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ABSTRACT

Wild pear polyphenoloxidase (PePPO) was extracted and purified using
a Sepharose 4B-L-tyrosine-p-amino benzoic acid affinity column. Optimum
conditions for pH, temperature and heat inactivation were determined. At the
optimum pH and temperature, Ky, and V .. values for PePPO with catechol
and pyrogallol were determined. The V ,.,/Ky showed that PePPO has the
greatest activity toward catechol. Optimum pH for PePPO was pH 6.0 using
catechol as substrate. Optimum temperatures of PePPO for pyragallol and
catechol were 65 and 35C, respectively. Enzyme activity decreased because
of heat denaturation with increasing temperature. Inhibition of PePPO was
investigated using p-aminobenzoic acid, ethyleneglycol, L-cysteine, L-tyrosine,
sodium azide, p-aminobenzenesulfonamide, [-mercaptoethanol and dithio-
threitol and catechol as substrate. Competitive-type inhibition was obtained
with ethyleneglycol, L-cysteine, L-tyrosine, p-aminobenzenesulfonamide and
dithiothreitol. Uncompetitive inhibition was obtained with B-mercaptoethanol,
sodium azide and p-aminobenzoic acid. These results show that the most
effective inhibitor for PePPO was dithiothreitol and that the type of inhibition
depended on the origin of PPO.
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PRACTICAL APPLICATIONS

In this present work, the properties of polyphenoloxidase in Pyrus elae-
grifolia, including optimum temperature, optimum pH, substrate specificity
and response to inhibitors, were studied.

INTRODUCTION

Wild pear (Pyrus elaegrifolia) is a member of the Rosaceae family and is
native to western Turkey. The fruits are hard when ripe and they become
brown, soft, sweet and edible after harvesting (Rivas and Whitaker 1973;
Wissemann and Lee 1981). They are widely consumed as preserves and
occasionally pickled and dried. The fruits are also used as folk medicines,
primarily in the treatment of diarrhea and in poisonous snake bites for detoxi-
fication. It is deciduous, a part of the star chestnut family, growing up to 10 m.
It is also one of the first flowering trees in spring. The flowers, white/pink
clusters on the ends of branches, appear before the leaves. An infusion of the
bark is used to treat intestinal ulcers, nausea and palpitations. A decoction is
used for hemorrhoids, intestinal upsets and diarrhea, and to hasten the onset of
labor while a colic remedy is made from the root. All of these properties make
the wild pear very important in the food industry. Another important point is
that this fruit contains the enzyme polyphenoloxidase (PPO).

PPO (EC 1.14.18.1) is a copper-containing enzyme, widely distributed in
nature, responsible for melanization in animals and browning in plants
(Gowda and Paul 2002; Shellby and Popham 2006). PPO also catalyzes the
ortho-hydroxylation of monophenols and the oxidation of o-diphenols to
o-quinones (Gowda and Paul 2002). P. elaegrifolia is used as a material for
pickled fruit, and it is consumed all over the world. When it is stored in a
refrigerator, the fruit develops unpleasant colors and flavors, and loses nutri-
ents when it browns. Therefore, it is necessary to characterize the PPO to
develop more effective methods for controlling browning in P. elaegrifolia.
Enzymatic browning of fruits is related to oxidation of phenolic endogenous
compounds into highly unstable quinones, which are later polymerized to
brown, red and black pigments (Blumenthal ez al. 2000). The degree of brown-
ing depends on the nature and amount of endogenous phenolic compounds, on
the presence of oxygen, reducing substances, metallic ions, on pH and tem-
perature and on the activity of PPO, the main enzyme involved in the reaction
(Nunez-Delicado et al. 2005). Enzymatic browning is also an economic
problem for processors and consumers (Marshall ef al. 2000; Gowda and Paul
2002). At least five causes of browning in processed and/or stored fruits and
plants are known: enzymatic browning of the phenols, Maillard reaction,



370 F. ULKER YERLITURK ET AL.

ascorbic acid oxidation, caramelization and formation of browned polymers
by oxidized lipids (Pizzocaro et al. 1993). Enzymatic browning has been
studied in several plant tissues such as artichoke (Aydemir 2004), Thymus
longicaulis var. Subisophyllus (Dogan et al. 2003), oregano (Dogan et al.
2005), apples (Murata et al. 1995), bananas (Galeazi et al. 1981; Kahn and
Andrawis 1985), peaches (Flurkey and Jen 1980), grapes (Wissemann and Lee
1985; Lamikandra et al. 1992), plums (Siddig et al. 1992), herbs (Arslan et al.
1997), spinach (Golbeck and Cammarata 1981), broad beans (Huntcheson and
Buchanan 1980; Flurkey 1989), field beans (Paull and Gowda 2000), wild
potatoes (Kowalski et al. 1992), Jerusalem artichoke (Zawistowski et al.
1988a), cabbages (Fujita ef al. 1995), tea leaves (Takeo and Baker 1972;
Halder et al. 1998) and pears (Amiot et al. 1995; Siddig and Cash 2000;
Nishimura et al. 2003; Kim et al. 2005).

Enzymatic browning can be controlled in different ways. In addition to
heat treatment and acidification, a wide range of chemicals inhibit PPO activ-
ity. However, a limited number of them are considered to be acceptable when
compared to consumer safety and/or cost, and could act as potential alterna-
tives to sulfites, which are very effective in controlling browning but are
subject to regulatory restrictions (Lattanzio ef al. 1994). In this work, purifi-
cation and characterization of PPO from wild pear (P. elaegrifolia) fruit were
studied in terms of substrate specificity, optimum pH and temperature, heat
inactivation and degrees of inhibition by general PPO inhibitors. This infor-
mation may be useful in devising effective methods for inhibiting browning
during storage.

MATERIALS AND METHODS

Materials

P. elaegrifolia fruits used in this study were harvested in November from
a field near Balikesir in Turkey. All chemicals used in this study were the best
grade available. Affinity gel used in this study was synthesized according to
Arslan et al. (2004).

Extraction and Purification Procedure

The extraction procedure was adopted from Wesche-Ebeling and Mon-
togomery (1990). Wild pear fruits were washed with distilled water three
times. Crude extract was prepared from unpeeled sample tissue/10 g by cutting
quickly into thin slices and homogenizing in a Waring blender (Torrington,
CT) for 2 min using 100 mL 0.1 M phosphate buffer (pH 6.5) containing 5%
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poly(ethylene glycol) and 10 mM ascorbic acid. The homogenate was purified
with affinity chromotography. The affinity gel used was synthesized according
to the method of Arslan et al. (2004). The enzyme solution was applied to the
affinity column (1 X 10 cm), equilibrated with 5 mM phosphate buffer
(pH 6.5). The affinity gel was washed with the same buffer. PPO was eluted
with a solution of 5 mM phosphate buffer (pH 8.5) containing 1 M NaCl.

Electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was carried out using the method of Laemmli (1970). Samples were applied to
12% polyacrylamide gels. The slab gels of 1.5 mm thickness were run at a
constant current of 180 mV. Gels were stained for protein using a standard
Coomassie blue method (Sigma-Aldrich, Milan, Italy).

Spectrophotometric Assays

Kinetic assays were carried out by measuring the increase in absorbance
at 420 nm for catechol and at 320 nm for pyrogallol, with a Carry I1Elg
UV-visible spectrophotometer (Biotech Engineering, UK). The temperature
was kept at 25C using a Tecne B12 water bath with Tempette Junior TE-8J
0-85C heater element, serial no. 76740-8 (Sygenta, UK). The reaction was
carried out in a 1 cm light path quartz cuvette. The sample cuvette contained
2.8 mL of substrates at various concentrations prepared in the homogenization
buffer (pH 6.5) and 0.2 mL of the enzyme. For each measurement, the volume
of solution in the quartz cuvette was kept constant at 3 mL. The reference
cuvette contained all of the components except substrate, with a final volume
of 3 mL (Arslan et al. 1997).

Determination of Protein Content

The protein content was determined according to the Bradford method
using bovine serum albumin as standard (Bradford 1976).

Enzyme Kinetics and Substrate Specificity

PPO activity was assayed using pyrogallol and catechol as substrate. The
rate of reaction was measured as the increase in absorbance at the absorption
maxima of the corresponding quinone products for each substrate. One unit of
enzyme activity was defined as the amount of enzyme causing a change of
0.001 in absorbance per minute. For each substrate, Michaelis—Menten con-
stant (K;,) and maximum velocity (Vima.x) were determined according to the
method of Lineweaver—-Burk.
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Effect of pH

PPO activity as a function of pH was determined using catechol as
substrate (0.1 M stock concentration). The buffers used were 0.1 M acetate
(pH 4.5-6.0) and 0.1 M phosphate (pH 6.0-9.5) adjusted with 0.1 M NaOH
and HNO:s.

Effect of Temperature

The optimum temperature for PPO was measured at different tempera-
tures in the range of 20-80C using pyrogallol and catechol as substrates. The
effect of temperature on the activity of PPO was tested by heating the standard
reaction solutions (buffer and substrate) to the appropriate temperatures before
introduction of the enzyme. The desired temperatures were provided using a
Tempette Junior TE-85 temperature controller attached to the cell holder of the
spectrophotometer. Once temperature equilibrium was reached, enzyme was
added and the reaction was followed spectrophotometrically at constant tem-
perature at given time intervals. The reaction mixture contained 0.6 mL of
substrate (0.02 M final concentration), 2.3 mL of 0.1 M buffer solution and
0.1 mL of enzyme solution. As mentioned, each assay mixture was repeated
twice using the same stock of enzyme extract.

Heat Inactivation of PPO

Thermal inactivation of the partially purified enzyme was studied at 40,
50, 60, 70 and 80C. For the study, 1 mL of enzyme solution in a test tube was
incubated at the required temperature for fixed time intervals. At the end of the
required time interval, the test tube was cooled in an ice bath. The activity of
the enzyme was then determined at 25C (Chutintrasri and Noomhorm 2006).

Inhibition of P. elaegrifolia PPO (PePPO) Activity

ICso and K; values of different inhibitors (p-aminobenzoic acid, ethyl-
eneglycol, L-cysteine, L-tyrosine, sodium azide, p-aminobenzenesulfonamide,
B-mercaptoethanol, dithiothreitol) were determined on PePPO. In order to
determine the ICs, values, 10 mM catechol was used as substrate. Activity was
first measured without inhibitor and labeled control. Activities for the inhibi-
tors were then compared to the control at different inhibitor concentrations. In
order to determine the ICsy, graphs were drawn comparing percent activity
versus inhibitor concentration. The ICsy values were determined from these
graphs. This way was also followed to determine the K; values. In the reaction
mixture with or without inhibitor, the substrate concentrations were 0.02,
0.0266, 0.033 and 0.04 M. For this purpose, the substrate was used between
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0.6 and 1.2 mL. Inhibitor solutions were added to the reaction medium as five
different concentrations. The Lineweaver—Burk graphs were obtained, and K;
values were calculated.

RESULTS AND DISCUSSION

Extraction and Purification of PePPO

In this study, it is the first time PePPO was purified with affinity chro-
matography. The purification procedures are summarized in Table 1. As seen
in Table 1, PePPO was purified up to 31.5-fold. Different purification proto-
cols have been used for PPO enzyme from different sources (Weemaes et al.
1998; Jiang 1999). Some purification methods for PPO from different sources
used methods such as Triton X-100, ammonium sulfate precipitation, dialysis,
affinity chromatography, Sephadex G-200, Phenyl Sepharose hydrophobic
chromatography (Weemaes ef al. 1998; Jiang 1999; Arslan er al. 2004).
However, PePPO was purified generally in two steps, while other purification
methods usually required two or more steps such as Triton X-100, ammonium
sulfate precipitation, dialysis and acetone precipitation (Weemaes et al. 1998;
Siddig and Cash 2000; Carbanaro and Mattera 2001).

The molecular weight of PPO was estimated on SDS-PAGE as a single
band of approximately 35 kDa (Fig. 1). The molecular mass of PPO from other
species has been reported as follows: cabbages, 39 kDa (Fujita et al. 1995);
sago palm, 53 kDa (Onsa et al. 2000); sunflower seeds, 42 kDa (Raymond
et al. 1983); and field bean seeds, 120 kDa (Paull and Gowda 2000). These
results indicate that the molecular mass of P. elaegrifolia was similar to cab-
bages, but different from those of sago palm, sunflower seeds and field bean
seeds. In addition, it was reported that the molecular weight of pear PPO was
found to be 750 kDa (Weemaes et al. 1998).

Substrate Specificity and Enzyme Kinetics
The PPO activity of partially purified enzyme was examined with
regard to its diphenolase activity. The substrate specificity of the enzyme

TABLE 1.
PURIFICATION OF POLYPHENOLOXIDASE FROM PYRUS ELAEGRIFOLIA

Purification Volume Total Activity Total Specific activity Purification
step (mL) activity (U/mL-min) protein (U/mg protein)  fold

(mg)
Extract 5 20,950 4,190 1.44 14,558 -

Affinity chromatography 20 26,600 1,330 0.06 458,620 31.50
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PePPO MW _ kDa

66.2
45.0

35.0

250

18.4
144

FIG. 1. SODIUM DODECYL SULFATE-POLYACRYLAMIDE GEL ELECTROPHORESIS OF
PYRUS ELAEGRIFOLIA POLYPHENOLOXIDASE (PePPO) PURIFIED BY AFFINITY GEL
MW, molecular weight marker.

was investigated by using the two chemicals pyrogallol and catechol.
Lineweaver—Burk plots for PePPO showed K, values of 0.0011 and
0.0057 mM for pyrogallol and catechol, respectively. Previous studies found
that the K, values for mulberry PPO were 1.24 and 19.81 mM with pyro-
gallol and catechol as substrates, respectively (Arslan ef al. 2004). In this
study, the values of K, for PPO from P elaegrifolia for the substrates
assayed were different from those reported in the literature: artichoke
(10.2 mM) (Aydemir 2004), tea leaves (12.5 mM) (Halder ez al. 1998), field
bean seeds (10.5 mM) (Paull and Gowda 2000), Amasya apples (34 mM)
(Oktay et al. 1995), thymus (18 mM) (Dogan and Dogan 2004), cabbages
(682.5 mM) (Nagai and Suzuki 2001) and Stanley plums (20 mM) (Siddig
etal. 1992) with catechol as a substrate. The V,./K. ratio referred to as
“catalytic power” is a better parameter for evaluating the most effective sub-
strate (Dogan et al. 2005). Considering the ratio Vi,./Kn, it can be said that
catechol is the most suitable substrate for PePPO activity. Similar results
were found for Ferula sp. (Erat et al. 2006) and artichoke (Aydemir 2004).
In addition, some pear cultivars (Pyrus communis L.) catalyzed different
substrates than PePPO. It was found that 4-methylcatechol, followed by cat-
echol and dopamine, was the most readily oxidized substrate of PPO from
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FIG. 2. THE EFFECT OF pH ON THE PURIFIED PYRUS ELAEGRIFOLIA
POLYPHENOLOXIDASE ACTIVITY

pear cultivars (Siddig and Cash 2000). The large range in the apparent K,
values of PPO reported may be because of different reasons: different assay
methods used, different varieties, different origins of the same variety and
different extraction pH (Rocha et al. 1998).

Optimum pH

The enzyme activity exhibits a significant dependency on the pH value of
the medium. With rising pH values, the activity increases to a maximum (pH
optimum) and drops to zero in the alkaline region, which is expressed in a
bell-shaped optimum curve. The optimum pH value for PePPO was deter-
mined in the pH range of 4.5-9.0. As seen in Fig. 2, it was found that the
optimum pH value for PePPO was 6.0 for catechol as substrate. Different
optimum pH values for PPO obtained from various sources are reported in the
literature. For example, it was reported that the optimum pH values are 5.5 for
strawberries (Wesche-Ebeling and Montogomery 1990); 6.0 for DeChaunac
grapes (Lee et al. 1983); 7.0 for Amasya apples (Oktay et al. 1995), Anethum
graveolens L. (Arslan and Tozlu 1997) and aubergines (Dogan et al. 2002); 7.5
for Allium sp. (Arslan et al. 1997); and 8.5 for dog rose (Sakiroglu et al. 1996)
using catechol as a substrate, respectively. In addition, it was reported that the
optimum pH values of pear cultivars for d’ Anjou and Bartlett (P. communis L.)
were found to be 4.7 and 5.5 (Siddig and Cash 2000). However, another study
showed that the optimum pH value of pear PPO was found to be 7.0 (Weemaes
et al. 1998).

Optimum Temperature

Figure 3A shows the effect of temperature on the activity of the enzyme.
When catechol and pyragallol were used as the substrates, PPO showed
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FIG. 3. THE EFFECT OF TEMPERATURE ON THE PURIFIED PYRUS ELAEGRIFOLIA
POLYPHENOLOXIDASE ACTIVITY
(A) Using different substrates. (B) Heating inactivation.

maximum activity at 35 and 65C, then decreased gradually with increasing
temperatures. The optimum temperatures are substrate dependent. The
optimum temperatures for dog rose PPO of 20C for 4-methylcatechol as
substrate, and 15C for pyrogallol as substrate were found (Sakiroglu et al.
1996). In addition, it was reported that the optimum temperatures were 40C for
Chinese cabbage (Nagai and Suzuki 2001), 12C for Ferula sp. (Erat et al.
2006) and 25C for artichoke (Aydemir 2004) using catechol as substrate.

Thermal Inactivation

The thermal stability profile for PePPO, presented as percent residual
activity, is shown in Fig. 3B. The thermal inactivation for PePPO was deter-
mined using catechol as substrate, which has the best catalytic power for
PePPO. The enzyme activity decreased because of heat denaturation of the
enzyme with increasing temperature and incubation time. Figure 3B shows
that temperatures above 40C resulted in loss of enzyme activity. In another
study, pear PPO inactivation becomes progressive at about 60-65C (Weemaes
et al. 1998). At high temperature, the enzyme activity was rapidly lost. For
instance, when the temperature was increased from 40 to 60C, the activity of
PePPO decreased from 75 to 15%. This indicated that the enzyme was rapidly
inactivated at higher temperatures. The times required for 50% inactivation of
activity at 70 and 80C were found to be 15 and 5 min, respectively. It has been
reported that Allium sp. PPO is stable at 40C for 30 min (Arslan et al. 1997),
Stanley plum (Siddig et al. 1992) and banana PPOs are stable at 70C for
30 min (Yang et al. 2000) and Jerusalem artichoke PPO is stable at 60C for
30 min (Zawistowski et al. 1988a,b).
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TABLE 2.
EFFECT OF INHIBITORS ON THE ACTIVITY OF PYRUS ELAEGRIFOLIA
POLYPHENOLOXIDASE WITH CATECHOL AS SUBSTRATE

Inhibitor 1Csp (mM) Type of inhibition Ki (mM)
p-Aminobenzoic acid 0.847 Uncompetitive 03 +3x107
Ethyleneglycol 2.01 Competitive 7.6 £5%x107°
L-Cysteine 6.49 Competitive .1 +2x10™*
L-Tyrosine 0.143 Competitive 0.1 *x1x10*
Sodium azide 0.005 Uncompetitive 001 =6x10*
p-Aminobenzenesulfonamide 0.0017 Competitive 2x10* = 1x10™*
B-Mercaptoethanol 0.002 Uncompetitive 0.01 =2x107
Dithiothreitol 0.001 Competitive 2x10° = 1x107
Inhibition of PPO

Inhibition of PePPO by p-aminobenzoic acid, ethyleneglycol, L-cysteine,
L-tyrosine, sodium azide, dithiothreitol, B-mercaptoethanol and p-amino-
benzenesulfonamide was investigated. It was found that the presence of all
chemicals caused the inhibition of PePPO (Table 2). The prevention of enzy-
matic browning by a specific inhibitor may involve a single mechanism or may
be the result of interplay of two or more mechanisms of inhibitor action. There
are various mechanisms through which enzyme inhibitors can act. A
competitive-type inhibition was obtained with ethyleneglycol, L-cysteine,
L-tyrosine, dithiothreitol and p-aminobenzenesulfonamide using catechol as
substrate. Similar results were found for field bean seed PPO using L-cysteine
and dithiothreitol as inhibitors and catechol as substrate (Paull and Gowda
2000). Figure 4A shows the effect of L-tyrosine and sodium azide inhibitors on
PePPO using catechol as substrate (other figures are not shown).

The percent inhibition and K; values for the inhibitors are given in Table 2
for catechol as substrate. Enzymatic browning by a specific inhibitor may
involve a single mechanism or may be the result of interplay of two or more
mechanisms of inhibitor action. L-Cysteine can easily form complexes with
quinones, and therefore, inhibit secondary oxidation and polymerization reac-
tions (Davis and Pierpoint 1975). L-Cysteine, which can also act as a reducing
agent (Wesche-Ebeling and Montogomery 1990), was a poor inhibitor for
PePPO (ICsy 6.49 mM). However, it was reported that L-cysteine was a more
effective inhibitor of some pear cultivars, namely d’ Anjou and Bartlett (Siddig
and Cash 2000). Sodium azide toxicity toward a metal enzyme, especially in
the case of a copper enzyme, is mainly because of its strong coordination
ability with the metal within the active site, which provokes changes in the
coordination number and conformation of the active site and depredates the
active center metal. The reaction between the copper amine oxidase and azide
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FIG. 4. INHIBITION OF PYRUS ELAEGRIFOLIA POLYPHENOLOXIDASE BY (A)
L-TYROSINE AND (B) SODIUM AZIDE WITH CATECHOL AS SUBSTRATE

probably hinders the bond of the precursor tyrosine to the copper. This pre-
vents the formation of this key intermediate and inhibits the activity of the
oxidase (Schwartz et al. 2001). Paull and Gowda observed a competitive-type
inhibition for field bean PPO with cysteine—-HCI inhibitors and with catechol
as substrate. From this, the type of inhibition does not depend on the origin of
the PPO studied. Other studies investigating the inhibition on pear PPO
include using sodium metabisulfite, ascorbic acid, thiourea, citric acid, potas-
sium sorbate and heated onion (Siddig and Cash 2000; Kim et al. 2005).

Walker and Wilson suggested the existence of two distinct sites on the
enzyme: one for binding of the substrate, and another adjacent site for binding
of inhibitor. Even though some authors have found competitive inhibition of
PPO using 4-methylcatechol as substrate (Walker and Wilson 1975; Gunata
et al. 1987; Janovitz-Klapp et al. 1990), other differences in type and degree of
inhibition for various PPOs were reported (Pifferi e al. 1974; Kermasha et al.
1993).

CONCLUSIONS

In this study, an uncompetitive-type inhibition was obtained with
p-aminobenzoic acid, sodium azide and [3-mercaptoethanol using catechol as
substrate. Figure 4B shows the effect of sodium azide inhibitor on PePPO
using catechol as substrate (other figures are not shown). The percent inhi-
bition and K; values for the uncompetitive inhibitors were determined and
presented in Table 2 for catechol as substrate. When comparing K; values
from these tables, the most effective inhibitor for PePPO with catechol as
substrate was dithiothreitol followed by p-aminobenzenesulfonamide, B-
mercaptoethanol and sodium azide. Dithiothreitol in this study was the most
effective inhibitor of PePPO because of its low K; value.
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