776 J. Agric. Food Chem. 2005, 53, 776-785 JOURMNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

Characterization and Purification of Polyphenol Oxidase from
Artichoke ( Cynara scolymus L.)
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In this study, the polyphenol oxidase (PPO) of artichoke (Cynara scolymus L.) was first purified by a
combination of (NH,).SO, precipitation, dialysis, and a Sepharose 4B—L-tyrosine—p-aminobenzoic
acid affinity column. At the end of purification, 43-fold purification was achieved. The purified enzyme
migrated as a single band on sodium dodecyl sulfate—polyacrylamide gel electrophoresis. Polyacryl-
amide gel electrophoresis indicated that PPO had a 57 kDa molecular mass. Second, the contents
of total phenolic and protein of artichoke head extracts were determined. The total phenolic content
of artichoke head was determined spectrophotometrically according to the Folin—Ciocalteu procedure
and was found to be 425 mg 100 g~! on a fresh weight basis. Protein content was determined
according to Bradford method. Third, the effects of substrate specificity, pH, temperature, and heat
inactivation were investigated on the activity of PPO purified from artichoke. The enzyme showed
activity to 4-methylcatechol, pyrogallol, catechol, and L-dopa. No activity was detected toward
L-tyrosine, resorsinol, and p-cresol. According to Vina/Km values, 4-methylcatechol (1393 EU min—?!
mM~1) was the best substrate, followed by pyrogallol (1220 EU min~t mM~1), catechol (697 EU min—!
mM~1), and L-dopa (102 EU min~t mM~1). The optimum pH values for PPO were 5.0, 8.0, and 7.0
using 4-methylcatechol, pyrogallol, and catechol as substrate, respectively. It was found that optimum
temperatures were dependent on the substrates studied. The enzyme activity decreased due to heat
denaturation of the enzyme with increasing temperature and inactivation time for 4-methylcatechol
and pyrogallol substrates. However, all inactivation experiments for catechol showed that the activity
of artichoke PPO increased with mild heating, reached a maximum, and then decreased with time.
Finally, inhibition of artichoke PPO was investigated with inhibitors such as L-cysteine, EDTA, ascorbic
acid, gallic acid, p,L-dithiothreitol, tropolone, glutathione, sodium azide, benzoic acid, salicylic acid,
and 4-aminobenzoic acid using 4-methylcatechol, pyrogallol, and catechol as substrate. The presence
of EDTA, 4-aminobenzoic acid, salicylic acid, gallic acid, and benzoic acid did not cause the inhibition
of artichoke PPO. A competitive-type inhibition was obtained with sodium azide, L-cysteine, and D,L-
dithiothreitol inhibitors using 4-methylcatechol as substrate; with L-cysteine, tropolone, b,L-dithiothreitol,
ascorbic acid, and sodium azide inhibitors using pyrogallol as substrate; and with L-cysteine, tropolone,
D,L-dithiotreitol, and ascorbic acid inhibitors using catechol as a substrate. A mixed-type inhibition
was obtained with glutathione inhibitor using 4-methylcatechol as a substrate. A noncompetitive
inhibition was obtained with tropolone and ascorbic acid inhibitors using 4-methylcatechol as substrate,
with glutathione inhibitor using pyrogallol as substrate, and with glutathione and sodium azide inhibitors
using catechol as substrate. From these results, it can be said that the most effective inhibitor for
artichoke PPO is tropolone. Furthermore, it was found that the type of inhibition depended on the
origin of the PPO studied and also on the substrate used.

KEYWORDS: Artichoke; Cynara scolymus L.; polyphenol oxidase; substrate specificity; optimum pH
and temperature; heat denaturation; purification; inhibition; inhibitors

1. INTRODUCTION Artichoke is of considerable economic importance for Turkey.
Artichoke (Cynara scolymus.) is widely cultivated in The artichoke head, an immature flower, constitutes the edible

Europe and America, and its head is eaten as a vegetablePart of this vegetable. The artichok€ynara scolymus..) is

not only a good food, known for its pleasant bitter taste, but
*Author to whom correspondence should be addressed (e-mail also an interesting and widespread herbal drug. The chemical
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compounds, with mono- and dicaffeoylquinic acids and flavo- in stored artichoke heads; and Leoni et al. (28) investigated PPO
noids as the major chemical components (1—4). The chemicalfrom artichoke. Enzymatic browning can be controlled in
components in the edible portion of the artichoke head remain different ways. In addition to heat treatment and acidification,
unknown. The extracts of artichoke are used (i) in folk medicine a wide range of chemicals inhibit PPO activity, but only a
against liver complaints, (i) for the treatment of hepatitis and limited number of them are considered to be acceptable for the
hyperlipidemia in European traditional medicine, (iii) to exert sake of consumer safety and/or cost and could act as potential
a hepatoprotective effect, (iv) to prepare herbal teas or herbalalternatives to sulfites, which are very effective in controlling
medicinal products, (v) in the treatment of hepatobiliary browning but subject to regulatory restrictions.

dysfunction and digestive complaints, such as loss of appetite, In the studies above, PPO was partially purified. Not
nausea, and abdominal pain, (vi) in various pharmacological investigated in detail were the enzyme and inhibiton kinetics;
test systems, antibacterial, antioxidative, anti-HIV, bile expelling, the contents of phenolic compounds and protein amount were
hepatoprotective, urinative, and choleretic activities and have not determined, and also not determined was the molecular mass
the ability to inhibit cholesterol biosynthesis and low-density of enzyme. Because little information is available on the
lipoprotein (LDL) oxidation, and (vii) to inhibit oxidative stress ~ characterization and purification of PPO from artichoke, this
generated by reactive oxygen species in human leukocytes (2 study has been aimed to assess some of its properties such as
5—-10). Recently, research has focused on the antioxidant activity Substrate specificity, optimum pH and temperature, heat inac-
of artichoke leaf extracts. All of these properties make the tivation, and molecular mass. PPO catalyzes the browning
artichoke very important in the food industry. One other reaction occurring during fruit storage. The inhibitory potency
important point is that this vegetable contains an enzyme calledand Iso values of various inhibitiors on PPO activity were
polyphenol oxidase (PPO). PPO (EC 1.14.18.1) is a copper-determined in order to prevent or weaken browning of the
containing enzyme, widely distributed in nature, which is artichoke PPO throughout the process. This information will
responsible for melanization in animals and browning in plants be useful in devising effective methods for inhibiting browning
(11). Polyphenol oxidase also catalyzes the ortho-hydroxylation during storage.

of monophenols and the oxidation @diphenols ta-quinones

(12).C. scolymuds.. is used as a material for pickled vegetables, 2. MATERIALS AND METHODS

and it is consumed in Turkey and other countries on a daily or 2.1. Materials. C. scolymud.. used in this study was harvested fresh

weekly basis. When it is stored in a refrigerator, the plant fom 2 local garden in January (generative stage)zimil county
develops unpleasant colors and flavors and loses nutrients whenTurkey) and was kept frozen at20 °C. All chemicals used in this

it browns. Therefore, it is necessary to chracterize the PPO tostudy were of the best grade available and were used without further
develop more effective methods for controlling browningZin purification as they were purchased from Sigma Chemical Co.
scolymusL. (Deisenhofen, Germany). Enzyme assays were carried out with the aid
a Cary|1E|g UV—visible spectrophotometer (Varian, Australia).

. . . . of
Enzymatic browning of fruits and raw vegetables is related 2.2. Extraction and Purification Procedure. C. scolymud.. (10

to OXIdatIOFI. of phenolllc endogenous Compounds into_highly g) was placed in a Dewar flask under liquid nitrogen for 10 min to
unstable quinones, which are later polymerlzed to brown, red, decompose cell membranes. A 10 g samplCofscolymus.. was

and black pigments. The degree of browning depends on thepomogenized using a Waring blender for 2 min in 100 mL of 0.1 M
nature and amount of endogenous phenolic compounds, on thhosphate buffer (pH 6.5) containing 10 mM ascorbic acid and 5%
presence of oxygen, reducing substances, and metallic ions, orpoly(ethylene glycol). The 0.1 M concentration was chosen to avoid
pH and temperature, and on the activity of PPO, the main the influence of enzymatic extract ionic strength on PPO activity, as
enzyme involved in the reaction. Enzymatic browning is also described by Angleton and Flurkeg9). The homogenate was filtered,

an economic problem for processors and ConsunrH$ (A\t and the filtrate was Centrifuged at 15@)&)[’ 30 min at 4°C. The

least five causes of browning in processed and/or stored fruits SUPernatant obtained was used as crude extract. The supernatant was

. . . brought to 80% (NH).SO, saturation with solid (NE.SOQ.. The
z;/lnq"plz;nts atr.e known.b.enzyr(lj"latlc.:d btrlownlng of tlhe tphenolsd, preciptated PPO was separated by centrifugation at I5@0®0 min.
alllard reaction, ascorbic acid oxidation, caramelization, and e precipitate was dissolved in a small amount of homogenization

formation of browned polymers by oxidized lipids. The oxida- pffer and dialyzed at 4C in the same buffer for 24 h with three
tion of the o-diphenols too-quinones by PPO is the most changes of buffer during dialysis. The dialyzed sample was used as
important cause of the change in color asdkgiinones quickly the PPO enzyme source in the following experimerit8).( After
polymerize and produce brown pigmeni®2(13). Enzymatic dialysis, the active fraction was purified with affinity chromotography.
browning also causes a loss in the nutritional value through The affinity gel used was synthesized according to the method of Arslan
oxidation of ascorbic acid. and Erzengin (30).

Enzymatic browning has been studied in several plant tissues 2.3. Electrophoresis.Sodium dodecyl sulfate—polyacrylamide gel

. . . electrophoresis (SDS-PAGE) was carried out using the method of
such as aubergine 4), Origanum(15), apricot £6), Thymus Laemmli 31). Samples were applied to 10% polyacrylamide gels. The

species (17—19falvia(20), spinachZ1), and tea leave2y). slab gels of 1.5 mm thickness were run at a constant current of 180
There are a few investigations related to polyphenol oxidase mv. Gels were stained for protein using a standard Coomassie Blue
activity obtained fronC. scolymus..: Lopez-Molina et al. 23) method.

investigated the enzymatic removal of phenols from an aqueous 2.4. Molecular Mass Determination. The molecular mass of the
solution by artichoke extracts; Espin et &4] investigated the  purified enzyme was determined by SDS-PAGE. Affinity chromatog-
effect of pH and temperature on the monophenolase activity of raphy was done according to the method of Arslan and Erze8gin (
PPO obtained from artichoke heads using 4-hydroxyanisole asigféngE was carried out using an SDS marker protein kit as
subst_ratg; Ziyan and Pekyardimd2b] inv_estigated the c_har- 25 Détermination of Total Phenolic Compound ContentTotal
faCte”?atlon of PPO_from .J_eru_salem artichoke; _quemlr (26) phenolics were determined using the FeJtDiF())caIteu reagent (32).
mvestlgated the partial pur|f|cat|on.and c.haracterlzanon quPO Samples (2 g) were homogenized in 80% aqueous ethanol at room
from artichoke; Lattanzio et al27) investigated the beneficial  temperature and centrifuged in cold at 109G6r 15 min, and the

effect of citric and ascorbic acid on the phenolic browning supernatant was saved. The residue was re-extracted twice with 80%
reaction in stored artichoke heads and the browning phenomenasthanol, and the supernatants were pooled, put into evaporating dishes,
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and evaporated to dryness at room temperature. The residue was 19.5 kDa
dissolved in 5 mL of distilled water. One hundred microliters of this
extract was diluted to 3 mL of the water, and 0.5 mL of Feliocalteu 25 kDa

reagent was added. After 3 min, 2 mL of the 20% of sodium carbonate
was added, and the contents were mixed thoroughly. The color was

developed and the absorbance measured at 650 nm in a (C&iy 33 kDa
UV-—visible spectrophotometer after 60 min using catechol as a

standard. The result was expressed as milligrams of catechol per 100 47 kDa
g of fresh weight material. 57 kDa

2.6. Determination of Protein Content. The protein content was
determined according to the Bradford method using bovine serum
albumin as standard (33). 79 kDa

2.7. Spectrophotometric AssaysKinetic assays were carried out
by measuring the increase in absorbance at 420 nm for catechol and
4-methylcatechol, at 320 nm for pyrogallol, and at 460 nm.folopa 118 kDa
with a Carry|1E|g UV—visible spectrophotometer (Varian). Temper-
ature was kept at 23C using a Tempette Junior TE-85 circulating Figure 1. SDS-PAGE of artichoke PPO.
water bath with a heater/cooler. The reaction was carriednoautlicm
light path quartz cuvette. The sample cuvette contained 2.9 mL of 1406 1. Purification of Artichoke PPO
substrates in various concentrations prepared in the homogenization

buffer and 0.1 mL of the enzyme. For each measurement, the volume specific

of solution in the quartz cuvette was kept constant at 3 mL. The vol of protein activity (EU

reference cuvette contained all of the components except the substrate, extract conen activity mg~! of purifn

with a final volume of 3 mL 14, 34). type of extract ~ (mL)  (ugmL7Y) (EUmML™Y protein) -fold
2.8. Enzyme Kinetics and Substrate SpecificityPPO activity was crude extract 75 576 3215 5.6

assayed using 4-methylcatechol, pyrogallol, cateakdbhpa,p-cresol, (NH4),S04 12 1171 6588 5.6 1.00

L-tyrosine, and resorsinol as substrates. The rate of the reaction was preciptation

measured in terms of the increase in absorbance at the absorption dialysis 12 926 8506 9.2 1.63

maxima of the corresponding quinone products for each substrate. One affinity 2 4.2 1659 394.4 42.95

unit of enzyme activity was defined as the amount of enzyme causing
a change of 0.001 in absorbance per minute. For each substrate, the

kinetic data were plotted as 1/activity versus 1/substrate concentration,phenolic contents of vegetables such as fresh turmeric (176 mg),
aCCOrding to the method of LineWeaV%Urk, and Michaelis-Menten broccoh (88 mg)’ tomato (68 mg), and yam (92 mg) are |Ower
constant (k) and maximum velocity (V) were determined with  hap those obtained in artichoke. As seen above, it can be said

variable substrate concentrations in the standard reaction mixture. . - -
Substrate specificityMna/Km) Was calculated by using the data obtained that artichoke has a rich phenolic compound content.

on a Lineweaver—Burk plot (20). 3.2. Molecular Mass Determination. The purification

2.9. Effect of pH. PPO activity as a function of pH was determined Procedures are summarized Tmble 1. As seen inTable 1,
using 4-methylcatechol, pyrogallol, and catechol as substrates. Thefinally, PPO was purified up to 43-fold. The molecular mass
buffers used were 0.1 M acetate (pH 4@0) and 0.1 M phosphate ~ of PPO was estimated on SDS-PAGE with a single band of

(pH 6.0—9.0) adjusted with 0.1 M NaOH and H)(B4). ~57 kDa (Figure 1). The molecular mass of PPO from other
2.10. Effect of Temperature.For determining the optimum tem-  species has been reported as follow4cia fabal., 59 kDa
perature values of the enzyme, PPO activity was measured at different(36); sago palm, 53 kDa3(7); mushroom, 58 kDa38); Lactuca
temperatures in the range of 10—80 using three different substrates  satiya, 56 kDa 89); tea leaf, 72 kDadQ); sunflower seeds, 42
as indicated above. The effect of temperature on the activity of PPO (pg (41); apple, 65 kDad@, 43); banana, 41 and 62 2 kDa
was tested by heating the standard reaction solutions (buffer and(44); cabbage, 39 kDa (45); field bean seed, 328 kDa (46).

substrate) to the appropriate temperatures before introduction of the -
enzyme. The desired temperatures were provided by using a TempetteOur results indicate that the molecular mas€oscolymug..

Junior TE-85 temperature controller attached to the cell-holder of the W&S Similar to those o¥. fabal.., sago palm, mushroom, and
spectrophotometer. Once temperature equilibrium was reached, enzymd-- Sativabut different from those of tea leaf, sunflower seeds,
was added and the reaction was followed spectrophotometrically at apple, banana, cabbage, and field bean seed.
constant temperature at given time intervals. The reaction mixture 3.3, Substrate Specificity and Enzyme Kinetics.PPO
contained 0.6 mL of substrate, 2.3 mL of 0.1 M buffer solution, and  activity in partially purified extracts was examined with regard
0.1 mL of enzyme solution. As mentioned, each assay mixture Was y, jts monophenolase, diphenol, and triphenol oxidase activities.
repeated twice using the same stock of enzyme extlat ( P . .
L ) The substrate specificity of the enzyme was investigated by
2.11. Heat Inactivation of PPO.The thermal denaturation of the using seven chemicals (4-methylcatechol, pyrogallol, catechol,

partially purified enzyme was studied at 35, 55, and°T5 For the d | inol d-t - bstrat
study, 1 mL of enzyme solution in a test tube was incubated at the 5"00P@, P-Cr€s0l,  resorsinol, and- yrosine) as substrates.

required temperature for fixed time intervals. At the end of the required Artichoke PPO showed no activity towandtyrosine (the
time interval, the test tube was cooled in an ice bath. The activity of monophenolase), resorsinol, gmndresol, suggesting the absence
the enzyme was then determined at°Z5(14). of monophenolase (cresolase). Therefore, in this study, 4-meth-

ylcatechol, pyrogallol, catechol, anddopa were used as
substrates. The enzyme is@diphenol oxidase as no cresolase
activity was present. Some plant polyphenol oxidases, for
3.1. Total Phenolics.It was found that the level of total example, mushroom, potato, and broadbean, catalyze both the
phenolic compounds in the artichoke extracts was approximately hydroxylation of monophenols and the oxidatioroediphenols.
425 mg per 100 g of fresh weight. Similar results were found However, many polyphenol oxidases lack monophenol activity
for vegetables such as mint (400 mg), black carrots (350 mg), (47—49). Similar results were found for aubergine by Biog
aonla (349 mg), and beet root (323 mg}). However, the total et al. 14) and for Yali pear by Zhou and Feng0). L-Dopa

3. RESULTS AND DISCUSSION
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Table 2. Substrate Specificity of Artichoke PPO 12000
Substrates
) . . Pyrogallol
v, K Vinarl K; optimum  optimum - yrog
substrate (EU r?l?ﬁ*l) (m&) (EU mi”r];xlr'qu*l) temp (°C) pH 10000 A Caechol
¢ :  4-methylcatechol

catechol 7457 10.7 697 40 7
4-methylcatechol 16158 116 1393 <10 5 8000 1
pyrogallol 6390 5.2 1220 20 8 g
L-dopa 4600 45 102 2 4000

2

z

_ 3

was not used for the optimum pH and temperature, thermal < 4000
denaturation, and inhibition studies. Michaelis constaKtg) (
and maximum reaction velocitie¥a,) were determined using 2000 -
these substrates at various concentrations. The Lineweaver
Burk plot analysis of this enzyme preparation shoWed/alues 0
of 11.6, 5.2, 10.7, and 45 mM for 4-methylcatechol, pyrogallol, 4 5 6 7 8 9
catechol, and-dopa, respectivelyTable 2). We had previously pH

found that theK, value for ThymusPPO was 9.8 mM with Figure 2. Effect of pH on PPO activity.
4-methylcatechol as substratE8]. In this study, the values of
Km for PPO obtained fronC. scolymud.. for the substrates
assayed were similar to those reported in the literature: Aydemir
(26) reported th&, values for artichoke variety as 12.4, 14.3,
10.2, and 37.7 mM for 4-methylcatechol, pyrogallol, catechol, 6000 §

8000

andL-dopa, respectively. This value obtained with catechol was "‘g

similar to that of aubergine (8.3 mM) (14), tea leaf (12.5 2

mM) (40), and field bean seed (10.5 mM)&). The artichoke 3. 4000

Km value is lower than the 34 mM for Amasya appf), 18 2

mM for Thymus(19), 682.5 mM for cabbagé&g), and 20 mM 2 Substrates

for Stanley plum %3) with catechol as a substrate. On the other 2000 'A : Eiiﬁfﬁgfl

hand, theKr, value for pyrogallol was different from that of ¢ ¢ 4d-methylcatechol

spinach, 15.7 mMZ1), cabbage, 15.4 mMbR) and tea leaf,

17.8 mM (40), but was similar to that dhymus, 5.5 (19). The 0 , ‘

VmadKnm ratio is called the “catalytic power”, and it is a better 10 20 30 40 50 60
parameter to find the most effective substrate. Considering the t("C)

ratio Vma/Km, it can be said that 4-methylcatechol is the most Figure 3. Effect of temperature on PPO activity.
suitable substrate faZ. scolymud.. PPO activity, followed by
pyrogallol, catechol, anctdopa ([Table 2). Similar results were rose (58) using catechol as a substrate, respectively. Alyward
found for aubergineld) and medlar fruits34). The large ranges  and Haisman@1l) reported that the optimum pH for maximum
in the apparenk, values of PPO reported in this study may be PPO activity in plants varies depending on the exraction method,
due to different reasons: different assay methods used, differentthe substrates used for assay, and the localization of the enzyme
varieties, different origins of the same variety, and different in the plant cell.
values of pH of extractiorb6). On the other hand, it is generally 3.5. Optimum Temperature. Figure 3shows the effect of
assumed that the pH undoubtedly affects the app&rgralues. temperature on the activity and stability of the enzyme. When
Janovitz-Klapp et al.§6) showed that the appareif, values catechol was used as the substrate, PPO showed maximum
of Red Delicious apple for 4-methylcatechol, chlorogenic acid, activity at 40°C and then decreased gradually with increasing
and (+) catechin remained almost constant between pH 3.5 andtemperatures. When pyrogallol was used as the substrate,
5.0, but increased above pH 5.0. In this state, it can be saidhowever, PPO showed fluctuations in activity with increasing
that the enzyme is a diphenol oxidase as no cresolase activitytemperature even as high as 80. The plot for pyrogallol
was present. demonstrated that the enzyme was very thermostable between
3.4. Optimum pH. Enzyme activity exhibits a significant 10 and 60°C. Walker 62) also found a high inactivation
dependency on the pH value of the medium. With rising pH temperature for PPO extracted from Sturmer Pippin apples.
values, activity increases to a maximum (pH optimum) and When 4-methylcatechol was used as the substrate, the optimum
drops to zero in the alkaline region, which is expressed in a temperature was not observed in the studied temperature range,
bell-shaped optimum curve. Optimum pH values for artichoke but it was found that enzyme was stable at low temperature.
PPO were determined in the pH range of3 As seen in As seen above, optimum temperatures are substrate-dependent.
Figure 2, it was found that optimum pH values for artichoke It is reported that optimum temperature values are@Cfor
PPO were 5, 8, and 7 for 4-methylcatechol, pyrogallol, and Chinese cabbages?) using catechol as substrate; 20 for
catechol as substrates, respectively. Different optimum pH Dog rose (58) using 4-methylcatechol as substrate; antC15
values for PPO obtained from vairous sources are reported infor Dog rose (58) using pyrogallol as substrate.
the literature. For example, it is reported that optimum pH values  3.6. Thermal Inactivation. The thermal stability profile for
are 4.5 for strawberry (57), 6.0 for aubergine (14), and 8.5 for PPO, presented in the form of the residual percentage activity,
Dog rose §8) using 4-methylcatechol as substrate; 7.0 for Dog is shown inFigure 4. The enzyme was incubated at different
rose (58) and 8.6 for Amasya appl&l) using pyrogallol as  temperatures for 60 min at pH 6.5, and after cooling, the residual
substrate; and 5.5 for strawbergr, 6.0 for DeChaunac grape  enzyme activity was measured using 4-methylcatechol, pyro-
(59), 7.0 for Amasya applé(), Anethum graveolenk. (60), gallol, and catechol as substrates. PPO showed similar behavior
and aubergineld), 7.5 forAllium sp. (34), and 8.5 for Dog  for 4-methylcatechol and pyrogallol substrates. The enzyme
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100 { reduced effect of elevated temperatures on activation indicated
that activation and inactivation occurred at the same time but
80 a that inactivation predominated at higher temperatures and with
s \ time. The observed increase in activity of artichoke PPO by
5 601 Pvrogallol heating could, in part, be due to a releasing of latent PPO. Kahn
g 10 ] N yree (63) demonstrated latent PPO in_ crude and part_ially purified
" Tem}’era;;res( O preparations from avocado cultivars. Vamos-VigyaZs)(
ol A 0 55 \.\ reported the presence of Iate_nt PPO in ap_ple peel extracts. Lee
a . 75 et al. 64) indicated that heating at 6C activated latent PPO
0 ‘ . \|———l\- in cocoa bean, but no activation was observed at higher
0 10 20 10 40 50 60 temperatures. Mathew and Parpé®) attributed the activation
Time (min) of PPO to protein association and dissociation. It has been noted

that heat stability of the enzyme may be related to ripeness of

100 the fruit and molecular forms of the enzyme, and in some cases
it is also dependent on pHsQ).

80 1 3.7. Inhibition of PPO. Many substances may alter the

© A-methylcatechol activity of an enzyme by combining with it in a way that

influences the binding of substrate and/or its turnover number.
Substances that reduce an enzyme’s activity in this way are
known as inhibitors. Many inhibitors are substances that
structurally resemble their enzyme’s substrate but either do not
react or react very slowly compared to the substrate. Such
inhibitors are commonly used to probe the chemical and
conformational nature of a substrate-binding site as part of an
effort to elucidate the enzyme’s catalytic mechani€®)(

Time (min) Enzymatic browning of vegetables may be delayed or
eliminated by removing the reactants such as oxygen and
160 1 Catechol phenolic compounds or by using PPO inhibitors. Complete
140 ¢ atecho elimination of oxygen from vegetables during processing is
difficult because oxygen is ubiquitou$q). In this study,
inhibition of artichoke PPO by-cysteine, EDTA, ascorbic acid,
gallic acid, p,L-dithiothreitol, tropolone, glutathione, sodium
azide, benzoic acid, salicylic acid, and 4-aminobenzoic acid has
been investigated. 4-Methylcatechol, pyrogallol, and catechol

¢ . 35

A : 55
201 u : 75 \
0 " " i

0 10 20 30 40 50 60

% Inactivation

40 ] Temperatures (OC)\\

120
100

80

0
60 Temperatures ("C)

% Inactivation

40 2 . 22 were used as substrates. It was found that the presence of EDTA,
20 . 75 4-aminobenzoic acid, salicylic acid, gallic acid, and benzoic acid
from experimental results did not cause the inhibition of
0 ; ‘ ; artichoke PPO Table 3). The inhibiton of browning can be
0 10 20 30 40 50 60 the result of (i) inactivation of PPO, (i) elimination of one of
Time (min) the substrates () polyphenols) for the reaction, and (iii) the
Figure 4. Change of PPO activity as a function of temperature and time. action of inhibitors on reaction products of enzyme action to

inhibit the formation of colored products in secondary reactions
activity decreased due to heat denaturation of the enzyme with(68). The prevention of enzymatic browning by a specific
increasing temperature and inactivation time for 4-methyl- inhibitor may involve a single mechanism or may be the result
catechol and pyrogallol substrates. The drop in percentageof interplay of two or more mechanisms of inhibitor action.
residual activity at high temperatures can actually be due to There are various mechanisms through which enzyme inhibitors
the unfolding of the tertiary structure of the enzyme to form can act.
the secondary structure. For instance, when the temperature was Competitive InhibitionThe Lineweaver—Burk equation for
increased from 55 to 78C, the activation of PPO decreased competitive inhibition is
from 82 to 24% for 30 min and from 67 to 0% for 60 min with
4-methylcatechol as substrate; and the activation decreased from 1 (oK) 1 1
83 to 30% for 30 min and from 69 to 0% for 60 min with W sV 1)
pyrogallol as substrate. This indicated that the enzyme was 0 m max
rapidly denatured at higher temperatures.

Results of all inactivation experiments for catechol showed where

that the activity of artichoke PPO increased with mild heating, |
reached a maximum, and, then, decreased with time. As heating = (1 + u) 2)
progressed, activity decreased, first gradually and then rapidly. Ki

An activation—inactivation curve was obtained by plotting the

change in activity versus heating time at 35, 55, and°@5 A plot of this equation is linear and has a slope®fn/Vimax a
(Figure 4c¢). The first portion of the curves represents activation 1/[S] intercept of— 1/aKy, and a 1d, intercept of IWmax The

of PPO followed by both activation and inactivation. The final double-reciprocal plots for a competitive inhibitor at various
lines of curves indicate only an inactivation. The activation effect concentrations of | intersect at\llfax On the 1/y axis; this is

of heating was dependent not only on temperature but also onthe diagnostic for competitive inhibition as compared with other
exposure time of the enzyme to various temperatures. Thetypes of inhibition (66).
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Table 3. Change of PPO Activity with Various Inhibitor Concentrations
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activity activity
inhibitor [1] (mol L™1) substrate (EUmLImin™1) inhibitor [I] (mol L~1) substrate (EUmL"Imin™?)
EDTA 4-methylcatechol 2960 salicylic acid 4-methylcatechol 2960
6.67 x 1074 2930 3.33x10°° 2961
2.00x 1073 2900 6.67 x 1074 2830
2,00 x 1073 2910
pyrogallol 4120
3.33x 10 3910 pyrogallol 4800
1.00x 1073 4160 1.00 x 1073 4730
167 x1073 4170 167x1073 4820
catechol 7480 catechol 8420
3.33x107* 7340 2.00x 1073 8290
2.00x 1073 7460 2,67 x 1073 8100
benzoic acid 4-methylcatechol 3400 4-aminobenzoic acid 4-methylcatechol 3440
3.33x107* 3400 3.33x107* 3310
1.00 x 1073 3300 1.33x1073 3440
2.00x 1073 3310 2,00 x 1073 3400
pyrogallol 5570 pyrogallol 2828
3.33x107* 5570 3.33x107° 2780
1.67 %1073 5690 6.67 x 1075 2730
267 x1073 5680 1.00x 1074 2850
catechol 8620 catechol 8300
2.00x 1073 8400 3.33x107* 8240
2.33x1073 8410 2,00 x 1073 8310
gallic acid 4-methylcatechol 3000
167 x1073 3100
3.67x1073 2960
pyrogallol 5100
3.33x 1074 5130
2.00x 1073 4980
catechol 8150
167 x1073 8100
3.67x10°3 8175
6:662 for 4-methylcatechol, imable 5 for pyrogallol, and inTable
[.‘“,10050%‘4) 6 for catechol as substrates. A substance that competes directly
o : 067 with a normal substrate for an enzymatic binding site is known
A 18 00015 as a competitive inhibitor. Such an inhibitor usually resembles
= the substrate to the extent that it specifically binds to the active
z site but differs from it so as to be unreactive. In inhibition of
2 0.001 this type, the inhibitor does not affect the turnover number of
s the enzyme@9). The enzymatic browning by a specific inhibitor
= may involve a single mechanism or may be the result of inter-
0.0005 - play of two or more mechanisms of inhibitor action. Ascorbic
acid acts by reducing the quinones formed by PPO action back
% to polyphenols while they are themselves oxidized. They there-

=700 -500 -300

as a substrate.

A competitive-type inhibition was obtained with sodium
azide,L-cysteine, and,L-dithiothreitol inhibitors using 4-me-
thylcatechol as substrate; with-cysteine, tropolonep,L-
dithiothreitol, ascorbic acid, and sodium azide inhibitors using
pyrogallol as substrate; and withrcysteine, tropolonep,L-

-t

-100

18], (M
Figure 5. Effect of tropolone inhibitor on artichoke PPO using pyrogallol

100

300

500

fore provide only temporary prevention of browning. They can
also cause inactivation of the enzyme when used in high con-
centrations 70). L-Cysteine can easily form complexes with
quinones and, therefore, inhibit secondary oxidation and poly-
merization reactions, thus consuming the substrate presént (
L-Cysteine can also act as a reducing agbm).(Inhibition by
thiol compounds is attributed to either the stable colorless pro-
ducts formed by an addition reaction withquinones (72) or
the binding to the active center of PPO, like metabisulfi®&)(
Sodium azide’s toxicity toward a metal enzyme, especially in
the case of a copper enzyme, is mainly due to its strong coordin-

dithiothreitol, and ascorbic acid inhibitors using catechol as ation ability with the metal within the active site, which provokes
substrate. Similar results was found for field bean seed PPOchanges in the coordination number and conformation of the

usingL-cysteinep,L-dithiothreitol, and ascorbic acid as inhibi-
tors and catechol as substra#). Figure 5 shows the effect
of tropolone inhibitor on artichoke PPO using pyrogallol as
substrate (other figures not shown). Percent inhibition kind
values for the inhibitors we used have been giveidable 4

active site and depredates the active center metal. The reaction
between the copper amine oxidase and azide probably hinders
the bond of the precursor tyrosine to the copper. This prevents
the formation of this key intermediate and inhibits the activity
of the oxidase {4). Glutathione does not appear to affect the
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Table 4. Inhibition Type, K|, I, and Inhibition Percent Values of Artichoke PPO with 4-Methylcatechol as a Substrate

inhibitor {17 (M) Ki (M) K' (M) R? type of inhibition inhibition% [1s0] (M)
glutathione 6.66 x 1075 48x1074 0.9994 mixed 12 1.74 %1074
1.33x 1074 48 %1074 0.9934 20
1.66 x 104 41x1074 0.9967 24
L-cysteine 1.00x 104 1.1x10°* 0.9988 competitive 35 1.25x 1074
1.33x107* 83x107° 0.9931 54
tropolone 3.33x10°6 48 %1076 49x1076 0.9991 noncompetitive 31 1.09 x 105
6.66 x 106 5.4 %1078 53 %1078 0.9983 47
11.66 x 106 53 %1077 53 %1077 0.9979 65
p,L-dithiothreitol 1.00 x 104 22x1074 0.9764 competitive 18 1.47x1074
1.33x 1074 1.8x107* 0.9968 32
ascorbic acid 250 x 104 8.6 x107* 85x107* 0.9987 noncompetitive 23 357 %1074
3.33x107* 58x107* 58x107* 0.9980 39
sodium azide 3.33x107* 6.3x107* 0.9992 competitive 29 1.31x1073
1.00 x 1073 73x107* 0.9988 50
1.66 x 1073 58x 1074 0.9883 71

Table 5. Inhibition Type, K, Iso, and Inhibition Percent Values of Artichoke PPO with Pyrogallol as a Substrate

inhibitor [17 (™) K (M) K" (M) R? type of inhibition unhibition% [Is0] (M)
glutathione 333x107° 14 %1074 14x107* 0.9997 noncompetitive 18 3.35x107*
1.33x107* 26x1074 2.6x1074 0.9999 34
3.33x107* 29x1074 29x107* 0.9994 52
L-cysteine 1.00x 104 12x107* 0.9927 competitive 26 6.37 x 104
3.33x107* 16x107* 0.9986 45
1.00 1073 19x107* 0.9989 66
tropolone 6.66 x 106 55x1076 0.9932 competitive 24 5.39x 1075
1.66 x 1075 6.0x1076 0.9872 34
3.33x107° 5.9 %1076 0.9946 46
p,L-dithiothreitol 1.66 x 1075 24%x107° 0.9877 competitive 25 329 %1075
233 %1075 7.9%x1076 0.9965 40
ascorbic acid 3.33x107° 26x107° 0.9925 competitive 21 8.18 x 105
6.66 x 105 15x107° 0.9976 49
8.33x 1075 85x1076 0.9985 68
sodium azide 3.33x 1074 21x1074 0.9956 competitive 31 1.03 x 1072
6.66 x 1073 23x1073 0.9994 44
1.00 x 102 2.0x1073 0.9947 56

enzyme directly, and oxygen uptake may be stimulated or substrate binding and catalysis. The LineweaBurk equation
inhibited depending upon the particular phenol being oxidized for mixed inhibition is

(12). Gunata et al.76) observed a competitive-type inhibition

for grape PPO with cinnamic and benzoic acid inhibitors with 1 (OLKn:) 1 o

Vma [S] Vmax

4-methylcatechol as substrate; Dogan et &b)(observed a Vo
competitive-type inhibition forThymusPPO with glutathione

inhibitor with 4-methylcatechol, pyrogallol, and catechol as where

substrates; Paul and Gowdé6] observed a competitive-type

inhibition for field bean PPO with tropolone, ascorbic acid, and . M

cysteine—HCI inhibitors with catechol as substrate; and Robert o =1+ K_l' (4)

et al. (76) observed a competitive-type inhibition for palmito

PPO with benzoic acid inhibitor with 4-methy|CateChO| as The p|ot of this equa’[ion consists of lines that have Skn.ge]/
substrate. As seen above, the type of inhibition depends noty, .. with 1/u; intercept ofo’/Vmaxand a 1/[S] intercept of-a'/
only on the origin of the PPO studied but also on the substrate oK ,). Algebraic manipulation of this equation for different
used. Walker and Wilsor7{) suggested the existence of two values of [I] reveals that this equation describes a family of
distinct sites on the enzyme: one for the binding of the substrate|ines that intersects to the left of thevd/axis (66).

and another, adjacent, site for binding of the inhibitor. Even  |n each case, the type of inhibition was deduced from
though some authors have found a competitive inhibitory effect | ineweaver—Burk double-reciprocal plots. As seenTimble

®3)

on PPO, using 4-methylcatechol as substrats, (7, 78), 4, a mixed-type inhibition was obtained with glutathione
differences in type and degree of inhibition of various PPOs inhibitor using 4-methylcatechol as substrate. A typical example
were reported (7980). of mixed-type inhibition is shown iffigure 6 for glutathione

Mixed Inhibition. In inhibition of this type, presumably a inhibitor using 4-methylcatechol a substrate. The results lead
mixed inhibitor binds to enzyme sites that participate in both to a series of lines, which intersect to the left of the vertical



PPO from Artichoke J. Agric. Food Chem., Vol. 53, No. 3, 2005 783

Table 6. Inhibition Type, K, lsp, and Inhibition Percent Values of Artichoke PPO with Catechol as a Substrate

inhibitor [17 (M) Ki (M) K' (M) R? type of inhibition inhibition% [1s0] (M)
glutathione 2.00x 1074 5.6x1074 5.6 %1074 0.9951 noncompetitive 25 3.23x107*
3.00x 1074 29x1074 3.0x1074 0.9999 48
3.33x107* 22x107* 23x107* 0.9856 56
4,00 x 1074 1.5x 1074 15x107* 0.9928 69
L-cysteine 6.66 x 10—° 1.1x107* 0.9901 competitive 19 150 %1074
1.33x 1074 6.2x107° 0.9931 40
2.00 x 1074 33x107° 0.9955 63
tropolone 1.66 x 1076 475% 1076 0.9954 competitive 39 2.97x 1075
3.66 x 108 8.35x 1076 0.9967 62
p,L-dithiothreitol 6.66 x 1075 1.1x10°* 0.9972 competitive 19 1.35x1074
1.00 x 104 73%x107° 0.9935 31
1.33x107* 3.8x107° 0.9957 51
ascorbic acid 1.66 x 1074 2.0x1074 0.9981 competitive 19 3.30x 1074
250 x 1074 1.2x107* 0.9969 35
333x107* 6.7x1075 0.9959 54
sodium azide 6.66 x 1074 46x1073 47x1073 0.9975 noncompetitive 12 4.32x1073
1.33x1073 3.6x1073 3.6x1073 0.9983 26
1.66 x 1073 2.8x1078 28x1078 0.9985 37
250 x 1073 2.7x1073 2.8x1073 0.9997 40

[1] x 10™ (M)
EI]XA]OOAO((I)\A) ¢ 1 000
0.00075 o . 067 o 1200 0.0006
- A 1i33 - A : 300
EN o i 166 ) ooz 333
- — A 1 400
E E
2 0.0005 = 0.0004 1 o
& o)
= < O
z z
0.00025 | %
150 s 250 450 2200 -100 0 100 200 300
L[S, (MY 1IS], (M)
Figure 6. Effect of glutathione inhibitor on artichoke PPO using Figure 7. Effect of glutathione inhibitor on artichoke PPO using catechol
4-methylcatechol as a substrate. as a substrate.
axis and above the horizontal axis, with a decreadéin and, regression coefficieints given ifables 4—6 were used to

conversely, an increase &y, indicating that all inhibitors tested  determine the inhibition types. As seen from these tables, the
were mixed-type inhibitors. The type of inhibition also depends fact that regression coefficient values are in the range 0f-0.97
on the origin of the PPO studied. With cinnamic acid, a mixed- 0.99 has shown that the experimental data fit better with related
type inhibition was observed for potato PP&LY. A mixed type inhibition equations.
of inhibition with tropolone was reported for soluble potato PPO  Tables 4-6 show alsdsg values fon-cysteine, ascorbic acid,
(82) and mushroom tyrosinase (83). Dp,L-dithiothreitol, tropolone, glutathione, and sodium azide using
For the particular case in whick, = K/ (o« = a'), the 4-methylcatechol, pyrogallol, and catechol as substrates. As seen
intersection is, in addition, on the 1/[S] axis, a situation which, from these tables, the sensitivity of PPO to inhibitors was
in an ambiguity of nomenclature, is sometimes described as different from one substrate to anothés, values were also
noncompetitive inhibitionFigure 7 shows the effect of glu-  obtained for these inhibitors using 4-methylcatechol, pyrogallol,
tathione inhibitor on artichoke PPO using catechol as substrate.and catechol as substrates.
The two inhibition constants were obtained by fitting the Again, as seen fronK; values in these tables, the most
experimental data to eq 3. When valueskpfandK," were of effective inhibitor for artichoke PPO with 4-methylcatechol as
the same order of magnitude, the mixed-type system could bea substrate was tropolone, followed bycysteine,b,L-dithio-
considered to be a noncompetitive inhibition. As seen from threitol, glutathione, sodium azide, and ascorbic acid; that with
Tables 4—6, the fact thak, andK,' values obtained were of  pyrogallol as substrate was tropolone, followeddyy-dithio-
the same order of magnitude shows that inhibition type was threitol, ascorbic acid,-cysteine, glutathione, and sodium azide;
noncompetitive inhibition for tropolone and ascorbic acid and that with catechol as substrate was tropolone, followed by
inhibitors using 4-methylcatechol as substrate, for glutathione L-cysteine,p,L-dithiothreitol, ascorbic acid, glutathione, and
inhibitor using pyrogallol as a substrate, and for glutathione and sodium azide, respectively. Tropolone in this study was the most
sodium azide inhibitors using catechol as a substrate. effective inhibitor of artichoke PPO because of its Igywalue.
A linear regression method was used to determine whether Similar results were found for aubergin&4( 84). Tropolone
the experimental data fit with the inhibition equations. Linear (2-hydroxy-2,4,6-cycloheptatrien-1-one), the progenitor of a
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group of compounds called tropolones, is the most potent
inhibitor, with apparenk; values of~7.3 x 1075, 5.8 x 1078,

and 6.5x 10°% M for artichoke PPO with 4-methylcatechol,
pyrogallol, and catechol as substrate, respectively. It is both
structurally analogous to the ortho-diphenolic substrates of PPO
and an effective copper chelat@%), which explains the high
inhibition potency.
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