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structure is disrupted. The quinones produced are further

oxidized and polymerized to melanin, the pigment which is

responsible for brown discoloration.

The objectives of this study was to extract and

characterize the activity of polyphenol oxidase (PPO)

enzyme, that naturally exists in the sapwood of Douglas-fir

{Pseudotsugamenziesii (Mirb.) Franco}. The enzyme catalyzes

the oxidation of some endogenous phenolics found in the

sapwood which act as a substrate, when the cell structure is

disrupted and exposed to air, humidity and warm weather.

The specifity of PPO toward substrates and the effect of PH,

temperature and inhibitors on it's activity were examined.

Chemical stains that develop on commercial woods are

problems of great economic importance. The polyphenol

oxidases catalyze the oxidation of the phenolics that

naturally exist in plants to quinones when the cell
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Prevention of PPO activity loss during storage of the

fresh Douglas-fir sapwood was possible by sealing in oxygen-

impermeable plastic bags, and storing at -25°C.

Crude extraction of PPO was from fresh sapwood using

potassium phosphate buffer. No phenolic scavenger was added.

Another extraction was done from an acetone-insoluble

powder and polyethylene glycol was added as a phenolic

scavenger. This extract did not show enhanced enzyme

activity relative to the first one.

The PPO has two pH optima for activity one at pH 5.5

and one at pH 8.0. Using 4-methylcatechol as a substrate,

the one at pH 8.0 was 31% higher than the one at pH 5.5. The

optimum temperature that gave the highest PPO activity was

35°C when 4-methylcatechol was used as a substrate.

No activity for monophenol substrates was detected for

the extracted PPO. The highest activity detected was for

(-)-epicatechin, dihydroquercetin and 4-methycatechol in

decreasing order of activity. Soluble polyvinypyrrolidone

inhibited the enzyme reversibly and Tween 80 and Monawet

BM-45 successfully reactivated the enzyme. Phosphoric and

citric acids inhibited the enzyme but no attempts to

reactivate it were made.
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EXTRACTION AND PROPERTIES OF DOUGLAS-FIR
SAPWOOD POLYPHENOL OXIDASE

INTRODUCTION

Douglas-fir {Pseudotsuga menziesii (Mirb.) Franco} is

of great economic importance in the Pacific Northwest. It

accounts for nearly three quarters of the conifer

inventory. It's timber is used for a substantial part of

the lumber, pulp and paper, plywood, furniture,and

particleboard produced in the United States.

One of the major problems faced by the Douglas-fir

manufacturers is the color degradation during harvesting,

storage, and processing. Blue stain is caused by development

of certain fungi in sapwood. However, some other stains,

nonfungal and usually brown, may appear on exposed surfaces

as it dries. These stains occur in other commercial western

woods such as sugar pine, white pine, ponderosa pine,

redwood, western hemlock, and red alder.

Some studies have produced data to support the chemical

or enzymatic stain in Japanese and Indo-Chinese lacquer

trees (Omura, 1961), red alder, western hemlock (Hrutfiord

and Luthi, 1981). Studies of the stain in the Japanese Kini

wood (Michikazu and Masatsugu, 1991) succeeded in the

isolation of a peroxidase enzyme as the precursor of the

brown stain. The literature in the areas of fruits and

vegetables attribute the brown discoloration to an enzymatic
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action. Polyphenol oxidase enzymes catalyze the oxidation of

phenolic compounds that naturally exist in plants, to

quinones which are further oxidized and polymerized to the

brown pigment melanin. There appears to be no studies on the

isolation of any kind of enzymes from Douglas-fir sapwood.

The objective of this study was to extract polyphenol

oxidase (PPO) enzyme and to characterize the PPO as to the

effects of pH, temperature, and inhibitors. The specifity of

PPO toward substrates was also studied.



LITERATURE REVIEW

BACKGROUND

In every living organism metabolism is a continuous

process consisting of an enormous number of diverse chemical

reactions which are manifestations of the interaction of the

organism with its external medium. Individual chemical

reactions take place inside an organism with extreme ease,

but outside the same substances are changed with great

difficulty. This is due to the presence of catalysts,

protein in nature, called enzymes which accelerate the rate

of individual chemical reactions, and consequently the rate

of the complete metabolism (Kretovich, 1966).

Substances which catalyze reactions among organic

compounds may be divided into inorganic and organic

catalysts, with subdivision of organic catalysts into

nonenzymatic and enzymatic.

Apart from their source, the chief differences between

enzymes and other catalysts are that the enzymes are

inactivated by heat (usually above 60 °C); they require the

right temperature conditions, and in fact have an optimum

temperature for a given reaction (about 40 °C); they are

only active within a definite pH range (Steele,1948) and

the most important feature of the catalytic action of the
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enzymes is the high specifity. Enzymes act specifically on

defined chemical bonds. In the words of the apt phrase of

Fischer "an enzyme fits its substrate as a key fits a lock"

(Kretovich,1966). The temperature range for enzyme action is

therefore limited, although freezing in most cases inhibits

the action temporarily, and the enzyme regains its activity

when the system is brought back to a higher temperature. It

is significant that the temperature range for enzyme

activity is much the same as the range for the maintenance

of protoplasmic activity, and in fact the ability of the

protoplasm to live in high temperature may be determined

by the temperature maxima of its enzyme (Steele, 1948).

Enzymes are organic colloidal materials present in all

living cells of plants, and in greatest variety in seeds.

Since they are colloidal,they cannot diffuse through the

cell-wall. Hence most plant enzymes are intracellular. In

some cases the enzyme and its substrate (the chemical

substance or substances, the reaction of which is catalyzed

by the enzyme) are in different cells, and the enzyme action

takes place only after the rupturing of the cell-wall. When

enzyme and substrate are in the same cell, the enzyme is

probably present for part of the plant's life in some

inactive form such as a proenzyme (zymogen). There are also

some extracellular enzymes, especially in lower plant forms

such as fungi. In a few cases, the enzyme can be obtained
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directly from the plant juice, e.g. pineapple juice yields

protease. Otherwise, methods of extraction are used which

depend on the rupturing of the cell-wall, which may be

accomplished in a variety of ways.

The exact nature of all enzymes is not yet known.

Some are protein, others are conjugated proteins. Conjugated

proteins are complex compounds in which the protein molecule

is combined or "conjugated" with another molecule, called

the prosthetic group. This group may be either inorganic,

as in the copper proteins e.g. polyphenolase and

monophenolase, or organic as in the thiamine proteins e.g.

carboxylase. Thiamine is vitamin Bl. The prosthetic group

could contain both metallic and organic groups as in the

haemoproteins. Little is known about the structure of the

protein moieties of the conjugated proteins. A considerable

number of those which constitute enzyme systems appear to

contain sulfuryl groups as a component essential for enzyme

activity (Steele, 1948)). The prosthetic group is referred

to as the "coenzyme". It is more or less easily separable,

usually heat-resistant, and only accounts for about 1% of

the entire enzyme molecule. The protein part is the main

portion and is referred to as the "apoenzyme". It is

specific for a given substrate. Prosthetic and protein

portions make the "holoenzyme", and both are enzymatically

inactive when separated from each other. However, when



6

combined, the fully active holoenzyme is restored as a

substance of compound nature bound by principal valences

(Doby, 1965).

Plant enzymes are classified in large groups according

to the type of the reaction they catalyze (Steele, 1948).

Following the recommendations of the Enzyme Commission of

the International Biochemical Union, enzymes are divided

into the following:-

Oxido-reductases ( oxidation-reduction enzymes).

Transferases (transferring enzymes).

Hydrolases.

Lyases.

Isomerase and

Ligases (synthetases).

Oxido-reductases (oxidation- reduction enzymes) are

further subdivided into anaerobic and aerobic

dehydrogenases. Under the umbrella of the aerobic

dehydogenases come the oxidases, peroxidases, cytochrome

oxidases ..etc.

OXIDASES

The aerobic dehydrogenases for which only atmospheric

oxygen can serve as the hydrogen acceptor are known as

oxidases. They remove hydrogen from the substrate and
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transfer it to atmospheric oxygen, water or hydrogen

peroxide being formed.

AH, 0,

H,0,
Oxidase

A) Peroxidases

The oxidation of organic compounds by hydrogen peroxide

occurs through the action of peroxidases. The enzyme forms

a complex with hydrogen peroxide, the peroxide being

activated , and able to act as a hydrogen acceptor. It

oxidizes a verity of phenols and certain aromatic amines in

the presence of H202 or an organic peroxide.

B) Polyphenol oxidases

Polyphenol oxidase (PPO) is the enzyme that contains a

binuclear copper active site found widely in plants animals

and micro-organisms. It is found in all order of the

angiosperms studied so far (Mayer and Harel, 1979). The

levels of the PPO in plants varies markedly with the

development and the variety, with the parts of the plant or

type of tissues studied the substrate concentration in the

plant, and also the climatic and nutritional factors . This

variation has been noticed in potato tubers (Mapson et al,

1963); wheat (Tikoo, 1973; and Kruger, 1975); olives (Ben-

shalom, 1977),and many other plants.
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PPO was among the first enzymes to be studied which

catalyzed a reaction with oxygen (Bourquelt and Bertrand,

1895; Bertrand,1895 and 1896). As early as 1896 Bertrand

labeled this enzyme as an oxidase and suggested that it was

a catalytic metalloprotein (Malmstom, 1982). Since that era,

PPO has been referred to by a variety of names e.g.

monophenol monooxygenase, tyrosinase, phenolase,

catecholase, catechol oxidase, monophenol oxidase,

creasolase, and dihydroxyphenylalanine depending on the

substrate being used. It has been classified by the

International Union of Biochemist together with the

laccase, p-dipheno1:oxygen oxidoreductase, into a single

enzyme function monophenol monooxygenase (EC 1.14.18.1 )

(Mayer and Harel, 1979). For the purpose of this study, I

will use the name polypheno1 oxidase (PPO) to refer to the

enzyme extracted from the Douglas-fir sapwood, and the

activities of creasolase and catecholase will be emphasized.

REACTIONS OF PPO

One of the most interesting aspects of PPO is its

bifunctional ability to catalyze two different reactions.

These are the hydroxylation of monophenols to yield o-

diphenols and the oxidation of the o-diphenols to the

corresponding o-quinones (Whitaker, 1972)
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Monophenol + 02 --> o-diphenol + 1120

cresolase activity (1)

2o-Diphenol + 02 --> 2o-quinone + 2H20

catecholase activity (2)

In spite of much effort, the reaction mechanisms for both

activities remains unclear. Mason (1956 and 1957) has

suggested that the o-diphenol added to the reaction is

oxidized and acts as a continuous source of electrons for

the hydroxylation of the monophenols, and thus acts as a

cosubstrate in this reaction. Jolley (1972, and 1974) has

contributed significantly to the understanding of the

catalytic reactions of this enzyme, and this mechanism is

TR{2Cu[II]} + o-diphenol --> T12Cu[I] + o-quinone +211+ (3a)

T{2Cu[I]} + 02 --> OxyT[2Cu]--02 (3b)

OxyT{2Cu}--02 + monophenol + 2114- --> TR{2Cu[II1}

+ o-diphenol + H20 (3c)

OxyT{2Cu}--02 + diphenol + 2H+ --> TR{2Cu[II]}

+ o-quinone + 21120 (3d)

where:
TR= Resting enzyme

The following evidence strongly supports this

mechanism: 1) the oxygen atom incorporated in the organic

substrate has been shown by isotopic studies to derive from

dioxygen; 2) the resting enzyme (TR) reduces with two

electrons; 3) reduction of TR followed by exposure to oxygen
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+ 02 + --->

+ 02 ---> 2

OH

The hydroxylation of monophenols requires oxygen plus an

electron donor, AH2, as illustrated above.

The second reaction catalyzed by PPO got its name from

the substrate catechol as shown below:

+ H20 + A

2H20

10

produces oxytyrosinase (oxyT); and 4) oxytyrosinase reacts

with monophenolic substrate at rates consistent with enzyme

catalysis (Spiro, 1981).

The hydroxylation of monophenols catalyzed by PPO is

frequently referred to as cresolase activity since one of

the most common and simplest substrates is p-cresol (R-CH3).

OH OH

The observed stoichiometry with catechol is 2 moles of

diphenol dehydrogenated per mole of 02 consumed, with the 02

undergoing a net 4 electron reduction to H20 (Walsh, 1979).

The presence of cresolase activity in PPO is difficult

to determine because this activity sometimes disappears

during purification. Also the monophenolase activity is less

stable than the o-diphenolase activity (Mapson, 1961).

Cresolase and catecholase activities have been found for

PPO in potato (Patil and Zucker, 1965) mushrooms
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(Long et al, 1971) and in wheat (Shant and Sachar, 1974),

The catecholase activity, the most evident of the two

activities of PPO, has been detected in developing apples

(Harel and Shain, 1965), cherry (Benjamin and Montgomery,

1973) and peaches (Jen and Kahler, 1974). The quinones

formed as products of this activity are highly reactive

compounds and lead finally to the formation of brown

polymeric pigments, melanin. This reaction is normally

referred to as enzymic browning and is responsible for the

discoloration of many fresh fruits, vegetables, and woods.

The oxidation of phenolics may be catalyzed by either

PPO or peroxidase, or may occur non-enzymatically. The

concentration of o-quinones will vary depending on the level

of either PPO or peroxidase present in the tissues, or on

the extraction procedure used.

Laccase is responsible for the formation of p-quinones

(Broman, et al., 1963). In the case of peroxidase, the

catechol derivatives can be oxidized in the presence of H202

to the corresponding o-benzosemiquinone free radicals

(Mason, 1979). These free radicals are highly reactive and

can function as reductants or oxidants of other compounds

present in the system. In general, PPO is the main agent

causing browning in plant tissues.
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PHYSIOLOGICAL ROLE OF PPO

In general, PPOs are the main agents responsible for

many enzymatic browning reactions occurring throughout the

phytogenetic scale. They function in the biosynthesis of the

skin pigment melanin in vertebrates (Korner and Pawelek,

1982), and in the biosynthesis of brown polyphenolic

polymers in plants and fungi (Vannesete and Zuberbuhler,

1974). Several functions that have been suggested are the

synthesis of the o-diphenols; regulation of plant growth ;

involvement in electron transport,aerobic respiration, and

photosynthesis; effect on the water permeability of seed

coats; role in wound healing and in disease resistance

(Mayer and Harel, 1979).

The theories on wound healing and disease resistance

have evolved from the observation that following injury,

quinones are produced. Quinones are reactive. They can

indeed react in many ways with proteins, enzymes or

intercellular amino acids. They can also interfere with

energy production and enzyme synthesis. In addition,the

cellular redox potential can be changed. Quinones may thus

immediately be toxic to the pathogen or may reduce the

nutritive capacity of the host. Oxidized polyphenols may

condense to polyquinoid structures, also inhibit plant

enzymes or react with amino acids and proteins to form

melanins. As a result dead tissue will be formed and the
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infected area will be sealed off due to the polymerizing and

tanning action of the phenolase. The net effect of all these

reactions may thus ultimately constitute part of the defense

mechanism of the host by forming a physical barrier, which

is stronger in resistant varieties (Harborne, 1975).

EXTRACTION OF PPO

In living cells, tannins resins, polyphenols,

alkaloids and terpenes do not show an inhibitory effect

because they are separated from the surrounding cytoplasm

(Swain, 1965). When this compartmentalization is broken

during homogenization of the tissue, these compounds may

come in contact with the enzymes and react or cause

inhibition (Loomis, 1969).

Among the compounds that have the highest potential of

inhibiting enzymes during extraction are the phenolic

compounds. When they come in contact with the enzyme they

give rise to quinones and other condensation products.

Quinones can undergo nucleophilic attack very easily with

the substrate possessing amino and sulphydryl groups. Also,

the unoxidized phenols can interact with proteins by

hydrogen, hydrophobic and ionic bonding (Loomis, 1974).

Quinones can also undergo condensation and

polymerization reactions. The complexes formed between
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phenolics and the proteins are often characterized by brown

color, and sometimes a dark precipitate is formed.

Crosslinking of proteins by quinones with a second reactive

group can also occur (Loomis, 1969).

The first step in the isolation of enzymes from plant

tissues is the homogenization of these tissues. This is the

most critical step and measures must be taken to avoid

modifications and/or inhibition of the enzymes at this

stage. The objectives of all techniques is to remove

secondary products as quickly as possible while preventing

the formation of covalent complexes between phenolics and

enzymes. Several methods of extraction for use with plant

enzymes include compounds that are phenolic scavengers or

that inhibit phenolic oxidation.

Anderson (1968) suggested the use of copper chelating

agents and reducing agents such as thiol, ascorbate,

dithionate, and metabisulphate to control the protein-

phenolic reactions. However, all these compounds act by

either interfering with or inhibiting the action of PPO

which is not desirable in the isolation of this enzym

Formation of quinones requires oxygen. It is useful,

therefore, to maintain an inert atmosphere by homogenizing

the sample in liquid nitrogen . Liquid nitrogen not only
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provides an oxygen-free atmosphere, but also cools the

extract and allows the fracture of the cells of hard tissues

(Kelley and Adams, 1977).

The use of organic solvents, such as acetone, in the

preparation of an acetone powder, has frequently been used

as a first step in the isolation of PPO (Ponting and Joslyn,

1948; Flurkey and Jen, 1978; Wissemann and Lee, 1981).

Acetone lowers the dielectric constant of the aqueous

solution which results in a decrease in the solubility of

the proteins, thus causing them to precipitate. In addition,

acetone is capable of hydrogen bonding to the phenolic

compounds to help solubilize them to assist filtration

(Loomis, 1969). However, acetone does not extract all of the

phenolic compounds, allowing considerable browning of the

extract to still occur (Smith, 1980; Wissemann, 1980).

Another aid in the separation of PPO from phenols, is

the use of phenol-complexing agents. These include insoluble

polyvinylpyrrolidone (Loomis and Battaile, 1966);

polyethylene glycol (Flurkey and Jen, 1978) and anion

exchange resins (Gray, 1978). These adsorbents remove

phenolic compounds through the formation of hydrogen,

hydrophobic, and ionic bonds (Loomis and Battaile, 1966;

Loomis et al., 1979).

The control of the Ph of the extracts is also of great

importance. High Ph levels are in general undesirable
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because they increase the ionization of the phenolic

hydroxyl groups and thus promote auto-oxidation of the

phenolic to quinones (Loomis and Battaile, 1966)

ASSAY METHODS FOR PPO ACTIVITY

An accurate enzyme assay for PPO from product formation

or substrate depletion measurements is somewhat difficult

due to the interactions mentioned earlier. Several methods

have been used, including manometric, polarographic

colorimetric and spectrometric methods. Many variations of

these methods exist depending on the phenolic substrate and

the source of the enzyme. The most convenient of these

assays is to follow the initial rate of browning

spectrophotometrically at the wavelength of a certain

product. However, most reports indicate that measuring

initial oxygen uptake by the polarographic method is

convenient and more accurate than any other assay method

(Mayer and Harel, 1979).

SUBSTRATE SPECIFITY OF PPO

Enzymes are specific either for one compound, or for

one grouping or linkage in compounds. The PPOs have as
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their substrate monohydroxy and dihydroxy phenols. Tryhydric

phenols such as pyrogallol are also oxidized.

The capacity to catalyze oxidation of monophenols and

polyphenols varies with the origin and method of making the

enzyme preparation (Kretovich, 1966).

The difficulty of freeing the enzyme from the

impurities will vary with the source, and is apt to create

anomalies. For instance, the different values found for the

optimum pH for the action of an enzyme from different

sources and on different substrates may be due wholly to

this factor.

Catechol is structurally the simplest substrate for

PPO, but the nature of and the position of any substituent

groups have profound effects on the rate of substrate

oxidation (Walker, 1977). Substituents in the 4 position

with a high electron-donating power e.g 4-methyl catechol

and 3,4-dihydroxycinnamic acid, increase the rate of

oxidation of the substrates. 4-Nitro catechol is an example

of substrates with an electron-attracting group at the p-

position that could lower the activity or inactivate PPO.

The size of the substituent group of the substrate also has

an effect on PPO activity. Halim and Montgomry (1978),

noticed a decrease in the activity with increase in the

substituent group except for chlorogenic acid, which showed

a higher activity than caffeic acid.
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Various phenolics that do not serve as substrate for

PPO can act as synergists or inhibitors of the enzyme.

Protocatechuic acid and p-cresol inhibits the activity of

avocado PPO (Golan et al., 1977).

The principal browning substrate in the extracts of

skin from Grimes Golden and Golden Delicious apples and

Bartlett pears was (-)-epicatechin. Another browning

substrate reported in Bartlett pears was (+)-catechin

(Siegelman, 1955).

OH

HO

OH

OH

(+)- catechin (-)- epicatechin

Apple polyphenol oxidase showed substrate specificity

toward dihydroquercetin but not quercetin which is

structurally quite similar except for a double bond in the

latter (Shannon and Pratt, 1967).

OH

dihydroquercetin quercetin



_pH OPTIMA OF PPO

Sorensen, first showed that the second important factor

exerting a marked effect on enzyme activity is the pH of the

medium. Each enzyme is usually active within a fairly narrow

range of pH. The maximum catalytic activity of the enzyme

lies within this range, which is known as the pH optimum.

The optimum pH of an enzyme varies with the substrate,

the source of enzyme material, and the buffer employed

(Tauber, 1937). The presence of two optima was suggested for

apple PPO by Harel et al. (1965); and for wheat by

(Intresse, 1980). Abukharma and Woolhouse (1966) reported

two optima for potato PPO. Other workers reported a single

optimum for potato PPO. A possible reason for the

differences in ph optima for the same PPO using different

substrates could be that the pka values of the substrates

and the pH used for the assay affected the activity of PPO

towards the different substrates. Another reason could be

that the conformation of the active site at a certain pH is

such that faster reaction rates are possible towards one

substrate than the others. It is also possible that more

than one isozyme is present in the extract and that each

isozyme is more active towards a specific substrate.

19



EFFECT OF TEMPERATURE ON PPO ACTIVITY

The velocity of enzyme reactions is accelerated as the

temperature is increased until a certain optimum is

reached. On further increasing the temperature the reaction

velocity begins to diminish until it ceases completely. "The

point of balance between the accelerating effect of

temperature and upon the enzyme-catalyzed reaction and the

effect of destruction of the enzyme by heat is known as the

temperature optimum". This optima is, however, greatly

influenced not only by the type of enzyme, but also by its

concentration the nature and concentration of the substrate

upon which the enzyme acts, the reaction of the medium, the

duration of the reaction the presence of activating and

paralyzing agents etc.

At the optimal point, the auto-inactivation of the

enzyme , which proceeds slowly at lower temperatures, is

increased until it balances the accelerating effect produced

by the rise in temperature (Waksman and Davison 1926). The

decrease in the enzyme activity with an increase of

temperature above the optimum is due to the start of

denaturation of the enzyme protein.

Two other factors that have a great influence during

heat inactivation are time and Ph (Khan, 1977; Ben-shalom et

al, 1977).

20
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Increase in the activity of PPO, extracted from fruits,

from 15 to 35°C have been reported by Mihalyi et al.,

(1978).

EFFECT OF ENZYME AND SUBSTRATE CONCENTRATION
ON ENZYME ACTIVITY

When the concentration of the enzyme increases, the

reaction rate increases as in any other enzymic reaction,

but only to the point where concentration of the substrate

becomes limiting. When concentration of the substrate

increases, the reaction rate increases to the point where

enzyme concentration becomes limiting. Mapson et al. (1963),

reported that the concentration of tyrosinase was the major

factor in enzymic browning in potatoes. Harel et al. (1966)

reported similar results with apples, in which they found a

good correlation between browning and o-diphenol content.

In a normal case the velocity of the reaction is

proportional to the enzyme concentration and when deviations

are found they can usually be explained in one of the

following as shown by Dixon and Webb (1958a):-

a) It is some times found that if the enzyme

concentration is greatly increased there is a falling off

from the linear relationship. This is usually due to a



22

limitation in the capacity of the method of estimation and

does not indicate a true decrease in the activity of the

enzyme.

Also it could be attributed to exhaustion of

substrate and does not indicate a lack of proportionality of

initial velocity to enzyme concentration.

Also it indicates the presence of small amounts of

some highly toxic impurity in one of the components of the

incubation mixture other than the enzyme solution itself.

The enzyme preparation contains a reversible

inhibitor which combines with the enzyme to give an inactive

complex.

If the enzyme preparation contains a dissociable

activator or coenzyme, the reverse effect to (d) will be

obtained.

INHIBITION OF PPO

There are two main types of polyphenol oxidase

inhibitor-reagents. Reagents which interact with the copper

prosthetic group in the enzyme and compounds which affect

the binding site for the phenolic substrate. With some

inhibitors of the first type it is possible to show

competitive inhibition with oxygen, inhibition being non-

competitive towards the phenolic substrate. The reverse is
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true for some inhibitors of the second type (Mayer and

Harel, 1979). Reducing agents and quinone scavengers do not

act directly on the enzyme molecule but on the reaction

products to inhibit the formation of the secondary brown

pigments. Therefore, they are considered to be part of the

more general group called browning inhibitors instead of PPO

inhibitors (Vamos-Vigyazo, 1981). In many cases, it is not

easy to distinguish between the two types of inhibitors

since some act on both the enzyme and the substrate or the

product, such as sulfur dioxide (Embs and Markakis, 1965).

Reducing agents, including ascorbic acid , act by

reducing the formed quinones back to the o-diphenols. These

compounds are consumed in the process of inhibition, through

their own oxidation to dehydroascorbic acid because they

donate two hydrogens to the quinone, and thus provide only

temporary protection against browning, unless they are

present in high concentrations (Vamos-Vigyazo, 1981).

Compounds which complex with the enzyme's prosthetic

group are copper chelators and include cyanide, azide,

phenylthiourea, and ethylenediaminetetra acetic acid (EDTA).

Their inhibitory ability depends upon the stability of the

complex formed between the copper and the chelator versus

the stability of the complex between the copper and the

enzyme (Whitaker,1972). EDTA showed different degrees of
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inhibition of PPO. Cash et al (1976) found that EDTA

strongly inhibited the PPO from bananas and Concord grapes.

Potassium cyanide and carbon monoxide were reported to

bind to the copper of PPO and to compete with oxygen (Mayer

and Hare1,1979).

Another group of inhibitors are compounds which

affect the substrate binding site of PPO. These include

benzoic acid, R-coumaric acid (Rivas and Whitaker, 1973) and

resorcinol (Knapp, 1965). The soluble polymer

poyvinylpyrrolidone (PVP) has also been cited as a

competitve inhibitor of PPO from higher plants (Walker and

McCallion, 1980).

The polymer polyvinylpyrrolidone (PVP) contains -CO-N

groups that are analogous to the peptide bonds of proteins.

This group is a strong proton acceptor and forms stable II-

bonded complexes with phenolic-OH groups (Loomis and

Battaile, 1966). Two forms are available, water soluble PVP

and insoluble cross-linked polyvinyl(poly)pyrrolidone,PVPP

or Polyclar AT.

Structure of PVP

c:110

CH CH

^
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PVP adsorbs phenols and has been widely used to protect

plant enzymes from inactivation by phenolics and their

oxidation products,it also acts as an inhibitor of catechol

oxidase. Hulme et al. (1964) suggested that PVP inhibits the

enzyme by combining with a catechol oxidase-substrate

complex probably through attachment to the "phenolic"

substrate moiety of such a complex. Harel et al. (1964)

observed that PVP and its monomer, N-vinyl-2-pyrrolidone,

inhibited the enzyme irreversibly and were able to act in

the absence of added substrate. Siegel and Anns (1979)

noticed that soluble PVP adsorbed the excess polyphenols

from the medium of a soy-bean-cell culture, thus preventing

discoloration and cell aggregation.

Walker and Hulme (1965) reported that PVP behaves as a

competitive inhibitor of phenolase if purified enzyme is

used but acts in a more complex manner when the enzyme is

intimately bound up with mitochondrial or other particulate

components of the plant cell. Jones et al. (1965) obtained

almost the maximum activity for all the enzymes tested other

than PPO using PVP, during their extraction from apple peal

mitochondrial fraction.

Inhibition of PPO with soluble PVP was also noticed

during the extraction of PPO from potatoes (Abukharma and

Woolhouse, 1966) and green olives (Ben-shlom et al. 1977).

Goldstein and Swain, (1965) examined non-ionic
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detergents including Tween 80 ( dipolyethylene glycol ether

of sorbitan monooleate), anionic e.g. manoxal and cationic

detergents e.g. Cetavlon as reactivators of B-glucosidase-

tannic acid complex. They found that only non-ionic and

cationic detergents proved to be effective with Tween 80

being the best, giving complete reactivation at

concentration of less than 1 mg/ml.

Walker and McCallion (1980) reported that in general

catecholases (o-diphenolases) are inhibited by substituted

cinnamic acids (cinnamic, p-coumaric and ferulic), or

polyvinylpyrrolidone and may be activated by anionic

detergents. By contrast laccases (p-diphenolases) are

unaffected by cinnamic acids and PVP but are inhibited by

cationic detergents such as cetyltrimethylammonium bromide

(CTAB).

Oldham and Wilcox, (1981) reported that citric acid,

phosphoric acids and 8-hydroxyquinoline have chelating

properties to metals. They used them to control brown stain

in sugar pine.



MATERIALS AND METHODS

COLLECTION OF WOOD SAMPLE

A fifty-year old (by ring count) Douglas-fir

{Pseudotsuga menziesii [Mirb.] Franco} tree, 20.3 cm in

diameter at breast height (DBH) and 9.1 in in height was cut

from the OSU McDonald Forest in mid December 1991. Segments

of 15.2 cm in length were cut from the bole above breast

height and stored immediately at -25°C for at least one week

before processing. The wood samples used throughout the

experiments came from the same tree.

CHEMICALS

All the chemicals used throughout the experiments were

purchased from Fluka Company unless mentioned otherwise.

PREPARATION OF WOOD SHAVINGS

For the determination of moisture content, protein and

enzyme activity, shavings were cut from frozen sapwood

using a chilled hand planer, after peeling off the bark. At

least 1.0 cm of sapwood was removed before collecting the

samples for analyses. This was done to avoid the enzymes

27
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moving from the bark region into the sapwood. Shavings were

analyzed immediately. It was found in a separate experiment

that there was no difference in the enzyme activity between

the outer and the inner region of the sapwood. However, care

was taken to insure that the ratio of the different parts of

the tissue being blended was as uniform as possible.

MOISTURE CONTENT

The moisture content of the frozen sapwood shavings was

determined in triplicate by drying to a constant weight in

an oven at 105°C.

BUFFER PREPARATIONS

The buffers used for the extractions and Ph

determination were prepared according to S.P.L.Sorensen as

reported by Gomori (1955). The standard buffer used was 0.05

M potassium phosphate buffer at Ph 7.3 and containing 1.0

M potassium chloride. The buffer was prepared as described

below.

Stock solutions:

A: 0.1 M solution of monobasic potassium phosphate

(KH2PO4). (13.61 g in 1000 ml distilled water).
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B: 0.1 M solution of dibasic potassium phosphate

(K2HPO4.3H20). (22.82 g in 1000 ml distilled

water). Aliquots of 23 ml of A + 77 ml of B were diluted to

a total of 200 ml with distilled water. An amount of 14.9 g

of Kcl was dissolved in 200 ml of the prepared buffer. The

Ph was adjusted with 6 M hydrochloric acid or 6 M sodium-

hydroxide solutions.

PREPARATION OF THE CRUDE EXTRACT

Twenty five grams (11.0 g dry weight) of the mixed

shavings were blended in a Waring commercial blender (model

338179) with 200 ml of 0.05 M potassium phosphate buffer (Ph

7.3), containing 1.0 M potassium chloride (separation of

native protein from nucleic acids), at 4°C for 4 min or

until the mixture was fine. The homogenate was left for 45

min at 4°C and then blended for another one minute using the

same Waring blender. The suspension was filtered through

glass wool and centrifuged in an RC-5C automatic superspeed,

refrigerated centrifuge (Rotor-600) using FEP (fluorinated

ethylene propylene) Oak Ridge centrifuge tubes, for 45 min

at 4°C and 10,000 rpm. The supernatant was decanted and

formed the crude enzyme extract. This crude extract was

used to determine protein content, enzyme activity, and

specific activity of the enzyme. These steps are summarized
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in Figure 1. A fresh extract was prepared before each

analysis because the extracts became brownish in color upon

standing even at 4°C.

EXTRACTION OF WOOD WITH ACETONE

Since a crude extract may contain some interfering

substances present within the system, the wood shaved tissue

was extracted with acetone by a modification of the

procedure described by Flurkey and Jen (1978).

Ten grams of the mixed shavings were blended under the

hood until they were fine in a Waring commercial blender

with 150 ml of cold acetone (-25°C ) and 2 g of polyethylene

glycol (average mol. wt. 3350) as a phenolic scavenger. Dry

carbon dioxide or tilted-shelf freezer was used to cool the

acetone to -25°C. The mixture was filtered under suction

through a Buchner funnel using Whatman #1 filter paper. The

residues were re-extracted using the blender with acetone

(-25°C ) 3 more times for a total of 450 ml and filtered

through a Buchner funnel. The resulting acetone insoluble

powder was left to dry overnight in an evaporating dish at

room temperature, to remove residual acetone. The total

weight of the air-dried acetone insoluble powder was

measured (4.4 g). A portion was dried in an oven but showed

no weight loss.



Tree (50-year old cut into 15.2 cm segments)

15.2 cm segments stored at -25°C
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Shaved with hand planner
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Waring blender
with 200 ml of
buffer
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Filtered through
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Residue Supernatant
(Crude extract)

(continued next page)

Figure 1. Extraction procedure of Douglas-fir sapwood
PPO.
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Figure. 1. (continued)

32

Supernatant (Crude extract)

Protein Enzyme activity Substrate
determination specifity
Bio-Rad microassay Buffer

+ Substrate
+ Enzyme



33

PREPARATION OF ENZYME EXTRACT FROM ACETONE INSOLUBLE POWDER

Two grams of the air-dried acetone insoluble powder

were suspended in 150 ml of 0.05 M potassium-phosphate

buffer, Ph 7.3, containing 1.0 M potassium chloride. The

suspension was stirred for 1 h at 4°C and then centrifuged

in a Sorvall RC-5C automatic superspeed refrigerated (Rotor-

600) centrifuge, using FEP tubes, at 10,000 rpm for 45 min

at 4°C. The supernatant (64 ml) was used as the partially

purified enzyme extract. The protein content, enzyme assay

and specific activity were determined and compared to the

crude enzyme extract. The outlines of the procedure are

shown in Figure 2.

ABSORBANCE SCAN OF PPO EXTRACTS

Absorbance scans were performed for the range of 500 nm

to 220 nm using a Shimadzu UV-65 FW spectrophotometer at a

scan rate of 120 mm/nun. The reference cuvette contained 2

ml of 0.05 M potassium phosphate buffer, Ph 7.3, containing

1.0 M potassium chloride. The sample cuvette contained 2 ml

of the crude enzyme extract. In the case of the enzyme

extracted from the acetone insoluble powder the sample

cuvette contained 1 ml of buffer and 1 ml of enzyme extract.
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(Continued next page)

Figure 2. Acetone extraction of Douglas-fir sapwood
PPO.
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DETERMINATION OF PROTEIN CONTENT

Protein concentrations for both the crude extract and

the extract from the acetone-insoluble powder were measured

by the Bradford (1976) Protein Assay (Dye Binding)

(Sometimes called the " Bio-Rad" Protein Assay). The

microassay procedure for 1-20 pg of protein is as follows:

The standard protein (lyophilized bovine serum albumin)

(BSA) was dissolved in 20.0 ml 0.05 M potassium phosphate

buffer, pH 7.3 to yield a concentration of exactly 1.41

mg/ml. The rehydrated protein was stored at 4°C as stock

solution.

Several dilutions of the protein standard (BSA),

containing 5 - 20 pg/ml were prepared. A standard curve was

prepared each time the assay was performed.

1.6 ml of each standard BSA concentration (to give a

standard curve) and 1.6 ml of appropriately diluted samples

of enzyme extracts were placed in clean dry test tubes. Also

a sample buffer of 1.6 ml, was placed in a "blank" test

tube, triplicate samples were prepared.

Dye Reagent Concentrate (Coomassie Brilliant Blue G-250),

the red one, from Bio-Rad Laboratories, of 0.4 ml were

added to each sample and blank test tubes.It turned blue

when bound to the protein.

36
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The test tube contents were mixed by inversion several

times, gently to avoid excess foaming.

After a period of at least 5 minutes and not more than

one hour, the absorbance at 595 nm was

monitored versus reagent blank on a double-beam recording

spectrophotometer (Shimadzu UV 265FW).

The absorbance increased with the amount of protein

present.

The absorbance at 595 nm versus concentration of the

protein standards were plotted by the spectrophotometer

(method of least squares, R2 = 0.99 ) to give a straight-

line standard. The spectrophotometer then measured the

absorbance of the enzyme extracts and calculated the

concentration of protein in the enzyme extracts from the

standard curve.

ENZYME ACTIVITY DETERMINATION

o-Polyphenolase activity of the PPO extracts was

determined spectrophotometrically (Shimadzu 265FW

ultraviolet-visible, double beam spectrophotometer) by a

modification of the method described by Interesse et al

(1980). The increase in absorbance was measured at

wavelengths characteristic of the enzyme-substrate reaction

products determined by an initial spectrophotometric scan
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from 600 nm to 200 run. The activity assays were then run as

follows, if not otherwise specified:

The reference cuvette (quartz, 1 cm light path)

contained 1.0 ml of 0.05 M potassium phosphate buffer, pH

7.3, and 1.0 ml of 0.02 M substrate in the same buffer; the

sample cuvette (matched with the reference cuvette)

contained 0.5 ml of 0.05 M potassium phosphate buffer, pH

7.3, and 1.0 ml of 0.02 M substrate in the same buffer. The

cuvettes were saturated with oxygen for 5 min using

capillary tubes.

The cuvettes were placed in a temperature controlled

cell holder in the spectrophotometer and allowed to stand

for 2 to 3 min until the solutions came to temperature

equilibrium at 35 °C. The spectrophotometer was set to the

appropriate wavelength for the enzyme-substrate reaction

products, for example 437 nm for (-)-epicatechin substrate

as in Figure 3. The absorbance was set to 0.00 and the

enzyme extract (0.5 ml) was added to the sample cuvette (at

time zero). The absorbance was read from the

spectrophotometer after 5 min (stopwatch). The absorbance

was then divided by 5 to calculate the average change in

absorbance per min. One unit of enzyme activity was defined

as the change of 0.001 unit in absorbance per min per ml,

under the above-mentioned conditions. Thus the activity for

0.5 ml of enzyme solution was calculated by dividing the
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Wavelength in nm

Figure 3. Ultraviolet-visible absorption spectrum of the
crude PPO extract of Douglas-fir sapwood-(-)-
epicatechin (substrate) reaction product.
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average change in absorbance per min by 0.001. The

activities in this work are reported in terms of units per

ml which are twice the above calculated values. All the

substrates assayed were in the form of aqueous solutions

freshly prepared before every enzyme activity determination.

Activities were determined in triplicate.

SUBSTRATE SPECIFICITY

The PPO activity of the crude extract as a function of

substrate was determined with monophenols (tyrosine, 4-

hydroxycinnamic acid), diphenols(4-methylcatechol,catechol

and 3,4-dihydroxyphenylalanine) and polyphenols ((-)-

epicatechin and dihydroquercetin). The activities of the

substrates were assayed using the conditions described

above, except that the (-)-epicatechin and tyrosine

concentrations were 0.01 M instead of 0.02 M because of

limited solubility.

pH-ACTIVITY DEPENDENCE

To determine the optimum pH, the crude enzyme extract

was studied. An aqueous freshly prepared 0.02 M solution of

4-methylcatechol was used as a substrate instead of (-)-

epicatechin, because the former is soluble over a wider
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range of pH. The enzymatic assay was carried out as

described previously, with 0.05 M acetate buffer in the

range pH 4.0 -6.0, with 0.05 M potassium phosphate buffer

between pH 6.5-7.5, and with 0.05 M tris-HC1 for higher pH

values. The enzyme activity with respect to pH was plotted

and the optimum pH was found.

OPTIMUM TEMPERATURE FOR THE PPO ACTIVITY

To determine the optimum temperature for the most

intensive enzyme activity, the enzymatic assay was performed

as previously described with 4-methylcatechol as a substrate

at different temperature levels ranging from 5°C to 40°C.

The enzyme activity was plotted versus the temperature and

the optimum temperature was determined.

EFFECT OF SUBSTRATE AND ppo CONCENTRATION
ON ENZYME ACTIVITY

The activity was measured under different

concentrations of the substrate, (-)-epicatechin (0.0025-

0.01 M) using the previous assay conditions. The activity

was plotted against the substrate concentration to determine

the optimum substrate concentration.

Also different enzyme concentrations (volumes) were

tested using the same assay method and the total volume was
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kept at 2.0 ml each time by altering the volume of the

buffer in the assay procedure by the same volume of the

enzyme added. The change in absorbance per minute was

plotted against the enzyme concentrations (volumes).

INFLUENCE OF IONIC STRENGTH ON PPO ACTIVITY

Crude enzyme was extracted with different

concentrations, (0.05, 0.1 and 0.5 M), of potassium

phosphate buffer solutions at pH 7.3. The extraction was

performed as previously described. Using the Bradford

protein assay method (BIO RAD PROTEIN ASSAY) the protein

contents in the different extracts were measured. Also, an

ultraviolet scanning at 280 ± 2 nm was carried out.

The activity of the enzyme in the different extracts

was measured using freshly prepared 4-methylcatechol, 0.02

M solution as a substrate.

INHIBITION OF PPO BY POLYVINYLPYRROLIDONE AND REACTIVATION
WITH DETERGENTS

The inhibition of the enzyme by water-soluble

Polyvinylpyrrolidone K 25 (PVP) was studied. Some

dissociating agents were used to reverse the inhibition by

the PVP as follows:

Crude enzyme extract , prepared fresh, was incubated
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with different concentrations of PVP of 0.1%, 0.5%, 1.0% and

1.25% for 48 h at 4°C. The activity of the enzyme was

measured for the different levels of PVP using the previous

assay method. The substrate used was (-)-epicatechin which

was prepared fresh for every assay of the PVP concentration.

The PVP inactivated enzyme was subjected to treatment

with urea, Tween 80 and Monawet of different concentrations.

The activity of the treated enzyme was measured for the

different detergents to find out the one which gave the

highest reactivation effect.

INHIBITION OF PPO ACTIVITY BY ACIDS

Freshly extracted crude enzyme was subjected to

treatments with different concentrations of citric acid

(6, 3 and 1%), phosphoric acid (6, 3 and 1%) and 8-hydroxy-

quinoline (5%) dissolved in 3% phosphoric acid. Aliquots of

0.5 ml of each concentration were added to each reference

and sample cuvettes instead of the buffer solution in the

activity assay. The activity was measured for every

treatment and compared to the activity of the control

(without acid added).
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RESULTS AND DISCUSSION

PREPARATION AND PRESERVATION OF WOOD SAMPLES

In order to prevent or at least to minimize the

interactions of secondary plant products with the plant

protein and to reduce the chance of fungal growth an

appropriate storage condition must be used. A normal

practice is to store the samples in the frozen state until

they are used. As soon as the tree was cut and the sample

was segmented the material was transferred into plastic

bags to keep them oxygen free. The material was kept in a

freezer at -25°C until they were used.

ENZYME EXTRACTION PROCEDURE

The extraction procedure followed for the preparation

of a crude extract from the sapwood samples is shown in

Figure 1. To obtain a homogeneous extract, the frozen wood

samples were blended in a cold buffer using a pre-chilled

blender. This allowed for the fracture of the tough cell

walls and kept the homogenate at a very low temperature

in a very fine form. This reduced the rate of reaction, as

well as the denaturation of the enzyme.

The extraction buffer used was 0.05 M potassium
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phosphate (it was found in a separate experiment that 0.1

M was the best buffer concentration to yield the highest

enzyme activity ), at a pH of 7.3, containing 1.0 M

potassium chloride in the same buffer. The reason behind

the choice of this pH was that a low pH might have caused

the inhibition of the enzyme, and therefore, a higher pH

was desirable. Also this pH, or similar pH's were used by

many other workers to extract PPO from different fruits and

vegetables, e.g. extraction of PPO from spinach leaves

(Nair and Vining, 1964) and from developing apple (Harel

and Shain, 1966). Potassium chloride was added to help

separate native proteins from nucleic acids.

The mixture was blended for 4min. The temperature was

always kept below 4°C to avoid denaturation of the enzyme

by heat. It was also kept at 4 °C for 45 min before

centrifugation to give a chance for more enzyme to

solubilize. The absorption spectrum of the crude enzyme

extract (Figure 4) showed a maximum at 282.4 nm

accompanied by a slight shoulder at 290 nm and a definite

peak at 321.2 mu. This result agreed with Gutteridge and

Robb's (1975) study of Neurospora tyrosinase with a slight

difference at peak 321.2 ma. Gutteridge and Robb (1975)

reported a peak at 334 mu. The spectrum is typical of a

protein extract except for the distinct peak at 321.2 flirt.
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Figure 4. Ultraviolet-visible absorption spectrum of the
crude extract of Douglas-fir sapwood in
0.05 M potassium phosphate buffer.
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This peak appears to be an oxygenated species similar to

the oxytyrosinase inferred by Jolley et al (1974) from

studies with mushroom tyrosinase.

The absorbance of the enzyme for the first five

minutes inceased but in a decreasing pattern, (-)-

epicatechin was used as the substrate (Figure 5). The

graph is not ideal for a kinetic study, since the reaction

deviates from linearity. The drop in the production rate of

reaction products can only be due to the inactivation of

the enzyme in the first steps of the reaction. The protein

content was determined by the Bio-Rad Microassay method

using lyophilized bovine serium albumin (BSA). The standard

curve is shown in Figure 6. The results of the extraction

method is given in Table 1.

The wood shavings were extracted with acetone

containing polyethylene glycol as shown in Figure 2. The

enzyme was extracted from the acetone insoluble powder as

shown in Figure 2. The absorption spectrum of the acetone

insoluble powder enzyme extract is shown in Figure 7 and it

matches the spectrum of the crude extract. The activity of

the enzyme extract and the protein content were determined

as in the crude extract, with the results given in Table 1.

It was found that the enzyme activity was not greatly
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Figure 6. Protein (BSA) standard curve.



Table 1. Propertiesl of Douglas-fir sapwood PPO extracted by different methods.

Starting Vol. of PPO activity2 Total Total Specific
material extract (ml) (units/ml) units protein activity

(mg) (units/mg protein)

1 Values in the table are average yield per gram (oven dry weight) of Douglas-fir sapwood.
(moisture content = 56%).

2 Activity at pH 7.3 using (-)-epicatechin as substrate. Absorbance measured at 437 nm.

Fresh tissue

acetone-insoluble
powder

13.6

32

114

77

1554.5

2464

390.1

1101.

4.0

2.2
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Wavelength in nm

Figure 7. Ultraviolet-visible absorption spectrum of the
PPO extract from acetone insoluble-powder of
Douglas-fir sapwood in 0.05 M potassium
phosphate buffer.
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enhanced by acetone insoluble powder preparation. It's

purity level (units per mg protein) was less than that of

the crude extract. The activity of the extract was not

improved significantly by preparing an acetone insoluble-

powder and so the remainig studies were done with crude

extracts prepared fresh from tissue.

SUBSTRATE SPECIFITY OF DOUGLAS-FIR SAPWOOD PPO

Several monophenols, o-diphenols and polyphenols were

tested as substrates for Douglas-fir PPO. The results shown

in Table 2 and Figure 8 indicate that Douglas-fir PPO was

not active towards the monophenols, tyrosine or 4-

hydroxycinnamic acid , but showed activity towards all 0-

diphenols and polyphenols tested. The highest activity

levels were shown towards (-)-epicatechin followed by

dihydroquercetin and 4-methylcatechol. Tyrosine and (-)-

epicatechin presented a problem of solubility and only the

concentration of 0.01 M was used. Measuring the absorbance

at 35°C helped in solving the solubility problem of tyrosine

and (-)-epicatechin by warming them up to 35°C before

starting the assay proedure.



Table 2. Wavelengths used for various substrates of
Douglas-fir sapwood PPO

Substrate Other studies Ref erance This study
(nm) (mu)

Monophenols

Tyrosine* 472 Benjamin & Montgomery

*Substrate concentration was 0.01 M.
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p-Hydroxy-
cinnamic acid 410

(1973)

Interesse et al (1981)

Diphenols

4-Methylcatechol 395 Interesse et al (1981) 395
420 Flurkey & Jen (1978)
410 Sciancalepore & Longone

(1984)

Catechol 430 Tikoo (1973) 420
420 Flurky & Jen (1978)

3,4-Dihydroxy-
phenylalanine 475 Fling M. et al (1973) 475

460 Benjamin & Montgomery
(1973)

Polyphenols

(-)-Epicatechin* 395 Interesse et al (1981) 437
440 Pifferi, P. et al(1974)

Dihydrogercetin 395
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Figure 8. Substrate specifity of Douglas-fir sapwood PPO
crude extract.
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Of the substrates tested some are naturally present

in Douglas-fir sapwood, for example (-)- epicatechin (

Hergert, 1960),and dihydroquercetin (Song, 1987).

Therefore, Douglas-fir sapwood has a great potential for

enzymic browning to occur.

Several phenolics do not serve as a substrate for PPO

but act as synergists or inhibitors. PPO obtained from

other sources that also showed activity towards 4-

methylcatechol and (-)-epcatechin are those reported by

Intresse (1981) from wheat.

pH OPTIMA OF DOUGLAS-FIR SAPWOOD PPO

One of the first properties analyzed was the effect of

pH on the PPO activity. The results are shown in Table 3

and Figure 9. Using 4-methylcatechol as a substrate, two

optima were found at pH 5.5 and 8.0 for Douglas-fir sapwood

PPO. The 4-methylcatechol was chosen because it was found

to be one of the best substrates for the PPO enzyme

extract. Also it readily dissolved in a wide range of pH

solutions. In the second optimum the enzyme was 3 times

higher than in the first one. A rapid decrease in activity

was found at alkaline pH values and to a lesser degree at

pH's less than 5.5. At pH of 6.0 the activity was only

17.3 % of the maximum.



* Activity of PPO was defined as an increase
of 0.001 unit of absorbancy per min per ml
at 395 ma.
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Table 3. Effect of pH on the activity of PPO from
Douglas-fir sapwood

pH Activity*
unit/ml

Percent Max.
activity

4.0 8.0 3.9

4.5 22 10.9

5.0 50 24.8

5.5 64 31.7

6.0 35 17.3

6.5 44 21.8

7.0 62 30.7

7.5 146 72.6

8.0 202 100

8.5 4.0 2

9.0 0.0 0
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Figure 9. pH Optima of Douglas-fir sapwood PPO activity with
4-methylcatechol as substrate.
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In a review of poyphenol oxidases in plants Mayer and

Harel (1978), reported that the pH optimum of most catechol

oxidases was between pH 5.0 and 7.0. However, a feature

which recurs in many reports is the presence of two peaks,

a peak and a prominent shoulder, or a wide optimum in the pH

of the enzyme activity. There are also many reports on

differences in the pH optimum, depending on the phenolic

substrate being oxidized. The pH affects the conformation of

the enzyme and probably its specifity towards the different

substrates.

Changes in the form of the pH curve during development,

or as a result of changes in growth conditions or treatment

of the isolated enzyme with various agents have often been

reported. These include exposure of the tissue to stress

conditions, and treatment of the enzyme with denaturing

agents such as detergents, (Harel et al. 1965); urea, (Mayer

and Harel, 1972); elevated temperature, (Kenten, 1958); or

a short exposure to acidic pH, (Kidron et al. 1978). Such

changes are sometimes accompanied by activation of the

enzyme in the neutral to alkaline region of its pH curve.

Mayer and Harel (1979) reported that these changes might be

explained by partial denaturation of the enzyme and/or

conformational changes which result in shifts in its pH

optimum. It is not unlikely that similar changes in the pH

curve take place also in vivo during aging of the tissue,
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following release of a membrane bound enzyme to the soluble

fraction of the cell during fruit ripening (Ben-Shalom et

al. 1977b) or upon damage incurred by stress conditions.

The presence of two optima was suggested for apple PPO

by Harel et al. (1965); Pratt (1967) and Stelzig et al.

(1972). Two pH optima were reported for potato PPO

(Abukharma and Woolhouse, 1966) and for grape PPO (Harel and

Mayer, 1971). Other workers reported a single pH optimum for

potato PPO. Using chlorogenic acid as a substrate,

Balasingham and Ferdinand (1970) found a pH optimum for

potato PPO of pH 5.0, while Amberger and Schaller (1975)

reported that at a pH lower than 5.0 the activity of PPO was

strongly inhibited.

The variability in the pH optima reported for the same

PPO by different workers confirms the necessity of a careful

evaluation of the data, and consideration of possible

modifications of the native PPO due to the lack of proper

protection against phenolic-protein interactions during the

extraction of the enzyme.

OPTIMUM TEMPERATURE OF DOUGLAS-FIR PPO ACTIVITY

To find out the optimum temperature for the PPO extract

to give the highest activity, 4-methylcatechol at 0.02M was

used as a substrate. The buffer was 0.05 M potassium
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phosphate, pH 7.3. The absorbance of the enzyme was checked

at 395 nm under different temperatures ranging between 5°±1

C and 40°±1C. The results are shown in Table 4 and Figure

10.

The optimum temperature was found to be 35°C for

Douglas-fir sapwood PPO. At temperatures of 10°C or lower,

there was less than 5% of the maximum activity of PPO using

4-methylcatechol as a substrate. The activity increased with

the rise in temperature until it reached a maximum at 35°C

and then decreased as the temperature increased. At 30°C and

40°C the activity was almost the same (Table 4). Mihalyi et

al. (1978), noticed a different behavior of PPO extracted

from Jonathan apples assayed at different temperatures using

pyrogallol and chlorogenic acid as substrates. With

pyrogallol, PPO activity increased constantly from 5°C to

35°C while with chlorogenic acid a maximum activity of PPO

occurred at 30°C while at lower or higher temperatures the

activity decreased. Analyzing PPO extracted from other

sources they concluded that the action of temperature on PPO

activity was dependent on the substrate used.



Table 4. Effect of temperature on the activity* of

* Activity was defined as an increase of 0.001 unit
absorbancy per min per ml at 395 nm.
Substrate was 0.02 M 4-methylcatechol.
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Act.

Douglas-fir sapwood PPO crude extract.

Temperature
°C

Activity*
unit/ml

Percent
Max.

5 7.0 3.6

10 9.5 4.9

15 44.5 23.2

20 48.0 25.0

25 67.5 35.0

30 75.0 39.0

35 192.0 100.0

40 80.0 41.7
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Figure 10. Optimum temperature of Douglas-fir sapwood PPO activity
with 4-methylcatechol as substrate.



EFFECT OF IONIC STRENGTH AND SUBSTRATE AND PPO
CONCENTRATIONS ON ENZYME ACTIVITY

Most proteins exhibit a marked "salting-in" effect .

The amount of protein dissolved is thus a function of salt

concentration up to levels at which "salting-out" effects

are evident. Therefore, salt concentrations of 0.05, 0.1

and 0.5 M were investigated and protein absorbance was

measured at 280 ± 2 nm. A salt concentration of 0.1 M gave

the maximum protein content (Table 5) as well as the

highest enzyme activity (Figure 11). (-)-Epicatechin was

used as the substrate and the absorbance was measured at

437 ma.

Substrate concentration is one of the most important

factors which determine the activity of enzyme reactions.

In most instances a direct linear relationship has been

found between the activity of the reaction and the amount

of enzyme used. This linear relationship is explained by

the assumption that the enzyme and the substrate form a

combination which contains the only portion of the

substrate which undergoes hydrolysis (Waksman and Davison,

1926). The effect of the substrate concentration on the PPO

activity is shown in Figure 12. It was found that as the

concentration increased the activity increased also. The

rise was very steep at low concentration but the rate of

increase leveled off as the concentration increased. It

63
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Table 5. Effect of ionic strength on Douglas-fir sapwood
protein solubility.

Salt Conc. (M) Protein absorbance at 280 ± 2 nm

0.05 0.806

0.1 0.872

0.5 0.730



0.20 0.30 0.40
Buffer concentration (molarity)

Figure 11. Effect of ionic strength on Douglas-fir sapwood PPO
activity with (-)-epicatechin as a substrate.



Substrate concentration /molarity X 10
0.025 0.05 0.075 0.1

Figure 12. Effect of substrate concentration on Douglas-fir sapwood
PPO activity with (-)-epicatechin as a substrate.
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reached a maximum at 0.01 M, the highest concentration

tested. The substrate used was (-)-epicatechen at 35°C, pH

7.3, and wavelength 437 nm.

It was found in a separate experiment that under these

conditions the enzyme gave the highest absorbance with (-)-

epicatechin as the substrate. However, as shown in Figure

4 the curve was not linear and this was possibly due to

inhibition caused by the substrate itself. Substrate

inhibition phenomenon was also revealed by measuring the

enzyme activity as done by Pifferi and Baldassari (1973).

Figure 13 shows that the enzyme activity increased as

the enzyme concentration (volume) increased, when ( )-

epicatechin was used as the substrate and the absorbance

was measured at 437 nm. This is in agreement with the fact

that enzyme activity should be proportional to enzyme

concentration and has been found in the great majority of

cases (Dixon and Webb, 1958a).

INHIBITION OF PPO BY POLYVINYLPYRROLIDONE AND REACTIVATION
WITH VARIOUS DETERGENTS

Addition of PVP to the enzyme extract was concomitant

with decrease in the browning of the extracts which was not

the case when the extracts without PVP added were kept

under the same condition (the same period of time at the

same temperature). Also the activity of the enzyme dropped



0.25 0.35

Enzyme concentration (m1)

Figure 13. Effect of Douglas-fir PPO concentration (crude extract)
on activity with (-)-epicatechin as substrate.
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as the concentration increased and reached the minimum at

0.5 % and then jumped up to 1.0 % as shown in Figure 14. It

is possible the PVP combined to the enzyme or to its

substrates (phenolics) that naturally exist in the

extracted tissues, therefore, inactivating the enzyme, and

preventing the browning during the incubation period. Also,

it is possible PVP combined to the substrate used for the

assay method and stopped the interaction of the enzyme with

it and therefore, the activity dropped.

This result agrees with the result reported by Jones

et al. (1965). They found that the phenolase activity

decreased as the PVP concentration increased between 0 and

1%. They attributed the action of PVP on phenolase and

phenolics to the combination of the PVP with the phenolase-

substrate complex probably through attachment to the

phenolic substrate moiety. Also Hulme et al. (1964) had the

same thought. Harel et al. (1964), suggested that the

action was a result of direct combination of PVP with the

phenolase.

The action of dissociating agents such as urea,

Monawet BM-45 and Tween 80 was investigated. The results

of these experiments are recorded in Table 6. The enzyme

activity given in Table 6 is relative to the activity of

the deactivated control (using PVP 0.5%). It evident that

Tween 80 (0.05) and Monawet BM-45 (0.1%) not only reversed



0.50 0. 1.0
PVP concentration %

Figure 14. Inhibition of Douglas-fir sapwood PPO activity
(crude extract) by polyvinylpyrrolidone with
(-)-epicatechin as a substrate.



Table 6. Reactivation of PPO with various detergents.

Urea 0.05 0.88
0.10 1.00

Tween 80 0.05 1.05
0.10 1.00

Monawet BM-45 0.05 1.00
0.10 1.05

71

Detergent Conc. Relative enzyme
activity
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the inhibition of polyphenol oxidase activity caused by

PVP but also brought about further activation of both

preparations up to a similar value. Urea at low

concentration (0.05 M) does not reactivate the inhibited

enzyme but further increased the deactivation of the

enzyme. Urea at high concenterations are known to affect H-

bonding and reactivate the PVP-inhibited phenolase, (Walker

and Hulme,1965). On the basis of the present results it is

suggested that some of the dissociating agents probably act

by weakening the links binding PVP to the particle-bound

phenolase.

INHIBITION OF PPO CRUDE EXTRACT BY ACIDS

Phosphoric and citric acids at different levels of

concentration totally inhibited the enzyme activity as

shown in Table 7. It is possible that highly acidic pH's of

< 4.0 denatures the enzyme and inhibits its activity. It

agrees with the result shown in Table 2 that the enzyme

activity is less than 4% of the maximum activity at pH 4.0.



8-hydroxyquinoline in
0.5% Phosphoric acid
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Table 7. Inhibition of PPO crude extract activity by acids

ACID CONCENTRATION ACTIVITY

Phosphoric acid 6%

Phosphoric acid 3% 0

Phosphoric acid 1% 0

Citric acid 6% 0

Citric acid 3% 0

Citric acid 1% 0



SUMMARY AND CONCLUSIONS

Douglas-fir sapwood suffers from brown stain which

appears as long as there is humid and warm weather. This

stain occurs in other commercial woods also and is

classified as either enzymatic and/or chemical brown stain.

The purpose of this thesis was to examine whether

there is an enzyme or enzymes in Douglas-fir sapwood that

could be responsible for at least part of this problem.

Also if it does exist what are some of the characteristics

of this enzyme and how to inhibit it. Douglas-fir sapwood

PPO needs special care during the storage in raw form and

during the extraction as crude or partially purified

enzyme. In order to minimize the PPO modification or

inactivation in these steps the enzyme was handled

carefully.

The following can be concluded from the results of

this study:

By homogenizing the frozen sapwood at low temperature in

a Waring Blender and storing the extract at -4°C it was

possible to prevent chemical reactions in the extract

and minimize the loss in activity for a long time.

An acetone-insoluble powder extraction technique

did not significantly enhance the enzyme activity.

However, it did reduce the visual browning of the

extract.

74
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Two pH optima at 5.5 and 8.0 using 4-methylcatechol as

a substrate were obtained.

At 35±1°C the enzyme had the highest activity using 4-

methylcatechol as a substrate.

No cresolase activity was detected. It showed no

activity towards tyrosine or 4-hydroxycinnamic acid.

The PPO showed activity towards all the o-diphenols and

polyphenols investigated. The highest activities

measured were with (-)-epicatechin, dihydroquercetin,

and 4-methylcatechol as substrates.

Soluble polyvinylpyrrolidone inhibited the enzyme

activity reversibly towards (-)-epicatechin. Tween 80

and Monawet BM-45 were able to restore the activity.

Phosphoric and citric acids, at different

concentrations, inhibited the enzyme activity

completely.
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