hydrophilic head may have diverse chemical structures.*

To remove membrane-bound PPO in the plant’s cell, it is
recommended to use detergents to separate the enzyme
from the membrane.’®* Detergents disrupt the structure
of a biological membrane and dissolve it resulting to the
solubilization of the protein.*’ Detergents then replace the
membrane with the aliphatic or aromatic chains of the
detergent’s hydrophobic tail which then bind to the protein.*®
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In solution, detergents are characterized based on a number
of properties. One property of detergents is the critical micelle
concentration (CMC). At the CMC value, detergents form
aggregates called micelles where the hydrophobic parts of
detergent molecules cluster together at the micelle’s interior
and the hydrophilic parts are exposed to the surrounding
aqueous medium.*' Solubilized proteins form complexes with
detergent micelles which shield the hydrophobic parts of the
protein from the aqueous solvent. The number of detergent
monomers in a single micelle is called the aggregation number.
Solution above its CMC value will have both detergent
micelles and monomers in equilibrium with each other.*®
Another detergent property is the micelle molecular weight.
A micelle formed by a particular detergent has a particular
molecular weight. The aggregation number is the ratio of the
micelle molecular weight and the monomer molecular weight.
A detergent can also be characterized by its own hydrophile-
lipophile balance (HLB). The value of the HLB indicates the
overall hydrophilic properties of a detergent. It can also be
used to determine the denaturing property of a detergent.
Detergents with HLB values greater than 7 are more soluble
in aqueous solutions than in organic solutions.*® Those with
HLB values within 12 and 16 are relatively non-denaturing
detergents while those with values above 20 are generally
denaturing. The detergent’s cloud point is the temperature
where the micelles undergo phase separation. This property
is used for protein purification.

The three types of detergents are ionic (either anionic or
cationic), non-ionic (uncharged), and zwitterionic (with both
positively and negatively charged groups but with a net charge
of zero).”” A list of common laboratory detergents and their
properties are listed in Table 2. Among these, ionic detergents,
although effective solubilizers, are not used in enzyme
extraction as they denature proteins.* Non-ionic detergents,
on the other hand, are widely used in membrane solubilization
as they have a mild effect on the enzyme structure and
activity.”® Finding the best detergent to solubilize a particular

Table 2. Common Laboratory Detergents and Their Properties*!

enzyme is still largely empirical.***' A prime consideration in
detergent selection is its ability to maintain enzyme activity.
A detergent’s compatibility with downstream processes and
biochemical assays also has to be taken into account. Triton
X-100, for example, interferes with UV absorption processes
due to the presence of aromatic rings in their structure which
absorb UV light at 280 nm wavelength.*!

Triton X-100, a non-ionic detergent commonly used
as an additive in enzyme extraction, can provide a mild,
nondenaturing condition during extraction.® The addition of
a minimal amount of Triton X-100 (e.g. 0.01% (v/v)) can also
prevent the irreversible binding of the protein to the materials
it may come in contact with such as glass and plastic.’* Most
proteins can also tolerate Triton X-100 concentrations of
up to 3% w/v and still display complete activity.*** There
are different detergents available and the best one to use for
the extraction of a particular enzyme has to be determined
empirically.® However, the use of some detergents, like
Triton X-100, is not compatible with ammonium sulphate
precipitation and gel filtration chromatography. The use of
Triton X-100 alongside ammonium sulphate precipitation
would separate the detergent as a floating layer. This
layer would contain the protein to be extracted resulting
to no separation of the target enzyme. For gel filtration
chromatography, Triton X-100 would remain with the protein
producing the same result.*?

In Table 1, there is one study which added Triton X-100 in
the extraction buffer. Research studies have also reported the
effect of Triton X-100 in increasing the PPO activity. Keeping
all variables constant, adding 0.25% Triton X-100 to the
extraction medium greatly increased the activity of the PPO
extracted from the apple fruit by as much as 13810 U/min-
mL.” Similarly, in the extraction of PPO from the raspberry
fruit, the PPO activity also increased from 0.125 AOD/
min-g to 0.690 AOD/min-g upon the addition of 0.5% Triton
X-100.* These results are also in consonance when banana
roots are the PPO source. The PPO activity increased from

Critical Micelle Concentration (mM) at
Detergent

Aggregation Number Molecular Weight (Da)

Cloud point (°C) in Low-

25°C Salt Buffers

Nonionic detergents

Triton X-100 0.17-0.3 100-150 630 (ave) 64-65
Triton X-114 0.2-0.35 - 540 (ave) 20-25
Tween-20 0.059 - 1230 (ave) 76
Tween-80 0.012 58 1310 (ave) 93
Zwitterionic detergents

CHAPS 6.5 4-14 614.9

SB-10 25-40 41 307.6

lonic detergents

Cholate, sodium salt 9-15 2 430.6

SDS 7-10 62 288.4

DTAB 15 70 280.3

SDS, Sodium dodecyl sulfate; DTAB, dodecyltrimethylammonium
bromide
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221 U/s-g to 396 U/s-g when 0.25% Triton X-100 is added to
the extraction buffer.* These studies show that the detergent
has a positive effect on the enzyme activity by successful
solubilization of membrane-bound PPOs in the plant.

Characterization of PPO

PPOs isolated from different plant sources can also be
distinguished based on a variety of characteristics. The PPO’s
activity as a function of pH, temperature, and type of substrate
it catalyzes are the most common characteristics investigated.
The studies investigating the effect of temperature and pH
on the PPO activity of different plants including plant pulp,
kernel, and seed sources are presented in Table 3. As shown
in Table 3, temperature and pH are two factors that play an
important role in enzyme activity. The values of these two
factors that lead to the maximum activity of the enzyme are
considered as optimal values.

Temperature

Temperature is an important factor that affects the PPO
activity. The forces holding the protein together (hydrogen
boding, ionic bridging, van der Waals interactions, and
hydrophobic interactions) and are responsible for the tertiary
structure of a protein are weak and can easily be broken
down by an increase in heat.**® This is why enzymes are
naturally thermosensitive. Typically, the activity of an enzyme
increases with increasing temperature, reaches a maximum
value, and declines with further increase in temperature.” The
temperature value where the enzyme activity is maximum is
also referred to as the optimum temperature. A semblance
to a bell-shaped curve is produced when this temperature
dependence of enzyme activity is plotted.®® This is because the
velocity of chemical reactions increases with temperature by a
factor of 2-3 for every 10°C according to the Van ‘t Hoff rule.”
However, when the temperatures are raised to a certain high
temperature, enzyme denaturation occurs.®> Therefore, the
increase in catalytic efficiency with increasing temperature
is being competed with enzyme denaturation at high
temperatures.* The temperature where denaturation occurs
is characteristic for a particular enzyme. Some enzymes are
sensitive to temperature while thermophilic enzymes are
stable even at extremely high temperatures.

The so-called optimum temperature of an enzyme is also
not constant as the enzyme denatures while being incubated.
The denaturation of an enzyme is a time-dependent process
which usually follows first-order kinetics.>** This implies
that the enzyme activity taken immediately after extraction
is considerably higher than when its activity is taken after
incubation at the same temperature after a longer period of
time.

As seen in Table 3, the temperature range where PPO displays
enzyme activity and the optimum temperature within this
temperature range are largely variable and dependent on the
plant source. From the same table, it can be seen that even
PPOs from the same fruit but of different varieties display
different optimum temperatures. The optimum temperature
of PPO from Manila mango and Tainong mango are 65°C and

30°C, respectively.

pH
Just like temperature, a plot of enzyme activity as a function of
pH normally resembles that of a bell-shaped curve.®® The pH
value where enzyme activity is observed to be at the maximum
value is called the optimum pH. This pH value is usually
chosen as a standard pH in assays of the enzyme.? It is worth
noting that the pH at which an enzyme shows maximum
activity in vitro may be different from the pH of the enzyme’s
environment in vivo.”” Many enzymes have optimum pH
values within the neutral range (between pH 7-8) although
some enzymes like pepsin and alkaline phosphatase have
optimum pH values of 2 and 10.5, respectively, which are very
far from the neutral pH range.*®

Most enzymes undergo irreversible denaturation in
solutions with very high and very low pH through the attack
on the enzyme’s tertiary structure.>® The state of protonation
of the amino acids’ functional groups as well as the enzyme’s
three-dimensional structure affect the enzyme activity.®® The
pH influences the enzyme activity by affecting the ionization
of the prototropic groups (e.g. carboxyl group, imidazolium
group, sulfthydryl group) in the enzyme’s active site.” These
prototropic groups are located in the side chains of the amino
acid residues constituting the enzyme. They may be involved
in maintaining the active site’s proper conformation, in the
binding of substrate to the enzyme, or in transforming the
substrate to its products.” Moreover, pH can change the
charged states of both substrate and enzyme which can affect
the binding of the substrate on the enzyme and its catalysis.>*

The optimum pH of different plant PPOs was shown to
vary from pH 4-8.2 The pH optimum varies widely with plant
source as shown in Table 3. This may be due to the differences
in amino acid sequences of PPOs taken from different
sources. At different pH values, the state of protonation
of the ionizable amino acid residues affect intermolecular
interactions. This would translate to varied conformational
changes of an enzyme under different pH values.>®

Similar to temperature, optimum pH is also a function of
the substrate and purification methods employed.” As shown
in Table 3, PPO from field bean has an optimum pH of 4.0
when catechol and 4-methylcatechol are used as substrates
but its optimum pH changes to 5.0 when DOPA is used as
substrate.®® This may be due to the different binding capacity
of the substrates to the active site under acidic and alkaline
conditions.?

Substrate Specificity

The primary substrates of PPO are various phenolic
compounds. Just like any other enzyme, PPO tend to be
substrate specific. PPOs from different plant sources show
different enzymatic activity on different substrates. PPOs
exhibit high activities for substrates that show high affinity
or preference towards it The structure of the substrate
(nature of the side chains, number of hydroxyl groups, and
their positions) has a significant effect on the enzyme activity.
Aside from the type of plant, the enzyme’s specificity toward
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substrates is influenced by the plant cultivar from which the
enzymes were taken.?

Table 4 shows the relative activity of PPO taken from
various plant sources on different substrates. As depicted,
PPO from different sources have preferred substrates. The
field bean PPO has high specificity towards the di-phenols
catechol and 4-methylcathecol than the triphenol pyrogallol
while the sunflower seed PPO has higher activity towards
triphenols gallic acid and pyrogallol. For field bean, it may
be concluded that the bean’s active site appears to be small
and can only accommodate relatively small substrates like
catechol and 4-methylcatechol. This is also the reason why
field bean PPO has no affinity towards bulkier substrates like
gallic acid and caffeic acid.®®

Kinetic Parameters

For enzyme-catalyzed reactions, a plot of reaction velocity (or
rate of reaction) with substrate concentration yields a curve
which can be broken down into three distinct regions.”® At
low substrate concentrations, there is a linear relationship
between substrate and reaction velocity. At very high substrate
concentrations, the curve plateaus and the reaction velocity

Table 4. Substrate Specificity of PPO From Different Plant Sources

has reached its maximum value. Between these two regions,
there is a curvilinear relationship between the reaction
velocity and substrate concentration.

The plot of reaction velocity and substrate concentration
for a single substrate reaction follows the enzyme kinetics
developed by Michaelis and Menten (see equation 2).

_ls] "
K, +[S]

where v is the reaction velocity, V__ is the maximum
reaction velocity, K_ is the Michaelis-Menten constant, and
[S] is the substrate concentration.

Equation 2 defines two kinetic parameters that are used
to describe the kinetics of an enzymatic reaction: (1) the
Michaelis-Menten constant, K , and (2) the maximum
reaction velocity, V_ . By definition, K_ represents the
substrate concentration at which half of the maximum
number of active sites in the sample is filled with the substrate.
For simple reactions, the value of K_ is shown to be equal to
the value of the dissociation constant of the enzyme-substrate

Source Substrate Amount of Enzyme Used Reference Substrate Relative Activity (%) Reference
0.01 M pyrogallol 145
i 0.07 M catechol ) 100
Manila mango pulp 33 pL per 1 mL of assay mixture ~ 0.01 M catechol 61
0.01 M 4-methylcatechol 62
0.01 M DL-DOPA 19
Papaya 0.5 M catechol 100
0.06 M 4-methylcatechol 47.6
Yy 0.25 mL per 3 mL of assay 0.5 M catechol 81
0.015 M L-DOPA mixture 6.4
0.003 M catechin 0
0.07 M catechol 100
0.01 M 4-methyl catechol 140
0.01 M pyrogallol 24
Field bean seed 0.01 M L-DOPA 10-100 “gnﬁf):tlr?L ofassay 4 51 M catechol 22.6 68
0.01 M tyrosine 0
0.01 M gallic acid 0
0.01 M caffeic acid 0
0.03 M catechol 100
0.03 M pyrogallic acid 83.72
Chestnut Pyrog 0.1 mb per'3 mL of assay 0.03 M catechol 79
0.03 M cresol mixture 0
0.03 M tyrosine 0
3.33 mM gallic acid 100
0.07 mM pyrogallol 100
0.04 mM caffeic acid 87.3
Sunflower seed 3.33 mM gallic acid 80
0.04 mM chlorogenic acid 32.3
3.33 mM hydroquinone 0-05mt per 3 mL of assay 10.9
mixture
3.33 mM L-DOPA 8.0
3.33 mM pyrocatechol 0

3.33 mM p-cresol
3.33 mM tyrosine
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Table 5. Kinetic Parameters of Polyphenol Oxidase From Different Plant Sources

Temperature

Time  Conc. Range K

Source Substrate Buffer ) pH (min)  Studied (mM) (mKA) Vo Reference
Mango kernel L-DOPA 0.1 M phosphate - 6.8 - - 2.55 0.0415 U/min 74
0.2 M sodium

Mango pulp Catechol phosphate 65 7 - 1-10 15.1 - 61

Mango pulp Catechol 0.1 M phosphate 30 7 10 10-100 6.3 256.28 U/min 52

Chestnut Catechol 0025 M potassium 40 7 - - 1430 222 U/ml 79
phosphate

Borage Catechol 0.1 M phosphate - 7 - 1-10 2.24 5.5 mM/min 82

Gooseberry fruit Chl(;rcoigemc 0.2 M phosphate - 6 - 0.2-4 0.56  53.15 U/ml-min 83

Lotus seed Catechol 0.2 M phosphate - 7 - - 6.04 416.67 U 69

S:a”;ydew Epicatechin  0.05 M phosphate 25 68 - - 0.12 347 U/min 84

Chinese cabbage Pyrogallol B2 T 30 6 5 10-100 15.4 14.1 OD/min 21
phosphate

Blueberry Catechol 0.1 M citrate 25 6.3 3 10-500 15 2.57 AA/min 85

Walnut leaves L-tyrosine 0.05 M sodium 25 65 - 0.29-1.96 1.9  0.08 mM/min 86
phosphate

Artichoke flesh Catechol Phosphate 30 8 2 0.8-10 4.03 71402 U/min-ml 87

For all pertinent studies, one unit of PPO activity is defined as the change in absorbance of 0.001 per minute.

complex.®® Therefore, K can be thought of a measure of
the affinity of the enzyme for the particular substrate. The
enzyme’s substrate binding affinity decreases as K_increases.*
On the other hand, the V. is the maximum reaction velocity
(or saturation velocity) that can be achieved by an enzymatic
reaction. At V__, all of the enzyme’s active sites are completely
filled with the substrate.

To evaluate the kinetic parameters K_and V__, equation 2
can be linearized in double-reciprocal form (see equation 3)
which is also called as the Lineweaver-Burke equation. A plot
of 1/v with 1/[S] is sketched wherein the linear trendline that
will be formed has a y-intercept of 1/V,_and a slope of K_/

max’

1

1_1
v Vo

m

K, |
+Km (3)

It is good to note that although the kinetic parameters
can be determined using the Lineweaver-Burke equation,
this equation is not the only method for determining the
kinetic parameters.®® Other equations like the Eadie-Hofstee
and Hanes-Woolf equations can also be used for enzyme
kinetics. Non-linear regression can also be employed for
the determination of the kinetic parameters using various
commercially available software (e.g. SigmaPlot).

Table 5 shows the kinetic parameters K_and V__ of PPO
extracted and characterized from different plant sources. As it
can be seen in this table, most of the studies used catechol as a
substrate. The concentration ranges used are also varied from
as low as 0.2 mM to as high as 500 mM.

Conclusions
There are several factors that can affect PPO extraction from
different plant sources. These factors include the pH of the

extraction mixture, extraction temperature, type of buffer,
mass to solvent, extraction time, and the used additives
(e.g. protease inhibitors, protective agents, and detergents).
The pH of the extraction mixture could be in the range of
6.0-8.0, preferably at pH 7.0. In order to avoid denaturation
and minimize protease activity, the extraction temperature
should be kept low (in the range of 0 — 4°C). The type of
buffer, mass to solvent, extraction time, and additives used
for PPO extraction depend on the plant materials source,
characteristics of the enzyme, and the subsequent purification
steps. The PPO isolated from different plant sources show
varied optimum pH, optimum temperature, substrate affinity,
and kinetic parameter values which make the PPO enzymes
distinguishable from one another.
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