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Abstract
Polyphenol oxidase (PPO) was partially purified from dill by (NH4)2SO4 precipitation followed by dialysis and gel filtration
chromatography. Polyphenol oxidase activity was measured spectrophotometrically at 420 nm using catechol, dopamine and
chlorogenic acid as substrates. Optimum pH, temperature, and ionic strength were determined with three substrates. The best
substrate of dill PPO was found to be chlorogenic acid. Some kinetic properties of the enzyme such as Vmax, KM and Vmax/KM

were determined for all three substrates. The effects of various inhibitors on the reaction catalysed by the enzyme were tested
and I50 values calculated. The most effective inhibitor was L-cysteine. Activation energies, Ea, were determined from the
Arrhenius equation. In addition, activation enthalpy, DHa, and Q10 values of the enzyme were also calculated.
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Introduction

Polyphenol oxidase (PPO) enzyme is a major enzyme

which is responsible for the browning reaction in

damaged plant tissues and fruits [1,2,3]. This enzyme

catalyzes two distinct reactions involving molecular

oxygen [4,5]: (i) the o-hydroxylation of monophenol

(monopheolase activity) and (ii) the oxidation of

o-diphenol to o-quinones (diphenolase activity). The

kinetic reaction mechanism of polyphenol oxidase has

been elucidated [6,7,8]. When plant tissues are

damaged, enzymatic browning, which is catalyzed by

PPO, occurs. This is an economic problem for

producers, processors and consumers. The main

step in enzymatic browning is the oxidation of phenolic

compounds to corresponding quinones by PPO in the

presence of oxygen. The quinones then condense to

form darkened pigments [9,10]. These reactions known

asenzymatic browningare not generally desirable for the

food industry, but can be used for preparation of dark

tea. Dill has been used increasingly as a seasoning

vegetable [11]. An important food product in the east

Anatolian part of Turkey, Northeastern Europe and

Russia is herb cheese. A number of herbs, such as

Thymus sp., Allium sp., Ferula sp. and dill (Anethum

graveolens) are used in making herb cheese. Especially,

dill is used as a digestive, gas expectorant, degasifier,

spasm remover, urine disposing, milk increasing and

general regulator. Inaddition to these applications,dill is

a rich source of antioxidative material [12,13,14]. There

are many works related to PPO from different plants

such as wheat [15], Allium sp. [19], sorghum [17], Beta

vulgarisL. [18], tea leaf [19], lettuce [20],dog-rose [21],

Ferula sp. [22], Anethum graveolens L. [23], peaches

[24], apples [25,26,27,28], grapes [29,30,31], kiwis

[32], Salvia species [33] and Thymus [34].

To the best of our knowledge, the kinetic properties

of PPO obtained from dill have not studied. Our

purpose was to study the activation energy (Ea),

activation enthalpy(DHa), and Q10 of PPO with

catechol, dopamine, and chlorogenic acid as sub-

strates under optimum conditions.
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Materials and methods

Plant material

Dill (Anethum graveolens) used in this study was

obtained fresh in local markets in Turkey, and kept for

2 days in the refrigerator at 48C before PPO

extraction. All chemicals used in this study were of

analytical grade and used without further purification.

Enzyme extraction and purification

12 g of dill leaves was cleaned and prepared for

extraction. The leaf sample was immersed in liquid

nitrogen, in a Dewar flask to disrupt cell membranes,

then ground to a powder using mortar and pestle. The

frozen powdered material was added to 25 mL of

0.5 M phosphate buffer containing 0.5% polyvinyl-

pyrrolidone (PVP) at pH 6.5 and 10 mM ascorbic acid

and mixed with a magnetic stirrer for 4 min at 48C.

The crude extract was filtered through cotton gauze

and the filtrate was centrifuged at 13,500 £ g for

30 min at 48C. The supernatant was tested between

0–20%, 20–40%, 40–60% and 60–80% to find the

required saturation point with solid (NH4)2SO4. The

precipitated PPO in the 20–60% (NH4)2SO4 fraction

was separated by centrifuging at 13,500 £ g for

30 min. The pellet was dissolved in 6.0 mL of 0.2 M

phosphate buffer pH 6.5 and dialysed at 48C in the

same buffer for 24 h with three changes of buffer

during dialysis. The dialysed sample was used as the

PPO enzyme source in the following experiments [35].

For further purification of PPO, the dialyzed enzyme

was fractionated by gel filtration chromatography. A

column with 100 mL bed volume was prepared using

Sephadex G-100 and equilibrated with 0.05 M phos-

phate buffer pH 6.5. The dialyzed enzyme solution was

applied to the column and eluted with the equilibration

buffer at an elution rate of 15–20 mL/h.

The column eluate was collected in test tubes as

4 mL volume and elution continued until zero

absorbance was obtained at 280 nm. Each eluate

fraction that showed absorbance at 280 nm was

assayed for PPO activity (see Figure 1). A280 and

PPO activity were plotted against the tube number.

The fractions having PPO activity were collected and

degree of purification was determined by measuring

specific activity before and after purification. Specific

activity was determined from PPO activity and

quantitative protein determination using the Bradford

protein dye-binding method [36].

Determination of PPO activity

PPO activity was determined by measuring the increase

in absorbance at 420 nm with a spectrophotometer

(LKB Biochrom Ultrospec II). The sample cuvette

contained 100mL of the enzyme solution and 2.90 mL

of substrate solution in various concentrations.

The blank sample contained only 3 mL of substrate

solution. The reaction was carried out at various

temperatures and pH values with the substrates

mentioned below. PPO activity was calculated from

the linear part of the curve giving absorbance values at

420 nm versus time [37,38,39,40]. One unit of PPO

activity (EU/mL.min) was defined as the amount of

enzyme that caused an increase in absorbance of

0.001/min [41,42].

Enzyme kinetics

Effect of substrate concentration. PPO activities were

measured with three different substrates at varying

concentrations (0.33, 0.83, 1.67, 2.50, 3.33, and

4.17 mM for catechol and dopamine; 0.11, 0.28, 0.55,

0.83, 1.11, and 1.39 mM for chlorogenic acid) under

optimum conditions of pH, ionic strength, and

temperature. For the determination of Michaelis

constant (KM) and maximum velocity (Vmax) values

and Vmax/KM ratio of the enzyme, KM and Vmax values

of PPO for each substrate were calculated from a plot

of 1/v against 1/[S] by the method of Lineweaver and

Burk [43]. The catalytic power of the enzyme was

determined from the relationship Vmax/KM [33,44].

Effect of pH. PPO activity was determined with three

different substrates (catechol, dopamine, and

chlorogenic acid) at a concentration of 10 mM.

Appropriate buffers (0.1 M citrate/0.2 M phosphate

for pH 4.0–5.5, 0.2 M phosphate for pH 5.5–7.0, and

Tris–HCl for pH 7.0–9.0) were used for the

determination of optimum pH of PPO. The optimum

pH values obtained from this assay were used in all

subsequent experiments.

The stability of the enzyme was determined by

measuring activity in the various buffers [0.1 M

citrate/0.2 M phosphate for pH 3.5–5.0, 0.2 M phos-

phate for pH 5.5–7.5] every 3 days using catechol as

substrate under optimum conditions (pH, temperature

and ionic strength).

Figure 1. Purification of polyphenol oxidase from Dill by gel

filtration chromatography on Sephadex G-100.
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Effect of temperature. PPO activity was measured at

different temperatures in the range from 0 to 858C

using the 3 different substrates to determine the

optimum temperature of the enzyme. The desired

conditions were provided by using a Polyscience bath

(Model 9105).

Effect of ionic strength. Ionic strength effect on the

enzyme was studied with 10 mM concentration of

substrates using 0.062, 0.125, 0.500, and 1.00 M

concentrations of K-phosphate buffer at optimum pH

of the substrates.

Activation energy (Ea), activation enthalpy (DHa), and

Q10 determination. The activation energy is calculated

from experimental results obtained for enzyme

reactions by using the Arrhenius equation, i.e.

ln k ¼ ln A 2 Ea=RT

where k is the enzyme activity value (EU/mL.min), A is

the frequency factor or pre-exponential factor, Ea is

the activation energy (joule/mol), T is the temperature

(K) and R is the gas constant (8.314 J K21 mol21).

The graph of lnk versus 1/T gave a straight line.

The parameter A was obtained from the intercept at

1/T ¼ 0 and the activation energies of reactions was

calculated from the slopes of the lines [33,45,46].

PPO activities of dill were measured at different

temperatures in the range 5–858C and the activation

energy (Ea), activation enthalpy (DHa), and Q10

(increase in reaction rate per 108C increase in

temperature) values of the enzyme were determined.

The desired temperatures were provided by using a

constant-temperature circulator for temperatures

above 208C. In this experiment, except for PPO, all

the substances of the activity assay medium, were

brought to the desired temperature (5–858C), and the

reaction was initiated by the addition of enzyme. Then,

a graph of lnk versus 1/T was drawn for each substrate

and Ea values were calculated from these graphs. DHa

was calculated at 258C (T ¼ 298,15 K) from the

formula DHa ¼ Ea 2 RT [47,48]. Q10 values of the

enzyme are obtained by dividing higher activity values

by lower activity values of measurements performed

at two different temperatures that were 10 degrees

apart [49,50].

Effect of inhibitors. Inhibitor effects on PPO activity

were studied by using the following inhibitors:

L-cysteine, glutathione, and ascorbic acid at five

different concentrations of inhibitors with 10 mM

catechol substrate at pH 6.5. Percent activity graphs

were drawn from these results to find I50 values. Later,

using 5 different concentrations of the substrates,

PPO activities were measured at 3 different constant

inhibitor concentrations with the inhibitors indicated

above. Lineweaver–Burk graphs of this data were used

to determine Ki (dissociation constant) for each

inhibitor.

Results and discussion

Extraction and purification of PPO

The extraction of PPO was carried out in 0.5 M

phoshpate buffer pH 6.5, containing 0.5% polyvinyl-

pyrrolidone and 10 mM ascorbic acid and preciptated

by (NH4)2SO4 method. PPO activity was found to be

the highest in the precipitate of the 20–60%

(NH4)2SO4 fraction and this saturation point was

used for all the extraction processes. Polyvinylpyrro-

lidone was used during extractions to bind the phenols

which could inactivate the PPO. It is well documented

that oxidation of phenolic compounds by PPO

produces quinones which would inhibit PPO. There-

fore, ascorbic acid was used to reduce quinonic

compounds back to the phenolic compounds during

extraction.

Results for the purification of PPO are given in

Table I. When the purification steps were compared,

there was 2.18 fold purification after ammonium

sulfate precipitation, and 2.84 fold purification after

gel filtration chromatography. Plots of absorbance at

280 nm and PPO enzyme activity of eluate fractions

from gel filtration chromatography are shown in

Figure 1. Fractions 5–16 were pooled for the

determination of purification degree.

Table I. Purification of polyphenol oxidase from dill

Purification steps

Total

volume

(mL)

Activity

(EU/mL)

Total

activity

(EU)

Protein

(mg/mL)

Total

protein

(mg)

Specific

Activity

(EU/mg of

protein)

Yield

(%)

Purification

n-fold

Crude extract 67.00 747 50049 0.16 10.52 4757.96 100.00 1.00

(NH4)2SO4

precipitation and dialysis

22.33 1680 37514 0.16 3.62 10370.37 74.95 2.18

Gel filtration

chromatography

120.30 230 27669 0.02 2.05 13530.07 55.28 2.84
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Effect of pH on activity

Activity of purified enzyme was measured with 3

different substrates to determine optimum pH for

each substrate (Table II). Optimum pH with catechol

substrate was found to be phosphate buffer pH 6.5,

Tris–HCl buffer pH 8.5 with (þ) dopamine, and

phosphate buffer pH 5.5 with chlorogenic acid.

In general, most plants, vegetables and fruits show

maximum activity at or near neutral pH values

[37,51,52]. Different optimum pHs for PPO obtained

from various sources are reported in the literature. For

example, it is reported that optimum pH values are 5.5

for strawberry [35], 6.0 for DeChaunac grape [53],

7.0 for Amasya apple [28], aubergine [45], Yali pear

[54], and Ferula sp. [22], 7.5 for Allium sp. [16] and

8.5 for dog-rose [21], using catechol as a substrate.

However, when using 4-methylcatechol as a substrate

the pH optimum is 4.5 for strawberry [35], 6.0 for

aubergine [45], 8.5 for dog-rose [21] and 9.0 for

Amasya apple [28] and 8.5 for dog-rose [21] using

dopamine as a substrate and 7.0 for dog-rose [21] and

8.6 for Amasya apple [28] using pyrogallol as a

substrate. PPO activity varies with the source of

enzyme and substrate within a relatively wide range of

pH. Although, in most cases, pH optima have been

reported between 4.0 and 7.0, it should be noted that

the optimum pH can also be affected by the type of

buffer and the purity of enzyme [45].

Stability of PPO activity was studied when pH value

was ranging from 4.0–7.0 over a period of 35 days by

using catechol as substrate. It was found that PPO

activity of dill was highest at pH 6.5, but decreased at

similar rates at each of the pH values studied (Figure 2).

The optimum ionic strength of the enzyme was

estimated to be 0.5 M for catechol and dopamine, and

0.25 M for chlorogenic acid substrates. Each measure-

ment was performed at optimum pH of the substrates

with different concentrations of K-phosphate buffer.

Effect of temperature on activity

The temperature effects on PPO activity of dill were

studied betwen 58C and 858C with each of the three

substrates used in the experiments (Table II). As seen

in the table, optimum temperatures are substrate-

dependent. It is found that the optimum temperature

is 108C for catechol and chlorogenic acid, and 558C

for dopamine. It is reported that optimum tempera-

ture for PPO is 158C for Amasya apple [28], 208C for

DeChaunac grape [53], 258C for dog-rose [21], 308C

for aubergine [45], 128C for Ferula sp. [22], and 408C

for Chinese cabbage [55], using catechol as a

substrate, 208C for dog-rose [21], 308C for aubergine

[45], 258C for Ferula sp. [22], and 568C for Amasya

apple [29], using 4-methylcatechol as a substrate, and

158C for dog-rose [21] and 708C for Amasya apple

[28] using pyrogallol as a substrate.

Enzyme kinetics and substrate specificity

In this study, we selected three widely used substrates

(catechol, dopamine and chlorogenic acid) for kinetics

studies. KM and Vmax values were calculated from the

Lineweaver–Burk graphs for substrates and are shown

in Table II. As seen in Table II, the PPO of dill has a

great affinity towards chlorogenic acid (KM ¼ 8.35 £

1024 M) of the three catechol derivatives tested [56], as

seen from the high Vmax/KM ratio (9267 EU/mmol.s).

When the Vmax values for the three substrates are

compared, it was found that the Vmax for catechol was

higher than for the other substrates. Consequently,

catechol was used as substrate in the other kinetics

studies [57]. At the short assay times used, these

substrates do not originate significant suicide inacti-

vation of polyphenol oxidase [58,59].

This observation was similar to that of the work on

PPO from dog-rose [21], ferula sp. [22], and Amasya

apple [28]. There are a number of compounds such as

dopamine [21,60], catechol [21,28,35,45], chlorogenic

acid, L-dopa [21,28,35,60], pyrogallol [21,28,35,60],

caffeic acid [35,53], p-cresol [21,35,60], tyrosine

[21,53], and 4-methylcatechol [21,28,35,45] used as

substrates for polyphenol oxidase in the literature.

Table II. Optimum pH and temperature, and KM and Vmax and Vmax/KM values of PPO dill

Substrate Optimum pH Optimum temperature (8C) KM (M) Vmax (EU/mL.min) Vmax/KM (EU/mmol.s)

Catechol 6.5 10 2.17 £ 1023 774.30 5947

Dopamine 8.5 55 1.67 £ 1023 66.90 668

Chlorogenic acid 5.5 10 8.35 £ 1024 464.30 9267

Figure 2. Stability of PPO activity at various pH values using

catechol as a substrate.
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Activation energy (Ea), activation enthalpy(DHa),

and Q10 determination

The activation energies were calculated in a tempera-

ture range from 108C to 758C for catechol, dopamine

and chlorogenic acid. For each substrate, Arrhenius

plots were constructed by using temperature-activity

values. Activation energies were calculated from

slopes (Table III). In view of the fact that optimum

temperature was 108C for catechol and chlorogenic

acid and 558C for dopamine, it is reasonable that the

Ea for dopamine would be positive and Ea negative for

the other two substrates. The activation enthalpies

were calculated and are shown in Table III. Q10 values

were also calculated in the temperature range

10–758C for catechol, dopamine and chlorogenic

acid, and are given in Table III. These results are

consistent with the literature finding [32,33,61].

Effect of inhibitors

I50, Ki values and inhibition modes for three inhibitors

are given in Table IV. From the Lineweaver-Burk plots,

it was concluded that the inhibition modes for all three

inhibitors are noncompetitive. The strongest inhibitor

was found to be L-cysteine [62]. As seen from the I50

values, L-cysteine was the most effective inhibitor

for dill, followed by ascorbic acid and glutathione,

respectively.

There are a number of inhibitors, such as sodium

metabisulphite [21,53,63], ascorbic acid [21,53,63,64],

glutathione [32,45,53], sodium diethyldithiocarbamate

[32,53,54], L-cysteine, sodium azide, tannic acid,

benzoic acid and b-mercaptoethanol [21] used by

researchers to prevent enzymatic browning.

L-cysteine can easily form complexes with quinones

and, thereby, inhibiting secondary oxidation and

polymerisation reactions [65]. L-cysteine can also act

as a reducing agent [35]. Ascorbic acid reduces

quinones to hydroquinones and does not directly

inhibit PPO [66]. It will prevent enzymatic browning

only as long as it is present in the reduced form. This

prevents the formation of key intermediates and

inhibits the activity of the oxidase [67].

Conclusion

The characterization of PPO is important because of

the browing reactions, which occur in fruits and

vegetables. In this respect, PPO enzyme of dill was

partially purified and PPO activity was measured

spectrophotometrically using selected substrates and

inhibitors. The best substrate of PPO enzyme was

found to be chlorogenic acid (high Vmax/KM ratio)

while L-cysteine is the most effective inhibitor.

The three inhibitors used in this study caused

inhibition effects at a concentration of 1025 M and

can be used safely in making herb cheese. In addition,

activation energies (Ea), activation enthalpy (DHa),

and Q10 values of the enzyme were calculated.
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