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ÀBSTRACT

An active and stable polyphenot oxidase system v¡as

isolated from Jerusalem artichoke (Helianthus tuberosus L.)

tubers. The crude enzyme, extracted in 0.1 M phosphate

bufferr pH 6.5, showed optimum activity using dihydroxyphe-

nol substrates. In this respect, chlorogenic acid folÌowed

by catechol, and Dl-dopa showed the highest reactivity. The

enzyme exhibited an optimum pH of 6.0 using 0.01 M catechol

as a substrate. The specific activity of the enzl¡me !¡as

approximately 13 and 3 times the level found in potatoes

and sugar beets, respectively. Thermal- inactivation data

indicated an apparent activation energy of 54 kcal/mole.

Over 84t of the total soluble enz]¡me was l-ocated in the

tuber peels.

The crude enzyme was used to compare the efficacy of

known plant PPO inhibitors in suppressing enzyÍìatic

browning which occurs during processing of artichoke

tubers. Although all compounds inhibited PPO activity, the

extent of inhibition was dependent on both the nature and

concentration of the inhibitor. Using a 5 mM concentration,

the order of effectiveness for the inhibitors in achieving

98-99S inhibition was: sodium and potassium metabisulfite >

sodium bisulfite. At a 10 mM concentration the order of

effectiveness for similar degree of inhibition was: L-cys-

teine ) sodium bisulfite > potassiun ethylxanthate. The
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remaining compounds required higher concentrations in order

to achieve either equal or lower levels of ppo inhibition.
At pH values below 5.0, the pH alone was an effective
inhibitor. The PPO activity in extracts stored at 4oc for
15 days was completely inhibited by 5 and 25 mM sodium

metabisulfite and L-cysteine, respectively. Resumption of
PPO activity in the presence of 10 mM L-cysteine increased

progressively during storage. A linear relationship between

remaining PPO activity and extract color was established.

Crude artichoke PPO v¡as purified by meta]-chelate

affinity chromatography using copper conjugated to
iminodiacetic acid Sepharose 68. Four ppo fractions obtai-
ned after chromatography showed various specific activiti-
es. The highest degree of purification (160 X) was exhibi-
ted by a fraction showing no interaction with the ge1. This

fraction e/as used for all subsequent studies to
characterize the Jerusalem artichoke PPO system.

The purified enzyme was primarily an g-d i hyd roxypheno-

loxidase with apparent Km values of 1.9, 3.5 and 3.9 mM for
chlorogenic acid, 4-methylcatechol, and catechol, respecti-
vej.y. Metabisulfite was a hÍghly effective mixed type of

inhibitor for the enz]¡me (Kii=80 ¡M and Ki"=40 ÄM) . Several

forms were identified by gel f il-tration and SDS-gradient

polyacrylamide ge1 electrophoresis! two aggregates with

apparent MW of 120 K and 86 K and two monomeric subunits of

40-42 K and 32-34 K, respectiveLy. Concentration dependant
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association-dissociation phenomena most likely determine

the multimeric state of this enz!¡me. Whj.le the aggregated

forms exhibited specificity to\eards mono-, di- and polyhy-

droxyphenols, the low MW subunits were active only with o-

dihydroxyphenols. The enzyme was found to contain

appreciable amounts of ãssociated carbohydrate material .

The isoelectric points of the various enzyme species were

within the range of 4.0 to 10.0; the predominant form being

in the acidic pH region.

The acidic fraction of PPO \,ras further purified by ion

exchange chromatography. Isoelectric focusing analysÍs

showed a cluster of activity bands (microheterogenity) in

the pH region of 4.5. The amino acid composition of the

enzl¡me was al-so determined. The pH optlmum for oxidation of

chlorogenic acid, 4 -met hylcalechol and catechol was 6.0,

while the qpparent Km values for these substrates were 1.8,

3.6 and 4.0 mM, respectively. Substrate inhibition was

observed by excess of chlorogenic acid. Potassium cyanide

v/as an effective noncompetitive inhibitor \,rith an apparent

Ki value of 0.6 mM. Thermal inactivation data indícated an

apparent activation energy of 26 kcal/mole. Kinetics of

deactivation, upon copper removal by KCN treatmentr êtrd

reconstitution reactions revealed that the former is a much

slower process than react ivat ion .
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GENER.AL INTRODUCTION

Browning reactions of fruits, tubers and vegetables,

which occur after infliction of a mechanicaL injury to

plant tissues, are initiated by the enzyme polyphenoloxi-

dase (PPO, g-diphenol:02 oxidoreductase, EC 1.14.I8.1). As

such, the catalytic act,ion and molecular properties of the

enzyme have direct implications into the sensory attributes
of both fresh and processed foods of plant origin. As a

result, PPO has been a subject of numerous investigations.

In two recent reviews by Mayer and HareL (1979) and Våmos-

Vigyåzö (I981) , the research findings on various aspects of

PPO action and molecular properties are discussed in a

fairly conprehensive manner. Furthermore, the l-ocaLization

and functions of plant PPors have been the subject of the

reviews published by Vaughn and Duke (1984a) and Robb

(I984). The presence of this enzyme was discovered over 90

years ago by Bertrand (1896). Since then it has featured in

several pioneering studies (Robb, 1984), beíng the first
enzl¡me to be purÍfied by affinity chromatography (Lerman,

1953) , one of the first enzymes to be shown to catalyse the

incorporation of molecular oxygen into an organic mol-ecuf e

(Mason eÈ al ., 1955), and it provided an early exanple of

what is now called suicide inactivation (Abeles and May-

cock, 1976) .

Recent cytochemical studies of PPO have provided evi-
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dence that PPO is a plastid enzyme. The pPO has been loca-

lized in a diverse series of plastids: root plastids,
potato tuber amyloplasts, epidernal plastids, carrot tissue

culture plastids, etioplasts, chromoplasts as well- as chlo-

roplasts of many different species (Vaughn and Duke,

1984a). Moreover, studies on PPO in tentoxin (tetrapeptide

that specifically affecLs plastid development, thus indu-

cing severe chlorosis) treated plants revealed the lack of

PPO activity by means of cytochemical, elecÈrophoretic and

spectrophotometric procedures (Vaughn and Duke, 1981a;

1984b; Duke and Vaughn, 1982) .

Polyphenol oxidase is a coppe r -conta in ing enz]¡me which

may catalyze t\,¡o types of reaction (F j.g. 1): the hydroxyla-

tion of monophenols to o-diphenols (Eq. a) and the dehydro-

genation of o-diphenols to o-quinones (Eq. b). The latter
products can subsequently undergo a series of nonenzymatic

reactions to yield brown-b1ack melanin pigments (Eskin et

aI ., L97 I¡ I{hitaker, 1972; Matheis and Whitaker. 1984) . The

two enzymatic activities are commonly referred to as creso-

lase or monophenolase and câtecholase or diphenolase acti-
vities, respectively (NeIson and Dawson, 1944). The ratio
of d iphenol as e : monophenol as e varies with the plant source,

in most - the range was from 1:10 to I:40 (Våmos-Vigyåzo' ,

1981). There are, however plants such as mango (Joshi and

ShiLarkar | !977), cherry (Lanzarini et al ., I972), banana

(Palmer, 1963), and pear (Rivas and Whitaker, I973) void of



Figure 1. Reactions catalysed by polyphenol oxidase.
a) hydroxyJ.ation of monophenol to q-diphenol
b) dehydrogenation of o-diphenol to q-quinone
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of monophenolase activity. The hydroxylation reaction

starts on a pure monohyd r oxyphenol substrate aft,er a lag

period which can be reduced or entirely elininaLed by the

addition of smaJ.l amounts of o-d i hyd roxyphenol s . In vivo,
vhere diphenols more like1y are always presentf this induc-

tion phase cannoÈ be observed. Most probably both hydroxy-

lation of monophenols and dehydrogenation of o-dihydroxy-

phenols are catalyzed by the same ppo mol,ecule (Vámos-

Y|gyàzö, 198t). Although the mechanism of the reaction of
plant PPO has not been fu1Iy elucidated, the overall mecha-

nism of fungal PPO (Neurospora crassa) has been reporÈed by

Lerch (198I) . Accordingly, the minimal functional molecuLar

uni! of PPO consists of a singLe-chain protein with two

copper atoms per moLecule, bound in part by histidine. The

active site copper is binuclear and exists in different
functional states: met, oxy, and deoxy. Monophenols bind to
one of the Cu2+ atoms, while diphenols bind to both of

them. The monophenoLase activity is intimately coupled to
the diphenolase activity yielding the t,wo electrons re-
quired (Fig. 1, eg. 1) for the incorporation of one oxygen

atom into the monophenol substrate (Lerch, 1981) , The reac-

tion mechanism appears to be similar to that of hemocyanin,

and essentially follows the ideas of KubowiÈz's (1938) from

studies of PPO j.n potatoes.

The role of PPO in plant is ambiguous, because in

healthy green tissues this enzyme exists in a latent form,
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which hampers the study j¡1 vivo. However, several hypo-

theses on functions of PPO have been suggested. The most

important Ís its role in the resistance of pl-ants to infec-
tion by viruses, bacteria, fungi or mechanical injury. It
has been reported that in case of infection or injury ppo

increases in activity possibly due to inactivation of host

latent enzl¡me, due to solubilization of this part of enzyme

which is normally particulate, or even due to d€. novo

synthesis (Mayer and Harel, 1979). This enhances quinone

formation upon the action of the enz]¡me, and subsequentLy

results in production of insoLuble polymers. The plant

tissues "impregnatedn with these poll¡mers act as barriers

in the way of the spreading infection (Rubin and Artsikov-

skaya, 1960) . According !o another theory, int,ermediates of

the oxidative polymerization of polyphenols might inacti-
vaLe or bind some labile plant enzl¡mes and viruses, respec-

tively (e.9. cucumber mosaic virus) temporarily prevent or

reduce infection (Pierpoint, 1966). Melanin and quinones

have a bacteriostatic property and quinones have been shown

to cause partial inactivation of a virus (Pierpoint et al.,
19771 . Productj.on of quinones has been claimed to be essen-

tial for resistance of apple to infection by Venturia

ineoualis (Overeem, 1976) and helps to prevent spread of

infection by Botrvtis cinerea on broad bean (DeveraLl,

1961) . In addition, the role of PPO in biosynthesis of

plant phenolics, particularly phenylp ropano Íds and nondi-
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rect involvement in lJ.gnin formation has been suggested

(Robb, 1984) . However, not enough concl-usive results have

been obtained to fully support this theory (Vaughan and

Duke, 1984a).

Polyphenol oxidase is widely distributed in the plant

kingdom being present in most, if not all plant tissues. It
has been purified and studied in a number of plant inclu-
ding potatoes (Hyodo and Uritani, 7966¡ trteaver et â1 .,
1968; Mondy and Koch, 1978), apples (Harel et al . r 1965;

Harel and Mayer, 1968), peaches (Harel and Mayer, 1970) |

bananas (Palrner, 1963), sugar beets and sugar cane (Gross

and Coombs, 1976arb) as well as avocados (Kahn, 1977).

However, there is no information available on the artichoke

PPO. Therefore, these studies were direcÈed to identify,
purify and characterize the properties of the ppO of Jeru-

salen artichoke tubers. This project had the following
objectives: i) identification and characterization of ppo

present in crude exLracti ii) purification of this enzyne

and isolation of the most predominant activity formr j.ii)
study the properties of purified PPO.



CEAPTER ONE

PROPERTIES OF CRT'DE POIYPHENOL OXIDÀSE IN

JERUSALEM ARTICEOKE TUBERS
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1 .1 INTRODUCTTON

JerusaLem artichoke (Helianthus luþelesl¿C L.) tubers
(hereafter called artichoke) contain a homologous series of

glucofructans, consisting of Iinear chains of (2 -> 1) linked
g-D-fructofuranose residues terminated by a ß-D-glucopyra-

nose residue attached as in sucrose (Whistler and Smart,

1953). The degree of pol]¡merization (DP) varies from 2 (in
sucrose) to 35, inulin being defined as the fraction with a

DP higher than 30 (Edelman and Jefford, 1968). The propor-

tions of the different polyfructans vary according to the

maturation state of the plant which depends on agronomic

conditÍons, cultivation and harvest data (Chabbert et al .,
1983) . The polyfructan content of the tuber ranges from

75-85C of dry matter (Fleming and crootwassink, I979).

Fructose, as a percentage of the polyfructans, varies f rorn

75-989 according to growth and storage treatment of the

tubers (Bacon and Loxley, 1952) .

Artichoke is a plant of the Compositae family and is a

native of North America. The nain advantage of artichoke

is its enormous carbohydrate yield (TabLe 1.1; Canadian

data) ranging betv¡een 2.0 to 15.0 T/ha which out-performs

corn and sugar beets having yields of 3.6-4.1 T/ha and 4.9-

6.6 T/ha, respectively (Fleming and crootwassink, 1979). In

addition, a good gro$¿th of this crop can be maintained on

poor land without competition for the good quaLity irriga-
ted and fertilized land used to gro\,¡ traditional crops
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Table 1.1 Carbohydrat,e yieJ-d data for artichoke, corn, and

sugar beet

Count ry Carbohydrate yield
( kq'lha )

Artichoke tube rsa

Canada I,7 93 - L5t243

u.s.A. 3t944 - 7,173

Netherlands 3t584 - 6,052¡ 7,262

France 2,443 - 7,62I
cermany I,2I0 - 3 t2I6
U.S.S.R. I,5g7 - 2,398¡ g,527b

Corn ke rnelsc

Canada 3,63I - 4,147

u.s.A. 3,373

Sugar beets

Canada 4,920 - 6,612

u.s.s.R. 3,026

a Adapted using standard composition of 20t dry matter and
80t carbohydrate.

b Sunflower - artichoke hybrid.
c Adapted using standard composition of 82t dry matter and

758 carbohydrate.

Source: Fleming and GrootWassink, 1979
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(Dorrell and Chubey, 7977) . Artichoke has displayed remar-

kable resilience to frost and plant diseases (Stauffer et.
ã1., 1975) which, in conjunction with its adaptability and

carbohydrate yield, accounts for growing interest j.n this
crop as a potential source of fructose.

Since the beginning of this century artichoke has been

investigated in many countries and several systems on the

pilot scale have been proposed for the production of fruc-
tose syrup (EÍchinger et aI ., L932¡ Mcclumphy eL al ., 1932¡

Dykins and EngIis, 1933; EngIis et a1 ., 1933; Englis and

Fiess, L942), crystaline fructose (WilLiaman, 1922¡ Yanazu-

ki, 1954), and industrial alcohol (Underkofler et âI.,
1937). Unfortunately, these activities were disconLinued,

because agronomic technology and existing economics were

unfavorable for commerciat fructose production (Chubey and

Dorrell-. I974t. More recentLy, due to unpopularity of non-

nutritive sweeteners and increased demands of the beverage

industry for fructose syrup returned an interest in arti-
choke tubers as a fructose source. Consequentty several

procedures for preparing high fructose syrup \,¡e re establi-
shed (FLeming and GrootwassinL, L979¡ Kierstan, I980i Hoehn

et aL., 1983). However, during processing of tubers, exten-

sive discoloration was encountered (Bacon and Edelman,

1951; Fleming and crootwassink, 1979; Kierstan, 1980r cui-
raud and Gal-zy | 198t). ALthough the reasons were noL eluci-
dated, various methods of preventing dark syrup development
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have been reported, such as adding sulfur dioxide (Conti,

1953), and poLassium cyanide (Bacon and Edelman, 195I),

boiling the tubers prior to extraction (Kierstan, 1983),

or removing the outer layers of the tubers (Fleming and

GrootWassink, I979). Since the above treatments are recog-

nized to inhibit a polyphenol oxidase one can assume that

the underlying cause of the discoloration problern may be

the presence of this enzl'me which oxidizes the natural

phenolic compounds upon comminution of the tubers. This

hypothesis is supported by the fact that the presence of

polyphenolics in artichoke tubers has been also reported
( Paupa rdin, 1965) .

In this chapter, preliminary evidence is reported to
indicate the presence of a relatively active and stable

artichoke polyphenol oxidase, as well as its involvement in

discoloration of extracts during processing of artichoke

tubers. In addition, sone characteristics of the crude

enzyme such as pH optima, heat stabí1ity, substrate

specificity, Iocalization within the tubers, as well as

effect of inhibitors and their efficacy in suppressing

enzymatic browning are aLso discussed.



I.2 MATERIALS AND METHODS

I .2 .1 Mate r ials

1.2.1.1 Jerusalem artichoke tubers

Artichoke tubers from the Columbia culÈivar (Chubey

and Dorrell , 1982, developed at the Agriculture Canada

Research Station, Morden, Manitoba, were used throughout

this investÍgation. The tubers (crop year 1976, 1982, and

I983) were harvested in late October and stored in plastic
bags at -30oC (crop year J.976 , Ig82) or at 4oC (crop year

1983) until used. The study of the effect of lo\,r tempera-

ture on PPO activity was carried out on tubers of the crop

year 1976 and 1982. The other experiments were performed on

tubers of the crop year 1983.

I.2.I.2 other tube rs

Sugar beets tubers cv. mono-HyD7 were supplied by

Manitoba Sugar Company, while potato cultivars (Russet

Burbank) were obtained localLy. All tubers were harvested

Ín the fall of 1983 and stored in plastic bags at 4oC until
used .

I.2.I.3 Chemicals

UnIess otherwise indicated, all reagents were of ana-

lytical g rade .

1.2.2 Method s

A1l preparation steps and analytical proceduresr un-
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less otherwise indicated, were carried out at 4oC. Analyses

were performed in triplicate and results are expressed as

means.

I.2.2.I Ext raction

Crude enzyme extracts were prepared from whole tubers

that were washed in cold water, air dried and then sliced
0.5 c¡n thick. Fresh tuber slices (100 g) were homogenized

for 1 min v¡ith 100 mL of 0.1 M sodium phosphate buffer,
pH 6.5 (unless otherwise specified) using a commercial

Oster blender. The homogenates were centrifuged (4r000 x g)

at 4oC f.ot 20 min. and the supernatants were filtered using

a Whatman No. 4 filter paper. Approximâtely 150 ml of

filtrate was obtained from each extraction triat. The crude

enzyme was used for experiments immediately after extrâc-
tion.

Distribution of PPO activity within the artichoke

tubers was assessed by sectioning whole tubers into outer

peels (ca. 0.5 mm), a secondary layer (50 nm) and the rema-

ining middle core. Portions f rorn each tuber section (100 g)

reere homogenized $¡ith phosphate buffer as described above

and appropriate filtrate was assayed for ppo activity.
In order to conpare the relative activity of ppO in

artichoke tubers, t.o those of potato and sugar beet culti-
vars, 100 g of sliced È,uber material was used from each

source and prepared acco rdingly.



I.2.2.I.1 pH opt imum

To determine the pH optimun for
PPO from tubers, initÍaI extractions
4.5-8.5 using 0.1 M sodium monobasic

buffer. All subsequent ext ract i ons

pH 6.5.

15

extraction of crude

were performed at pH

- dibasic phosphate

were performed at

I.2.2.I.2 lonic strength opt imum

To determine the ionic strength optimum for extrac-
tion, initial extractions of PPO were performed using so-

diun phosphate buffer, pH 6.5, in the range between 0.01 M

Çt=O .ZZ¡ and 0 .5 M F=]f . Ol . The ionic strength Ø) was

calculated from the following forrnula:

P = 27/2c22

in which ã indicates a summation of the term I/2c22 for
each kind of ion present in the solution, c being the

molariÈy of the ion and Zt LEs vaLency.

1.2.2.2 Enz]¡me activity dete rminat ion

The polyphenol oxidase catalyzes the oxidation of

phenolic compounds (e.9. catechol) to quinones. The reac-

tion is accompanied by uptake of oxygen, the rate of which

is proportional to the enzyme concentration. Oxygen uptake

\,¡as used as a measure of PPO activity according to the

polarographic method of Yamaguchi et al . (1969). The bio-

logical oxygen monitor (modeI 53) , standard bath assembly

(mode1 5301) equipped with a reaction vessel- r ârìd oxygen
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probe (model 5331), alL from Yel1ow Springs Instrument Co.,

thermostat type 623 from Heto Birkerop, Denmark, and recor-
der 8-5000 Omniscrib, Huston Instr., were used as a stan-
dard equipment for enz]¡matic assay. Three miLliLiters of

substrate solution containing 0.01 M catechol (unless oth-
erwise stated) dissolved in 0.1 M sodium phosphate buffer,
pH 6.0, aerated at room temperature for 5 minutes, were

placed in the reaction vessel and stirred for approximately

2 minutes to reach a constant temperature of 30oC. At time

zero | 50 À1 of enz]¡me solution was introduced into the

reaction vessel using a caLibrated microsyringe (HamiIton

Co.). The time course of the reaction vras ptotÈed by a I00

mV recorder; the fuIl scale represented 100t 02 saturation.
A tangent was drawn to the curve to estimate the init,ial
reaction velocity. At 30oC the 02 concentratíon in the air
saturated solution is 0.23 mM. Final enzyne activity was

calculated usj.ng the following formula:

0.23 x a x b
u=

100t

where: U is the âctivity units, a is the percent.age of
oxygen consumed during 1 minute of reaction, b is the

conversion factor to express the enzyme activity per mI .

One unit of PPO activity r,¡a s defined as the amount of

oxygen þmo1es) consumed per minute at 3OoC. Specifíc acti-
vity was expressed as units per mg of protein.
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I.2.2.3 Protein dete rminat ion

Protein was precipitated from undiluted extracts with
trichloroacetic acid (TCA; final concentration I0g r,¡,/v) and

the precip j.tate was washed twice with acetone in order to
remove interfering polyphenolics (Anderson, 1968). The

washed precipitate was sotubilized with 0.I N NaOH at room

temperature for 2 hr and an atiquot used for estimating

protein by the method of Lowry et aL. (1951) usÍng bovine

serum albumin fraction V as a standard.

L.2.2.4 pH opt imum

A pH profile (1.5 to 9.0) for crude ppo activity was

determined using 0.1 M sodium phosphate buffer. phosphoric

acid (0.1 M) was. used to adjust the pH of the reaction

mixture below 4.5. Determination of PPO activity was car-
ried out using catechot as a substrate. ln addition, the

autoxidation of catechol was monitored (reaction mixture

without enzl¡me) and taken into account at each of the

specified pH values.

I.2.2.5 Temperature stability
Temperature stability of PPO in the tubers was eva-

luated by drying tuber slices (0.5 cm) in a fluidized bed

dryer (Model I5O Fitzpatrick) at 50, 60t 75 and 8ooc for 3

to 4 hours. SÈorage stability v¡as evaluated at 1, 12 and 72

monfhs at -30oC. ActiviÈy was determined on portions equi-

valent to 100 g fresh matter and expressed as percent
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residual activity. The temperature stability of the crude

enzyme was determined using extracts (2 m1) tha! were heat

treated at 60, 70,75, 80 and gOoC for varying time periods

in a temperature controlled water bat,h. FoI]owing heat

treatnent portions of extracts \eere withdrawn, cooJ.ed in an

ice bath and assayed for residual activity. SÈability of

Èhe enzyme v¡as expressed as logg activity remaining. The

activation energy was then estimated from an Arrhenius plot
of 1og reaction rate (LnK) versus the reciprocal of the

absolute temperature.

I.2.2.6 Substrate specificity
Substrate specificity of the crude ppo was determined

using 0.01 M of the following cornpounds in 0.1 M sodium

phosphate buffer, pH 6.0; DL-tyrosine, p-cresol , chloroge-

nic acid, catechol, DL-d i hyd r oxyphenyl al an ine (dopa), and

caffeic acid. The reagents used were purchased from Sigma.

I.2.2.7 Effect of inh ib Íto r s

The following compounds r,rere tested as potential inhi-
bitors for artichoke PPO: sodium diethyldithiocarbamate
(DIECA) , potassium ethylxanthate, sodium azide, disodium

et hylened i. am inetet raacetat e (EDTA), 2,3-naphthalenediol,

benzoic acid, 2-mercaptobenzothiazole, 2,3-dimercaptopropa-

no1, thioglycollate, sodium and potassium metabisulfite,
sodium hydrosulphite, sodium bisulfite, L-cysteine, sodium

ben zos ul fonat.e , sodium borate and thiourea. These j.nhibi-
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tors were aLso used to examine the relationship between the

percent PPO activ j.ty remaining in artichoke extracts and

their coi-or (lightness). Each inhibitor was dissolved in

sodium phosphate buffer (0.1 M, pH 6.5) and employed in

final concentrations of 1.0, 5.0, 10.0 and 25.0 mM. Samples

of artichoke tubers (100 g) were homogenized in 100 ml of

phosphate buffer (as described in Section 1.2.2.3) contai-

ning each of the tested inhibitors in specif j-ed concentra-

tions. The effect of pH on PPO inibitors \¡¿as investigated

using sod j.um metabÍsulfite and L-cysteine (2 mM) at pH 4.0-

7.0. The efficacy of sodium metabisulfite (5 mM) and L-

cysteine (10 nM) to inhibit PPO activity in crude extracts
(pH 6.5) stored at 4oC was also investigated. Incubation

was carr j.ed out in sealed fLasks containing air as the head

spacei sampling was performed every three days.

Alt inhibitor preparations were fresh when added to

the enzl¡me extract at the start of incubation or storage.

In addition, control enzymatic preparations (v¡ithout inhi-
bitor) were investigated for each experimental trial . Tnhi-

biÈion vras evaluated by recording the percent PPO activity
remaining and/or the resultant color (lightness) of the

extracts.

I.2.2.7.I Color measurements

CoIor development was measured using a Hunterl-ab

colorimeter Mode1 D25L-2. The colorimeter was standardized

against a white tile C2-12418; the lightness (L) and chro-
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maticity dimensions (a and b) were determined. Inhibitor
treated ext,ract solutions (I00 ml) placed in a specimen

dish (No 13851230) were used for determination of co1or.

All extract solutions were standardized to contain 8t so-

lids with phosphate buffer (0.1 M, pH 6.5) using an Abbe

refractoneter and then analyzed immediately.
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1.3 RESULTS AND D]SCUSSION

I.3.1 Effect of pH on extraction and activity

- The effect of pH on extraction of crude ppo is
presented in Table 1.2. Although optimun extraction was

obtained at pH 6.5, relatively high specific act j.vities

were achieved for extractions at pH 7.0 and 5.5 (ca. 82

and 88t of the optimum val-ue, respectively) , cenerally,
higher activities were obtained using acidic rather than

alkaline extractions. The results indicated a broad pH

range for enzl¡me extraction and/or stability.
One of the general considerations regarding the isoJ.a-

tíon of PPO f rorn plant tissues is the type of solution used

for its extraction. This consideration is dependent par-

tially on the nature and location of the enzl¡me in the

tissue since PPO has been reported to exist both in soluble

and particLe bound forms (Mayer, 1987)t the extent or ratio
between the two forms is dependent on the naturity as well

as the source of the plant tissue (Ivanov, 1966). Aqueous

solutions of moderately high ionic strength and appropriate

pH have been reported by several investigators, including

Matthew and Parpja (197I) , to be very successful in PPO

extraction. In this investigation soluble crude PPO \ras

extracted from artichoke tubers using 0.1 M phosphate buf-

fer at an optimum pH of 6.5. Àlthough 0.1 M phosphate

buffer (ionic strength A=2.2) was arbitrarily chosen, the

buffer (pH 6.5) at the tested range of ionic strength
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Table I.2 Effect of pH on êxtraction of crude ppOa

pH PPo act ivityb
( U/ml)

Protein
(mglml)

Specific act iv ity
(U/mg protein)

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

r.27

r.25

1.70

t.18

7.92

1.68

1.17

1.09

0.88

3.00 + 0.05c

3.56 + 0.14

5.72 + 0.03

3.36 + 0.05

6.08 + 0.01

5.64 + 0.12

3.40 + 0.07

4.00 + 0.05

3.64 + 0.05

2.36 + 0.02

2.84 + 0.04

3.36 + 0.02

2.86 + 0.02

3.16 + 0.01

3.36 + 0.07

2.90 + 0.02

3.66 + 0.09

4.16 + 0.1-4

a whole tube rs.
b Represents activity units (U) , ;ull of oxygen consumed per

min using catechol as substrate.
c Mean values + SD based on t.riplicate determination of

three extracts.
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between 0.22 (0.01 M) and 11.00 (0.5 M) did not significan-
t1y affect an activity of extracted PPO (Tab1e I.3). Extra-

ctions at pH 7.0 and 5.5 al-so resuLted in crude enzyme

preparations with relatively high activities. The activi-
ties shown in these two extracts may represent a portion of

the optimum pH extraction range I and/oL indicate that other

proteins are extracted under these pH condit,ions.

A pH profile is shown in Figure 1.1. Although optimum

activity was observed at pH 6.0, the enzyme exhibited a

broad activity range from pH 5.0 to 8.5. Many investigators
have aLso reported a relativeLy wide pH range, in most

cases between 4.0 and 7.0 for PPO activity from other plant

sources (Våmos-Vigyåzò, 1981) . An optimum pH of 6.0 was

also reported for peach and rnushroom ppo using catechol as

a substrate (Davrson and Mager, 1962, Jen and Kahler, I974).

1 .3 .2 Temperature stability
The effect of temperature and time of exposure on

stability of PPO in the tuber tissue is given in Table 1.4.

These resuLts suggested that both parameters influenced the

anount of residual activity. The enzyrne exhibit,ed a certain

degree of heat stability, retaining over 278 of its initial
activity after heat, treatment at 80oC for 4 hr. Tempera-

tures used in this investigation were not sufficiently high

to totally inactivate the enzyme. SÈorage at -30oC appeared

to inactivate the enzyme rapidly during the first month of

storagei thereafter a more gradual decrease in activity was
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ofTable 1.3 Ef fect
crude PPOa

¡t PPO act ivi ty
( U./ml )

Protein
(mglml)

Specific act ivity
(U/mg prote in )

0.22

0 .55

1.10

2.20

4 .40

6.60

8.80

r1 .00

1.98

2.00

2.0 4

2 .08

2.07

2.08

2.06

2.06

6.14 + 0.08b

5.68 + 0.06

6 .24 + 0.08

6 .66 + 0.06

6 .00 + 0.12

6.32 + 0.05

6.14 + 0.10

6.55 + 0.12

3.10 + 0.04

2.84 + 0.02

3.06 + 0.04

3.20 + 0.02

2.90 + 0.03

3.04 + 0.00

2.98 + 0.05

3.18 + 0.08

a sodium phosphate buffer (pH 6.5) was used for extrac-
t ions .

b M"un values + SD based on triplicaÈe determination of
three extracts.
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FÍgure 1.1 pH optimum of crude PPO using catechol as a
substrate.
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Table 1.4 Effect of temperature on PPO activity

Treatment
Residual PPO

activity
(s)

ResiduaL spec i f ic
activity

(s)

Fresh tube r

D ryinga

sooc for 4

60oc for 3

75oc for 3

80oc for 4

Freezingb

-3ooc for

-3ooc for

-3ooc for

( Cont rol )

hr

hr

hr

hr

lmo
1 year

6 years

100 .0

2s.8

4t.9

33.8

11.6

34.0

23.2

5.9

100 .0

45.5

68.9

66.3

27.4

45.2

42.8

9.8

a Dried samples were prepared by processing tuber stices(5 mm) in a fluidized bed dryer.
b In sealed plaslic bags.
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obse rved .

Heat treatment of tubers slices at temperature

extremes (80, -30oC) did not ful1y inactivate ppo. These

residual- levels would be expected to be higher in whole

tubers because of a smaller specific area exposed to the

temperature treatment. Since enzyme activities in tubers

are known to change continuously during post harvest

storage, it is difficult to predict the exact effects of

time and temperature especially during protracted cold

storage. PPO system from many plant sources, however, have

been reported to be relatively stable to cold temperature

storage (Pa1lavicini, 1969¡ Våmos-Vigyåzô, 198I) . This

factor will undoubtedly be of importance if artichokes are

harvested and stored commercially since even Lo\,¡ residual

levels of PPO activity may bring about discoloration fol-
lowing low temperature storage (Phil1ippon, 1975). Endoge-

nous substrate release due to freeze - thaw cycles, which

tubers may undergo upon storage, can further accentuate the

prob lem .

The heat stability of crude PPO is presented in

Fig. I.2. lemperatures of 60 to 75oC for heating times up

to 180 min appeared t.o have modest effects on enzyme acti-
vity r,¡hen compared to temperatures of 80 and 9OoC. An

Arrhenius plot indicated an apparent activation energy of

54 kcal/moLe (Figure 1.3). Àlthough PPO does not belong to

the extremely heat-stable enzyme group, results obtained in



Figure 1.2 Heat inactivation of crude PPO.
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Figure 1.3 Arrhenius plot for thermal inactivation data
of Figure 1.2.
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this study indicated that ít is relatively thermotolerant.

In comparison, crude PPO from bananas also using catechol

as a substrate was reported to have an activation energy of

4.5 Kcal/mol (Padron et aI., I975). Unlike the ppo from

strawberry, cherry, apple and pear (Maczyfrska and Rembow-

ski, 1966), the artichoke enzyme was quite stable at 75oC

showing residual activity after 2.5 hr at 80oC. The linear
tine-course for the thermal inactivation of the crude ppo

extract suggested a first order reaction. Generally thermo-

tolerance of PPO is dependent on several factors including

enzyme purity, pH and temperature optina as well as ripe-
ness or maturity of tissue (Våmos-Vigyázó, 1981).

1.3.3 Substrate specificity
The PPO is kno\,¡n to catalyze two entirely different

reactions: . the hydroxylatíon of monophenols to the corres-

ponding o-d i hyd roxyphenol-s and the oxidation of q-dihydro-

xyphenols to q-quinones (Robb, I984) . The ratios of hydro-

xylating:oxidizing activity have been shown to vary with

Lhe pl-ant source and are influenced by the methodology used

during their isolation and purification (tfalker, 1975). In

this study, the crude enzyme shor.¡ed highest specificity
towards di hyd roxyphenol i c substrates (Table 1.5); in this
respect, chlorogenic acid followed by catechol and dopa

were the most reactive, while activity tor,¡ards monohydroxy-

phenols \,¡as 50 times lower than that for chlorogenic acid.
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Tab1e 1.5 Substrate specificity of crude PPO

Substratea PPO activity protein Specific activity
( U,zm1) (mg,/m1) (U/mg protein)

Monohyd roxyphenols

Dl-Tyrosine 0.25 + 0.06b 3.16 + 0.04 0.08

p-CresoL 0.23 + 0.04 2.94 + 0.05 0.08

D i hyd r oxyphenols

Chlo rogenic
acid 11.50 + 0.19 2.94 + 0.05 3.91

Catechol 5.01 + 0.02 2.94 + 0.05 I.70

DL-dopac 4.96 + 0.08 3.16 + 0.04 1.57

caffeic acid 1.89 + 0.07 2.54 + 0.02 0.74

a Dl-Tyrosine was used at concentration of 1.6mM, all other
substrate concentration leve1s were 10mlr1.

b M"un vaLues + SD based on triplicate determination of
three extracts.

c a, 4-dihydroxyphenylalanine.
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The reactivity of chlorogenic acid rvas about four fold
higher than of catechof. Similar observations have been

reported for PPO from pears (Halim and Montgomery, 1978).

Walker (1975) reported that the site of the substitution of

mono and dihydroxyphenols was an important factor with

respect to PPO activity. Monophenols were hydroxylated only

if they had a para-substituted group greater than CH2 while

p-substituted 3,4-dihydroxyphenols were oxidized at higher

rates than 2 r 3-dihydroxyphenols. In the present

investigation alI the d i hyd roxyphenol ic substrates

contained a 3 r4-dihydroxyphenol structure with a carbon

side chain or ring attached to the number one position of

the benzene ring. The presence of an electron-donating

group in position four (as in chlorogenic acid) has been

reported to increase the reactivity of the

substrate (Lanzarini et a1 ., I972).

1.3 .4 Distribution of enzyme

Analysis of the artichoke tuber indicated that the

outer peels contained the majority of PPO activity followed

by the secondary inner layer. Over 84t of the activity was

confined to the peeIs, while the middle core exhibited

approximately 11t of total activity (Tab1e I.6). Although

simifar localization of enzyne activity has been reported

for potatoes (Craft, 1966) and grapes (lvanov, 1966) the

distribution of PPO in planÈs varies with species, age and

maturity (Ì{a1ker, 1975). For example, lvanov (1966) repor-
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Tabl-e 1.6 Distribution of PPO within the artichoke tuber

ruber portiona nno ?;råii" Tffi;ïi "Ë)iå"n?:iåïiit

outer peel 13,80 + 0.16b 5.36 + 0.01 2.57

Secondary layer 1.74 + 0.05 2.80 + 0.06 0.62

Middle core 0.88 + 0.00 2.26 + 0.05 0.39

a Outer peel! ca. 0.5 mm thick; secondary layer: 50 mm
thickt middle core: remaining tuber.

b M""n vaLues + SD based on triplicate determinatÍon of
three ext racts.



37

ted that the PPO activity in grape skins decreased during

r ipen i ng .

In this study a relatively active and stable PPO

enzyme was shown to exist in artichoke tubers. A comparison

of PPO activity in artichoke, sugar beet and potato is
presenÈed j-n Table I.7. The artichoke tuber contained the

highest leveL of PPO activity, approximately 3.5 and 13

tÍmes higher than in sugar beets and potatoes, respective-

Iy, Although enzl¡me activity was highest in the artichoke

tuber it should be recognized that PPO (particulate bound

and soluble) levels in plants vary and therefore the values

cited are only approximate. In addition, the PPO activity
wiII vary depending on the reactivity of the substrate. For

exanple, sugar beet PPO while ineffective on tyrosine, was

found to oxidize dopa (Gross and Coombs , I976a) .

I .3.5 Effect of inhibitors
It is highly reconmended that PPO extraction from

plant sources be performed in buffer containing reductants

in order to mini¡nize reactions with endogenous phenols (An-

derson and Rowan, 1967). ThÍs precaution, however, was not

taken in order that the data presented more aptl-y reflect
enzyme inhibition under normal processing conditions.

In these studies, â number of chemical compounds has

been investigated as potential inhibitors of PPO. These

chemicals may be classified according to their mode of

action into two main types (Walker, 1975t Mayer and Harel,
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Tab1e 1.7 Comparison of PPO activity in various tubers

Tube ra PPO act i v ity
( U/ml)

Protein Specificactivity(mglml) (U/mg protein)

Àrt i cho ke

Sugar beet

Pot at o

6.36 + 0.04b 3.0r

1.66 + 0.09 2.40

1.06 + 0.03 6.50

+ 0.05

+ 0.09

+ 0.01

2.TI

0.69

0 .16

a

b

Fresh

Me an
three

tubers (1983 fall harvest¡ stored at 4oc).

values + SD based on triplicate determination of
ext racts .
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1979¡ Vånos-Vigyåzò, l98l). Inhibitors acting primarily

PPO may interact with the enzyme via:
- copper site
- phenolic substrate site

Inhibitors may also react, with the final product

enzymat ic oxidationt quinones by:

reducing them to g-d iphenol s

forming with them colorLess complexes

1.3.5.1 Inhibition of enzymatic browning

Polyphenol oxidase is a metaLloprotein with copper as

the prosthetic Aroup (Våmos-Vigyåzó, 1981). In this respect

four chelating compounds - DIECÀ, sodium azíde, potassiurn

ethylxanthate and EDTA were initially evaluated as PPO

inhibitors (Fig. 1.4 a), Both DIECA and potassium ethylxan-

thate inhibited PPO activity by at least 509 in the 2-5 mM

range. Higher concentrations of sodium azide (10 mM) !¡ere

required for similar levels of inhibitiont EDTA was rela-
tively j-neffective at aIl chosen concentrations. Although

sodium azide and EDTA inhibit PPO. they are considered to
be less specific chelators than DIECA or potassium ethyl-
xanthate for copper (Abukharrna and Woolhouse, 1966i Wong et

aI. 1971). In addition, inorganic ions (such as azide)

inhibit PPO activity mainly in acidic media when dissocia-
tion is incomplete (Robb et al ., 1966). According to Ander-

son (1968) DIECA and potassium ethylxanthate not only che-

late copper but also combine with quinones formed by PPO.
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Figure 1.4 The effect of various inhibitors on arti-
choke PPO activity at 3OoC using catechol
as a substrate¡ Reaction mixtures v¿ere
adjusted to an initial pH of 6.5.
a. Chelators! DIECA (O); sodium azide (O);
potassium ethylxanthate (!), EDTA ( ) .
b. Competitive inhibitors: 2,3-naphtha-
lenediol (O); benzoic acid O); sal-icylic
acid (A). c. Reducing thiols: 2-mercap-
tobenzothiazoLe (O); 2,3-dimercaptopropa-
nol (À) r thioglycoLÌate (¡). d. Sulfites:
sodium metabisulfite (O) r potassiun meta-
bisulfite (O); sodium hydrosulfite (A);
sodium bisulfite (!). e. 0uinone couplers:
L-cysteine (O) ; sod ium benzosulf onate (|) ;
sodium borate (A); thiourea (ú) . The SD of
all values is less than + 9*.
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The inhibition of PPO by 2,3-naphthal-enediol, benzoic

and salicylic acids is shown in Fig. 1.4b. Within this
group of compounds \,rhich act mainly as conpetitive
inhibitors (Wa1ker, 1975) only 2,3-naphthalenediol

inhíbited 508 enzyme activity in the I0 mM range. Benzoic

and salicylic acids were less effective as inhibitors each

requiring a concentration of 25 mM for 508 inhibition. The

higher concentration required for these two compounds may

also reflect pH dependant reactions (Pifferi et aI ., I974r.
Although 2,3-naphthalenediol was recognized as a highty

specific inhibitor of appLe PPO (Mayer et al ., 1964) the

maximum inhibition obtained (78t) in this study resulted in
unacceptable coLor fo rmat ion.

The next group of inhibitors, 2-ne rcaptobenzoth iazo J. e ,

dimercaptopropanol and thioglycollate, all exhibited simi-

lar levels of PPO inhibition (Fig. 1.4c). At a concentra-

tion of 25 mM approximately 95t PPO inhibition was reached.

The objectionable odor imparted to the sample using this
concentration, however, precludes their use. Compounds like
SO2 and netabisulfite have been shown to prevent browning

by reducing the enzymatically-formed quinones back to e.-

diphenols (Anderson and Rowan, L967r. Some thiol compounds

including 2-ne rcapt obenz o th iazol e also appear to react with

enzyme prosthetic groups (Palmer and Roberts, 1967) .

Figure 1.4d shows the inhibítory effects of sulphites

represented by potassium and sodium metabisuLfite, sodium
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hydrosulfite and sodium bisulfite on ppo artichoke activi-
ty. Even though these compounds are generally considered as

reducing agents (Anderson, 1968; WaLker, 1975) their mecha-

nism of action remains obscure. They have been considered

to act as quinone couplers (Walker ¡ L975¡ Loomis, L974) and

as direct inhibitors of PPO (col-an-coldhirsh and Whitaker,

1984). At a 5 mM concentration, sodium and potassium meta-

bisulfite and sodium hydrosulfite each inhibited ppO acti-
vity by 98-99t. A similar level of inhibition was attained

by using 10 mM sodium bisul-f ite. In addition, the unival_ent

cations, Na* and K+ showed no effect on the inhibitory
action of PPO by metabisulfite.

The effects of several quinone couplers (L-cysteine,

benzosulfonate, borate and thiourea) on PPO activity are

shown in Fig. 1.4e. vlithin this group of compounds, which

react with quinones to form colorless complexes (pierpoint,

1966) L-cysteine, which also acts as a reducing agent,

showed the greatest inhibitory effect. At a concentration

of 10 mM, L-cysteine inhibited PPO activity by 998. L-

cysteine was al-so sho$¡n to be the most effective inhibitor
for mushroom, avocado and banana PPO (Kahn, 1985a). Two

additional compounds, sorbic and ascorbic acids (25 mM)

inhibited PPO activity by Sê. 508 (data not shown) . These

compounds were not further evaluated.

Figure 1.5 shows the relaeionship between remäining ppo

activity and resultant extract color ( represented by light-



Figure 1.5 The relationship of color (lightness) to ppo
activity in artichoke extracts containing
various inhibitors.
a. Che1aÈors : DIECA (O) ; sodium azide (O) ;potassium ethylxanthate (!), EDTA (^). b.
Competitive inhibitors: 2,3-naphthal ened i-
o1 (O); benzoic acid (O) r sã1icy1ic a-
cid (A). c. Sul-f ites and reducing thiols:
sodium metabisulfite (O) r potassium metabi-
sulfite (O); sodium hydrosulfite (A); sodiun
bisulfite (l) ; 2 -me rcaptobenzoth iaz o 1e (A);
2 , 3 -d ime rcaptopropanol (l); thioglycolla-
te ()t{) . d. Quinone couplers: L-cysteine (O) ;sodium benzosuLfonate (O); thiourea (!);
sodium borate (À) . For aIl Ínhibitors a
series of concentrations was used (1, 5, 10,
and 25 mM) t data points are presented in
ascending order of inhibitor concentrat,ion,
from Èop to bottom. The SD of all values is
less than +98 in respect to PPO activity
remaining and less Èhan +5S in respect to L-
value.
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nessi vaLue L) when treated with various inhibitor groups.

Correlation coef f j.cient values for all these composite

plots ranged from 0.92 to 0.99.

I.3.5.2 Ef fect, of pH

The effect of pH on ppO inhibition by sodium netabi-
sulfite and LJcyst,eine is shown in Table I.8. At pH l-evels

of 5.0 or 1ower, lhe pH aLone was an effective inhibitor.
At a pH greater than 5.0, however, L-cysteine and metabi-

sulfite were mainly responsible for ppo inhibition. Metabi-

suLfite appeared more effective as an inhibitor when com-

pared to L-cysteine; the level of inhibition \,ra s pH depen-

dent and increased with decreasing pH. Inhibition by cys-

teine did not appear to be pH dependent, êspecialLy between

5 .0-6 .5.

1.3.5.3 Inhibitor stability
The effect of metabisulfite and L-cysteine on PPO acti-

v j.ty in artichokes stored at 4oC is shown in Fig. 1.6a.

Metabisulfite and L-cysteine (25 mM) conpletely inhibited
PPO activity over a 15-day period. A 5 mM concentralion of

L-cysteine, however, only inhibited PPO activity during the

first three days of storage. Resumption of PPO activity in

these extracts gradually increased to 55t at 15 days. This

resumption of enzyme activity can be attributed to inhibi-
tor consumption during subsequent quinone-coupled reac-

tions (Pierpoint, 1969) . Montgomery (1983) reported simi-
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Table 1.8 Effect of pH and ínhibitors on artichoke PPO

activitya at 3ooc.

Cont rol l,-Cys t e ineb sod i un
metab isu lf iteþ

pH

4.0

4.5

5.0

5.5

6.0

6.5

7.0

1.07 + 0.06

1.47 + 0.03

1.77 + 0.05

1.80 + 0.09

1.88 + 0.05

I .92 + 0.07

1.88 + 0.01

1.05 + 0.04

1.41 + 0.01

1.62 + 0.05

I.63 + 0.01

1.64 + 0.08

1.65 + 0.09

7.76 + 0.07

0.90 + 0.04

1.08 + 0.04

1.28 + 0.06

1.36 + 0.03

1.37 + 0.01

1.44 + 0.09

1.52 + 0.02

a Data are expressed as specific activity (units,/mg pro-
tein + SD, n=3).

b 2 *u.
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lar results with L-cysteine in pear juice concentrates.

The color development in artichoke extracts stored at
4oC is shown in Fig. 1.6b. Extracts containing either I0 or

5 mM sodium metabisulfite did not darken on storage. The

cysteine treated extracts, expecially those containing

10 mM darkened progressively with time. Since the extract
containing 25 mM cysteine did not contain any residual ppO

activity (Fig. I.6a), the slÍght darkening observed may be

due to non-enzymatic melanization. Although residual cys-

teine Ievels were not determined in this study, Montgome-

ry (1983) reported that darkness of pear juice concentrates

increased with decreasing residual levels of cysteine.

All compounds exarnined in this study were shown to
inhibit artichoke PPO actívity. The degree of inhibition
depended upon both the nature and concentration of the

inhibitor. Since many of these compounds can impart off-
flavor, off-odor and toxicity, their effective use in

foods, discounting economic feasibilityr fiây be limited.
Alternatively, the application of high temperature treat-
ment may only prove partiall-y effective in controlling ppo

activity and may also contribute to changes in flavor and

texture. A combination of treatments involving heat and

chemical inhibitors should therefore be considered. Thís

couLd not only effectively reduce problems encountered in
each treatnent method but could also reduce processing

costs. Although a pH of 5.0 or l-ower was shown to be an



Figure 1.6 Effect of inhibitors on ppo activity (a) and
color deve l opment -l ightnes s (b) in artichoke
extracts stored at 4" C. Extracts contain L-
cysteine at concentration of: 10 m¡l (O; 25
mM (O) 

' or sodium metabisulfite at concen-
trat ion of : 5 nl.l (A) ¡ 10 nM (A) , or no inhi-
bitor (!) . The SD of all values is less than
+5?.
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effective inhibitor of PPO, the use of acids may prove

deleterious. In particular, partial hydrolysis of the crude

inulin syrup may not only lead to fructose decomposition -
(Fleming and crootWassink, 1979) but may also incur product.

loss in the ultrafiLtration step (Hoehn et aI., 1983).



CEAPTER TT{O
PURIFICATION OF ÀRTICEOKE POLYPEENOL OXIDÀSE
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2 .1 INTRODUCTION

The isol-ation and purification of polyphenol oxidase

of plant origin is associated with many problems making the

purification of this enzl¡me extremely difficutt (Mathew and

Parpia, 197I). There are other enzymes of similar molecular

properties such as laccase and peroxidase that exist in

plant tissue. Furthermore, these enzymes show overlapping

substrat,e specificities by being able to convert phenols to
quinones (HareI and Mayer, 1970; Robb, 1984). In addition,
plant PPO is present in relatively small amounts. Kertesz

and Zito (I962) estimated that even in mushroom samples

(regarded as the best source of polyphenol oxidase) the

concentration of the enzyme is of the order of 0.004E

(40 mg,/kg).

However, the main dra$¡back to the isolation of ppo is
the occurrence of both, the enzyme and phenolic substrate,

side by side in intact cel1s. The PPO is located exclusive-

Iy in the plastids of healthy tissues and is apparentfy not

even activated unLil it crosses the plastid envelope. The

vast majority of phenolic compounds in higher plant cells
are locaLed in the vacuole - a celluLar l-ocation isolated

from PPO (Czaninski and Catesson, I972¡ Vaughn and Duke,

I98Ib; Vaughn and Duke, I984a). However, as soon as the

plastid and vacuole contents are mixed upon cel1u1ar disru-
ption, internal organization is damaged. The enzyme and

substrate interact to yield quinones rvh j-ch subsequently



react !¡ith PPO and other proteins/enzymes forming very

strong noncovalent and covalent complexes (Loomis, I974¡

McManus et al ., 1985).It has been reported that phenolics

may inactivate the PPO (Sanderson, I965) | or in contrastl

reacting with proteins may produce additional multipLe

forms which are not present in the intact tissue (Smith and

Montgomery, I985). Thus, properly chosen methods of extrac-
tion and isolation of PPO are of necessity to prevent any

changes of the enzyme during the course of its purifi-
cation. Many atÈempts to minimize phenolic - protein inte-
ractions have been taken. Conninution and homogenization

are often performed in liquid a nitrogen or in nitrogen

atnosphere (Balasingam and Ferdinand, 7970, Thomas and

Janave I I973, Benjamin and Montgomery, 1973) . Extraction

steps were carried out in the cold, at -20 to -30oC (Våmos

Vigyåzö, l98t). In the early research lead acetate has been

widely used as a precipitant for polyphenols (NeLson and

Dawson, 1944) , but a disadvantage is that it does not

precipitate some plant phenols (Loomis and Battaile, 1966)

and results in considerable loss of enz]¡me itself (Mathew

and Parpiaf \97I) . More recently, insoluble polyvinyl pyr-

rol-idone (PVP) has been used for the removal of phenols

during separation of subcellular fractions and in the ini-
tial steps of the purification of the enz)¡me from plant

tissues (Chan and Yang, 1971¡ Cash et aI ., 19'76¡ Galeazzi

et al ., L981). However, also this technique is not free of



55

disadvantages. It requires a Large amount of pvp (19 pvpllg

plant tissue) , acidic pH of extraction (maximum bonding of
plant phenoLs occurred at, 3.5), as well as a time consurning

pret.reatment procedure prior to extraction (Andersen and

Sor,¿ers, 1968; Smith and Montgomery, 1985). Moreover, pvp

was found to inhibit PPO activity to some extent (Anderson,

1968) . Other polymers have also been successfully used for
the removaÌ of phenols, e.9. ion exchange resins (CornwelI

and Wrolstad, J.981; Srnith and Montgomery, 1985), polycapro-

Lactam (Sandersonr1964) , and polyethylene glycol (Badran

and Jones, 1965¡ Benjamin and Montgomery, 1973¡ park and

Luh, 1985) . Polyethylene g1ycol (pEG) because of its solu-
bility in acetone is often used in combination with the

latter for the preparation of acetone powder (Loomis,

1968). Acetone precipitation foLlowed by buffer extraction,
is one of the methods most often used as the initial step

in isolation of PPO (C1ayton, 1959r palmer, 1963; I{aIker,

1964¡ Dizik and Knapp,1970t Wong et al ., I971t padron at

ê1 ., I975¡ Gross and Coo¡nbs , I976a¡ Sat j a$/atcha raphong et
â1., 1983). This method presents certain advantages in
obtaining a crude enzyme preparation with high yield of

activity (FIurkey and Jen, 1978) and free of artifacts
(Kahn, 1975) . To prevent the enzyme j.nactivation during

buffer extraction, reducing agents or quinone couplers such

as ascorbic acid (Abukharma and Woolhouse, 1966), cysteine
(Stelzig et al ., I972,, sodium matabisulfite (Stokes et
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â1 . , 1968) , sodium diethyldithiocarbamate (pierpoint,

1966), or thiourea (van Driessche at eI., 1984) have been

used .

After preparation of a crude extract, most published

procedures fo11ow conventional meÈhodology. The methods

have been varied according to the enzl¡me source and the

degree of purity to be attained. Most often the first step

of purification includes removal of inactive protein by

precipitation with protamine sulphate (Balasingam and Fer-

dinand, I970), calcium acetate (patit and Zuckerr1965), or

fractionation with amnonium sulphate (being the most widely
used) preceding dialysis, or Sephadex c-25 chronatography

(Vâmos Vigyåzó, 1981).

For further purification: adsorption, ion exchange,

and geI filtration chromatography, or combinations of some

of these methods have been frequently used, but hydrophobic

chronatography (Mayer and Harel I I979) r ând preparative

isoelectrofocusing have been also employed in some cases

( Interesse et a1., 1983).

Adsorption chromatography with celite has been found

to be selective for PPO, as the adsorbent is a relatively
specific binder of copper proteins (Mathwew and parpia,

1971) . Adsorption on calciurn phosphate has been applied to
apple (Stelzig et a1 ., 1972), and wheat ppo (tnteresse et

â1 ", 1983), whÍ1e hydroxyfapatite ehromatography by itself
(Kidron et al., !977), or following elution from carboxyme-
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thyl (CM) - ce1lulose (Vaughan et al ,¡ I975), or diethyl-
aminoethyl (DEAE) - cellu10se (Rj.vas and h/hitaker, L973¡

Flurkey and Jen, 1980) columns were used for purification
of spinach beet, pear, and peach pPO, respectively.

Ion exchange chromatography has been the most favored

method in the l-iterature, especially in combination with
ge1 filtration chromatography on Sephadex (Mayer and Harel ,

1979') , or more recently on Sephacryl 5-200 (Hsu et â1 .,
1984), and Ultrogel AcA 34 (FIurkey and Jen, 1980) cotumns.

Several attempts have been made to purify ppo by

affinity chromatography fromdifferent sources including

mushroom (Gutteridge and Robb, 1973; O'NeiI1 et al ., I973,

Menon and Haberman, 1975), larvae of housefly (Shimoda et

â1., L975), and mammalian tissue (Jimbow et â1 ., Ig75,t

Jimbow et aI ., 198I). However, its use has not been exten-

ded for purification of the plant enzyme. The affinity
chromatography lras for the first time introduced by Lerman

(1953) and used for purification of mushroom ppO. It is
difficult, however, to concLude whether true affiniÈy
chromatography has been observed. Moreover, the 1ow

capacity of design adsorbents, and oxidation of ligands
(phenolic substrates) during the operation of the column

probably precludes its widespread use (Robbr 1984).

Purification of PPO has been recently reported to be

achieved by hydrophobic chromatography on Phenyl Sepharose

CL-4B (Mayer and Harel , 1979). This method is particularly
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attractive since it is possible that the active siLe of ppO

has a hydrophobic character. Certainly ppo binds welL to
hydrophobic chromatography media, such as phenyL -Sepha rose ,

at high ionic strength (Robb, 1984). Ho\,¡ever it is diffi-
cuLt to evaluate this method since only a few applications

have been published (Flurkey and Jen, I978¡ Wissemann and

Lee, 1980) .

Conventional methods of PPO purification are generally

based on relatively small differences in the physicochemi-

cal properties of the proteins in the míxture. They are

frequently laborious and inconplete, and the yields are

often 1ow (Mathew and Parpia, 1971). Thus. there is always

need for alternative separation procedures based on new

principLes. A relatively new method, referred to as metal

cheLate or immobilized metal affinity chromatography, in-
troduced by Porath et aI . (1975) is now becoming widely

accepted for the isolation of nonenzymatic proteins (porath

and Belew, 1983) . Nevertheless, some attempts of enzyme

purification from various sources have been reported (Ohku-

bo et al ., 1980; Horlein et al . , 1982¡ ; Krishnan and

Vijayalakshmi, 1985; Redinbaugh and Campbell, 1985r Wese-

lake et al ., 1986). Immobilized metal affinity chromatogra-

phy ( IMAC) could be defíned as a separation technique based

on specific and reversible interaction between immobilized

meÈal o¡'r a¡r insoluble matrix and the protein molecu1e. The

binding of protein occurs via the amino acid residues
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exposed on its surface, \,¡hich are able to participate in

coordination bonding (Porath and OIin, I983). Amino acid

residues that possess an ionizable proton can display li-
gand properties. Nitrogen donors include the imidazoLe

group of histidine, the E-amino group of lysine and the

guanidinium group of arginine. The carboxyt groups of aspa-

rtate and glutamate and the hydroxyl group of tyrosine can

function as oxygen donors, and the thiol group of cysteine

can act as a sulphur donor for coordination with netal
ions. The nitrogen atom of the peptide linkage and the N-

terminal- amino group can also co-ordinate to metal ions

(Conlon and Murphy, 1976, Hemdan and Porath, 1985) . The

coordination binding between proteins and the immobil-ized

metal is pH dependent and proteins are usually desorbed

simply by reducing the pH, or decreasing the salt concen-

tration of the eluant (Lonnerdal and Keen, 1982). More

selective desorption is achieved by including competing

displacers (ligands) in the eLuent buffer, such as glycine,

histamÍne, histidine and imidâzole (Kikuchi and Watanabe,

1981; Fanou-Ayi and Vijayalakshmi, 1983; porath et al .,
1983; Andersson, 1984).

The present study describes the purification of ppO

from artichoke tubers by imnobilized copper affinity
chromatography (ICAC). To our knowledge this is the first
application of this nethod for the purification of polyphe-

nol oxidase. Although severaL attempts to purify this
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enzyme by means of other methods such as DEAE-cellul-ose ion

exchange, 9ef filtration, affinity and hydrophobic chroma-

tography were unsuccessful, all of these methods are des-

cribed in this chapter. In addition, the fractionation of

the purified artichoke PPO by DEAE-Sepharose is also des-

cribed in he re.
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2.2 MATERIALS AND METHODS

2.2.1 Materials

2,2.I.I Je rusalem artichoke tubers

Artichoke tubers from the Columbia cultivar (crop of

L983) were obtained from the Agriculture Canada Research

Station, Morden, Manitoba. Part of the tubers was used for
acetone powder preparation immediately after harvest, while

the other part was stored in plastic bag at 4oC until used.

2.2.I.2 Chemicals

Disodium salt of iminodiacetic acid (IDA), 1,4-buÈane-

diol diglycidyl ether, cyanogen bromide (CNBr), insotuble

polyvinylpyrrolidone (PVP), L-dopa, glycine, L-histidine,
ammonium persulfate, riboflavin sulfate, and Coomassie

Brilliant BIue R-250 were purchased from Sigma (St. Louisl

Mo, USA). Sepharose 48, Sepharose 68, DEAE-Sepharosê CL-48,

phenyl Sepharose CL-4B, Sephadex c-25, Sephadex c-100, and

Broad pI CaLibration kit (pH 3-10) were obtained from

Pharmacia (Uppsala, Sweden). Polyethylene glycol (Carbowax

PEG 8r000; MI^l 7r000-9r000), catechol, p-cresol, p-phenyl-e-

nediamine from Fisher (Fisher-KendaJ.l- Sci. Co.); acryl-
amide, N,Nr-Methyl-ene-bis-acrylamide (BIS), NrNrNr rNr-tet-
ramethylethylened iamine (TEMED) fron BIO-RAD (Richmond

CalÍf.) t DEAE-cel1u10se from l,lhatman Ltd. (EngIand), ampho-

Iine polyacrylamide gel plates (pH 3.5-9.5) were purchased

from LKB-Produkter AB (Bromma, sv¡eden) . OÈher reagents were
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of anai.ytical grade. IsoelectrÍc point data are from infor-
mation provided by the supplier.

2 .2 .2 Methods

All preparation steps and analytical procedures,

unless otherwise indicated, were carried out at 4oC.

2.2.2.1 Ex t ract ion

Crude enz)¡me extracts were prepared as described in
Chapter one using either deionized !.¡ater (pH 4.4) or 0.I M

sodiun phosphate buffer, pH 6.5. Extraction with PVP, or

from acetone powder were carried out as outlined in the

general extraction procedure (Chapter one) . The PVP (I0 g) ,

prepared according to the method of Loomis (I974) | was

added at the beginning of ext,raction. The reagent was

boiled for 10 minutes in 108 HCl (solid phase,/liquid phase

ca.l:4) , then neutralized with 10t KOH, washed with deio-

nized water, and air dried at 60oC. Crude PPO v¡as extracted

from acetone powder usíng 0.1 M sodium phosphate buffer
(1:30 w/v), pH 6.5 containing 20 mü L-ascorbic acid. After

stirring for t hr, the slurry was centrifuged at 41000 x g

for 20 minutes and the supernatânt was filtered.

2.2.2.2 Acetone powder prepa rat ion

An acetone powder was prepared from fresh prechilled

artichoke tuber (10 kg) slices as described by Wong et

al. (1971). Portions of 1 kg of artichoke were homogenized
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in a large Waring Blendor with 2 liters of cold acetone

(-2OoC) and 6.7 g of polyethylene 91yco1 (pEG) for I min.

The slurry was filtered under sucLion through fiberglass
fiLter paper. The above step was repeated on the pellet
(sê. 220 g) using approximately three volumes of cold ace-

tone without PEc. The wet cake was \,¡ashed repeatedly with

cold acetone (ca. 300 ml) until the filtrate became color-
less. The material- was allowed to dry at room temperaÈure

overnight to give about 56 g total weight of powder. The

powder v¡as stored under vacuun in a desiccator at 4oC until
use.

2.2.2.3 Initial enzl¡me pur ification
The filtrate obtained from extraction of acetone pow-

der with buffer was brought to 20t saturation with solid
ammonium sulphate. After st,anding for 2 hr in the cold the

precipitate was removed by centrifugation at 4r000 x g for
20 minutes and discarded. The supernatant Ìras brought to
803 saturation with ammonium sul-phatet after standing over-

night in the cold the precipitaÈe r,rhich contained most of

the enzyme activity was separated by centrifugation at

4,000 x g for 20 minutes. The precipitate was dissolved in

approximately 40 to 50 mI 0.1 M sodium phosphate buffer
(pH 6 .5) and then loaded on a Sephadex c-25 column

(2.6 x 70 cm) equiJ-ibrated with the same buffer. Fractions

were assessed for PPO activity, protein, and ammonium suL-

phate content. The latter analysis was performed using the
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conductivity meter. Fractions having PPO activity and being

free of (NH4) 2SO4 were pooled and concentrated by diafil-
tration using an Amicon celL with a nembrane having a

nolecular weight cut-off of 10r000 (Diaflo membrane, UMI0,

Amicon Corp., Lexington, Mas.). Un1ess otherwise indicated,

the concentrated crude enzyme solution vias used for further
purification by means of column. chromatographic techniques

described below.

2.2.2.4 ImmobiLized copper affinity chromatography

The TDA v¿as coupled to epoxy-act j.vated Sepharose 68,

as described by Porath et aL. (1975). Chromatography on a

smaLL scaLe was performed to evaluate efficiency, v¡hile a

preparative column was employêd to coLLect enz]¡matic mate-

rial for further characterization. The gel was packed into

two columns! a separation (1 x 20 cn) and a

guard (1 x 6 cm) colu¡nn. On the Large scale, a separation

column of 2.5 x 40 cm was used. The first coLumn was equi-

librated with aqueous solution of CuSO4.5H2O (6 mglm1)

until the entire matrix became blue (i.e. fu1Iy saturated).

Excess copper ions vrere removed by washing the column with

deionized v/ater. The second column, free of copper, was

coupled in sequence with the separation column and served

to adsorb any metal ions Leaching out during chromatograp-

hy. Both columns were equilibrated and eluted wíth 50 mM

TRIS-HCI, pH 7.5, containing 0.15 M NaCl, and eluted with



the same buffer containing 20 mM

histidine in stepwise manne r .

after each run with 50 mM EDTA

20 mM sodium phosphate buffer.
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glycine, and then 10 mM L-

Columns were regenerated

containing 0.5 M NaCl in

2.2.2.4.1 Preparation of IDA-Sepha rose

A two step procedure was employed for preparation of

ge1 3 oxirane activation of Sepharose 68 (Sundberg and po-

rath, !974), and attachment of IDA to the activated ge1

matrix (Porath et aL., 1975). The I0 g of suction dried

Sepharose 68, lL ml of 1,4-butanediol diglycidyl ether,

11 ml of 0.6 N sodium hydroxide, and 22 mg of. sodium boro-

hydride were placed in a conical f1ask. The flask v¿as

seaLed and shaken for 8 hr at room temperature and the

slurry was then suction dried using a sintered gtass fun-

ne1. Disodiun salt of iminodiacetic acid (1.3 g) was dis-
solved in 7 nl of 2 1,1 sodium carbonate and added to 10 9 of

suction-dried ox i r ane-act, ivated Sepharose 68 in a conical

f1ask. The suspension was heated to 65oC and shaken fot 24

hr. The gel rsas colLected on a sintered glass funneL and

washed with dionized wate r.

2.2.2.5 lon exchange chromatography

Ion exchange chromatography was performed on the puri-
fied PPO (ICAC) using a DEAE - Sepharose CL 68 column. The

column (1 x 20 cm) was equilibrated overnight with 0.04 M

TRIS-HCI buffer, pH 6.0. After the sample (2 ml ; 144 enzl¡me
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units, L2 mg of protein) was applied to the coLumn, five
void volumes of the starting buffer were allowed to flow

through the ion exchange gel. Subsequentty, a linear
gradient between 0 and 1.0 M NaCl in the starting buffer

$/as used for eLution of the enzyme bound to the column.

2.2.2.6 Other column chromatog raph ies

Several column chromatographic techniques were

employed to establish an optimal procedure for further
purification of PPO. Ðurì.ng the course of these experiments

the columns were eluted with a flow rate of 15 nI per hr,

and fractions of 4 m1 were collected.

2.2.2.6.1 DEAE-cellulose ch roma tog r aphy

The chromatographic procedure was essentially as des-

cribed by Wong et al . (1971). Before use, DEAE-cellulose

was prepared as recommended by Whatman Ltd. (Publication

607A,, 1980) . CelLulose powder (50 g) was stirred with 750

ml of 0.5 N HCI for 30 minutes and then washed with deio-

nized water under suction until the filtrate was of neutral
pH. The above step was repeated using 750 mI of 0.5 N NaOH.

After removal of fine particles and adjusting the pH to 6.5

by vrashíng the cellulose with 0.05 M sodium phosphate

buffer, pH 6.5, t,he cellulose was packed into the coLumn (l

x 40 cm) . The column was equilibrated overnight with the

above buffer before use. Afeer the sample was applíed, ehe

column was eLuted with five volumes of the equilibration



bufferr âhd subsequently with a linear

strength (between 0 to 0.3 M NaCI), in

buffer, and then a pH gradient from 7.0

sodium phosphate buffer containing 0.3 M

2.2.2.6.2 cel- filtration ch romatog raphy

cel filtration chromatography was

phadex c-100 column (2.5 x 100 cm). The

rated and subsequentLy eluted with 0.05

buffer, pH 6.5. The void volume of I28

using Blue Dextran 2000 for calibration
ding to Andre!¡s (1970) .
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gradient of ionic

the equilibrating
to 4.5 using 0.05 M

NaC1.

perforrned on a Se-

column was equilib-
M sodium phosphate

mL was dete rmined

the column acc o r-

2.2.2.6.3 Aff inity chromatography

Affinity chromatography \eas performed using Sepharose

4B coupled to L-dopa, a substrate of PPO. The gel was

packed into the column (1 x 20 cm) and washed \,rith 0.05 M

sodium phosphate buffer, pH 6 .0. After the sample teas

applied, the column v¡as equilibrated v¡ith the same buffer,

until no protein was detected from the column. Subsequen-

tly, the ge1 was eluted \,rith a pH gradient between 6.0 and

4.5 using 0.05 M phosphate buffer.

2.2.2.6.3.1 Preparation of L-dopa Sepharose 48

The CNBr activation of sepharose 48 was performed

according to Cuatrecasas (I970) in the following way: The

10 g of sucLion dried Sepharose 48 was washed several times

with distilled water on a sinLered glass funnel . Distilled
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water (I0 ml) was then added to the wet product and matrix

activation was effected by CNBr (1.5 g) dissolved in disti-
IIed water (20 ml). The solution of CNBr was added to
Sepharose under stirring and the pH of the mixture \,¿as

maintained at 1I by 5 M NaOH for 6 to 7 minutes, Sepharose

was subsequentl-y washed with 1 I of ice cold distilled
water, and then with 11of ice cold 1M KH2PO4' pH 7.0.

The coupli.ng reaction was performed according to Jimbow et

al . (1981). Usuall-y L5 g of the activated Sepharose cake

was mixed ( rotary mixer) r¡¡ith 50 mI of 1 M KH2PO4 (pH 7 .0t

containing 1.22 g of Dl-dopa in the col-d overnight. The

substituted sepharose was then washed with 11of distilled
\,¿ater and I 1 of 0.05 M sodium phosphate buffer, pH 6.0,

and was used for chromatography. The amount of dopa bound

to Sepharose was determined spectrophotometrically by the

following fo rmula:

D(B+D) E 106
1 - x - x 

- 
= Fmoles bound/mg of Sepharose

ABCF
where A is A269 of dopa solution before addition of Sepha-

rosei B is the mI of dopa sol-ution before addition of

Sepharose; C is the g of Sepharose added to the dopa solu-

tion; D is A2gg of the supernatant of the dopa-Sepharose

mixture after reaction overnight; E is the g of dopa before

the .addition of Sepharose; F is the moles of dopa added. By

this procedure, it was found that approximately 10 pmoles

of dopa per g of Sepharose were coupled.
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2 .2 .2.6.4 Hydrophobic chromatography

Hydrophobic chromatography was performed according to
the procedure of Wissemann and Lee (1980) using phenyl

Sepharose CL-48. Pre-swoll-en commercial ge1 was packed into
a coLumn (l x 20 cm) and equilibrated overnight with 0.05 M

sodium phosphate buffer, pH 6.5, containing 1 M ammonium

sulphate, and 1 M NaCl. After the sample was applied, the

coLumn was eluted using the following buffers in a gradient

stepwise manner! a) gradient between 50 mL of equilibrating
buffer and 50 ml of 0.05 M phosphate buffer, pH 6.5 b) 50

mI of 0.05 M phosphate buffer - 50 m1 of distilled water

c) 50 ml water - 50 ml of 508 solution of eÈhylene gIyco1,

2.2.2.7 Electrophoretic techniques

2.2.2.7.1 Analytical polyacrylamide ge1 electrophoresis

Gradient (6-12*) polyacrylamide ge1 electrophoresis
(PAGE) was performed on an LKB 2001 Vertical Electrophore-

sis Unit using the modified method of Davis (1964). The

stacking ge1 consisted of 5.98 acrylamide and 0.1t BIS and

was prepared in 0.16 M Tris-o.25 Na H3PO4 buffer (pH 6.9).
The solutions v¡ere polymerized under UV light by the addi-

tion of 2.5 mI cataJ.yst (0.068 ammonium persulfate and

0.002S riboflavin) and 5 ¡r1 TEMED per 15 ml of gel solu-

tion. The separating ge] consisted of 0.95 M Tris-HCI buf-

fer (pH 8.5) and a gradient of acrylanide, BIS and glycerol-

ranging from 5.9 to 11.4, 0.2 to 0.6 and 0.5 to 5.0å,
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respectively. This gel- was polymerized under UV light by

the addition 'of 1.9 ml of catalyst and 30 7rl TEMED per

15 mI of gel soLution. The electrode compartments were

filled with two buffer systems. The upper tank contained

0.04 M Tris-O.04 M glycine buffer (pH 8.9), while the lower

tank contained 0.06 M Tris-HCL buffer (pH 7.5). Each gel

was run for 3 hr at 2OoC with a constant current of 30 mA.

2.2.2.7.2 Analytical isoelectric focus ing

Isoelectric focusing (IEF) v¡as performed on a LKB 2117

Multiphor horizontal unit according to the LKB instruction
manual, 1804-101 (1986) using conmercial LKB ampholine

polyacrylamide ge1 plates, pH 3.5 - 9.5. To determine Èhe

pH gradient, the Broad pI Calibration Kit (Pharmacia) was

used. Each 9e1 was run for 1.5 hr at lOoC using 1M H3PO4

as an anode-el-ec t rode solution, and I M NaOH as a cathode-

electrode solution with the following settings of poreer

suppLy: p=30 W; U=1500 V; I-50 mV. Sâmple application was

made directly r,rilh a micropipetor at a point located 2 cm

from the anode.

After electrophoresis (PAGE, IEF) the gels were washed

3x (30 minutes each) with distilled water and the PPO bands

were detected according to Benjamin end Montgomery (1973)

using I0 mM catechol (unless otherwise specified) dissolved

in 0.1 M sodium phosphate buffer, pH 6.0 containing

0.05? p-phenylened i amine . The gels were immersed inLo the

aeraLed substrate solution, incubated for I0 minutes, and
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then rinsed with water. After IEF a portion of the gel was

stained for prote j.n as f ollows. The gel !,ras incubabed in
the fixing solution (aqueous solution of 11 .5t TCA and 3.5t
sulphosalicylic acid) for t hr. This solut,ion precipitates
the proteins and allows the Ampholines to diffuse out.

After fixing, the gel was washed in destaining solution
(aqueous solution of 258 ethanol and 88 acetic acid) for 5

minuLes, and stained with 0,18 Coomassie Brilli.ant BIue R-

250 (CBB) in destaining solution for 10 minutes. The gel

was then washed with several changes of the destaining

solution until the backgrounfl was cLear. After electropho-

resis the gels were photographed on a commerciaL Light box

using Kodak Technical PAN ASA 32 film. All the above proce-

dures were performed at room ternperature.

2.2.2.8 Enzyne and protein determination

Activity of PPO was deÈermined as described in the

previous chapter (section 1.2.2.2) using 50 /uL (crude ex-

tract) or 10 AL (purified PPO) enz]¡me solution. Enzymatic

activity of the eluates collected during chromatography was

estimated semi -quant it at ive ly according to the modified

method of Montgomery and Sgarbieri (1975). The 0.1 mI

eluate was added to 2.9 m1 of aerated 10 mM catechol in 0.1

M sodium phosphate buffer (pH 6.0). The mixture was incu-

bated for 10 nin at room temperature and the intensity of

the color was measured spect rophotome t r i ca1ly at 415 nm.
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The absorbance was taken as measure of activity. Protein

r,¡as determined as described previously (section I.2.2,31 or

by measuring absorbance at 280 nm. All PPO preparations

from various chromatographic procedures were ultrafj.ttrated
(Diaflo membrane, UMI0, Àmicon Corp., Lexington, Mas.) j.n

order to exchange the buffer with 0.1 M sodiun phosphate,

pH 6.0, before enzyme activity and protein measurment was

pe r fo rmed .
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2.3 RESULTS AND D T SCUSSION

2.3.I Extraction

A probl-em often associated with purification of plant

PPO is enzyme action on endogenous phenolic compounds upon

comminution of plant tissue. This can resul-t in pigment

formation which may cause inactivation of pPO (!.¡a1ker,

1964). In addition, endogenous phenolic substrates, if not

removed during extraction of PPO, can react with the pro-

tein to produce additional multiple forms which were not

present in the intact tissue (Smith and Montgomery, 1985).

Therefore, several different extract j.on methods for arti-
choke PPO were investigated to establish a procedure yiet-
ding an active and colorless enzl¡me preparation. A compari-

son of extraction procedures (Table 2.1) revealed that the

highest PPO specific activity was obtained using phosphate

buffer extraction with or withoul PVP. However, both me-

thods yielded dark brown extracts (L value was approximate-

ly 18, and 16, respectively). It is r,¡orthwhile to note that
addition of PVP to the buffer had litt1e effect on the ppo

activity as well as coLor of the final enzyme preparation.

This could be due to an insufficient amount of pvp used for
extraction (Ben-Shalom et. al-., 7977) or inadequate pH for
adsorption of phenolics (Andersen and Sowers, 1968). ln
contrast, an almost coLorless (a straw-Iike) extract was

obtained by the PEG - acetone treatment following ext-
raction with the buffer (L value was ca. 40). Similar
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Table 2.1 Extraction of crude PPO by various methods

Extraction Act ivity
method ( U,/ml)

Specifj.c
Protein activity Lightnessa
(mglm1) (U,/mg protein) ( L)

wate rb

buf fe rd

buf fe r
+ PVP

PEG-acetone
+ buffe r

3.8 + O.lc 3.6 + 0.1

4.5 + 0.1 3.4 + 0.0

4.2 + 0.I 3.5 + 0.1

2.8 + 0.1 3.1 + 0.1

1.1

1.3

t.2

0.9

15.8 + 0.8

16.0 + 0.5

18.4 t 0.3

39.9 + 0.8

a Deterrnined by Hunter 1ab Colorimeteri L value for distil-
led water v¡as ca. 54.

b peionized \,rater, pH 4.4i maintained as a control
c Mean values + SÐ based on triplicate deÈermination of

three ext ract .

d sodiu* phòsphate buffer, pH 6.5.



observation was noticed by Benjamin and Montgomery (1973)

who reported that the PEG-acetone treatment was the best

method for removal of phenolics during extracbion of cherry

PPO. Though the recovery of the enzyne activity was about

70* of that obtained by buffer extraction, this procedure

was adopted as the method of choice for removing the pheno-

lic constituents and reducing the discoloration during the

extrâction of PPO. In addition, buffer extraceion followed

acetone powder preparation was carried out in the presence

of ascorbic acid ryhÍch is frequently incorporated into the

extracting media (Mayer, 1966). This compound reduces qui-
nones back to phenols, thus protecting ppo against inhibi-
tion. In contrast to the results reported by Rivas and

Whitaker (1973) it has been found that addition of ascor-

bic acid retarded color changes in the artichoke PpO ex-

tract stored for several days in the cold, v¡hi1e the prepa-

ration reithout it was more susceptible to darkening. Never-

theless, the buffer extract obtained using the acetone

powder was immediately submitted for further purification.

2.3.2 Initial purificat,ion

TabLe 2.2 shows PPO activity in various fractions
precipitated with ammonium sulphate. The enzyme activity
recovered was dependant on the amount of ammonium sulphate

used for saturation. The specific activity of fractions
precipitated between 0 and 208r ârìd between 80 and 90å of

saturation r,¡e re 0.21 and 0.I2 U/ng protein, respectively
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Tab]e 2.2 PPO activity of various ammonium sulphate (AS)

f ract ionsa

AS f ract ionsb(t of satu-
rat ion)

Activity
( U/m1)

P rote in
( mglm1)

Spec i f ic
act iv i ty

(U/ng prote in )

0 - t0

r0-20
20 - 30

30 - 40

40 - 50

50 * 60

60-70
70 - 80

80-90

t race

0.64 + 0.04

4.37 + 0.20

3.60 + 0.12

4.40 + 0.10

3.13 + 0.09

2.80 + 0.06

2.56 + 0.08

0.25 + 0.10

3.20 + 0.05c

3.10 + 0.05

2.05 + 0.08

1.80 + 0.01

3.48 + 0.20

0.92 + 0.30

0.94 + 0.05

1.42 + 0.05

2.10 + 0.03

0.2r

2.r3

2.00

t.26

3.40

2.98

1.80

0.12

a Acetone powder buffer extract was used for AS fractiona-
t ions .

b P"ll"t" precipitated between the various degrees of I AS
saturation were dissolved in 0.1 M sodium phosphate
buffer, pH 6.0, and subsequently used for determinatj-on
of PPO activity and protein content.

c Mean values + SD of two determinations.
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and were significantly lower than that of the other frac-
tions. Thus, for further purification of PPO, the fraction
precipitated f ro¡n the acetone powder buffer extract bet!¡een

20 and 808 of ammonium sulphate saturation v¿as used. Appro-

ximately 988 of the initial enzyme activity was recovered

and aLmost 90t of the contaminating proteins were elimi-
nated (Table 2.41 . A resulting eight fold increase in
purification was thus obtaj.ned. In addition, desalting on a

Sephadex G-25 column resulted in a further 11 fold increase

in purificaÈion (Table 2.4). This method was found to be

superior to other nethods of desalting (e.9. dialysis,
ultrafiltrat,ion) , because it enabled the additional removal

of nonenzymatic proteins. During this step, about 48 of the

initj.al amoun! of proteÍn was eliminated and 722 of, enzyna-

tic activity, free of ammonium sulphate, was retained in

pooled, concentrated fractions (Fig. 2.1).

2.3 .3 Purification of PPO by varÍous chromatographic
techn iques

Several chromatographic techniques v¡ere employed for
purification of artichoke PPO (Fig. 2.2). The eLution pro-

file of PPO from DEAE-ce1lulose coLumn (Fig. 2.24) revealed

three fractions. The first, flow-through fraction (F1), was

obtained with the equilibrating buffer. Subsequen! gradient

elution, first with NaClr and then with pH disclosed F2,

and F3 fractions, respectively. Gel filtration on Sephadex

G-100 (Fig. 2.28) | and hydrophobic chronatography on phenyl



Figure 2.1 Sephadex G-25 column chromatography of ppo.
Salted out enzyme (40 mI , 67 PPO units,
70 mg protein) by amnonium sulphate (20-
80*), dissoLved in 0.1 M sodium phosphate
buffer, pH 6.5, was applied to a column (2.6
x 70 cn) . The column was eluted v¡ith the
same buffer at a flow rate of 26 mI/hr.
Fractions of 4 mI each were collected. Co-
lumn fractions 18 Èo 32 were pooled, concen-
trated and used for further purification.
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Figure 2.2 Various coLumn chromatographic methods of
PPO pur if icat ion:
A. DEAE-cellulose chromaLography, the enzl¡me
sample (6.5 mI , 380 PPO units, 40 mg prote-
in) was applied to a column (1 x 40 cm). The
column \,¿as eluted with: a) 0 .05 M sodium
phosphate buffer, pH 6.5, and subsequently
with b) linear gradient of NaCI (0 to 0.3 M)
in the same buffer, and c) pH gradient from
7 .0 to 4.5 using 0.05 M sodium phosphate
buffer containing 0.3 M NaCl .
B. Sephadex c-I00 chromatography; the enzyme
sample (2.0 ml, I90 PPO units, 20 mg prote-
in) was applied to a column (2.5 x 100 cm).
The column vras elubed with 0.05 M sodium
phosphate buffer, pH 6 .5.
C. DL-dopa Sepharose 48 chromatographyt the
enzyme sample (15 ml , 570 PPO units, 60 mg
proteín) was applied to a column (1 x 20 crn)
The column s¡as eluted with¡ a) 0.05 M sodium
phosphate buffer, pH 6.0, and subsequently
with b) the gradient pH from 6.0 Lo 4.5
using the same buffe r.
Ð. PhenyL Sepharose CL-48 chronatography;
the enzyme sampl-e (5 ml-, 240 PPO units, 25
mg protein) was appLied to a column (1 x 20
cm). After equilibrating with 0.05 M sodiun
posphate buffer I pH 6.5, containing I M

ammonium sulphate, and I M NaCl, the column
v¡as eluted in a gradient-stepwise manner
using following buffer systems: a) 50 ml of
equlibrating buffer - 50 mI 0.05 M phosphate
buffer, b) 50 ml 0.05 M phosphate buffer -
50 ml distilled water, c) 50 mI waLer - 50
m1 50t solution of ethyl-ene glycol .
Partial-ly purified PPO v¡as used as the en-
zyme sample. The columns were eluted with a
f l-o\.¿ rate of 15 ml per hr, and f ractions of
4 mI were colected.
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Sepharose CL-48 (Fig. 2.2D) reveal-ed one fraction with PPO

activity, while with affinity chromatography on L-dopa

Sepharose 48 (Fig. 2.2C) two fractions F1 (flow-through)

and F2 (pH gradient) were obtained. The F1 fraction could

be the result of column overload, or might reflect the

presence of a PPO component with negligible affinity to-
wards the immobilized ligand (L-dopa) i in contrast, the F2

fraction showed affinity towards L-dopa. Attempts to purify
PPO by the above chromatographies were not successful , be-

cause of a low degree of purífication, and in most cases

low yield of activity, as shown in Table 2.3. The best

preparation of PPO v¡as obtained with DEAE-cellulose which

resulted in a two-foId purification, while the highest

yield of activity (83t) was obtained by gel filtration. The

latter chromatography resulted in negligible purification
of the enzyme. Extremely Iow enzyme actívity was achieved

by affinity and hydrophobic chromatographies; i.e.,5 and

38 over the initial PPO activity, respectively. In both

cases PPO \,ras bound to the attached ligand (L-dopa, or

phenyl , respectivel-y) so strongLy that several methods em-

ployed to elute the enzyme were unsuccessful. It is v¡orth-

s¡hile to note that the choice of eluents for affinity
chromatography was limited. For example, when the column

was eluted with an ascending pH gradient betwêen 6.0 and

8.5 a rapid darkening of the ge1 was observed due to auto-

oxidation of L-dopa.
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Table 2.3 Purification of PPO by various column chromatog-
raphic techn iques

Chromatog raphy
Specific Yield in purification
activity activity ( fold )

(U/mg protein) (?)

lnltraI sample*

DEAE-cellulose:

F^-¿

F3

Sephadex c-I00

DL-dopa Sepharose 48:

F1

E2

phenyl Sepharose 4B-CL

10.0

3.2

20.0

4.6

11.0

10.0

12.0

16 .0

100.0

5.r

16.4

5.1

83.0

72.0

5.0

')a

r.0

0

2.0

0

1.1

0

r.2

r.6

a PpO sample after ammonium sulphate fractionation,
desalting on Sephadex G-25 column was applied to
columns.

and
the
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An alternative method which yielded an enzyme prepara-

tion with high degree of purity was immmobilized copper

affiníty chromatography (ICAC) . This method v¿as consequen-

tly used for further purification and characterization of
DDA

2.3.4 Immobilized copper affinity chromatography

A typical elution profite of ppo obtained vrith a small

scale ICAC is shown in Fig. 2.3. When the column was eluted

with the equilibration buffer, two flow-through fracLions

of activityr P1 and P2 were obtained. To ensure t,hat these

fractions were not a result of column overloading, the pl

fraction was rech romatog raphed . Approximately 90t of the

reapplied activity was recovered as a flow-through frac-
tion. Stepteise elution, first with glycine and then histi-
dine, revealed two additional fractions (p3 and p4 respec-

tively) . The najority of the PPO activity was present in

the P1 and P3 fractions which contained approximately 9I

and 76 activity units, respectivelyi fractions p2 ând p4

contained 23 and 18 activity units, respectively (Tab-

Ie 2.4). Approximately 558 of the inj.tial activity applied

to the column was recovered. The overall recovery of acti-
vity was g¿. 40t when conpared to the initial extract.

In this study artichoke PPO vras separated into four

fractions of activity using ICAC. This type of chromatogra-

phy is based on the ability of proteins to form coordina-

tion bonds with a metal ions bound to the gef matrix



Figure 2 .3 Immobilized copper affinÍty ch romatog r aphy
of PPO (smal] scale) .
Partially purified enzl¡me (5 m1 , 381 PPO
units, 38 mg protein) was applied to an ICAC
coLumn (1 x 20 cm) . The colunn was eluted
with 0.05 M TRIS-HCI buffer, pH 7.5, contai-
ning 0.15 M NaCl, and subsequently with the
same buffer, containing 20 mll glycine. or 10
mll histidine, as indicated on the chronat.og-
raphic profile, at a flow rate of 15 mt/hr.
Fractions of 4 mI each were collected.
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through the presence of surface chelating anino acids (i.e.
metal binding sites) . The differences in affinity among the

PPO fractions for the ge1 may reflect differences in the

number or density of copper chelating amino acid groups

exposed on the surface of the enzyme molecules (porath and

O1in, 1983). The fact that P1 and p2 fractions were ob-

tained as flow-through fractions may indicate that the

enzl¡me components present do not have effective copper ion

binding sites on their molecular surfaces (Lonnderdal- and

Keen, 1982) . In contrast, the P3 and P4 fractions v¡ere

adsorbed s!rongLy to the column. Lowering the pH from 7 .5

to 4.5 or increasing the ionic strength from 0 to 0.3 M

NaCI did not desorb these fractions. A stepwise elution,
however, with buffer first containing glycine and then,

histidine in order of their stability constanÈs to copper

(Kikuchj. and Watanabe, 1981), resulted in their desorption.

These results suggest that the enzyme components of p3 and

P4 fractions bind to the metal-cheLated gel via structuraL

sites possibly composed of either glycine or histidine
residues.

The four enzymatic fractions obtained after ICAC \,¡ere

indicative of the enzyme heterogeniety based on differences

in affinity for immobilized copper. This is in agreement

with reports on heterogeniety of plant PPO, although multi-
ple , forms of this enz!¡me from various plant sources have

been distinguished on the basis of their charge (Harel et
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âf., 1965; Park and Luh, 1985), molecular \,¿eight (Arnoud,

1968; Pruidze et aI ., 1983) and electrophoretic mobility
(Constantinides and Bedford, 1967¡ Harel et aL., I973, ,

l"loreover, all four fractions exhibited varying enzymatic

activity towards p-cresol and L-tyrosine (Tab1e 2.5) ,

catechol and Dl-dopa (Tab1e 2.6), indicating hydroxylase

and ox idase acL ivit ies , respect ively. Although both

activities were highest in the Pl fraction, this fraction
showed a significant hydroxylase activity approximately 20

fold higher than other ICAC fractions.

The above results reflect a small scale purification
procedure. The chromatography was repeated on a larger
scale. The column (2.5 x 40 cm) and enzymatic sample (49.5

ml) used for purification were approximately 10 times big-
ger than in the previous experiment. The data in Table 2.7

reveal the èffectiveness of the large scale ICAC chromatog-

raphy, while the ICAC chromatographic profile of PPO is

illustrated in Fig. 2.4. The results obtained were similar
to that of Lhe smal1 scale procedure, although some minor

differences were observed. Four fractions with an increase

in specific activity of I40 for PI , 9 for P2 and P3r and 5

fold for P4 (Table 2.7) were detected. Furthermore, the

total- yield of all fractions accounted for approximately

33? of the total activity of the acetone powder. Although

this was lower by 7g than the total yield for the small

scal-e preparation, the enzyme recovery only from ICAC co-
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Table 2.5 Hydroxylase act,ivity of ICAC fracÈions

F rac t ion s Activity
( U/mI )

Protein
(ng/m1)

Spec ific
act ivity

(U/mg pro te in )

-¡)-cresola

P1

P2

P3

P4

L-tyros inec

2.24 + O.OAb

0.38 + 0.00

1.24 + 0.10

0.84 + 0.02

1.61 + 0.02

0.20 + 0.02

0.82 + 0.06

0.38 + 0.02

0.32 + 0.02

0.84 + 0.07

2.16 + 0.08

2.05 + 0.08

0.32 + 0.02

0.84 + 0.07

2.16 + 0.08

2.05 + 0.08

P1

P^

P3

P4

7.00

0.4s

0.57

0.41

5.03

0.24

0.38

0.18

b

c

10 mM p-cresol was used as a substrate for determination
of act ivÍty.
Mean values + SD of two determination.

1.6 mM L-tyrosine was used as a substrate for determina-
tion of act ivi ty.
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Table 2.6 Oxidase activity of ICAC fractions

Fractions Act ivity
( U/mI )

Protein
( ng,/ml )

Specific
act iv ity

(U/mg pro te in )

catechola

P1

P2

P3

. P4

DL -d opac

P1

P2

P3

E4

48.37 + O.r2b

r3.94 + 0.08

35.38 + 0.06

7.92 + 0.I0

37.35 + 0.18

7 .86 + 0.I2

2I .63 + 0.I2

16.50 + 0. 08

0.32 + 0.02

0. 84 + 0.07

2.16 + 0.08

2.05 + 0.08

0.32 + 0.02

0.84 + 0.07

2.16 + 0.08

2.05 + 0.08

15r.16

16 .59

16.38

3.86

116.72

9.36

10.01

8.05

a 10 mM catechol was used as a substrate for determination
of act ivi ty.

b M"un values + SD of two determinations.
c I0 mM dopa was used as a substrate for determination of

act ivity.
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Figure 2.4 Immobilized copper affinity chromatography
of PPo (1arge scale) .
Partially purified enzyme (49.5 ml , 3843 ppO
units, 391 mg protein) was applied to an
ICAC column (2.5 x 40 cm). Column elution
was as described for Fig. 2.3.
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lumn was improved by 53, mainly because the P1 fraction was

isolated wíth overall yield higher by 22. In addition, pl

represented 598 of the total recovered activity and was the

most highly purified fraction. Thus, p1 r,ras used in alt
subsequent studies for the characterization of the Jerusa-

lem artichoke PPO system.

2.3 .5 Elect rophoresis

Fractions Pl to P4, from ICAC, were analyzed by gra-

dient polyacrylamide ge1 electrophoresis (pAcE, Fig. 2.5) ,

as well as by isoelectric focusing (IEF, Fig. 2.6) coupled

with enzymatic staining for oxidase activity using catechol

as a substrate (PAGE, IEF) , as well as for hydroxylase

activity with p-cresol (PAGE, Fig 2.5b).

The analysis of PPO fractions by PÀcE stained with

catechol (Fig. 2.5a) yielded an electrophoretic pattern ín
which three groups of bands, referred to as A, B and C pre-

dominated. A comparison of the four activity peaks indi-
cated that the group A bands, of Low mobility, \,/e re present

only in the Pl fraction. croup B, represented by two bands,

was nost apparent in Èhe P3 fraction. The group C bands of

high mobility were found in fractions Pl - P3. Fraction P4

from ICAC showed faint activity bands; two of which appea-

red co-terminous ç¡ith sub-species of group B bands, and

another band intermediate to groups B and C. In addition,
Fig. 2.5b shows the electrophoregram of the PPO fractions
stained with p-cresol. The Pl was the only one v¿hich exhi-
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Figure 2.5 cradient (6-12Z) polyacrylamide gel electro-
phoresis patterns of ICÀC PPO fractions
A. The gel stained for oxidase activity with
catechol as a substrate.
B. The gel stained for hydroxylase acÈivity
with p-cresol- as a substrate.
1) Crude PPO extracted from acetone powder,
2-5) Fractions after ICAC chromatography,
Pl-P4 respectively. Three units of activity
wëre -applied in each weLl.
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Figure 2.6 Analytical- isoelectric focusing patterns of
ICAC PPO fracÈions
1) Crude PPO extracted from acetone powder,
2-5) Fractions after ICAC chromatography,
Pl-PÁ respectively. One unit of activity was
aþplÍed in each wel1. The 9e1 after
electrophoresis was stained with caÈechol as
a substrate. 6) Broad pI calibration kit,
Pharmacia (5 ¡g protein stained with CBB):
trypsinogen (pI-9.3) , lenti1 Lectin-basic
band (8.6), lentil- Lectj.n-middle band (8.4),
1enti1 lectin-acidic band (8.1), myoglobin-
basic band (7.3) , myog Iob in-ac id ic band
(6.8) , human carbonic anhydrase B (6.5) ,
bovine carbonic anhydrase B (5.8), ß -lactog-
lobulin A (5.2), soyabean trypsin inhibitor
(4.5) | amyLogluc os idase (3.5) .
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bited an electrophoreticalfy detectable hydroxyJ.ase activi-
ty in the 1ow mobility region corresponding to group A

bands.

Fig. 2.6 shows IEF patterns of ICAC fractions on

ampholine (pH 3.5-9.5) polyacrylamide gel stained with

catechol as substrate. AIl fractions exhibited a broad

range of isoelectric points with predominant species in the

acidic region of pH between 4 and 5. Therefore, the arti-
choke PPO was further fractionated to isolate an acidic

fraction by ion exchange chronatography.

2.3.6 DEAE - Sepharose CL-4B chromatography

A typical chromatographic profile for the elution of

PPO from the DEAE - Sepharose CL-6B column is shown in

îig. 2.7. The elution pattern reveaLed three peaks exhibi-
ting PPO activÍty. The first peak was obtained r,¡ith the

void volume while the second major, and the third minor

fractions r¿ere eluted with the NaCl gradient. These frac-
tions had specific activities of 20, 130r and 30 units per

mg of protein, respectively, and contained about 848 of the

activity applied to the column. Furthermore, the PPo acti-
vity in the second fraction accounted for 89t of total
activity recove red .

IsoeLectric focusing between pH 3.5 and 9.5 of the PPo

before and after the ion exchange chromatography (Fig. 2.8)

demonstrated the effectiveness of the above chromatographic

system to fractionate the various enzymatic forms. The
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Figure 2.7 DEAE-Sepharose CL-68 column chromatography.
The purified enzyme (Pl ) , after ICAC chroma-
tography (2 m1 , 144 PÞO units, 1.2 mg pro-
tein) was applied in a column (1 x 20 cn) .
The column was eluted lrith 0.04 M TRIS-HCI
buffe r, pH 6 .0 , and subsequently with the
same buffer containing a Linear gradient of
0 to 1.0 M NaCl , at f Lo$¡ rate of 15 mI/hr.
Fractions of 4 mI each were collected.
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Figure 2.8 AnalyticaÌ isoelectric focusing patterns of
PPO fractionated by DEAE-Sepharose CL-68 ion
exchange chromatography: I and 6) PPO befo-
re chromatography; 2 and 7) PPO eLuted \,¡ith
lhe equilibrating buffer ( 0 .04 M TRIS-HCI
buffer) i 3, 4 and 8) PPO eLuted \,/ith a grad-
ient of 0 to 0.4 M NaCl, 5 and 9) PPO eluted
with a gradient of 0.4 to IM NaCI . Lanes 1-3(0.4 units/we11) and 5 (0.2 units/weIl) PPO
stained nith cat.echol i lane 4 ( 0.4 u-
nits/r+el1) PPO sÈained with p-cresol; lanes
5-8' (10 ¡g protein/we1]) and 9 (5¡9 pro-
tein/well stained with CBB. Broad pI calib-
ration kit. Pharnacia (5 /ug protein stained
with CBB; lane 10): try¡isinogen (pI-9.3) rlentí1 lect,in-basic band (8.6), lenti1
lectin-middle band (8.4), lentil lectin-
acidic band (8.1), myoglobin-basic band
(7.3) , myoglobin-a c id ic band (6.8) , human
carbonic anhydrase B (6.5), bovine carbonic
anhydrase B (5.8), ß -lactoglobulin A (5.2),
soyabean trypsin inhibitor (4.5) t amyloglu-
cosídase (3.5) .
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predomj-nant enzyme species displayed isoelectric points in

the region of pH 4.5 (F'ig. 2.8¡ lane l and 3) and corres-
ponded with the bulk activity of artichoke ppo eluting in

the second major peak of Fig. 2.7. In addition, only this
fraction exhibited hydroxylase activity, when the ge1 was

stained with p-cresol (Fi9. 2.8¡ lane 5), although it was

too 1o$/ to be detected by the polarographic test. Further-

more, the electrophoretic data of this fraction showed no

additional protein contaminants (Fig. 2.8; Lane 6). Conse-

quently, this fraction, referred herein as ppo acidic frac-
tion, along vith PI fraction obtained from ICAC chromatog-

raphy, were used in alI subsequent studies for further
characterization of the artichoke PPO systen. It is of

interest here to note that similar acidic pI values have

been also reported for polyphenol oxidases from potato

tubers (Matheis and BeLitz, I975) and olives (Ben-Shalon et

aI ., 1977) .
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CEÀRÀCTERIZATION OF PURIFIED ARTICEOKE

POLYPHENOL OXIDASE SYSTEII
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3.1 INTRODUCTION

Although extensive basic research has been carried out

on various aspects of catalytic as v¡ell as molecular prope-

rties of polyphenol oxidase, its behaviour in foods is

still not ful1y understood for a nu¡nber of reasons. The ppo

can catalyse more than one reaction and displays activity
towards a great range of substrates, as indicated by the

various nanes by which it is commonly known: catechoLase,

tyrosinase, cresolase, polypheno I ox idase , phenolase r êtc.
There are other plant enzymes such as laccase and peroxi-

dàse which show overlapping substrate specificities rTith

PPO. Moreover, the enzl¡¡ne apparently occurs in multiple
forms in each plant species (Våmos-Vigyåzó, 198I).

Catechol and cresol are commonly used for estimation

of the PPO act,ivity, but natural phenoLic compounds exis-
ling in a particular pLant tissue are the preferred sub-

strates of the respective PPO. The most important naÈural

substrates of PPO in fruits and vegetables are cinnamic

acid esters, catechins, 3r4-dihydroxyphenylalanine (dopa),

and tyrosine (WaIkerf 1975). Chlorogenic acid (3:4-dihydro-

xycinnamoyl-quinic acid) is one of the o-diphenols nost

v/idespread in plant tissues. It appears t.o be the main

substrate for PPO from apples (Wa1ker I 1962) and pears

(Walker, 1964). Alberghj.na (1964) found that PPO from pota-

to tubers had an affinity much higher for this compound

than for catechol or dopa. In the vast majority of cases
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chl-orogenic acid, 4-methylcatechol, caffeic and catechin

were readily oxidized but the rate of oxidation was much

reduced with dopa (Walker, 1975). The affinity of plant PPO

for the phenolic substrates is relatively low. The K* value

is high usually about I mM (Mayer and Harel , 1979). It is

worthwhile to point out that much higher substrate affinity
for phenolics with K^ value of 0.01 mM $ras reported for the

enzl¡me isolated from potato tubers (Batistuti and Lourenço,

198s).

The optimun pH for maximum activity of the enz]¡me

appears to vary between preparations and substrates. In
general , PPO is active between pH 4.0 and 7.0 and does not

have a very sharp pH optimum. At approximately pH 3, the

enzl¡me is irreversibly inactivated (Våmos-vigyázó, 1981).

It is difficult to measure the activity of the enzyme

directly, orving to the large number of secondary reactions

which fo1lo\r the initial enzymatic oxidation. Various assay

methods of PPO activity have been compared critically (Ma-

yer et aI., 1966). Polarographic measurement of the initial
oxygen uptake appears to give the most sensitive and reli-
able estimate the enzyme activity.

As stated earlier, many reagents inhibit PPO activity
that could be divided into two main categories of PPO

inhibitors¡ reagents which interact with the copper in the

enzyme and compounds which affect the site where the pheno-

lic substrate binds. Furthermore, some inhibitor studies
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have provided valuable insi.ghts into the mode of enzymatic

action, \,/hile other inhibitors such as 2,3-naphthalenediol
(Mayer et al ., 1964), or tropolone (Kahn, I985b) may be

used Lo differentiate PPO from laccase or peroxidase, res-
pectively. In addítion to the number of different types of

PPO inhibitors (discussed in previous chapter) , there are

several natural inhibitors isolated from various tissues
(Walker, 1975, Mayer and Harel , 1979). A low I{W peptide,

which inhibits PPO from apple and mushroom, was isolated

f rorn Dactvlium dendroides by Harel et al . (1967). walker
(1970) has reported the isolation of a 1o\,r MW compound from

Penicillium expansum r¿hich inhibited appte and tobacco pPO.

This compound is believed to play an important role in

overcoming the fruitrs defence mechanism and thus facilita-
ting infection by the phytopathogen.

The heterogeneity of plant polyphenol oxidases has

been reported for a broad range of enzymes of fruit and

vegetable origin. The molecular forms referred to as isoen-

zynes or muLtiple forms v;ere distinguished on the basis of

electrophoretic mobilities or isoelectric points, heat

resistance, substrate specificity, and molecular $/eight

(Constantinides and Bedford. 1967). The number of multiple

forms of PPO within a particular species was found to be

dependent on the methods used for their separation and

detection. In some cases, multiple forms of this enzyme may

be the results of proteolytic degradation (Flurkey and Jen,
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1980) or inÈeraction between enzyme and nonezymatic pro-

teins (Smith and Montgomery, 1985). In addition, some en-

zyme preparations show multiplicity of forms which results
from association-dissociation phenomena of different mole-

cular v¡eight forrns. Thus, HareL and Mayer (I968) have

reported three forns of PPO fron apple, having MÌ{s of 30-

40, 60-70 and 120-130 K. These l¡ere shown to undergo inter-
.conversions. Interconversion can be influenced by changes

in pH, ionic strength, protein concentration as well as by

protein dissociating agents. Often the pattern of multíple
forms was found to vary within the same cultivar depending

on the time of harvest, storage conditions etc. Multiplici-
ty of Mw has been observed for ppo f rorn potato tubers,

sugar beet, sugar cane, avocado and banana (Mayer and

Harel, 1979). The MW of the subunits (rnonomer) of ppo from

higher plants has frequently been reported to be about 30-

40 K (Mayer and Harel, !979), although Ml¡¡ values as low as

L0 and 12 K have been also reported for the enz]¡me from

banana (Palmer, 1963) and sugar beet chloroplasts (Mayer,

!966) | respect ive1y.

Many reports suggest that pLant ppO is a metallopro-

tein with copper as the prosthetic group (Våmos-Vigyåzö,

1981). In his pioneering work on PPO from potato pee1s,

Kubowitz (1938) concluded that the enzyme contained two

copper aÈons at it.s act.ive site. Numerous reports on en-

zymes from various sources, which appeared l-aÈer, suggested
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a copper content of one atom per polypeptide chain or

subunit in PPO (Robb et aI., 1965; Balasingam and Ferdi-
nand, 1970) . For example, Interesse et at. (1983) have

reported one atom of copper per mole of monomer of MW 30 K

in wheat PPO. However, recent studies with Agaricus bisÞora

and Neurospora crassa PPO have been shovrn that the functio-
nal unit of the enz]¡me contains a paÍr of copper ions.

These findings are in agreement with the studies on spinach

beet (Beta vul-garis) PPO revealing the presence of trvo

copper ions per functional unit of the 40 K enzl¡me species

(Vaghan et al ., L975). Some studies have been carried out

in order to identify the amino acid residues involved in
the binding of the copper atoms to the apoenzyme at the

active site. The experimental evidence for mammalian, mush-

room and fungal PPOS suggests the involevment of histidyl
residues as metal ligands of the active site copper (Lerch,

1981). However, no data on the active site of pl-ant ppO

have been reported. Studies on this subject have been

hampered by the difficulties associated with purification
of PPO, its molecular heterogeneity as $¿e1I as the apparent

loss of copper from the enzyme during its purification.
For simílar reasons, there are onLy a few reports on

the amino acid composition of PPO from higher plants. Wheat

(Interesse et a1 ., 1983) , grape (Kidron et âl ., !977) ,

spinach (Vaughan et a1 .. 1975), and potato tuber (BaLasin-

gam and Ferdinand, I970) PPO show considerable similarity
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in am j.no acid composition, although some differences have

been observed. Similarities were found in the basic amino

acids and in the content of threonine, serine, glycine

alanine and isoleucine, whereas the number of hydrophobic

residues were different. Furthermore, the content of

sulphur containing am j.no acids was relatively lowi the

lowest being with the grape enzyme.

The molecular properties of plant ppo are râther com-

plex. A systematic study of the properties of this enzyme

from a variety of plant sources, might help to understand

its biological function in plant, and its contribution to

changes encountered during processing of foods of plant

origin. In this chapter, the systenatic characterization of

the purified artichoke PPO is described. The characteri-

stics of this enzynìe with respect to pH optima, substraLe

specificity, kinetic properties, behaviour to\,/ards inhibi-
tors, kinetics of thermal inactivation, metallo-properties,

amino acid composition as well as sone .insights into the

nature of PPO multiplicity were the subject of these stu-
dies.



3.2 MATERIALS AND METHODS

3 .2 .l Materials

3 .2 .1 .1 Enzyme

Artichoke PPO was isolated and purified using immobi-

lized copper affinity chromatography. The Pl fraction of

highest activity was further fractionated with DEAE

Sepharose CL-6B chromatography to give a PPO acidic

fraction. All procedures for isolation and purification of

the artichoke PPO are described in the previous chapter,

section 2.2.2.4, and 2.2.2.5, respectively. Both enzyme

preparations were used in all- subsequent studies on

characterization of the artichoke PPO systen.

3.2.I.2 Chemicals

Molecular weight (MW) standards for SÐS-PAGE: phos-

phorylase B (92.5K), bovj-ne serum albumin (66.2K), ovalbu-

min (45K), carbonic anhydrase (3lK), soybean trypsin inhi-
bitor (21.5K), and lysozyme (14.4K); sodium dodecyl- sulfate
(SDS). and ammonium persulfate were obtained from Bio-Rad

(Richmond Ca1if.). The MW standards for gel filtration:
Btue dextran, þ-gal-actosidase (116K), bovine albumin (66K),

egg albumin (45K), trypsinogen (24Kt, lysozyme (I4.3K), and

L-tryptophan as r,¡e11 as basic fuchsin, periodic acid,

succinic anhydride, 2 -me rcaptoethanol , ferrulic, coumaric,

caffeic, procatechuic, chlorogenic and ga1Ìic acids, rutin,
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quercetin, DL-tyrosine | 2 r3-naphthâl-enediol and

thioglycollate were purchased from Sigma (St. Louis, Mo,

USÀ) . UltrogeL AcA-44 was a product of LKB-Produkter AB

(Bromma, Sweden) vrhile triethylamine, phenylisothiocyanate
(Pico.tag reagents) were supplied by Waters Assoc.

(Clifton, N.J., USA). Urea, sodium metabisuLfite, sodium

diethyldithiocarbamate, phenol, potassium cyanide, p-cre-

so1, catechol, 4-methylcaÈechol, catechin, hydroquinone

were obtained from Fisher Scientific. Other reagents were

of analytical grade or as described in previous chapters.

3.2.3 Methods

In the following studies PPO activity and protein

content were det,ermined as described previously (section

!.2.2.2, and L.2.2.5). Unless otherwise indicated, all
experimental steps were carried out at 4oC.

3.2.3.I EIect ropho retic techniques

Sodiu¡n dodecyl sulfate polyacrylamide gel electropho-

resis (SDS-PAGE) was performed at 20oC on an LKB 2001 ver-
tical electrophoresis unit using 6-I2t gradient gel-s and

the discontinuous buffer system (Laemmli I L979). The stac-

king gel consisted of 48 acrylamide and 0.18 N,N'-methyle-

ne-bisacrylamide (BIS) v¡hile the separating gel was pre-

pared with solutions of acrylamide, BIS, and glycerol ran-

ging from 6 to 12, 0.2 lo 0.5, and 0.5 to 5E, respectively.

Both geLs contained 0.1* SDS and were pol]¡merized by the
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5 Ä1 NrNrNrrNr-Letramethylethytenedia-

mine (TEMED) and 50 ¡1 I08 ammonium persulfate (AP) solu-

tion (stacking gel) , or 3.3 y'rI TEMED and 50 ¡I I08 Ap

(separation gel) per 10 mI of gel solution. The gels were

run for 3.5 hr at a constant current of 30 mA per get. The

electrode buffer contained 0.025 M TRIS, 0.I92 M glycine

and 0.lt SDS at pH 8.3, Phosphorylase B (92.5K), bovine

serum albumin (66.2K), ovalbumin (45K) , carbonic anhyd-

rase (3lK), soybean trypsin inhibitor (21 .5K), and lyso-

zyme (14.4K) were used as molecuLar weight (MW) markers.

For electrophoresis under non-reducing conditions (to per-

mit substrate staining) , the enzl¡me was dissolved in

62.5 mM TRIS-HCI buffer, pH 6.8, containing 28 SDS and 108

glycerol, while under reducing conditíons (protein stai-
ning) , the buffer contained 5t 2 -me rcaptoet hanol (ME) .

After reduction the solutions were heated for 1.5 min in a

boiling water bath, cooled on ice and applied to the geI.

IsoelectrÍc focusing (IEF) was performed as described

in chapter two, section 2.2.2.7.2.
Gels after SDS and IEF were stained for carbohydrates

using the periodic acíd-SchÍff (PAS) procedure. Because

hiqh concentrations of SDS produced an intense background,

the SDS \./as removed before staining for carbohydrates ac-

cording to the method of Fairbanks et a1 . (1971). The gels

were washed at room têmperature for the stated time using

the foLlowing solutions: 1) 258 isopropyl alcohol, 108 ace-
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tic acid; overnightr 2) I08 isopropyt alcochol 10t acetic
acid;6-9 hr; 3) 10? acetic acidi overnight. The pAS proce-

dure was performed as described by pharmacia (1983). After
v¿ashing the gel in IoE acetic acid at room temperature for
at least I hr, it was put in 0.28 aqueous periodic acid,
and held at 4oC for 45 minutes. The gel was then transfered

imnediately into the Schiffrs reagent prepared as described

below, and refrigerated for 45 minutes. Destaining of the

gel slab was carried out at room temperature with two or

three changes of 108 acetic acid until the background was

c1ear. The Schif f rs reagent r,¡as prepared as f ollo\,¡s: basic

fuchsin (1 g) was dissotved in 200 ml of boiling distilled
water, stirred for 5 minutes, and cooled to 50oC. The solu-
tion was filtered, 20 ml of 1 N NaCI were added to the

filtrate, and cooled to 25oC. Next, I g of sodium metabi-

sulphite was added and the solution lras left in the dark

for 24 hr. After that, 29 of activated charcoal was added

and the reagent was shaken for I mÍnute, filtered and

stored at room temperature untiL use.

To ascertain the existence of aggregated multÍsubunit

forms of PPO, as described by other researchers (Jolley

et aI. 1969), several bond breaking agents such as 2-

mercaptoethanol (0.1-3t), SDS (0.1-59), urea (2-8 M) and

succinic anhydride (I0-30 mglml of enzyme) for acylation of

amino groups¡ \{ere used to treat PPO solutions. A 0.5 ml

sample of the P1 enzyme preparation (0.4 mg protein) in
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0.1 M sodium phosphate buffer, pH 6.5r was incubated with

each reagent (except succinic anhydride) at a specific
concentration for various periods of time (2-300 min) prior
to enz)¡me activity measurements and electrophoresis. Succi-

nylation was carried out at room temperature according to
JolLey et al. (1969), by the slow addition of a specified

amount of succinic anhydride (divided into three porLions)

to I ml of enz]¡me (0.8 mg protein). The pH was maintained

bet$'een 6.5 and 7.5 by t.he addition of 1 N NaOH. After
succinylation the enzyme solution was dialyzed against

deionized water for 12 h and lyophilized. The effects of

pretreatments with the various agents on the artichoke ppo

were monitored by SDS-PAGE. Electrophoretic procedures were

carried out as described above, except that for the urea

treated samples, 2 M urea was included in the electrode

buffe r.

3.2.3.2 Ultrogel AcA-44 chromatography

In addition to SÐS-PÀcE, molecular weight determina-

tions of PPO were also performed on an Ultrogel AcA-44 co-

lumn (L.6 x 90 cm) according to Andrews (1970). The column

was calibrated using Bl-ue dextran (void volume) r þ -galacto-
sidase (116K), bovíne albumin (66K), egg albumin (45K),

trypsinogen (24K) , lysozyme (14.3K), and L-tryptophan. Elu-

tion posi!ions are reported as K¿r the distribution coeffi-
cient was calculated as follows:

K¿ = (V" - Vo) /Vs
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where: Vo is the void volume (considered here as the elu-
tion volume of BIue dextran), Ve is the elution volume of

the species of interest and V" is the vol-ume of solvent

inside the gel and available to very smal1 molecuLes

(V"=Vo-Vi) vrhere Vi is elution for tryptophan.

The proteins were eluted rvith 20 mM sodium phosphate

buffer, pH 6.5, including 0.15 M NaCI (some runs were

carried out without NaCl-) at a rate of 15 mI,/h. Fract.ions

of 4 ml were collected and monitored for protein,
catecholase and cresolase activity. Cresolase activity of

PPO was measured essentially as described by Montgomery and

Sgarbieri (I975) using p-cresol as substrate and incubating

the reaction mixture for t hr at 30oC prior to spectropho-

tometric anal-ysis. Fractions of the two peaks bearing PPO

activity (Fig. 3.5) were collected separately, lyophilized
and used for protein and carbohydrate analysis. Total car-
bohydrate content was determined by the orcinol-sulfuric
method, using glucose as standard (MiIler et al . 1960).

Protein was determined by the melhod of Lowry et a1.

(1951) , while PPO activity reas measured polarographically.

3.2.3.3 Effect of pH

À pH profile (3.0

mined using 10 mM of

chlorogenic acid in 0.1

range of pH 3 . o-4 . o,

to 8.5) for PPO activi.ty was deter-

4 -met hyl cat echol , catechol , and

M sodÍum phosphate buffer. In the

buffers were prepared by mixing
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solutions of sodium phosphate monobasic and phosphoric acid

while at pH > 4.0 mixtures of monobasic and dibasic
phosphate saLts were used. In addition, the autooxidaÈion

of phenolic substrates was monitored and taken into account

at each of the specified pH values.

3.2.3. 4 Substrate Specificity
Substrate specificity of PPO \.¡as determined using

10 nM of the following compounds in 0.I M sodíum phosphate

buffer, pH 6.03 phenol, p-cresol, catechol, 4-methylcate-

chol, DL-3,4 d i hyd roxypheny lalan ine (dopa), (+) catechin,

hydroquinone, p-phenylened i amine . ferrulic, coumaric, caf-
feic, procatechuic, chlorogenic and gallic acids, as well
as I.0 mivl of rutin and quarcetin, and 1.6 mM Dl-tyrosine.
Enzymatic activity $ras expressed as a t of relative activi-
ty as compared to catechol (1008) .

3.2.3.5 Effect of Inh ibi to rs

The following compounds were used for the inhibition
studies: sodium diethyldithiocarbamate, 2r3-naphthalene-

diol, thioglycollate and sodiun metabisulfite. tnhibitÍon
of PPO activity was tested polarographically in a reaction

mixture (3 ml) consisting of L0 mM catechol , l0 mM of inhi-
bitor in sodium phosphate buffer, pH 6.0.

3.2.3.6 Kinetic studies

Michaelis constant (K*) and maximum velocity (Vmax)

vaLues were determined by a least-squares fit of the data
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on double reciprocal plots according to Lineweaver and

Burk (1934). A I0 /uI sample of constant amounts of PpO (pl

or the acj.dic fraction containing 8¡9, and 4 ¡g of. protein

were used, respectiveLy) were incubated with various (at

Least seven) substrate (catechol, 4 -met hylcat echol , chloro-
genic acid) concentrations (0.2-50 mM) at 3OoC and the

enzymatic reaction was followed polarographically.

The dissociation constant (Kr) from inhibition of the

PPO - catalysed oxidation of chlorogenic acid by excess of

this substrate was quantitated using a plot of 7/V vs.

substrate concentration (Dixon and !,Iebb, 1960). Inhibition
of PPO activity by potassium cyanide was performed using 1

and 5 mM concentrations of 4-me thylcatecho 1 as substrate,

and variabl-e inhibitor concentrations ranging f ro¡n 0 to 2

mM. The Ki value and the inhibition type were assessed from

the corresponding Dixon plot (Dixon, 1953) .

Lineweaver-Burk pl-ots were used to evaluate the type

of inhibition and the apparent Ki vaLue for 2,3-

naphthalenediol . Six substrate concentrations r,¡e re used

within the range of 1 to 20 mM.

3.2.3.7 Amino acid analys is

Amino acid analysis of the PPO acidic fraction accor-

ding to the Pico - Tag technique was carried out as des-

cribed in the waters instrucÈion manual (No.88140; 1984).

The sampLe (85 ug protein,/m1) was hydrolyzed in the Work-
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station at 105oC for 24 h using 6N HCl containing 18 v/v
phenol. Next, the sample r,/as derivatized with a mixture of

ethanol , distilled \rater, triethylamine, and phenylisothio-

cyanate (7:1:1:1) for 20 minutes at room temperature. After
derivatization, analysis of the enzyme hydrotysate (phenyl-

thiocarbamyl derivatives of the amino acids) , was performed

by high-pressure tiquid chromatography (HPLC) using a

reversed phase /¿¡BONDAPAK C1g column in the Waters HPLC

system.

3.2.3.8 Heat inact ivat ion

Heat treatments of PPO (acidic fraction) were carried

out at 60¡ 65, 70, 75, and 80o C for varying periods of

time in a temperature controlled water bath. The enzl¡me

(250 ¡al-i 100 Ä9 of protein) in 0.05 M sodium phosphate

buffer, pH 6.0, r,ras placed in a prewarmed capillary tube at

the specified temperature and portions were withdrawn at

various time intervals. cooled immediaÈeIy in an ice bath

and assayed for residual activity. Stability of the enzyne

was expressed as log B activity remaining. The activation
energy was then determined by an Arrhenius plot of log

reaction rate (lnK) vs. the reciprocal of the absolute

temperature.

3.2.3.9 PreparatÍon of apoform and enzyme reconstitution

A 0.5 ml (200/Jg of protein) of the PPO acidic frac-
tion placed in a rnicro - dialysis ce1J., as described by
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Rodriguez and Tait (1983) , \,/as used for this study. Smalt

portions of the enz)¡me \,iere withdrawn at various time

intervals and assayed for PPO activity. The apoenzyme was

prepared by dialysis of PPO against 0.01 M KCN, pH 7.0, for
28 hours, followed by dialysis against dislilled water

(Kertesz et aI . I 1972). The enzlrme was reconstituted by

dialysis of its apoform against 1mM CUSO4 in 0.1 M sodium

phosphate buffer, pH 6.5, for 4 hours. Excess copper was

subsequently removed by affinity chromatography using an

iminodiacetic acid - Sepharose 68 column (1 x 10 cm) as

described by Porath et a1 . (1975). The reconstituted enzl¡me

was collected and concentrated by diafiltration using an

Amicon cell with a menbrane having an l"l!{ cut-off of 10,000

(Diaflo membrane, UM L0, Àmicon Corp., Lexington, Mas.).
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3.3 RESULTS AND DISCUSSION

Artichoke PPO was purified by ICAC chromatography. As

a resu.lt of this purification step the pl fraction was

obtained. However, during the course of its characteriza-

tion, the enzl¡me was found to exhibit a multipJ-icity of

forms with a broad range of isoelectric pointst the predo-

minant species being in the acidic pH region. Therefore,

the Pl enzyme was further fractionated by ion exchange

chromatography which yielded the PPO acid fraction. Conse-

quentLy, both enzymatic preparations were used for charac-

terizatÍon of the nolecular properties of the artichoke ppo

system.

3.3.1 Characteristics of PI fraction

3.3.L.1 pH optimun

Purified PPO (Pl fracÈion) had a ptt optimum of 6.0,

when catalyzing the oxidation of catechol (Fig. 3.1). This

optimum pH region coincides with that of the crude ppo

extract from tubers (Fig. 1.1) and it further implies that

P1 is a representative fraction of the total endogenous ppo

enz]¡mat ic system.

3.3.1.2 Substrate specif icity
A number of compounds \,¡as tested as substrates for the

purifíed enzyme preparation and the corresponding rel-ative

activities are summarized in Table 3.1. The enz)¡me fun-



Figure 3.1 Effect of pH on the activity of PPO - p]
fraction (catechol as a substrate) .
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ctions, primarily as an o-diphenol oxidase, but also has

the ability to hydroxylate monophenols. In this respect,

chlorogenic acid followed by 4-methylcatechol, and catechol

were the nost reactive substrates, white activities toward

p-cresol and DL-tyrosine were 40 and 25 fold 1ower, respec-

tively, than for catechol. Similar observations have been

reported for potato PPO (Abukharma and Woolhouse, !966) ,

except that the ratio of cresolase to catecholase activity
\,ras much higher. In addition, Figure 3.2 shows that the

rate of g-cresol hydroxylation (monophenol actívity, a) was

much lower than oxidation of catechol (catecholase activi-
ty, b), as can be jugged by oxygen consunption.

Monophenol oxidase activity of PPO is ofÈen lost du-

ring purification (Mason, 1955; Sharma and A1i, 1980; Bati-
stuti and Lourenco, 1985), probabLy as a result of changes

in the structure of protein (Walter and Purcell, 1980), In
addition, there is a lag phase, characteristic of monophe-

nol hydroxylation (Robb, 1984), and Èhus it is difficult to

assess the true hydroxylase activity of PPO preparations.

The 1ow hydroxylase values obtained for the purified en-

zyme, however, do not reflect any inactivation during puri-
fication, since similar data were aLso found for the crude

extract (chapter one). Furthermore, addition of small a-

mounts of 4 -met hylcate chol (20 ¡M) or DOPA (I6êM) to sub-

strate solutions of B-cresol , or DL-tyrosine, respectively,

which reduced the 1ag period, did not alter the above



Figure 3.2 Oxidation of B-cresol (a), and catechoL (b)
by PPO.
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trends in relative monophenol oxidase activity.
The PPO was devoid of laccase activity, as indicated

by its ability to react with tyrosine, the lack of reaction

with g-d i hyd roxyphenol and p-phenylenediamine as welI as by

its inhibition with 2,3-naphthalendiot (Table 3.1). The

presence of peroxidase was âIso excluded by the fact that

PPO activity was not affected by the addition of cataLase

and ethanol Èo the reaction mixture (Mayer and Hare1,

I97 9) .

Double-reciprocal Lineweaver-Burk pLots for the three

most effective substrates of PPO are presented in Fig.

3.3a. Chlorogenic acid, 4-me thylcat echo 1 and catechol had

apparent Km vaLues of 1.9, 3.5 and 3.9 mM, respectiveLy.

The Km values are of similar order of magnitude with those

reported for the oxidation of ihese substrates by the

potato enzyme (Abukharrna and Woolhouse, 1966). The oxida-

tion reaction followed Michaelis-Menten kinetics in the

range of 0.2 to 50 mM for catechol and 4-methylcatechol-. On

the other hand, chlorogenic acid was found to inhibit PPO

at concentrations greater than I0 mM. Enzyme inhibition by

excess of substrate has been previously reported for the

oxidation of chlorogenic acid by potato (Abukharma and

WooLhouse, 1966) and black poplar PPO (Tremolieres and

Bieth, I984) . The black poplar PPO is considered to possess

an extended substrate-binding site (Tremolieres and Bieth,

1984) . Substrate inhibition is ofÈen rationalized by as-



131

Figure 3.3 Linev¿eaver-Burk plots for PPO of various
substrates and inhibitors.
a. Effect of substrate concentration: cate-
chol (O); 4-me thylcat echo I O); chlorogenic
acid (A) .
b. Inhibition of PPO catalyzed oxidation of
catechol. Inhibitors! I mM sodiun diethyldi-
thiocarbamate (A) ¡ 0.02 mM sodium metabi-
sulfite (L) ¡ 2.5 mM 2,3-naphthalenediot O);
no inhibiÈor (O).
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suming that at high substrate concentrations, a second

molecule could bind ineffect.ively near the active center of

the enzyme and thus retard the catalytic transformation of

a substrate moLecule resting at the active center (Trowbri-

dge e! al. 1963, TremolÍeres and Bieth, 1984). Among the

three substrates examined, chlorogenic acid supported the

highest rate of PPO catalyzed 02 consumption (V*u*: 193 ¡M
02.min-1 .mg-l .protein) and exhibited the greatest affini-
ty (K*: I.9mM). The high affinity of chlorogenic acid has

al-so been reported for PPO from pears (Rivas and Whita-

ker, 1973), sugar cane leaves (Coombs et aI ., I974) and

potato (Batistuti and Lourenco, 1985) and it seems to be

related with the presence of the unsaturated -CH=CH-R group

in the para position (Walker and Wilson, 1975). Catechol

and 4 -met hyl catechol had similar K* values but were oxi-
dized at significantly different maximum rates. The V*u*

for 4-methylcatechot (L61 pM 02.min-1 .mg-1 protein) \,/as

about two times higher than that for catechol (80 uM 02.min-
1.mg-1 protein). This is in agreement with the view that

the presence of an electron-donating group at the para

position increases the reactivity of the substrate (Våmos-

Yigyàzö, 1981) .

3.3.I.3 Effect of inhibitors
The effect of inhi.bitors on the artichoke ppo was

investigated using a number of chemical compounds r,¡hich

exhibit a different mode of inhibitory action (Tab1e 3.1).
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Under identical inhibitor concentrations, the order of

effectiveness was: sodium metabisulfiLe (MBS) ) sodium die-

thyldithiocarbamate (DIECA) ) 2 ,3-naphthalenediol- > thio-
glycollate.

The MBS showed the highest inhibitory effect as evide-

nced by the relatively 1o\,/ Ki vaLues derived from an appa-

rently mixed type of inhibition pattern (KÍi3 0.08 mM,

Ki": 0.04 mM¡ Fig. 3b.). The effect of MBS on PPO is very

complex. Along q¡ith other sulfites, it is generaLLy consi-

dered as a reducing agent for quinones derived by enzymatic

browning (Ponting et a1 ., I972¡ Walker, 1975) as \,/eL 1 as a

quinone coupl-er (Embs and Markakis, 1965; Loomis, 1974). In
both cases, it is rather the inhibition of the formation of

coloured compounds produced in secondary non-enzymatic

react.ions than ínhibition of PPO per se (Våmos-Vigyåzô,

1981). However, since artichoke PPO was assayed by a pola-

rographic method, which is based on 02 consumption, it is

possible that MBS directly ínhibited the enzyme. this is in

agreement with several reports which suggested a direct
inhibitory effect of thj.s compound on plant polyphenol oxi-
dases (colan-GoLdhirsh and Whitaker, 1984¡ Sayavedra-Soto

and Montgomery, 1986) . The inhíbitory action of DIECA im-

plies that artichoke PPO most likeJ.y is a netalloprotein,
as this inhibitor has been shown to complex the copper

prosthetic group of PPO from a variety of plant sources

(Swain, L966; Grucarevic, 1971t l^tong et 41., I97I¡ Benjamin
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and Montgomery, 1973¡ Roudsari et a1. 1981), The DÌECA

showed non-competit j-ve inhibition with cat.echol having an

apparent Ki value of 1,6 mM (Fig. 3.3b). Competitive inhi-
bition of the artichoke PPO \.¿as exhibited by 2,3-naphthale-

nediol (Fig. 3.3b). Inhibition of PPO by this compound also

indicates that the enz)rme is free of laccase activity
(Mayer et aÌ. 1964). Thioglycollate inhibited artÍchoke PPO

by 508. The mode of action of this inhibÍtor is controver-

sial-. Some researchers consider it as a reducing agent of

the enzymatically generated quinones (Pierpoint, 1966) ,

while others have reported a direct inhibitory action on

PPO from severaL plant species (Baldry et al ., I970¡ 1,7a1-

ke r, 1975).

3.3.1.4. Molecular weight, electrophoretic characteristics
and multimeric nature of PPO

Molecular weights of the artichoke PPO were determined

by SDS-PAGE and geI filtration chromatography. The SDS-PAGE

yielded four distinct PPO forns (Fig. 3.4, lanes 2,4) with

apparent Ml,Í values of approximately 32, 40, 86 and I20K.

Substrate staining after electrophoresis with a number of

phenol-ic compounds revealed some interesting features of

this enzymatic system. While the high l4fnl forns exhibited

activ j.ty towards monohydroxyphenols (Fig. 3.4, lane 6), o-

d i hyd roxyphenols (Fig. 3.4, lane 7) and polyhyd roxyphenol s

(Fig. 3.4, lane 8), the low MW subunits were specific only

for o-d i hyd roxyphenols (Fig. 3.4, lane 7). SinÍ1ar observa-
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Figure 3.4 Gradient (6-722) sodium dodecyl sulfate-
polyacrylamide gel elect ropho ret ic patterns
of PPO.
1) Crude PPO extracted from acetone powder
stained with catechol (3 units of PPO, protein
was not determined) . 2) Pl fraction after ICAC
chromatography stained with-catechol (3 units of
PPO) . 3) Pl fraction stained with PAS for glyco-
proteins I40 ¡g of protein) . 4) Pl fraction
stained with Coomassie Brilliant BLue R-250
(CBB) for protein (40 ¡g of protein). 5) Low
SDS-MW standards, Bio-Rad (4 ¡tg of protein). 6-
8) Pt fraction stained for monophenol oxidase
activity (1ane 6;B-cresoli the same pattern also. given by phenol , Dl-tyrosine, ferrulic and cou-
maric acids) , e.-d i hyd roxyphenolase (lane 7,
catechol-, as \,¡e1L as 4-methylcatechol, DL-DOPA,
caffeic, chlorogenic and procatechuic acids),
and pol yhyd roxyphenol oxidase (lane 8i rutin, as
vre1l as gallic acid and quercetin) , respective-
ly. Unless otherwise indicated, 3 units of PPO
activity (25 ¡tg proÈein) were applied in each
wel-I. Unlike with the CBB stained gels, the SDS-
lreated PPO samples viere not boiled to electro-
phoresis if substrate staining e¡as used for
enzyme detection in geIs.
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tions regarding monophenol oxidase activity have been re-

ported by Matheis and Belitz (1977), who observed that onLy

the high Ì.lW forms of the potato tuber enzyme are capable of

oxidizing monophenols. The MW estimates from SDS-PAGE gels

of the fast moving components (32 and 40K) r¿ere in agre-

ement with those obtained by gel filtration. Chromatography

on Ultrogel AcA-44 revealed the presence of Èwo eluting

species (Fig. 3.5) with apparent lM of. 42 K (catecholase

activity) and 34 K (catecholase and cresoLase activity) .

ApproximateLy 90S of the initial PPO activity applied to
the column was recovered with negligíbIe increase in its
specific activity. Moreover, an attempt to further fractio-
nate the enzyme by ge1 f j.ltration was not successfuL due to

substantial peak overlap. A wide range of MW for PPO has

been reported, thus indicating the multiplicity of this

enzyme. The values obtained for the artichoke PPO (Mw 32-

34¡ 40-42K) are in good agreenent with the values of 30-40K

mosÈ comnonLy cited in the Iiterature for plant PPO (Mayer

and HareL, 1979¡ Våmos-Vigyåzö, 1981).

To provide further insights into the nature of arti-
choke PPO multiplicity (i.e., aggregation vs. true subunit

heterogeneity) , several covaLent and noncovalent bond brea-

king agents (urea, sDS, 2 -me rcaptoethanol ) and an acylating

reagent (succinic anhydride) were used fôr treating the

enzyme prior to electrophoresis. A1I treatments brought

about partial loss of PPO activity. Treatment with SDS and
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Figure 3.5 Ultrogel AcA 44 column chromatography of
PPO.
Purified enzyme (2 mI , 150 PpO units, 1.2 mg
protein) was applied to a columñ(1.6 x 90 cm) . The coLumn was eLuted r.¡ith
20 mM sodium phosphate buffer containing
0.15 M NaCl, pH 6.5 at a fl-o\.¡ rate of 15
ml,/h. Fractions of 4 mI each $/ere coLlected.
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urea require more attention, since ín many reports on

nultiplicity of pLant PPO, such treatments were found to
activate the enzyme (Robb et al-. 1965; Swain et al., 1966¡

Kahn, 1977 ì Hutcheson et al . 1980). However, contrary to
these studies and in agreement with the findings of Jol-ley

et a1 . (1969), both these agents caused inhibition of the

artichoke PPO. For example, enzyne incubation with various

concentrations of either SDS or urea for 300 ninutes caused

inactivation ranging betv¡een 25 to 508, and 25 to 35?,

respectively (Fig. 3.6). l'loreover, incubation with 8M urea

for 5 hr 1ed to changes in the relative etectrophoretic

mobility of the various enzyne forms (Fig. 3.7). The appa-

rent multimeric nature of the 120 and 86 K species can be

deduced from the fact that I M urea treatment (5 hr) prior
to electrophoresis caused disappearance of these bands as

assessed after staining the gels for mono-, di-, or polyph-

enol oxj.dase activity. In this regard, the possibility that

urea treatment inhibited only Èhe high Mvl species was ruled

out, since both substrate and protein staining showed simi-

lar electrophoretic trends i.e. disappearance of low mobi-

lity bands upon urea treatment (Fig. 3.8) . In addition,

chemical modification of the enzl¡me with succinic anhydride

(Fig. 3.9, l-anes 2-4), on the contrary to the treatment

with 2-mercaptoethanol (FJ.g. 3.9, lanes 5-7), led to simí-

Lar el"ectrophoretic results (i.e. disappearance of the high

MW species) . Although no further attempt was made to eluci-



Figure 3.6 Effect of SDS and urea on PPO activity.
a. effect of SDS at concentration of:
0.18 (A) ¡ 2z (O), 5t(o).
b. effect of urea at concentration of:
2 M (A); 4 M (O), I M (c).
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Figure 3 .7 Gradient (6-I2Z) sodium dodecyl sulfate-
polyacrylamide ge1 electrophoretic patterns
of PPO following urea treatment.
1 and 2) PPO (Pr ) stained with catechol
before, and after-urea treatment. 3 and 4)
PPO stained with B-cresol before, and after
urea treatment. 5 and 6) ppo stained with
rutin before and after urea treatment. 7)
Low SDS-MW standards, BIO-RAD (4 

^lg 
pro-

tein) . Three units of PPO activity were
applied in each we11. The enzyme was treated
r,rith I M urea for 5 hr prior to electropho-
resis (Ianes 2, 4, 6) .
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Figure 3.8 Gradient (6-128) polyacrylamide gel electro-
phoreLic patterns of PPO following urea
t reatment .
a. Pl fraction stained with g-cresol (3
units- of catecholase activiLy were applied
in each well) .
b. Pl fraction stained with CBB for protein
(a0 ¡aQ of protein) .
1) Enzl¡me before urea treatment. 2) Enzyme
after urea treatment.
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Figure 3.9 Gradient (6-12Z) sodium dodecyl-sulfate po-
lyacrylanide gel electrophoretic patterns of
PPO following 2-me rcaptoe thanol , and succi-
nic anhydr ide treatment.
1) PPO before treatment (control sample). 2,
3 and 4) PPO after treatment with 2-mercap-
toethanol (2-ME) prior to electrophoresis (3
units of PPO were treated with 0.5, 1.0, and
2.0å of 2-ME, and applied in each weLl, res-
pectively) . 5, 6 and 7) PPO after succj.nyla-
tion (3 units of PPO were treated with 10,
20, and 30 mg of succinic anhydride per m1
of enzyme, and applied in each v¡eII, respec-
tively) . GeLs r,rere stained with catechol.
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date the above aggregation - disaggregation mechanÍsm, an

interesting approach for this task would be that of inter-
molecular cross-linking with a bifunctional reagent that is
labil-e under certain conditions. If after cross-linking and

exposure to urea the high MW species remained intact, this
would favor the aggregation theory. Furthermore, regenera-

tion of the lov¿ MW species after removal of the cross-

linkages would be the ultimate proof.

Interconversion between the PPO forms, presumably due

to association-dissociation phenomena, woul-d be certainly
concentration dependent. This could explain the elution of

only two species through the geI filtration column where

the system is more dilute. Furthermore, when both 34 and 42

K species were colLected after gel filtration, concentrated

and analyzed by SDS-PAGE for cresolase and catecholase

activit j.es two additional bands corresponding to 86 and 120

K were found. This phenomenon was more pronounced \,/ith the

34 K fraction (Fig. 3.10). Overall, t.hese data suggest that

the 86 and 120 K species are most probably multimeric ag-

gregates resulting from association of the low MW species.

It is also noteworthy to point out that such interconver-

sion processes between single and multiple forms of PPO

enzymes have been frequently reported in the litera-
ture (Våmos-Yígyázö, 1981) .

To further characterize the artichoke PPO system,

anaLytical- isoelectrofucusing of bhe P1 fraction was per-



Figure 3 .10 Gradient (6-722) sodium dodecyl sulfate-
polyacrylamide geI electrophoretic patterns
of 34 K (1) and 42 K (2) U]troge1 AcA-44
chromatographic f ractions.
Three units of catecholase activity were
applied in each well, and stained with p-
cresoL.
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formed. The isoelectric points of the enzyme when stained

for catecholase activity are shown in Fig. 3.11. The isoe-

lectric point of the predominant form was in the region of

pH 4.5. Four minor species \,¡ith isoelectric points (pIs) of

pH 8.3, 7.7 r 7.0 and 6.2 were also detected. The pI values

of various plant PPo systems vary within the range of 4.0

to 10.0 (Våmos-Vigyåzö, 1981). Values of 4.0 to 4.7 have

been assigned for grape chloroplast (Dubernet and Ribéreåu-

Gayöu, I974), potato (Matheis and Belitz, 7975¡ Thomas et

al., 1978) and mushroom PPo (Robb and Gutteridge, I981).

Carbohydrate staining on SDs-PAGE and IEF gels of

artichoke PPo was carried out to assess whether this enzyme

is a glycoprotein. BoLh 32 and 40 K subunits (SDS-PAGE

gels; Fig. 3.4, lane 3) as well as the pI 4.5 material
(Fig. 3.8, lane 2) were stained with PAS reagent, as indi-
cated by the arrows. Furthermore, carbohydrate analysis of

the isolated subunits after geI filtration, using the orci-
nol-sulfuric acid method indicated that the 34 and 42 K

subunits contained 188 and 198 carbohydrates, respectively,

on a protein basis. Several authors have reported on the

presence of carbohydrates in PPO preparations from various

plant sources (Stelzing et âf., I972¡ Flurkey, 1985).

Robb et al . (1965) have shown that Vicia faba PPO contained

3 to 4t carbohydrate, ruhile Akazawa and Hara-Nishimura

(1985) reported 458 of carbohydrate for sycamore PPo.



Figure 3.11 Analytical isoel-ectric focusing patterns of
PPO.
1) PPO stained \,lith catechol ( 0.6 units, 5

¡rg of protein/welI) . 2) PPO stained with PAs
for glycoproteins (10 ¡g protein) . 3) PPO
stained with Coomassie Brilliant Blue R-250
for protein (10 ¡9 protein) . 4) eroad pI
calibration kit, Pharmacia: trypsinogen (pI-
9.3) , Ientil Iectin-basic band (8.6) , lentil
lectin-middle band (8.4), lentil lectin-
acidic band (8.1), myoglobin-basic band
(7 .3, , myoglobin-acidic band (6.8) , human
carbonic anhydrase B (6.5), bovine carbonic
anhydrase B (5.8) , g-lactoglobulin A (5.2) 

'soybean trypsin inhibitor (4.5), amylogl-uco-
sidase (3.5).
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3.3.2 Characteristics of the PPO acidic fraction

3.3.2.1 pH optima

The pH optima for the activity of the acidic PPO

fraction occurred at pH 6.0 for al1 three substrates (4-

methyl-catechol, catechol, and chlorogenic acid ) examined

(Fig. 3.72). This value coincides with that of the crude

PPO extract from artichoke tubers, as well as with that of

P1 fraction. Simil-ar pH optima for different phenolic sub-

strates being oxidized by a particular PPO preparation have

been reported in the Iiterature (Abukharma and woolhouse '
1965; Sharma and ALi, 1980).

3 .3 .2.2 Amino acid composit ion

The amino acid analysÍs data of the acidic PPO frac-
tion are given j.n Table 3.2, while a chromatographic elu-

tion profile is depicted in Append j-x I. The fraction con-

taÍned high levels of glycine followed by alanine. The

content of sulphur amino acids was about 3.0U. A. compara-

tive analysis of our data with those reported for potato

(Balasingam and Ferdinand, I970) and wheat (Interesse et

â1 ., 1983) PPo, indicated that there is a similarity in

composition for al- l- three enzymes as related to their

contents in hydrophobic and sulphur amino acids. On the

other hand, the artichoke PPO is distinguished from the

other two enzymes by the greater residue content of glycine

and alanine and the lower content of basic (lysine, argí-



Figure 3.12 Effect of pH on the activity of PPO using
4-met hy I cate chol (A) , catechol (O) , and
chlorogenic acid (O) as substrates.
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Table 3.2 Amino acid composition of the PPO acidic

fractiona.

Amino Acid Average valueb
(mole 8)

ALanine

Arginine

Aspartic acidc

Cyste ine

GLutamic ac idd

clyc ine

Histidine

Isol-eucine

Leuc ine

Lys ine

Methionine

Phenylalanine

ProI ine

Se r ine

Threonine

Tyros ine

VaI ine

11.0 (+0.2)

2.2 (+0.0)

7.1 (+0.0)

1.7 (+0.1)

10.2 (+0.1)

12.6 (+0.2)

0.5 (+0.0)

4.3 (+0.0)

8.4 (+0.0)

4.8 (+1 .3)

1.2 (+0.0)

4.4 (+0.1)

6.0 (+0.1)

8.4 (+0.1)

7.5 (+0.1)

2.5 (+0.1)

7.2 (+0.rt

a- mol-e percent of the total amino acids, tryptophan not
determined; b- means from two replications are given in
the table, standard deviatj.ons are in parentheses; c-
includes asparaglne; d- includes glutamine.
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nine, histidine) amino acids. These compositional differen-
ces do account for the relatively 1ow isoelectric point (pI

4.5) of the artichoke enzymei wheat PPO has been reported

to exhibit a pI of 9.6 (Interesse et al ., 1983). It is of

interest further to note that the content of part of the

hydrophobic residues (proIine, valine, isoLeucj.ne, leucine,

phenylalanine) of Èhe artichoke PPO (30.3?) lies at the

suggested crossover point (30.08) between single chain

(nonassociating) and multichain (associating) proteins
(Jol1ey et al ., 1969). These data could thus account, at

Ieast in part, for the tendency of this enzyme to form

multimeric agg r egat es

3 .3 .2 .3 PPO k inet ics

As was reported previously, the artichoke PPO is pri-
narily an o-diphenol oxidase showing highest activity to-
wards chlorogenic acid, 4-methylcatechol and catechoÌ. In

this respect, classical kinetic sludies were performed on

the PPO acidic fraction to examine the effect of concentra-

tion of the above o-di hyd r oxyphenols on the enzyme activi-
ty. Substrate concentration analyses via the Lineweaver -
Burk plots exhibited apparent Km vaLues of 1.8, 3.6, and

4.0 mM for chlorogenic acid, 4 -met hylcat echol and catechol,

respectively. In addition, the values of V*u*/2K* (an ex-

pression recomended by some authors to indicate the effi-
ciency of a given substrate for an enzl¡me preparation;

Vämos-Vigyåzó, 1981) for the above substrates were 66.7 |
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34.2 and 15.3 ¡rM 02 min-1 .mg-1 protein.mM-1 substrate,

respectively. The K* and substrate efficiency values are of

similar order of magnitude \,¡ith those reported previousJ.y

for the oxidation of these substrates by the preparation

obtained using IMAC chromatography (P1 fractÍon) .

The oxidation of chlorogenic acid by PPO requires more

attention, since this substrate exhibited a marked inhibi-
tion at concentrations above 10 m1"1. Enzyme inhibition by

excess of substrate was observed for the oxidation of

chlorogenic acid (Abukharma and Woolhouse, 1966ì Tremo-

lieres and Bieth, 1984) as wefl as 4-methylcatechol (Inte-

resee et. al ., 1983) by PPO from dj.fferent plant sources.

This phenomenon is often rationalized by assuming that at

high substrate concentrations, the enzyme - substrate com-

plex formation could lead to the production of both active
(ES) and inactive (E52) enzyme - substrate complexes (KoL-

1er and Neukom, 1969). For the latter, it has been sugges-

ted that a second substrate molecuLe bound ineffectivelly
near the active center of the enzyme retards its overalL

cataLytic ability (Trowbridge et aI ., I963, Tremolieres and

Bieth, 1984). The process is ilLustrated in the following
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The reaction rate (v) , as a function

concentration (S), can be thus described by

rate equation (Dixon and Webb, 1960):

Vmax

r62

of subs t rate

the f ol- I owing

I + Km/(S) + I/K,x (S)

where Vma* is the maximum reaction velocity, Km is the

Michaelis constant, and K¡ is the equilibrium constant of

the reaction (dissociation constant of ES2) 3

k2

ES + S 

-== 

ES2

k_2

The above equation was used for the Lineweaver-Burk

(Fig. 3.13a) and Dixon (Fig. 3.13b) plots. Estimates of K*

(1.8 mM) and Kr (20.5 mM) constants were obtained by extra-
polation of the corresponding Iinear portions of these

p1oÈs.

The effect of sodium cyanide on the oxidation of 4-

methylcatechol by PPO was examined using the Dixon plot
(i.e. 1/V vs. inhibitor concentration) . Kinetic analysis
(Fig. 3.14) showed that the overall inhibitory action was

of a noncompetitive type with an apparent Ki value of



Figure 3.13 Linevreaver-Burk (a) and Dixon (b) plots for
PPO oxidation of chLorogenic acid: K-r Mi-
chaelis constantr K', dissociation coiìstanti
S, chLorogenic acid concentration.
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Figure 3.14 Dixon plot of potassium cyanide inhibition
of PPO catalyzed oxidation of 1 mM (Q) , and
5 mM O) 4-methylcatechol-.
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approximately 0.6 mM. The potent inhibition by KCN has been

al-so reported for PPO oxidation of chlorogenic acid (Alber-

ghina, 1964; Hasega$/a and Maier, 1980) and catechol (HaLim

and Montgomery, 1978; Anosike and Ayaebene, 1981 ; Roudsari

et âI., 1981). Noncompetj.tive inhibition toward phenolic

substrates by cyanide is considered to originate from inte-
raction of this inhibitor with the PPO copper (Mayer and

Harel-, I979).

3.3.2.4 Heat inact ivat ion

The results of thermal inactivation of artichoke PPO

(pH 6.0) at several temperatures are presented in Fig.

3.15. The enzyme showed a relatively high heat stability
wj.th half - líves of 48,26, I8, 12, and 6 minutes at 60,

65, 70,75 and 80o C, respectively. The rate of heat inac-

tivation was greater with increasing temperature and fol-
lowed first order kinetics. The same kineti.c order has been

also shown for PPO from several plant sources (Chan and

Yang, 197I; Halim and Montgomery, 1978; McCord and Kilara,
1983).

The corresponding reaction rate constants at various

temperatures \,rere obtained by regression analysis of the

activity data (Fig. 3.15) . An apparent activation energy

(Ea) of 26.2 kcal/mol for the heat inactivation of PPO was

estimated from the Arrhenius plot of Fig. 3.16. AJ.though,

this value was about half that reported for the crude

enzyme, the artichoke PPO should be still considered as a
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Figure 3.15 Heat inactivation of PPO.
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Figure 3.16 Arrhenius plot for the thermal inactivation
of PPO.
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enzyme. In t.his respect¡ Park and

that the Ea for two PPO isoenzynes

from kiwi fruit were 4.0 and 7.0

3.3.2.5 Metallo-enzyme properties of PPO

Vlhen native PPO was subjected to dialysis against

potassium cyanide, changes in enzymatic activity were obse-

rved over the time course of the experiment (Fig, 3.I7a).
During the first phase of dialysis (5 hr) the enzyme acti-
vity decreased relativel-y fast, up to approximately 308. A

constant decrease at a much sLower rate was seen for the

next 15 hr of the process and the preparation finalty
attained a limiting activity value close to 19. This last
value \,ras persistent during the course of dialysis for an

additional period of 8 hr, and was in good agreement with

the data reported for apoforms of Neurospora sp. tyrosinase
(Phiffner and Lerch, 1981; Beltramini and Lerch, f983).

Reconstitution of PPO from its apoform and cupric ions is

shown in Fig. 3.17b. The reactivation process was very

rapid and approximately 848 of the initial activity \'/as

restored during the first 30 rninutes of dialysis.
The above results, along with the data obtained from

KCN and DIECA inhibition imply that the artichoke PPO is a

copper - enzyme, i.e. a true polyphenol oxidase, as has

been also shown for PPO preparations from several plant

sources (Våmos-Vigyåzö, 1987) .



Figure 3.17 Time course of deactivation of PPO (a), and
restoration of its enzymatic activi!y (b) .
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To assess q¡hether removal and re-âddition of copper

ions from PPO, by KCN treatment, affected the pI value of

the enzyme, holo, âpo, and reconstituted forms were ana-

lyzed by isoelectr j.c focusing (Fig. 3.I8). In aI1 three

cases the enzymatic proteins displayed essentially the

same electrophoretic pattern, which suggests lhat the sur-

face charge properties of PPO are not significantly affec-
ted by the bound metal ions.
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Figure 3.18 AnalyticaL isoelectric focusing of (1) ho
loform, (2) apoform, and (3) reconstituted
PPO (I0 ¡g of protein were applied in each
weLl) r (4) broad pI calibration kj.t (see
Fig.3.11) i all 9e1s were stained vrith CBB.
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CONCLUSIONS AND RECOÞIUEHDATIONS

An active and stable PPo system has been shown to

occur in Jerusalem artichoke tubers (HelianÈhus tuberosus

L.). The presence of PPO appears to be largely responsible

for color formation during processing of this crop into

fructose syrups. Preliminary results revealed that the

specific activity level of crude PPO is approximately 13

times the level found in potatoes and 3 tines that of sugar

beets. The bulk of enzyme actÍvity is located in

subcellul-ar fractions of tubers (outer peels). rn addition'

it was shown that the enzyme was inactivated on heating and

that thÍs effect was dependent upon time and temperature.

However, under most common experimental conditionsr total

inactivation was not achieved. Application of chemical

inhibitors to suppress enzyrnatic browning is restricted
onLy to a few compounds since most of the inhibitors impart

toxicity or off-fLavor and odor. Among thern, metabisulfite

and cyste ine, we re the most p romi s ing in providing

effect ive cont ro I of enzymatic act ivity and greatly

reducing discoloration during processing of artichoke

tube rs . Furthermore, metabisulfite is p re fe rabl e to

cyste ine for cont rol of browning in the 1o ng stored

artichoke extracts, because it provides a better stabiliza-

tion effect at a lower concentration. Since pH has a

synergistic effect on metab isul fite inhibit ion of PPO

activity, lowering the pH to 5.0 is desirable during



r79

processing of tubers. However ' the use of acidic pH may

cause fructose decomposition and product loss during proce-

ssing of tubers. Thus, an optinization study i.s recommended

to determine the pH optinum that can be used during fruc-
tose preparation. Moreover, a combination of treatments

involving heat and chemical inhibitors should be consi-

dered. This could not onLy reduce problems associated with

each particul-ar treatment but also reduce processing costs.

Several chromatographic methods were eval-uated to

establish an optimal procedure for purification of PPo from

artichoke tuberst among them immobilized copper affinity
chromatography was the nost efficient, yielding an enzl¡me

preparation (P1 fraction) with a hÍgh degree of purity.
During the course of the purification, artichoke PPo was

separated into four fractions of activity differing in

affinity for immobilized copper. This may reflect differen-
ces in the distribution of amino acid residues, capable of

formi.ng coordination complexes with Cu2+, on the surface of

the enzyme moLecules. In addition these fractions exhibited

differences in relative electrophoretic mobilities based on

elect rophoretic analysis. Thus, future work should be dire-
cted to further characterize the components of these frac-

tions and thus develop a complete understanding of the

artichoke PPO moLecular p rope rt ies .

The purified PPO catalyzes primariJ-y the oxidation of

q-d i hyd roxyphenol s . but it is atso capabLe of hydroxylating
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monohydroxyphenols. The enzyme had the highest affinity
towards chlorogenic acid, followed by 4-methylcatechol ' and

catechol. It is possible that these phenoLic compounds also

exist as endogeneous phenolics in the artichoke tuberst

further work is required to clarify this point. In addi-

tion, the enzyme exhíbited the same pH optimum wiLh all
substrates exa¡nined. Inhibition studies carried out on a

purified enzyme preparation confirmed that metabisulfite

was the most effective inhÍbitor of artichoke PPO. A1-

Èhough the purified enzyme is less thermostable than its
crude extract, thermal inactivation data suggested that the

enzyme is rel-ativeLy stabl-e upon heat treatment. Kinetics

of deactivation, upon copper rernoval , and reconstitution

reactions demonstrated that artichoke PPO is a copper con-

taining enzyme. The isoelectric points of PPO were within

the range of 4.0 to 10.0. The enzl¡me lras also found to

contain appreciable amounts of associated carbohydrate

material. Electrophoretic studies revealed the compLex

nature of this enzyme. Four distinct enzymatic forms were

identified; two high molecular weight' presumably aggre-

gates with a broad specificity tor.¡ard mono- and polyphe-

nols, and tv/o Low moLecular weight subunits that exhibit

activity for o-dihydroxyphenols. The presence of multiple

forms, which may have resulted from a s s o c i a t i o n -d i s s o -
ciatiion phenomena of 1or,¡ molecular wêight species, was

shown to be concentration dependent. Moreover, urea treat-
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ment prior to electrophoresis caused disappearance of the

high Mt^r species, thus supporting the aggregation

hypothesis. However, it would be worthwhile to prove this

hypothesis using intermolecular cross-link ing, with a

bifunctional c ross-l ink ing reagent that is labile under

certain conditions. Furthermore, it would be interestÍng to

separate all four enzymatic forms (e.9. using preparative

electrophoresis) and study the effects of enzyme conentra-

tion, temperature ' pH' ionic strentgh on the aggregation

phenomena.

Finaty, since the isolated PPO was a soLuble enz]¡me

preparation it would be of interest to establish whether

particulate-bound enzymatic forns are present in artichoke

tubers and whether their molecular properties are similar

to those of the soluble enzl¡me.
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APPENDIX I HPLC elution Profile of
PPO acidc f ract ion .

amino acids of the

ch romatog raphic
in the text.Sample preparation and

conditions vre re as described
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