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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.
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Preface

P OLYPHENOL OXIDASE (PPO) ACTIVITY OF PLANTS is desirable in the
processing of certain foods such as prunes, black raisins, black figs,
zapote, tea, coffee, and cocoa, and it probably protects plants against
attack by insects and microorganisms. However, its action leads to major
economic losses in some fresh fruits and vegetables such as potatoes, let-
tuce and some other leafy vegetables, apples, peaches, apricots, grapes,
bananas, strawberries, and many other tropical fruits. A corn (maize)
fungus, Ustilago maydis, produces dark pigmented mycelia that are con-
sidered an excellent food in some countries, but this also can lead to
major economic losses in the corn industry.

For many years, the food industry all over the world used sulfur diox-
ide extensively to prevent browning. Sulfites are a potent browning inhib-
itor and are very economical. However, because of recent changes in our
scientific knowledge and life style as related to our food and heaith, the
consumer’s demand for more natural foods and safer, fewer added chemi-
cals in processed foods has been increasing. A few years ago, the U.S.
government banned the use of sulfites in fresh fruits and vegetables
because of its health effects in some people. Therefore, the food industry
has been looking for alternate ways to prevent browning. Our scientific
community was forced to provide new information to meet consumers’
and the industry’s demands.

Much research has been done in recent years to find effective and
economical ways to prevent enzymatic browning in various fruit and
vegetable products. An emerging new scientific development is in the
field of molecular biology to control PPO and its substrates in order to
prevent browning in foods. Several researchers have been focusing on
gene manipulation to inhibit PPO in transgenic plants by expressing PPO
in an antisense orientation. Cloning of the genes for PPO offers the pos-
sibility of understanding the essential function of PPO in plants, which
has remained a puzzle for years.

The symposium upon which this book is based was organized to bring
together many of the world’s experts on PPO and enzymatic browning to
discuss these issues. The authors of the chapters, from 10 different coun-
tries, represent many of the major laboratories working on the structure
and mechanism, expression and regulation in vivo, industrial utilization,
and prevention of browning caused by PPO.

xi
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The objectives of this volume are to provide a broad but detailed
treatment of the current knowledge of PPO, including structure and func-
tion, molecular biology, biosynthesis and regulation, chemistry of forma-
tion of brown products, and prevention of browning in fruits and vege-
tables. No book devoted to all of these subjects has been published;
therefore, this book provides valuable information and useful research
tools for chemists, biochemists, and food scientists in the academic com-
munity and the food industry.

We are indebted to the contributing authors for their participation,
promptness, and cooperation in the development of this book. A special
thanks goes to Nancy Smith who helped edit and retype several
manuscripts. We acknowledge the financial support of the Division of
Agricultural and Food Chemistry of the American Chemical Society,
Campbell Soup Company, Comstock-Michigan Fruits Company, Nestle
Beverage Company, and Tree Top, Inc.

CHANG Y. LEE
Department of Food Science and Technology

Cornell University
Geneva, NY 14456

JOHN R. WHITAKER

Department of Food Science and Technology
University of California

Davis, CA 95616

May 3, 1995

xii
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Chapter 1

Recent Advances in Chemistry of Enzymatic
Browning
An Overview

John R. Whitaker! and Chang Y. Lee?

!Department of Food Science and Technology, University of California,
Davis, CA 95616
2Department of Food Science and Technology, Cornell University,
Geneva, NY 14456

Polyphenol oxidase (PPO) is important in the beneficial coloration of
some of our foods, such as prunes, dark raisins and teas. However,
in most cases, PPO is the most damaging of enzymes in color
deterioration (browning) of plant foods, with resulting losses of up
to 50% for tropical fruits and others. Preventing PPO activity in
postharvest fruits and vegetables has enormous economic and quality
benefits, but current prevention methods are not ideal. Through an
understanding of the structure and mechanism of action of PPO, and
the chemistry of enzymatic browning, better prevention methods can
be used, including decrease in PPO biosynthesis in vivo by the
antisense RNA method. PPO can be used commercially in the
biosynthesis of L-DOPA for pharmaceutical uses and for production
of other polymeric products. PPO is stable in water-immiscible
organic solvents, facilitating specific oxidation reactions with water-
insoluble organic compounds. Melanins for use as sun blockers can
be produced readily by PPO genetically engineered into Escherichia
coli.

Polyphenol oxidase (PPO) is a generic term for the group of enzymes that catalyze the
oxidation of phenolic compounds to produce brown color on cut surfaces of fruits and
vegetables. Based on the substrate specificity, Enzyme Nomenclature (1) has
designated monophenol monooxygenase, cresolase or tyrosinase as EC 1.14.18.1,
diphenol oxidase, catechol oxidase or diphenol oxygen oxidoreductase as EC 1.10.3.2,
and laccase or p-diphenol oxygen oxidoreductase as EC 1.10.3.1. PPO is found in
animals, plants and microorganisms. The role of PPO in animals is largely one of
protection (pigmentation of skin, for example), while the role of PPO in higher plants
and microorganisms is not yet known with certainty. Intensive efforts to show that it is
involved in photosynthesis and/or energy induction have failed to date.

The action of PPO leads to major economic losses in some fresh fruits and
vegetables, such as Irish potatoes, lettuce and some other leafy vegetables, apples,
apricots, bananas, grapes, peaches and strawberries (2). In some tropical fresh fruits,
up to 50% can be lost due to the enzyme-caused browning. Browning also leads to off-
flavors and losses in nutritional quality. Therefore, the consumer will not select fruits

0097—6156/95/0600—0002$12.00/0
© 1995 American Chemical Society
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1. WHITAKER AND LEE  Chemistry of Enzymatic Browning 3

and vegetables that have undergone browning. Black spots in shrimp are caused by
PPO-catalyzed browning; the "browned" shrimp are not acceptable to the consumer
and/or they are down-graded in quality. PPO activity in plants is desirable in processing
of prunes, black raisins, black figs, zapote, tea, coffee and cocoa and it probably
protects plants against attack by insects and microorganisms (3).

PPO was first discovered by Schoenbein (4) in 1856 in mushrooms.
Subsequent investigations showed that the substrates for the enzyme are O; and certain
phenols that are hydroxylated in the o-position adjacent to an existing -OH group
(Equation 1), further oxidized to o-benzoquinones (Equation 2) and then
nonenzymatically to melanins (brown pigments).

OH
OH
+0,+BH2—>© +B+H,0 M
CH, CH

3
p—Cresol 4-Methylcatechol

OH

OH

o
OH o
2 +0,——> +2H,0

Catechol o-Benzoquinone

03

Millions of dollars are spent each year on attempts to control PPO oxidation; to date
none of the control methods are entirely successful. It is said that Napoleon offered a
sizable financial reward for the replacement of NaHSO3, to which he was very
sensitive, in wines to prevent browning with an innocuous compound. To date, the
reward has not been claimed.

The objectives of this overview chapter are to provide a broad, general treatment
of the current knowledge of PPO, including structure and function, molecular biology,
biosynthesis and regulation, chemistry of formation of brown products and prevention
of browning, as well as suggestions of future research needs.

Structure, Function and Molecular Biology of PPO

Purification to homogeneity of the enzyme required before detailed structure and
function studies has been difficult, in large part because the required disintegration of
tissues leads to formation of o-benzoquinones (first product formed); the o-
benzoquinones rapidly react non-enzymatically to form melanins, leading to
modifications of proteins, including PPO. Most of the earlier purification was done on
mushroom PPO, which occurs in multiple forms (isozymes and artifacts) with different
ratios of cresolase to catecholase activities. Mushroom PPO is a multi-subunit protein
which associates to give dimeric to octameric polymers. The purification of PPO from

In Enzymatic Browning and Its Prevention; Lee, C., et al.;
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higher plants continues to be a problem (5), compounded by the presence of some
bound and/or inactive forms of PPOs, whose nature is poorly understood.

Rapid advances were made in understanding the structure and function of PPO
when Neurospora crassa PPO, a monomeric protein, was purified (6). During the past
decade, much progress has been made in understanding the nature of the active site and
interrelation of the mechanisms of hydroxylation (cresolase activity) and
dehydrogenation (catecholase activity), activation and inactivation of the enzyme by
reducing compounds, as well as its inhibition by pseudosubstrate-type compounds.

The primary structures of 12 PPO's from plants (tomato, potato, fava bean,
grape and apple (Boss, P.K., Gardner, R.C., Janssen, B.-J. and Ross, G.S.,
unpublished, 1994)), microorganisms (Neurospora crassa, Streptomyces glaucescens,
A. antibioticus and Rhizobium meliloti) and animals (human, mouse and frog) have
been determined, largely by cDNA sequencing techniques (7). It is expected that
several more primary sequences of PPO will be known shortly, because of the major
interest in this economically important enzyme. Within closely related organisms, such
as tomato and potato there is ~91% exact homology between the PPO's, but between
tomato and fava bean PPOs there is only 40% exact homology, for example (7). While
the overall homology in primary amino acid sequences among the 12 PPO's is limited,
there are two regions around the active site that are highly conserved, especially with

respect to five of the six histidine residues that ligand the two Cu2+ at the active site.
This active site sequence has appreciable homology with the O;-binding site of
hemocyanins (8).

Nothing is known about the tertiary structures of the PPO's. However, the
close resemblance of the PPO active sites with respect to amino acid sequence, the five
histidine residues and their coordination to Cu2+, among others, to that of domain 2 of
subunit of Panulirus interruptus (spring lobster) hemocyanin (8) may give clues as to
the tertiary structures of the PPO's. Except for mushroom PPO, which is thought to
contain four subunits (MW of 128 kDa), all other PPO's studied are probably single
polypeptide enzymes of 31 to 63 kDa (7).

Polyphenol oxidase is found in many plants (9), where PPO is localized in the
plastids (10). PPO is expressed as a proenzyme, with various sizes of N-terminal
signal peptides in different organisms which are removed to give the mature, active
enzymes of 40-60 kDa. Despite the continuing hypotheses that plant PPO is an essential
component of photosystem I or II, PPO biosynthesis in Irish potato has been largely
repressed by expressing mRNA for PPO in an antisense orientation without any
detectable disadvantages to the potato plant (1), but with potentially major economic
benefits to the potato industry.

Chemistry of Enzymatic Browning

Control of enzymatic browning in fruits and vegetables and in juices and wines requires
chemical knowledge of the types of phenolic substrates present in a particular plant, the
level of reducing compounds, such as ascorbic acid and sulfhydryl compounds, the
level of O3 accessibility, nature of co-oxidizable compounds present and the pathways
of polymerization and degradation of the o-benzoquinones. It is also essential to
understand the level of PPO and substrates available at different stages of plant
development. Above all, it is important to distinguish between enzyme-caused
browning and non-enzyme-caused browning (the Maillard reaction) in foods.

Some PPO's hydroxylate monophenols to give o-dihydroxyphenols, which are
then further oxidized enzymatically to o-benzoquinones (see Equations 1 and 2). The
yellowish o-benzoquinones are very reactive and unstable. Further nonenzymatic
reactions with O, lead to additional reactions to give complex products such as indole-
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5,6-quinone from tyrosine for example with further polymerization to melanin and
reaction with nucleophiles, such as amino groups of proteins. The o-benzoquinones
can react covalently with other phenolic compounds by Michael addition, to give
intensely colored products that range from yellow, red, blue, green and black (12). o-
Benzoquinones also react with aromatic amines and thiol compounds, including those in
proteins, to give a great variety of products, including higher molecular weight protein
polymers (13).

The mechanism of action of N. crassa PPO has been extensively investigated
and there is a plausible and detailed theory explaining its catalytic activation. (Figure 1;
(14, 15)). The proposed mechanisms for hydroxylation (Equation 1) and
dehydrogenation (Equation 2) reactions with phenols probably occur by separate
pathways but are linked by a common deoxy PPO intermediate (deoxy in Figure 1).

The proposed mechanism of dehydrogenation, with intermediates, is shown in
Figure 1A. O3 is bound first to the two Cu(I) groups of deoxy PPO (deoxy) to give
oxy PPO in which the bond distance of Oz bound to the two Cu(Il) groups is
characteristic of a peroxide (15). The two Cu(II) groups of oxy PPO then bind to the
oxygen atom of the two hydroxyl groups of catechol to form the Oz-catechol-PPO
complex.

o> 4y
\N_7°N 7/ \ /TN 7
—Cu Cu— —Cu l Cu—
7/ n\o/u\ / n\o/u\

HO
1,0+ H® o (2) @ /
HO

H®
o o o,
NI 1/ \ M \ / . N IS
—Cu Cu-~ —Cu Cu—~ —> o =Cu I Cu—
7/ u\o/n \ 7 "N\ 7 LAY
H DEOXY oxy
e
\NQ (B) \
) ’
(] d’ 0 o
1. /-
ded .:?:u-/— ey I\Cuf-
/7 "\o'/"\ 7 uNg/n N\
e — .

Figure 1. Proposed kinetic scheme depicting the mechanisms of oxidation
of o-diphenol (catechol; top (A) and monophenol; bottom (B)) for
Neurospora crassa polyphenol oxidase. (Adapted from ref. (/4) and (15)).
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The catechol is oxidized to o-benzoquinone and the enzyme is reduced to met PPO.
Another molecule of catechol binds to met PPO, is oxidized to o-benzoquinone and the
enzyme reduced to deoxy- PPO, completing the cycle.

The mechanism of o-hydroxylation of a monophenol by PPO is shown in Figure
1B. In vitro, the reaction begins with met PPO (at about 11 o'clock on the A portion of
the diagram). Met PPO must be reduced by a reducing compound BH» (Equation 1;
catechol is BHy) if a lag period is to be avoided, to give deoxy PPO. Deoxy PPO binds
O3 to give oxy PPO, the monophenol is bound to one of the Cu(II) groups via the
oxygen atom of the hydroxyl group to give the Oz-monophenol-PPO complex.
Subsequently, the o-position of the monophenol is hydroxylated by an oxygen atom of
the O3 of the Oy-monophenol-PPO complex to give catechol, which then dissociates to
give deoxy PPO, to complete the cycle. Only the first cycle of hydroxylation of a
m&t;ophenol requires starting at the Met PPO; all subsequent cycles begin with deoxy
PPO.

Inhibition of Enzymatic Browning

In theory, PPO-catalyzed browning of fruits and vegetables can be prevented by heat
inactivation of the enzyme, exclusion or removal of one or both of the substrates (O
and phenols), lowering the pH to 2 or more units below the pH optimum, by reaction-
inactivation of the enzyme or by adding compounds that inhibit PPO or prevent melanin
formation. Hundreds of compounds have been tested as inhibitors of enzymatic
browning (16, 17).

Exclusion and/or separation of O and phenols from PPO prevents browning of
intact tissues; commercial utilization of these methods are being examined by numerous
researchers (/8). Fruits and vegetables have "skins" (waxes, and other surface layers)
that exclude Oy as long as there is no damage to the skins. PPO is physically
compartmentalized from phenols in the intact cell. Commerically, O can be excluded
from or reduced in concentration in fruits and vegetables by controlled atmospheric
storage, packaging techniques, etc. Phenols can be removed from fruit and vegetable
juices by cyclodextrins or by treatment of cut surfaces with Oz-impermeable coatings.
PPO activity can be decreased by modifying the pH; the pH optima of most PPO's are
near 6, although there are some exceptions.

Reducing compounds, such as ascorbate, sodium bisulfite and thiol compounds,
decrease browning by reducing the o-benzoquinones back to o-dihydroxyphenols or by
irreversible inactivation of PPO (/9). Maltol does not inhibit PPO, but it prevents
browning by its ability to conjugate with o-benzoquinones, while kojic acid is effective
in preventing browning by both reacting with PPO and with o-benzoquinones (20).
Competitive inhibitors, such as benzoic acid and 4-hexyl-resorcinol, are useful in
controlling browning in some food products. 4-Hexylresorcinol is a very good
inhibitor of enzymatic browning of shrimp, apples and Irish potatoes.

Summary

Enzymatic browning due to PPO in our plant foods is controlled in the food processing
industry by use of ascorbate, sodium bisulfate and lowering the pH (addition of citric
acid for example). However, chemical control is not fail-safe, not acceptable to some
consumers and cannot be used to prevent browning in intact fruits and vegetables.
Through better understanding of the mechanism of action of PPO and its essential or
nonessential metabolic role(s) in plants, it is expected that genetic engineering
techniques will be important in preventing unwanted enzymatic browning. Breeders
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have been working to decrease the level of PPO in apples, bananas, mushrooms,
peaches and other plants over many years. The genetic engineering approach provides a
more precise method of decreasing PPO expression, while retaining the desirable
genetic traits of plants. Its utility has already been demonstrated for preventing
browning in potatoes (11).
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Chapter 2

Enzymatic Browning in Fruits
Its Biochemistry and Control

John R. L. Walker

Department of Plant and Microbial Sciences, University of Canterbury,
Private Bag 4800, Christchurch, New Zealand

Enzymic browning in fruits is usually caused by catecholase (ortho-
diphenol oxidase) enzymes whilst laccases (para-diphenol oxidase)
are present in some fruits and many phytopathogenic fungi. The
biochemical properties these enzymes is reviewed. Inhibition of
catecholase as a means of prevention of enzymic browning is
discussed and the properties of different classes of inhibitors
reviewed. The possible roles of some of these inhibitors in the food
industry is evaluated. Tests with selected substrates and inhibitors
have been developed to differentiate catecholases and laccases.

When most, but not all, fruit and plant tissue is bruised, cut or damaged in any
way, it rapidly turns brown or even black. This discoloration is an enzyme-
catalysed reaction which is usually highly undesirable from the point of view of the
food processor or, equally, for the biochemist trying to investigate plant enzymes
and/or organelles such as chloroplasts or mitochondria. However in some other
situations such as the manufacture of tea, coffee, cocoa or cider this enzymic
browning reaction is an essential part of the processing. Enzyme-catalysed
browning occurs in unheated plant tissues and must be distinguished from non-
enzymic browning resulting from the Maillard reaction that occurs when mixtures
of amino acids and carbohydrates are heated together (Figure 1).

This paper will discuss some aspects of the biochemistry of diphenol oxidases
as related to enzyme-catalysed browning and its control during the processing of
various foodstuffs of plant origin; the emphasis on apples reflects the author's
research interest in this fruit. There are useful reviews of food browning as a
polyphenol reaction by Mathew and Parpia (1), Mayer (2), Mayer & Harel (3),
Wallk?; )(4), Vémos-Vigydz6 (5), Zawistoski et al. (6) and in the book by Macheix
etal. (7).

Enzymes Involved in Browning

It is now generally accepted that enzymic browning in plants and fruits is brought
about by the action of an enzyme system variously known as catecholase, diphenol
oxidase, phenolase, polyphenoloxidase or tyrosinase. The correct biochemical title
for this enzyme is 02:0-diphenol oxidoreductase (E.C. No. 1.10.3.1); however it

0097-6156/95/0600—0008$12.00/0
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will be referred to as catecholase or o-diphenol oxidase (o-DPO) throughout this
review to distinguish it from its close relative laccase, or p-diphenol oxidase (p-
DPO); the reactions of these enzymes are compared in Figure 2. This latter
enzyme, which catalyses the oxidation of p-dihydroxyphenols, was first discovered
in the sap of the Japanese lac tree (Rhus vernicifera) and is widely distributed in
Basidiomycetes and many phyto-pathogenic fungi. It is not common in fruits
although laccase-like enzymes have been reported from peach fruit (8), and more
recently we have found it in apricots (9).

Isolation of Diphenol Oxidases. For the biochemist the isolation of active
DPO's from plant tissues is fraught with problems because both the enzyme and its
substrate are present, but do not react, in the intact cell. However, as soon as the
cell's internal organization is damaged then enzyme and substrate interact to yield
reactive quinones which subsequently react with DPO and other proteins and
enzymes present thereby causing their inactivation. It is considered by many
workers, including the author, that this 0-DPO-mediated interaction is a key part of
the plant's defense mechanism against disease causing micro-organisms. Thus,
during enzyme isolation from plant tissue, it is usually necessary to adopt special
precautions to prevent this enzyme inactivation and it is customary to add reducing
agents such as ascorbic acid, cysteine or sodium metabisulphite when attempting to
isolate DPO's (10, 11). Similarly it is necessary to add DPO inhibitors, such as
metabisulfite and polyvinylpyrrolidone (PVP or PVPP) etc. and/or phenolic
adsorbents (such as PVPP), when isolating other plant enzymes and organelles
(10). Many of these protective reagents have also been used, or suggested for use,
to control enzymic browning in foods.

Mode of Action of o-Diphenol Oxidase. Early workers investigating the
formation of natural brown pigments found enzyme preparations from mammalian
tissue which catalysed the oxidation of the amino acid tyrosine to melanin via 3:4-
dihydroxy-phenylalanine (DOPA) so naturally this enzyme was called "tyrosinase”
a name still commonly mis-applied to all 0-DPQO's. Many, but not all, o-DPO's are
able to catalyse the insertion of a hydroxyl group at the 3-position (‘cresolase’
activity) and this reaction may be important in the biosynthesis of phenolic
compounds.

Catecholases contain copper as the prosthetic group and for the enzyme to act

on its substrate phenols the Cu“* must first be reduced to Cu™ in which state the
enzyme can then bind O,. The phenolic substrates bind only to the oxy-DPO

moiety and, as a result of this binding, hydroxylation of the monophenol or
oxidation of the diphenol occurs (6, 12); see Sawistowski et al. (6) for detailed
reaction mechanisms. It is interesting to note that laccase operates by a different
mechanism.

The major expression of 0-DPO activity in plants is the oxidation of a range
of o-dihydroxy-phenols to the corresponding o-quinones as shown in Figure 2.
Note that the first stage of the reactions is reversible and it is for this reason that
ascorbic acid and other reducing agents can prevent enzymic browning by reducing
the colourless o-quinones back to their parent phenols. Unfortunately, once all the
ascorbic acid is oxidised, the o-quinone is no longer reduced and so it then can
undergo oxidative polymerisation to yield brown-black melanin pigments.
Nevertheless the addition of ascorbic acid (Vitamin C) is still one of the commonest
and safest methods for the commercial control of enzymic browning in fruit juices
and similar products. These o-quinones are highly reactive compounds and may
also couple with amino acids and proteins (13) which enhances the final brown
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Figure 1. Comparison of enzymic and non-enzymic (Maillard) browning
reactions.
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Figure 2. Comparison of reactions catalysed by catecholase (0-DPO) and laccase
(p-DPO).
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coloration produced; for example, mushrooms contain large amounts of proline
which combines with the enzymically-produced o-quinones to form their
characteristic chocolate-brown color. Figure 3 summarizes some of the reactions of
0-DPO and its reaction products; however for more detailed discussion of the
mechanism of 0-DPO action the reader is referred to the reviews by Walker (14),
Viamos-Vigydz6 (5), Sawistowski et al. (6) and Macheix et al. (7).

Laccases. The p-DPO's or "laccases" are similar in many respects to o-DPO's.
They also are Cu-based enzymes which oxidise o- and p-dihydroxyphenols, and
also compounds such as p-phenylene diamine and syringaldazine, to colored end-
products. They differ in that p-DPO's are unable to accomplish the hydroxylation
of monophenols.

These enzymes may be differentiated from o-DPQ's by differences in their
substrate specificity and differences in their sensitivity to various enzyme inhibitors
(14). In my laboratory we have found the oxidation of guaiacol and syringaldazine
to be very useful as a sensitive and specific assay for laccases.

It may be noted in passing that many plants such as squash (Cucurbita pepo)
also possess another Cu-enzyme, ascorbic acid oxidase, which oxidises ascorbate
to dehydroascorbate. It is also necessary to take care to distinguish catecholase
from peroxidase activity when examining crude plant extracts.

Assay of Diphenol Oxidases. It is of key importance for any study of the
kinetic properties of an enzyme that the assay procedure should measure the initial
rate of the reaction and for enzymes, such as DPO's, which suffer product
inactivation this may pose difficult problems.

The simplest, but least accurate, method of assaying DPO activity is to record
the final color yield when the enzyme is incubated with a suitable substrate such as
catechol, DOPA, or 4-methylcatechol. Unfortunately this simple procedure is wide
open to error since it is measuring the end-product of a sequence of reactions rather
than the initial reaction rate. Furthermore, different substrates yield different final
colors so that valid kinetic comparisons between substrates are not possible.
Nevertheless, despite these limitations, this simple assay technique has proved
adequate for useful comparative studies of the browning levels of different fruit
varieties (15) and similar problems. In order to try to overcome the above
limitations several workers developed a "chronometric” assay which involved
measuring the rate of loss of ascorbate in an o-DPO/phenolic substrate/ascorbate
coupled system but this is a cumbersome method.

Nowadays the commonest method of DPO assay is by measurement of the
rate of Oy-uptake by means of an O,-electrode. The relative merits of these

methods has been critically assessed by Mayer et al. (16) and it is now generally
agreed that the polarographic O;-electrode is the method of choice since it has rapid

response and may be coupled to a potentiometric recorder for the immediate display
of rSsults. This method is routinely used by the author in his studies of apple o-
DPO.

Substrate Specificity of o-Diphenol Oxidases. All 0-DPO's require the
basic o-dihydroxyphenol structure for oxidase activity so that catechol is the
simplest possible, but not necessarily the best, substrate; 4-methyl catechol is
usually the fastest! The structures of some natural and artificial diphenol oxidase
substrates are shown in Figure 4. However the nature of, and position of, any
substituent groups has profound effects on the rate of substrate oxidation and
studies (17, 18) of these problems can help shed light on the nature of the
interaction between the substrate and active-site for o-DPO's.
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Considering first the hydroxylation reaction; the commonest natural
substrates are probably tyrosine and p-coumaric acid or their derivatives. Tyrosine
is hydroxylated to yield DOPA as mentioned previously whilst several workers
have demonstrated that o-DPO preparations from a number of plants hydroxylated
p-coumaric acid to caffeic acid or p-coumarylquinic acid to yield chlorogenic
(caffeoylquinic) acid. Thus it seems very probable that, in vivo, 0-DPO's play an
important role in the biosynthesis of plant phenolics (19).

However, with respect to enzymic-browning it is the so-called "catecholase”
activity that is important and the commonest natural substrate for this reaction is
chlorogenic acid which is widely distributed in many plants; see reviews by Vdmos-
Vigyédz6 (5) and Macheix et al. (7). Probably the next commonest substrates are
catechin, epicatechin and DOPA which are also of widespread occurrence.

Many workers have investigated the substrate specificity of the o-DPO's
from different plant sources. In the majority of cases chlorogenic acid, caffeic acid,
catechin, 3:4-dihydroxyphenylpropionic (hydrocaffeic) acid and 4-methylcatechol
were all readily oxidised but the rate of oxidation was much reduced with 3:4-
dihydroxyphenylacetic acid and 3:4-dihydroxybenzoic (protocatechuic) acid whilst
the isomeric 2:3-dihydroxybenzoic acid was not oxidised by o-DPO's from apples
or other fruits. These observations help support the view that the nature of the side-
chain is critical and therefore may play a part in the enzyme/substrate interaction.

It should also be noted that substrates such as DOPA were oxidised relatively
slowly (40-60% of rate for chlorogenic acid) yet their final color yield was greater
because of the darker nature of their polymeric end-product. Thus any
investig'ations of substrate kinetics/specificity based on color yields would be highly
suspect!

The common flavonoids are usually poor substrates for 0-DPO but they may
be oxidised by DPOs via coupled reactions (20). For example anthocyanins and
procyanidins are poor substrates for 0-DPO but undergo significant breakdown in
the presence of favorable substrates such as chlorogenic acid. These reactions
could lead to serious losses of pigment in some fruits and have been demonstrated
in sweet cherries (21), grapes (22) and strawberries (23) egg plant (24).

Naturally Occurring Substrates for Diphenol Oxidases. The distribution
of phenolic compounds in fruits has been reviewed by Van Buren (25), Vdmos-
Vigy4z6 (5) and Macheix et al. (7) and, as stated previously, the commonest natural
substrates for 0-DPO catalysed enzymic browning are chlorogenic acid and its
isomers, plus catechin and epicatechin (Figure 3). However some fruits o-DPO's
use other phenolic substrates; for example a relative of DOPA, 3:4-
dihydroxyphenylethylamine (dopamine), is the major substrate in bananas and
DOPA is the natural substrate in the leaves of broad beans (Vicia faba L.). Grape
catecholase acts on p-coumaryl and caffeoyl-tartaric (caftaric) acids whilst dates
contain an unusual combination of diphenol oxidase substrates including a range of
caffeoyl-shikimic (dactyliferic) acids; these are analogous to the ubiquitous isomers
of chlorogenic acid.

Inhibitors of Diphenol Oxidase Activity

Many reagents inhibit DPO activity and studies with them have provided
valuable insight into the mode of action of this enzyme whilst other inhibitors may
be used to differentiate 0-DPO's from p-DPO's. However only a limited number of
DPO inhibitors are considered acceptable on grounds of safety and/or expense for
use to control enzymic browning during food processing and this is a fertile field
for continuing research throughout the world.
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Inhibitors of DPO may be grouped according to their mode of action (Table
I) although some compounds may belong to more than one group. Inhibition may
be caused by chelation of the prosthetic group, competition for the substrate, or by
interaction with the products of reaction. Both o0- and p-DPO's utilise Cu as a
tightly bound prosthetic group so that the first category includes many Cu-chelating
agents which will inhibit these enzymes. Thus carbon-monoxide, cyanide, Na
diethyldithiocarbamate (DIECA), azide, tropolone (26), methimazole (27),
mercaptobenzothiazole (28) and PVP (29) are all potent inhibitors of DPO's and are
frequently used for this purpose by biochemists when endeavouring to isolate other
plant enzymes and organelles.

Inhibition by Reducing Agents and Thiols. Probably the commonest
method of controlling enzymic browning, both in industry and the laboratory, is by
the addition of reducing agents such as SO,, metabisulfite and/or ascorbic acid.

These compounds prevent browning by reducing the enzymically formed quinones
back to their parent o-diphenols; they are therefore consumed in the process (Figure
2). However although metabisulfite can act as a reducing agent it also can react
with the quinone intermediates to form sulfoquinones and may irreversibly inhibit
0-DPOs (6). Furthermore the first two compounds may give rise to off-flavors or
corrosion problems if used to excess and recently have been implicated as the cause
of some forms of asthma (30, 31). Nevertheless, these and/or ascorbate, are
probably still the commonest anti-browning agents used in food processing
operations.

By contrast -SH compounds can combine chemically with the o-quinones to
form a stable, colourless product thus permanently preventing further oxidation to
brown pigments. However, these thiols can only combine with o-quinones when
the molar ratio exceeds a critical value (usually 1.5:1) but, provided this critical
level is exceeded, then they should, in theory, provide permanent protection against
enzymic browning (17). Experiments by Walker and Reddish (32) and later
workers have confirmed this idea and the former showed that cysteine could be
used to prevent the browning of apple products for over 24hr without introducing
undesirable off-flavors.

It has become apparent that in any study of the control of enzymic browning
it necessary to distinguish clearly between the actual inhibition of the DPO enzyme
and the prevention of enzymic browning since the latter may be achieved without
the former (eg, as with ascorbate or cysteine, etc.). Recent notable papers by
Richard et al. (33) and Kermasha et al. (34) have drawn attention to apparent
anomalies in results when various compounds have been assessed for their potential
to prevent browning (by colorimetric assay) and their ability to inhibit DPO activity
(by polarographic assay). Their results show that the degree and type of inhibition
observed was markedly dependent upon the assay method used. Cysteine and
other thiols appeared to control browning by formation of a colorless thiol-quinone
adduct thus preventing the oxidative polymerisation of the reactive quinones
without actually inhibiting the initial Oy-uptake reaction. By contrast cinnamic

acids inhibited the initial Op-uptake reaction. In the light of the above reports these
authors suggest that only the polarographic method, which measures substrate

utilization and is thus artifact-free, is the only reliable and valid method for the
measurement of DPO activity.

Polymeric Diphenol Oxidase Inhibitors. During the past decade various
forms of polyvinylpyrrolidone (PVP and PVPP) have been much used in the
extraction of plant enzymes (see reviews by Loomis and Bataille (9), Anderson
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(11) ) because of their ability to inhibit enzymic browning and concomitant enzyme
inactivation. Two processes seem to be involved, firstly with soluble PVP (MW
10-60 KDa) which acts as a competitive inhibitor of 0-DPO (29) but may also form
complexes with low MW phenolics; however the exact mechanism is still unclear.
Secondly with PVPP (Poly-Clar AT), an insoluble high MW grade of PVP, which
is also much used for the prevention of hazes in beer, but in this case browning is
probably prevented because phenolic compounds are very firmly bound to Poly-
Clar AT and are thus removed from the reacting system.

Polypeptide Catecholase Inhibitors. There have been two reports of the
inhibition of diphenol oxidase activity by low MW polypeptides. The first of these
was by Harel et al. (35) who reported that the fungus Dactylium dendroides
secreted an inhibitor of galactose oxidase and that this small peptide also inhibited
apple catecholase activity. Oszmianski & Lee (36) found a polypeptide non-
competitive DPO inhibitor in honey. More recently Lactobacillus helveticus has
been found to secrete a cyclotetrapeptide that inhibited o-DPO activity (37). Tan &
Kubo (38) reported that the roots of Zea mays secreted a 6.3KDa protein which
inhibited catechin oxidase activity. The safety and utility of such polypeptides to
control enzymic browning in foods has yet to be evaluated.

Inhibition of 0-DPOs by Substrate Analogues. Several years ago the
author noticed that apples that had been attacked by the blue-mold fungus
(Penicillum expansum) did not display the brown, dead tissue characteristic of most
diseased fruit. Investigation of this problem (39, 40) eventually revealed that the
juice from the soft, rotted tissue contained p-coumaric, caffeic and ferulic acids
together with patulin which is a toxic mold metabolite. Furthermore, the juice from
the affected tissue inhibited enzymic browning and this prompted subsequent more
detailed studies (41) of the inhibitory effects of a wide variety of phenolic acids
upon apple o-DPO. It was hoped that these experiments could shed light on the
mechanism of enzyme action and enzyme inhibition. Various cinnamic acids
(Figure 5) were found to be powerful inhibitors of apple o-DPO and inhibitory
action decreased in the order cinnamic acid > p-coumaric acid > ferulic acid > m-
coumaric acid > o-coumaric acid >> benzoic acids. It was also significant that
sinapic (3:5-dimethoxy-4-hydroxycinnamic) and hydro-cinnamic (phenylpropionic)
acid together with the lower homologues of p-coumaric acid were all without
inhibitory action; it therefore seemed that the unsaturated side-chain of the cinnamic
acid derivatives was essential for inhibition of o-DPO action. Work by Pifferi et al.
(42) and Janovitz-Klapp et al. (18) has shown that unsaturated dicarboxylic acids
with at least two conjugated double bonds, such as sorbic acid, were good 0-DPO
inhibitors. More recently we have shown that oxalic acid secreted by fungal
phytopathogens enhanced their pathogenicity by inhibiting the plant's 0-DPO
defense mechanism (43).

In the light of the earlier observations it is of interest to note that Finkle and
Nelson (44) suggested the use of an O-methyltransferase preparation to methylate,
and thus block, the natural substrates of various fruit o-DPO's and thereby inhibit
browning. They subsequently demonstrated that this enzyme converted caffeic acid
to ferulic acid and chlorogenic acid to feruloylquinic acid. By this process, the
fruit's o-DPO was deprived of its substrate(s) which were converted to enzyme
inhibitors; the only snag is that the methylating enzyme and one of its substrates (S-
adenosyl-methionine) are prohibitively expensive!
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Table 1. Diphenol Oxidase Inhibitors

Group I Reducing agents

Ascorbic acid, SOp, Na metabisulphite,

Thioglycollate, 2-Mercaptobenzothiazole, Mercaptoethanol
Group II. Cu-chelating agents

DIECA, Tropolone, Methimazole, Carbon monoxide, Cyanide
Group III. Quinone couplers

Cysteine, Glutathione, Penicillamine, Benzenesulphinic acid
Group IV. Substrate analogues

Cinnamic acid, p-Coumaric acid, Ferulic acid
Group V. Miscellaneous

PVP, 4-Hexyl-resorcinol, SHAM.

OCH;
@\/ HO\@\/ "
Z~COOH Z>COOH i N >COOH
Cinnamic acid p-Coumaric acid Ferulic acid
OH
QL e
N —N
COOH ~OH CH3.(CHp)s I(}:ll-l CH;
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Benzoic acid SHAM CTAB

Figure 5. Inhibitors of catecholase and laccase activity.
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Research in my laboratory found that salicylhydroxamic acid (SHAM) was a
potent and highly selective inhibitor of catecholase but, as may be seen in Figure 6,
appeared to be without effect on laccase (45). Concentrations as low as 10uM were
inhibitory so, on a molar basis, it was about 100 times more active than cinnamic acid.
Rich et al (46) suggest that substituted hydroxamic acids act by competing with the
substrate at the binding site but the exact mechanism of action still remains unclear.

Since 1991 much interest has focused on the use of 4-hexyl-resorcinol as a
safe and effective inhibitor of enzymic browning (31, 47) but this topic is discussed
by other contributors to this symposium.

Selective Inhibition of o- and p-DPOs. A major part of my research has
been concerned with devising methods to distinguish o- and p-DPOs in diseased
plant tissues since many fungal pathogens secrete p-DPOs (laccase). This can be
achieved by comparison of substrate specificity and the use of selective inhibitors as
summarized in Table II below; thus syringaldiazine is a particularly useful laccase-
specific substrate for colorimetric assays whilst 4-methyl-catechol (1,2-dihydroxy-
toluene) and toluquinol (1,4-dihydroxy-toluene) are appropriate substrates for
quantitative Oy-¢lectrode work.

Because of differences in the reaction mechanisms and the oxidation levels of
the Cu in the active site catecholase and laccase differ in their responses to certain
inhibitors (Table II). For example catecholases are inhibited by cinnamic acids and
SHAM which are without effect on laccases (41, 45). By contrast, laccases are
selectively inhibited by quaternary ammonium compounds such as CTAB (14); the
reasons for this has still to be investigated fully but it could be related to the high
level of protein glycosylation reported for most laccases. A major obstacle in this
work is the difficulty of obtaining highly purified catecholase preparations.

Current Research at the University of Canterbury
Some recent work from the author's laboratory is reviewed below.

Enzymic Browning in Apricots. Most of the work described above was
investigated using apple DPO although it is of general applicability. In our research
with apricots (9) we used tests with specific substrates and inhibitors and found that
apricots were unusual in that they contained both types of DPO activity (catecholase
and laccase). Both enzymes acted on the naturally present substrates chlorogenic
acid and catechin and both appeared to be bound to cell membranes.

From the commercial point of view we found the best way to prevent
browning during the drying of apricots was by means of a pre-drying dip in 1% Na
metabisulphite which left virtually undetectable residual SO; levels. By contrast
use of cinnamic acid or ascorbic acid had little effect; the latter actually enhanced
browning which leads us to suspect that non-enzymic, Maillard type browning is
the main cause of darkening in commercial dried apricots (48).

Phenolases and our Daily Bread. Although this review is concerned
primarily with fruits our work on wheat phenolics may also be of interest. In this
research it was found that both 0-DPO activity and phenolic content varied widely
between different red and white wheat cultivars and between different milling flour
streams. In all cases these correlated significantly with flour color and bread crumb
color. Thus there is a clear involvement of phenolics in the final color, and
therefore customer acceptance, of bread and other wheaten products (49). These
pl;lenolic compounds are also involved in the important problem of dormancy in
wheat.
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Table II. Differential Tests for Catecholase and Laccases

Test Catecholase Laccase
(0-DPQ) (p-DPO)

Substrate specificity:

o-Dihydroxyphenols oxidised -

p-Dihydroxyphenols nil or slow oxidised

p-Cresol oxidised (orange-red)
Guiacol - oxidised
1-Naphthol - oxidised (purple)
p-Phenylene-diamine - oxidised
Syringaldazine - oxidised
Inhibitor specificity:
Cinnamic, p-coumaric inhibition nil

and ferulic acids
PVP inhibition nil
SHAM inhibition nil
4-Hexyl-resorcinol inhibition nil
CTAB (and other QACs) nil inhibition
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Practical Control of Enzymic Browning in Food Processing

During the preparation of many fruits and vegetables for canning or other
processing operations the prevention of enzyme-catalysed browning is a major
problem and it is unfortunate that the majority of the diphenol oxidase inhibitors
discussed in the previous sections are not safe nor suitable for use in foodstuffs. In
practice food processors faced with this problem usually rely on an early heat-
treatment stage to inactivate DPO's and other enzymes but some 0-DPO's are
relatively heat stable, for example, apple 0-DPO typically possesses a half-life of
about 12 min at 70 °C and Macheix et al. (7) citc a number of other examples.
Nevertheless it is essential to take positive action to prevent oxidative browning
until the DPO's are denatured. Adams and Blundstone (50) have provided a useful
summary of the browning problems associated with fruit-canning.

The inhibitors of enzymic browning most frequently used in industry include
acid or brine dips, ascorbic acid and SO,, either as the gas or sodium

metabisulphite. Ascorbic acid and its derivatives, either alone or with other
additions such as citric acid etc., are widely used to prevent the oxidative browning
of fruit juices prior to pasteurization and they may be also be added to acid dips
used for the pretreatment of peeled or sliced fruit. Likewise SO,, or

metabisulphite, may be used to control the browning of sliced fruit and vegetables
before drying, as for example in the manufacture of apple rings. However excess
SO, may have undesirable effects such as the generation of off-flavors and is also a

cause of concern with respect to some types of asthma (30).
During the past two decades a number of novel procedures that avoid the
addition of compounds such as SO, have been suggested. As mentioned earlier

Finkle and Nelson (44) suggested the use of an enzyme O-methyltransferase to
covert the o-dihydroxyphenolic 0-DPO substrates to the corresponding methoxy-
derivatives but this process does not appear to be economic for large scale use.

An alternative approach to the control of enzymic browning was proposed by
Kelly and Finkle (51) who treated apple juice with protocatechuate 3:4-dixoygenase
(PC-ase), a bacterial enzyme which catalyses the ortho-fission of aromatic rings.
Unfortunately this would be a costly process and the authors admitted that
chlorogenic acid was a poor substrate for this enzyme. It would be interesting to
repeat their experiments with a meta-fission enzyme from bacteria since the meta-
fission oxygenases generally show less specificity with respect to the side-chain of
the aromatic ring. The commercial use of such a system would probably require the
use of immobilized enzyme technology.

Subsequently the author (52) published a novel method for the prevention of
enzymic browning in apple juice based on earlier fundamental studies of the
inhibition of apple 0-DPO by cinnamic acids. Different amounts of cinnamic, p-
coumaric or ferulic acids were added to freshly prepared opalescent apple juice and
the mixtures aerated to promote browning. As will be seen from Figure 7 additions
of these acids, especially cinnamic acid, provided effective long-term control of
browning. The exact quantity of inhibitor required will depend upon the level of
phenolics of the particular fruit or variety but the minimum control level is readily
estimated; typically less than 0.01% (=10ppm) of cinnamic acid or its more soluble
sodium salt was enough to prevent the browning of the juice from Granny Smith
apples (a high browning variety).

The author has not investigated the question of possible toxicity of these
cinnamic acids but it is well known that they are widely distributed in nature; either
free or as esters in essential oils (e.g. oil of cinnamon, etc.). It would therefore
seem unlikely that there would be any health hazards associated with the use of
cinnamic acids to control enzymic browning.
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Figure 7. Control of enzymic browning of apple juice by cinnamic acids. Graph
A shows effect of concentration (Cinn = cinnamic acid, p-C = p-coumaric acid,
Fer = ferulic acid), graph B shows effect of concentration and holding time.
(Adapted from ref. 52).

Beneficial Forms of Enzymic Browning

So far browning has been presented as a problem for the food processor but not all
cases of enzyme-catalysed browning are undesirable. In certain instances such as
the manufacture of tea, coffee, or cocoa, these reactions are essential to the
manufacturing processes but only brief descriptions of these can be included in this
review.

Probably the best studied example of beneficial browning is that concerned
with the biochemical changes that take place during the manufacture of black tea
(6). These have been investigated in detail by a number of workers (53, 54) who
have isolated and studied tea-leaf 0-DPO and shown that it plays an important role
in the "fermentation" stage of tea manufacture. Studies with tea-leaf o-DPO
showed that its major natural substrates were catechin, epicatechin and epicatechin
gallate and their o-quinone oxidation products were precursors of the more complex
theaflavins and thearubigins (20).

The beverage quality of coffee has been shown to be related to the level of o-
DPO of the green coffee beans whilst o-DPO's also play a part in the development
of the final color of processed cacao beans which contain large amounts of phenolic
constituents such as epicatechin. Powerful o-DPQ's were found in fresh cacao
beans and their pericarp.

Enzymic browning is responsible in whole, or in part, for the characteristic
brown color of certain dried fruits such as dates, prunes and sultanas. During the
manufacture of cider and perry (fermented pear juice) and white wine the action of
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0-DPO's upon the naturally occurring phenolics and tannins leads to their
subsequent condensation and polymerisation; reactions which may have an
important role in aiding subsequent clarification processes as well as removing
unwanted astringency.

In conclusion it is still appropriate to quote from the earlier review by
Mathew and Parpia (1) who concluded that "That the greatest challenge for food
technologists is to evolve more economical and easier methods of preventing
undesirable browning during the commercial handling and processing of food".
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Chapter 3

Phenolic Browning: A Perspective from
Grape and Wine Research

Vernon L. Singleton! and Johannes J. L. Cilliers'?

!Department of Viticulture and Enology, University of California,
Davis, CA 95616—8749

Previous oxidation studies with wine phenols, both enzymic and
nonenzymic, are briefly reviewed and placed in context. With three
grape-derived polyphenoloxidase preparations and commercial
mushroom tyrosinase, oxygen uptake is studied for various substrates
with and without glutathione or other sulfhydryls present. Ascorbic
acid, but not glutathione, acts as a direct reductant for the PPO-
generated ortho-quinones. These quinones react with nucleophiles
such as glutathione and phloroglucinol to produce adducts with
regenerated hydroquinone structure and lowered oxidation-reduction
potential compared to the original phenol. The ones tested are not
direct substrates for PPO, but can reduce the parent quinones
becoming oxidized by such coupling and thereby regenerating parent
hydroquinones for substrate. The quinones inactivate the enzyme.
Other proteins either added or present in impure enzyme lessen this
PPO inactivation. Although glutathione in high proportion prevents
browning, it stimulates oxygen uptake in the reaction with caffeic
acid, reaching the theoretical maximum of 0.5 O, per caffeic acid
equivalent. With coumaric acid and grape PPO, glutathione depresses
oxygen uptake. With gallic acid, glutathione decreases the total
oxygen uptake and essentially eliminates production of CO,. With
catechin or caffeic acid plus phloroglucinol, high levels of glutathione
lower total O, uptake to about 0.5 Oy/unit of substrate phenol. The
significance and interpretation of the results are briefly discussed.

Oxygen uptake and browning reactions by natural phenols have great practical
importance in grapes and wines. Raisin production involves thorough browning for
the sun-dried and complete prevention for golden or shade dried green products.

2Current address: Directorate of Plant and Quality Control, Department of Agriculture,
Private Bag X258, Pretoria 0001, South Africa
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Browning is a major cause of rejection of fresh table grapes, if it occurs before the
grapes reach the customer, and is additionally expensive if storage costs have been
incurred. In converting grapes to white wines for table use or as base wines for
sparkling wines, oxidative browning has been minimized as undesirable or
encouraged by "hyperoxidation" to remove the phenolic substrates and prevent later
browning. With certain wines, sherries for example, their character depends on
considerable post-fermentation oxidation and browning. In red wines, oxidative
reactions may contribute to color loss and yet a shift toward "brick" red and limited
oxidation are important aspects of maturation and aging desirable in older wines.
Any browning and the associated flavor changes are undesirable in the freshest
"picnic" style wines, red or white. Clearly the desirability of oxidation and
browning is variable, depending upon the situation, but is critical during processing
and delivery worldwide of the largest fruit crop.

Owing to this importance, it is not surprising that the polyphenol oxidase
(PPO) from grapes has been one of the most studied from higher plants (/, 2, 3, 4,
5). Itis apparently quite typical of PPO’s in general including mushroom tyrosinase
(6, 7), and therefore findings with grape PPO have broad applicability. Although
enzymes from different sources can have somewhat different specific reactivities,
natural vicinal dihydroxy phenols such as caffeic acid are readily oxidized by the
“catecholase” action and analogous monophenols such as p-coumaric acid produce
the same products via the "cresolase” action of the PPO. Grape PPO is particularly
active with caffeic and coumaric acids (/). In this paper we propose to correlate
previous research, particularly that from out laboratory, and present new studies to
clarify oxygen uptake catalyzed by PPO acting on phenols typical of grapes or
wines. The reaction rather than the enzyme’s characteristics will be emphasized by
using high levels of the PPO preparation to approach completeness in relatively short
times.

Materials and Methods

A total of four enzyme preparations were used in the new studies: two acetone
powders prepared from juice from Grenache or Clairette blanche grapes (8), an
enriched one from Thompson Seedless grapes, and purchased mushroom tyrosinase
(Sigma Chemical Co., St. Louis, MO). The two acetone powders behaved very
similarly and, to simplify, only the results from the Grenache PPO are reported. The
acetone powders contained insolubles, but with care for uniform suspension,
reproducible results were obtained. The Thompson Seedless PPO was obtained from
Dr. D. O. Adams’ group and had been solubilized by Triton X100, precipitated with
ammonium sulfate, and retained during dialysis. Substrates and other chemicals
were purchased from Sigma, Aldrich Chemical Co. (Milwaukee, WI), or Fisher
Scientific Co. (Fair Lawn, NJ).

All solutions were prepared in 0.03 M potassium phosphate buffer adjusted
to pH 5.0. Oxygen uptake was measured in a Warburg-type (Gilson Medical
Electronics, Middletown, WI) differential respirometer with the bath temperature
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maintained at 22.0 °C, shaking rate 140 cycles/min., and air as the oxygen source.
To check for CO, generation, 0.2 mL of 5% KOH was placed with a filter paper
wick in a center well in the reaction flasks. Ordinarily, substrates were prepared at
about 5 micromoles per mL, 1-20x the typical level for grape juice. Glutathione,
cysteine, and dithiothreitol were used at about 6x the molar content of the phenol,
and enzymes at a level equivalent to 4-20 g of fruit per mL or 2000u per mL for the
tyrosinase. Corrections of the mm?® of oxygen taken up were based on temperature
at the manometers, and most results were calculated as micromoles of O, taken up
per micromole of phenol.

Results and Discussions

Nonenzymic Oxidation. In the course of fermentation and early clarification of
wines PPO is greatly decreased. Remaining active polyphenol oxidase (PPO),
whether natural or added, survives at most a few weeks even in wines stored in cool
cellars and not treated with sulfur dioxide (9). If wine free of PPQO is saturated with
oxygen from air, about 6 mL/L at 20 °C, this oxygen is consumed within about a
week or less. This oxygen uptake can be repeated several to many times before the
wine’s capacity is reached. The capacity of a wine to consume oxygen is large and
roughly proportional to its phenolic content (10). At wine pH, about 3.4, oxygen
uptake to completion is too slow and risky of microbial contamination to follow
satisfactorily, but represents several saturations even for the lightest wines. If, on
the other hand, a sample is made alkaline, the reaction is fast and at pH 9+, near or
above the phenolic pK, is complete in about 30 min. This has been made the basis
of an assay of a wine’s oxygen capacity (10, 11). Measured in this way the capacity
of a wine that has been allowed to consume oxygen under its normal acidic
condition is decreased, but not proportionally to the oxygen already consumed (11,
12). For example, a white wine that had an alkaline oxygen capacity of 89 mL/L
before exposure to consumption of 63 mL/L under normal acidity, afterward still had
76 mL/L of alkaline capacity. Study of these phenomena indicated that the reaction
we have named regenerative polymerization (quinone + adduct = hydroquinone-
adduct) followed by reoxidation (hydroquinone-adduct + O, = quinone-adduct)
accounts for the relatively modest loss of alkaline oxidation capacity in proportion
to oxygen uptake while acidic.

When oxidizable phenols are rapidly all converted to quinones or other
oxidation products as under alkaline conditions, regenerative dimerization is limited.
During the slow oxygen uptake under acidic conditions, additional polymerization
can regenerate a considerable portion of oxidizable substrates and even incorporate
previously inoxidizable phenols into dimers and polymers both more readily oxidized
and contributing increased capacity for oxygen (/2). The course of oxidation under
acidic wine conditions is undoubtedly different from that in the same wine under
alkaline conditions not only for reasons of relative speed allowing less regenerative
polymerization under alkaline conditions. Electrophilic substitution by a quinone
onto a nucleophilic phenol would certainly be affected by whether or not the phenol
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or the phenolate ion was present. Other nucleophiles such as amines would also be
affected, but differently, by pH.

Direct autoxidation differs from enzymatic oxidation and alkaline from acidic
oxidation in another important aspect. As an o-dihydroxy phenol reacts with O, to
produce its quinone, only one atom of oxygen is needed and the second appears as
hydrogen peroxide (/3). Under acidic conditions, this hydrogen peroxide oxidizes
additional material, including ethanol in wines, which would not otherwise readily
autoxidize. Under alkaline conditions, hydrogen peroxide behaves as an acid and
accumulates as its salt (/4). Under PPO oxidation, hydrogen peroxide is not
produced and only half as much oxygen should be consumed per quinone produced.

Study of the reaction of gallic acid (/4) and of caffeic acid (15, 16) under
alkaline conditions has shed light on autoxidation processes and illustrated products
to be considered in regard to PPO oxidation. Nonenzymic oxidation appears to be
proportional to the phenolate content at the pH in question (/5). The reaction
between a phenolate ion and O, is not a spin-forbidden process, whereas most other
possible direct O, reactions are (12, 17). The type of products (but not necessarily
their relative proportions) appeared the same down to pH 4, the lowest pH that could
be followed in a reasonable time (15). First order rate constants were determined
and the Arrhenius activation energy was 49.0 + 6.4 kJmol* for caffeic acid oxidation
at pH 8.0. Several of the same products observed in model system oxidation were
found in white wine treated with esterase to hydrolyze caftaric acid to caffeic acid
and then oxidized at pH 7 (/8). Thus, the alcohol and other components of the wine
did not overturn conclusions from model system study. The importance of phenolate
content even though very low at wine pH was again shown and differences in
phenolate content with the normal wine pH range were invoked to explain why
wines from hot vineyards or picked late (high pH) over-oxidize readily and do not
age well (18).

Wine Browning and Oxidation. There was a highly significant correlation
between the brown color produced in a white wine or a model system and the
caffeic acid consumed during oxidation under any one set of conditions (I8). In
developing a test for a white wine’s maximum relative capacity to brown it was
shown that all the browning was due to oxidation (/9). Heavy treatment with
bentonite to remove proteins was used to prevent precipitation of the brown
pigments. Below 52 °C, sugar did not participate in the browning. Additions of
amino acids did not, but catechin did enhance the maximum capacity to brown in
tested wines. Applying this test to wines prepared from white grapes with increasing
pomace extraction during fermentation showed that increased flavonoid content from
such extraction (largely flavan-3-ols, catechins, and derivatives) increased the
browning capacity (20, 21). Figure 1 shows browning capacity is directly correlated
with flavonoid content. The results cover wines from six varieties, two harvest of
one, and show only the extreme cases. The other five examples gave nearly parallel
lines between these extremes.
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During autoxidation of caffeic acid, addition of thiols including cysteine and
glutathione delayed the consumption of the caffeic acid (22) and, as long as
sufficient thiol was present, only golden colors resulted. As soon as the thiol was
depleted, amber to muddy brown developed. In the presence of excess cysteine, 2-,
5-, and 2,5-cysteinyl thio-ethers of caffeic acid were produced.

Regenerative Polymerization Verified and Specific Products Identified.
Oxygen consumption rose from 3.4 atoms per mole for caffeic acid alone to 5.5 with
cysteine and 8.5 with glutathione (22). Neither thiol took up O, alone under the test
conditions. Similarly, phloroglucinol alone took up no oxygen, but raised caffeic
acid’s consumption to 4.9 atoms of O, per mole. These actions are considered
verification of regenerative polymerization (/2). In the process of addition to caffeic
quinone, the thio-ether or phloroglucinol adduct reverts the caffeic moiety to the
hydroquinone form. This new hydroquinone is available for reoxidation and
contribution to the total of oxygen consumed. Furthermore, owing to the electron-
supplying nature of nucleophiles, the new hydroquinone would have a lower
oxidation-reduction potential, be oxidized preferentially, and therefore spare caffeic
acid (or other progenitor diphenol).

The products of alkaline oxidation of gallic acid have been formulated as
shown in Figure 2 (/4). According to kinetic numerical analysis most of the gallic
acid is oxidized and dimerized to the hexahydroxydiphenic acid precursor of ellagic
acid. It and the portion of gallic acid oxidized without dimerizing are further
oxidized to the ring-opened acids shown. Thus, the 4.9 atoms of oxygen consumed
lie between the 4 atoms/mole of original gallic acid required to produce the open-
ring monomer plus a mole of hydrogen peroxide and the S per gallic acid equivalent
to produce the open-ring dimer. That this type of ring opening is possible was
verified by alkaline oxidation in air of phenanthroquinone to o-diphenic acid (23).
That the oxidation of gallic acid produces the dimer ellagic acid is well known and
has implications for the in situ production of ellagitannins from gallotannins.

The products of caffeic acid autoxidation are numerous. The structures of
six of them have been determined as dimers (Figure 3) plus at least two trimers (/6).
Note that, among six different caffeicins, E retains both hydroquinone rings from the
two constituent caffeic acid units while the others retain one. Caffeicin E retains
neither of the propenoic side chains; the others retain one. Cheynier et al. (24) have
shown products of enzymic oxidation of caffeic acid are different, but their general
nature appears similar.

Enzymic oxidation. PPO has been shown to occur in latent forms activated by
contact with acid (25). Bruising of grapes would expose plastid PPO of the
cytoplasm to acid from the vacuole, but a four-fold activation required also the
exposure to oxygen (26). Activation by oxygen has also been reported by Lerner,
et al. (2) and may have a relationship with PPO functioning as a mobilization against
plant injury leading to wound closure and suberization.
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Figure 2. Products of alkaline autoxidation of gallic acid (/4).
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Figure 3. Products of oxidation of caffeic acid at elevated pH (relative to wine)
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The reaction that causes much of the early precipitation of PPO from musts
and wines appears to be nonspecific complexing with tannins, since a large part of
the activity can be solubilized and recovered by adjusting the suspension to pH 10.
This would produce phenolates from the tannin’s phenolic groups and break
hydrogen bonding (27).

Grapes, somewhat variably by variety, are not only high in caftaric (caffeoyl
tartaric) acid, but also in glutathione. The combination, when PPO oxidation occurs
as in commercial juice production, leads to disappearance of more or less of the
caftaric acid and appearance of "grape reaction product” (or glutathione reaction
product) GRP (28, 29). Browning tendency depends on enzyme activity, substrate
kinds and amounts, and browning inhibitor content (ascorbic acid and glutathione,
at least). It is no longer surprising that it has been difficult to categorize grape
varieties by chemical means with regard to relative browning tendency, rather than
by winery reputation.

GRP, based on the fact that it remains unchanged in the presence of active
grape PPO (29), is not a substrate for that enzyme. It is oxidizable by coupled
reduction of caffeic quinone, thereby adding to total oxygen uptake via regenerated
caffeic acid and demonstrating GRP’s lower oxidation-reduction potential. Its
structure was determined to be 2-S-glutathionyl caffeic acid (30). Hydrolysis, first
of the tartaric acid unit and later of portions of the peptide, leads to a total of seven
new phenolic fragments, illustrating the complexity of studying grape must and wine
oxidation products. With older wines, 2-S-glutathionyl caffeic acid rises as a result
of hydrolysis of GRP, 2-S-cysteinyl caffeic acid eventually falls, presumably from
oxidation, and GRP falls from both causes. Although a product of either PPO or
autoxidation of caftaric acid in the presence of glutathione, GRP is colorless and its
production forestalls browning. In raisins, for reasons attributed to
compartmentalization but not understood, GRP does not normally form during sun-
drying and this is seen as a reason they are so brown (31).

Six compounds tested having a free SH group, including H,S, enhanced
retention of caftaric acid in the presence of grape PPO and each gave a new HPLC
peak (29). That with glutathione and the glutathione-coutaric acid combination
matched GRP. The only sulfhydryl compound that neither spared caftaric acid nor
gave a new peak was l,4-dithiothreitol. In unpublished work, a separable peak
believed to represent sulfonic acid ring substitution was produced by autoxidation
of caffeic acid with SO, present, but only at a pH above 5.0, suggesting that the
reactive form was the sulfite ion. As already noted the same type of products were
produced between quinones and sulfhydryl compounds whether the oxidation was
by PPO or without it at higher pH. However, without enzyme, no significant
oxygen uptake was noted in experiments to be presented her at pH 5, in the time
allotted (arbitrarily 150 minutes maximum) with any of the phenolic substrates.
Furthermore, with or without PPO but no phenol, the sulthydryl compounds took up
no oxygen. Neither did the enzyme preparations alone. Phloroglucinol, with active
PPO, took up no measurable oxygen in 80 minutes and oxidized glutathione (GSSG)
produced no effect during phenol oxidation.
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Experimental Details of the Reactions of PPO. It is somewhat difficult to
study these reactions because O, level, enzyme concentration, substrate phenols, and
the nature and concentration of the sulfhydryls present all interact, even when other
conditions are constant. Some of the findings to be presented here have been
anticipated by previous work with other techniques, but these results add
confirmation. The Warburg technique was chosen to focus on oxygen consumption
and possible CO, generation under proven circumstances. Most other recent studies
have used HPLC and focused on phenolic reactants. Phenolic substrates were
chosen to represent the major types present in musts and wines; caffeic (o-diphenol),
p-coumaric (monophenol), and gallic (vicinal triphenol) acids, d-catechin (flavonoid),
plus phloroglucinol as the equivalent of a "bare" A-ring of a flavonoid. The
conditions were as constant as possible to prevent as many extraneous effects as
possible. Although high concentrations of enzyme were used, activity levels affected
the results in ways that will become clear in further discussion.

Limited experimentation was done with oxygen instead of air. Much of the
effect of oxygen over air was similar to the effect of higher enzyme concentration
as might be anticipated. The faster action tended to obscure rather than illuminate
the reaction, given that the Warburg technique is not well adapted to studying very
fast reactions (32). Only experiments with air will be reported. One bath
temperature (22.0 °C) was used, one (high) shaking speed, pH 5.0 only (chosen to
be near reported optimum and nearer high pH autoxidation studies), and usually a
single phenolic substrate per trial. The sulfhydryl compounds studied included
cysteine, glutathione and dithiothreitol. The results with cysteine were very similar
to those with glutathione at an equal molar excess, but slightly less active (averaging
about 90%), but apparently differed a little depending on substrate and perhaps
enzyme preparation. Cysteine was also more difficult to work with (solubility, pH
effects of salts, etc.). Only the results with glutathione will be shown, plus a limited
number of tests with dithiothreitol (DTT).

Glutathione is Not Acting as a Reductant. Figure 4 shows that, without
glutathione, oxygen uptake by caffeic acid in the presence of a moderate level of
mushroom tyrosinase was low and slowed greatly from 0.1 O,/mole phenol. Under
the same conditions with glutathione added, oxygen uptake was much faster, but
reached a maximum of 0.5 O, per phenolic molecule as the caffeic acid present was
exhausted. With ascorbic acid, however, the oxidation continued very rapidly with
the same amount of caffeic acid to several moles of O, per mole of phenol. With
only ascorbic acid and no phenol, relatively little oxygen was consumed as also
shown in Figure 4. Ascorbic acid is well known to reduce quinones, caffeic quinone
here, back to their hydroquinone form, which then are reoxidized by PPO.

This is one form of coupled oxidation with the net effect of oxidizing
ascorbic acid instead of the phenol until ascorbic acid is depleted. Glutathione
(GSH), cysteine and similar compounds, are not acting by this means as shown by
the fact of approaching the theoretical limit expected, 0.5 pmole O/umole ¢OH. If
GSH were acting as a reductant, it, like ascorbic acid, would cause recycling of the
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Figure 4. Oxygen uptake by caffeic acid in the presence of mushroom
tyrosinase and the effects of glutathione and ascorbic acid at high levels.
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reduced phenol and multiply the O, uptake. Furthermore, since the GSH is
competing to rapidly remove the quinones, it greatly lowers (Figure 4) the effect of
co-present ascorbic acid. Vice versa, ascorbic acid lowers the production of GRP.

Relative Concentrations and Enzyme Purity Make a Difference. Figure
5 shows the oxidation of caffeic acid with and without glutathione by grape acetone
powder PPO (G) and that from mushrooms (T). Note that the uptake by the
mushroom tyrosinase in the presence os GSH was very rapid. The shaking rate and
the O, transfer rate are shown to be adequate for fast reaction, and the differences
must, therefore, represent reaction differences. Of the two enzyme samples, the
tyrosinase is more active than the grape acetone powder in the presence of GSH, but
the reverse without GSH. This suggests that the GSH has two effects. One is to
convert the caffeic quinone to the GRP equivalent, 2-S-glutathionyl caffeic acid
(CRP), a non-substrate, and thus terminate the reaction upon exhaustion of the
caffeic acid at 0.5 pmole O,/mole ¢OH. The second is to prevent destruction of the
enzyme caused by its reaction with the quinones.

Golan-Goldhirsh and Whitaker (33) showed that this quinone inactivation
involved about 85 molecules of the quinone per enzyme subunit. This certainly
suggests a rather nonspecific reaction and that competing proteins could help protect
the enzyme’s activity. The smaller difference between the activities with and
without GSH for the more impure grape acetone powder suggests that the entrained
protein impurities help protect the PPO activity, compared to the purer mushroom
tyrosinase. Since a high number of quinones are involved in inactivating the
enzyme, less GSH should be required for enzyme protection than for complete
suppression of other reactions to the 0.5 O,/phenol level. If this reasoning is correct,
addition of a nonspecific protein should protect the purer enzyme. Addition of
bovine serum albumin did just that, Figure 5. This addition not only protected the
enzyme to give higher total O, uptake, but also gave a very dark brown solution
whereas GSH and other sulfhydryls prevent browning. Note also that the purer
enzyme compared to the less pure or protein-added sample (Figure 5) carried the
total oxidation to its maximum level faster. It suggests that the O,/phenol ratios
above 0.5 as in the two highest curves (Figure 5) can be caused by so rapid
production of quinone that some escapes conjugation with GSH and is reduced for
reoxidation by the enzyme through coupled chemical oxidation of self-condensed
dimers or previously conjugated 2-S-glutathionyl caffeic acid. Alternatively, if other
protein is tieing up the quinone, the PPO activity can be prolonged to allow similar
effects via coupled oxidation of hydroquinones generated by linkage of the caffeic
quinone to the protein via sulfhydryl or amine linkages.

Glutathione Does Not Inhibit PPO. It has been often said that cysteine and
other sulfhydryl compounds inhibit PPO. This appears to be true if browning is the
measure of PPO activity. In no instance was there appreciable browning in the
presence of high levels of sulfhydryls relative to the content of phenolic substrate.
However, glutathione does not appear to affect the enzyme directly and oxygen
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Figure 5. Oxygen uptake by caffeic acid in the presence of Grenache PPO
acetone powder (G) and relatively pure mushroom PPO (T), with and without
added (5x phenol moles) glutathione and the activity preservation effect of
protein impurities. BSA = bovine serum albumin.

In Enzymatic Browning and Its Prevention; Lee, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



.ch003

36 ENZYMATIC BROWNING AND ITS PREVENTION

uptake may be stimulated or inhibited depending upon the particular phenol being
oxidized. Figure 6 compares three levels of tyrosinase (mushroom PPO) at a
constant level of caffeic acid (about 5 pmoles/mL) and glutathione (about 30
pumoles/mL). As the enzyme is diluted, the portion of the caffeic acid oxidized at
maximum decreases. In the presence of glutathione and dilute PPO, all the caffeic
acid is oxidized to the quinone as shown by constant 0.5 umoles O,/umoles ¢OH.
At the highest enzyme level, glutathione produced very fast oxygen uptake and to
a slightly higher level per mole of phenol. This slightly higher level is attributed,
as already described, to some caffeic quinone escaping glutathione conjugation long
enough to be reduced back to caffeic acid substrate by already formed codimers or
glutathione conjugate, the latter substances oxidized by coupled chemistry, not
enzyme action.

Note that the effect of glutathione on the PPO action is as predicted.
Glutathione preserved action of weaker enzyme amounts to reach complete oxidation
to the quinone form and tied up all the quinone formed to terminate the reaction at
that stage.

PPO Inactivation Does Not Inhibit Resumption of the Reaction. Figure
7 shows again that higher active enzyme content, in the presence of a high level of
GSH, allows some continued oxygen uptake with time and to levels beyond the
simple caffeic acid to caffeic quinone transformation. Without the protection
afforded by the GSH, the PPO at level one produced limited oxidation of the caffeic
acid. However, addition via a second arm of the Warburg flask of either much more
enzyme alone or the same additional amount of PPO plus GSH gave immediately
renewed oxygen uptake ultimately to about the respective levels achieved by
originally high levels of either enzyme or GSH with enzyme. These data show that
there was not some inhibiting condition, but that the PPQO had been inactivated. The
unreacted caffeic acid remained and then did react with new enzyme to about the
same final degree.

Glutathione Concentration Affects the Course of the Reaction. Figure 8
shows, with grape acetone powder and caffeic acid, results concordant with the
previous interpretations. At a GSH level of about 6x that of the phenol, all the
quinone was trapped and oxygen consumption leveled off at 0.5 O, per phenol. As
GSH was decreased, all else constant, the uptake of oxygen increased in rate and
reached a higher total for reasons already explained. The reaction by enzyme alone
was slower (Figure 8), but reached a higher than theoretical oxygen consumption.
This is explained by a lower concentration of GSH protecting the enzyme and by,
in the absence of GSH, greater polymerization of the caffeic quinone. It is
significant that only the sample without any GSH was brown in this and other
similar experiments.

The effect of 1,4-dithiothreitol was much different than GSH at similar molar
concentrations. It seriously inhibited, particularly at first, the uptake of oxygen by
caffeic acid with PPO (Figure 8). No browning occurred.
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Figure 6. Tyrosinase (mushroom PPQ) concentration effects with and without
glutathione at a high level (5x phenol moles) on oxygen uptake by caffeic acid.
E = 2000 units/mL; E/2 = 1000 units/mL; E/4 = 500 units/mL.
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Figure 7. Effect of adding new active enzyme on a stalled caffeic acid
oxidation and comparison with the same conditions with high levels of PPO
(mushroom tyrosinase) or added glutathione.
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Figure 8. The effect on oxygen uptake of caffeic acid by the action of grape
PPO of addition of glutathione at about 0 (E), 1.5 (GSH/4), 3 (GSH/2), and 6
(GSH/1) times the caffeic acid molarity. The oxygen uptake with 1,4-dithio-
threitol on the same level of caffeic acid but with mushroom tyrosinase (T) is

also shown.
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Monophenol Oxidation. The mushroom preparation and grape acetone
powders had only weak and lagging activity toward p-coumaric acid. The data in
Figure 9 are from studies with the purified grape PPO. This enzyme preparation
reacted quickly with coumaric acid and took up oxygen to and beyond the
theoretical level of 1.0 O,/phenol. In another experiment with a higher enzyme
level, the rate of uptake of oxygen slowed earlier and nearer the 1.0 ratio, but still
continued upward more slowly than in Figure 9. The solutions became quite brown;
polymerization was certainly occurring. In direct contract to the effect with caffeic
acid, however, glutathione drastically inhibited the reaction. Dithiothreitol also had
an inhibiting effect, but less than GSH especially immediately. Again, this is
opposite to comparable results with caffeic acid. In limited tests, caffeic acid and
coumaric acid appeared to mutually inhibit each other’s O, uptake reaction with
PPO, at least the total uptake was less than the sum of the two separately.

Current thinking places the catecholase and cresolase activities at the same
catalytic site. It is speculative of course, but these data suggest that the differences
between these actions may lie in the handling of the second oxygen atom.
Quantitative oxidation of caffeic acid to a terminal level of 0.5 O,/phenol in the
presence of GSH as quinone trapping agent requires that the second oxygen atom
be held on the enzyme until a second caffeic acid molecule consumes it. Either
there must be a brief interval of an active form of one oxygen as part of the enzyme
or two molecules of phenol must be attacked simultaneously at the active site. The
first alternative has generally been involved (3) and for caffeic acid it may be
unimportant. However, as a way of explaining cresolase activity and how it differs
from catecholse, it seems worth consideration. The O, apparently binds first
followed by the phenol (3). Monophenols are reported to have greater affinity than
diphenols for the active site (34).

Since it takes two atoms of oxygen to convert coumaric acid to caffeic
quinone, there is no "residual” atom of oxygen to act on the next molecule, perhaps
explaining the slower early and increasing intermediate rate of reaction with pure
coumaric acid shown in Figure 9. At high levels of coumaric relative to caffeic
acid, oxidation of the caffeic acid would be inhibited because of the high affinity
and slow reaction of the monophenol. As monophenol is converted to caffeic
quinone and polymerization occurs, some caffeic hydroquinone can result from
coupled oxidation-reduction. Perhaps this can explain the autocatalytic rise shown
in Figure 9 and from this point on provide PPO with the residual activated oxygen
atom to then oxidize coumaric acid more readily. Glutathione would suppress rather
than activate the system by preventing caffeic acid quinone’s coupled reduction back
to free caffeic acid as a substrate for the PPO. To account for its different behavior,
dithiothreitol might be directly affecting the PPQ’s active site, perhaps by affecting
any active residual oxidation capacity of the enzyme.

Gallic Acid Oxidation. In contrast to the other substrates, gallic acid gives
off considerable carbon dioxide as it is oxidized by PPO. Figure 10 shows typical
data. GSH lowered the oxygen consumption to near the half mole needed to
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Figure 9. Oxygen uptake by p-coumaric acid catalyzed by enriched grape PPO
and the effects of glutathione and dithiothreitol.
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Figure 10. Oxygen uptake and carbon dioxide emission by gallic acid catalyzed
by tyrosinase (mushroom PPQ) and the effects of glutathione and dithiothreitol.
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produce the quinone and almost eliminated the production of CO,. The CO,/O, ratio
was nearly constant over time in this set at about 0.7 in the absence of GSH. This
ratio appeared somewhat subject to shift as concentration ratios were changed. It
is believed that the GSH, as before, is trapping the gallic quinone and minimizing
dimerization.

It is proposed that there are two mechanisms of dimerization. Dimerization
to the ellagic acid precursor hexahydroxydiphenic acid is one, but would not produce
CQO,. This is the mechanism used to explain alkaline oxidation of gallic acid (/4).
Of course, CO, would not be released from alkaline solution and ring oxidation.
The second dimerization which appears to account for the CO, is the production of
carboxypurpurogallin (Figure 11). This is analogous to the reaction important in tea,
producing theaflavins, and has been reported with PPO oxidation of gallic acid (35).
The sample solutions without GSH were very highly colored as the purpurogallin,
but not other obvious products, would produce. The proposed reaction would
produce one molecule of CO, for each gallic acid unit entering the "dimer," one
from the carboxyl and the other from the sixth ring carbon and its hydroxyl. Two
gallic acid units would consume 1.5 moles of (,, if this were the exclusive reaction.
At 2 CO, per 1.5 O, the ratio would be 1.33. Since 0.7-0.8 was found, it appears
a bit over half of the reaction goes the purpurogallin route, the rest being "ellagic”
and others not yielding CO,. Since alkaline oxidation of gallic acid produces
browning and the ellagic acid derivatives per se are not expected to be colored, this
purpurogallin-type of dimerization and pigmentation probably also occurs n alkaline
oxidation.

Oxidation of wines (acidic, nonenzymic) produces CO, (10) and this or
similar reactions must be the source. It would be predicted that further study
manipulating the GSH ratio and including catechins would be useful to elucidate the
role of gallic acid in wine oxidation. Perhaps theaflavins, which are considered so
important in tea color, flavor, "briskness," and quality also have a role in wines.

Catechin Oxidation. As an example of oxidation of a flavonoid important
in wine, the data in Figure 12 are offered. Enriched Thompson Seedless grape PPO
was used. Oxygen uptake was rapid in the presence of excess GSH to about 0.5
moles O, per mole of d-catechin and then continued slowly. It was much higher and
gave orange-brown, poorly soluble color if GSH was not used. The results are
interpreted as showing that in the presence of glutathione to trap the quinone,
polymerization is largely prevented and only sufficient oxygen to produce the
quinone is used at first. Again one might be tempted, incorrectly, to say the enzyme
was inhibited by GSH. No color, again, is produced under a high level of GSH.
Dithiothreitol also prevented color development, but severely depressed oxygen
uptake, particularly at first.

Oxidation of Caffeic Acid with Phloroglucinol. The polymerization of
catechin as it is oxidized by PPO would appear to be simulated by oxidizing caffeic
acid and phloroglucinol as a pair. The catechin’s B-ring furnishes the quinone as
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Figure 12. Oxygen uptake by d-catechin catalyzed by enriched grape PPO and
the effects of glutathione and dithiothreitol.
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does caffeic acid. The A-ring of the flavonoid is a substituted phloroglucinol. It has
already been noted that phloroglucinol alone is not oxidized by PPO, so the
calculations of Figure 13 are based on the caffeic acid content alone. As in the
other instances, GSH prevented polymerization and the result was much the same
whether or not phloroglucinol was present. In the absence of GSH caffeic acid plus
phloroglucinol took up considerably more oxygen and gave more intense and more
orange color at the end than did plain caffeic acid.

These findings seem very consistent with expectations from the explanations
given earlier. We are brought full circle to explain why white wine browning
capacity is proportional to their flavonoid content. Vitis vinifera wine grapes have
similar, roughly 50-300 mg/L, contents of caffeic derivatives and impart that
similarity to white wines made standard ways. The flavonoid content is more
variable for several reasons, especially degree of solid grape tissue extraction in
winemaking. Although caffeic acid is more readily oxidized, it gives less brown
color than catechins because of their relative effects in polymerization. Figure 14
illustrates one probable type of caffeic-catechin dimer. Such a dimer, when
oxidized, produces extended multiple-ring conjugation of double bonds and much
higher intensity of color. For example benzoquinone gives a molar extinction of
only 20 at 434 nm whereas diphenoquinone has about 69,000 at 398 nm (36). A
family of such products would have many individual maxima and together result in
wide amber-brown absorbance. Furthermore, for reasons mentioned earlier plus the
usually lower oxidation reduction potentials of any 1,4-diphenol analogs produced
(like in Figure 14), the products tend to be more easily oxidized than the original
reactants.

Conclusions

1. Glutathione inhibits browning, but does not inhibit PPO. Depending on
the specific phenol and other conditions, it may stimulate, limit or inhibit oxygen
uptake.

2. Glutathione and other sulfhydryl compounds except 1,4-dithiothreitol
appear to act on phenol oxidation similarly by trapping quinones and thus competing
with further reactions dependent on quinones. Polymerization is particularly
dependent on the quinones and limited or prevented by GSH. They are not
reductants for PPO quinones in the manner of ascorbic acid.

3. Glutathione prevents destruction of the PPO enzyme by the quinones the
enzyme produces. Activity with impure enzyme or enzyme plus extraneous protein
is partly spared and is less needful of GSH for preservation of activity.

4. Careful study of the reactions using glutathione as tool and oxygen uptake
(and CO, generation) have elucidated the course of oxidation by PPO of caffeic,
coumaric, gallic acids, caffeic acid plus phloroglucinol, and catechin. The case with
phloroglucinol is particularly instructive in that incorporation of an otherwise
inoxidizable molecule produces an oxidizable structure leading to great increase in
the visible brown absorbance.
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Figure 13. Oxygen uptake by caffeic acid in the presence of phloroglucinol

catalyzed by grape PPO acetone powder and the effect of glutathione addition
at a high level.
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Figure 14. Example of a caffeic-catechin dimer oxidation product.
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5. There are four different types of coupled reaction whereby oxidation of
vicinal diphenols can cause further oxidation: a). In autoxidation (but not by PPO)
hydrogen peroxide is produced resulting in more O, consumption and additional
oxidation. b). Quinones may be reduced (as by ascorbic acid) resulting in phenol
preservation until the reductant is consumed. c¢). Regenerative dimerization
epitomized by the GRP or phloroglucinol reaction regenerates a hydroquinone
structure which can be (autoxidatively if not enzymically) oxidized in turn. d).
Regenerated dimers and similar products are expected to be more readily oxidized
so that they can reduce (contribute hydrogen to) original quinones back to their
hydroquinone, enzyme substrate form.
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Chapter 4

Prevention of Enzymatic Browning in Fruits
and Vegetables

A Review of Principles and Practice

Lilly Vdmos-Vigydz6!

Central Food Research Institute, P.O. Box 393, H-1536 Budapest,
Hungary

Enzymatic browning of fruits and vegetables has not ceased to be a
problem for processors, although the underlying basic reactions have
been known for a long time. One of the difficulties in selecting the mode
of browning prevention consists in the necessity of complying with food
safety regulations, while at the same time taking into account the
marketability of the product as affected by taste and flavor, texture, etc.
The ever increasing amount of literature accumulated on the topic
shows great progress in establishing the phenolic composition of foods,
enzyme purification and the introduction of new browning inhibitors.
This review gives an account on the latest achievements in the
prevention of browning along with some of the author's earlier results.

In the early 1980's this author had her first opportunity to review the literature on the
polyphenol oxidase (PPO)-catalysed transformation of endogenous phenols in raw
food material to - in most cases undesirable - brown pigments (/). Since that time the
interest in the topic has not slackened. On the contrary, the field of research has
become even broader. Beside enzymic browning of fruits and vegetables, which is still
of interest, an increasing number of papers have been devoted to enzymatic
discoloration of cereals, oilseeds and sugar cane (2-6) as well as to commodities of
animal origin (seafood) (7,8). The latter are of particular interest as, e.g. lobster PPO is
present in a latent form in the tissues (7-9), a phenomenon rarely encountered in the
plant kingdom. This review tries to give an overview on the prevention of enzymatic
browning in fruits and vegetables mainly based on the literature of the 1990's.
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Principles of the Prevention of Enzymatic Browning

The principles of browning prevention have not changed with time and are essentially
the same as those applying to the inhibition of any tissue enzyme, i.e.:

a/ inhibition/mactivation of the enzyme
b/ elimination/transformaton of the substrate(s)
¢/ combination of a/ and b/.

In the light of recent findings it is, however, not easy to classify an inhibitor or an
inhibitory process as belonging exclusively to one of the three categories. Many
inhibitors act both on the enzyme and on its substrates. For all the three cases mainly
substances or procedures compatible with food safety and marketability requirements
shall be dealt with here.

Prevention does not necessarily consist of post-harvest treatment only. Much can
be done to reduce browning occurring during storage or processing by selecting
cultivars of slight browning tendency (/0) and by appropriate agricultural techniques
(11). Studies into the changes in browning tendency, PPO activity and phenolic
composition and concentration during ripening (/2, /3) might be equally helpful to the
grower and the processor, although harvest times can hardly be adjusted to the
optimum values of these parameters only.

A vast amount of data has been accumulated during the past decade on the
characteristics of PPO in different commodities (/4-23). As methods of enzyme
extraction and purification improved simultaneously, findings often are not in
agreement with those published earlier for the same commodity. The same applies for
the research into the phenolic composition of foods (24-26). Here the outstanding
importance of HPLC should be stressed. From the aspect of enzymatic browning and
its inhibition research into the fate of phenolic substrates during PPO-catalysed
oxidation might be of outstanding importance (27,28).

Enzyme inhibition can be reversible or irreversible. The latter is often achieved
by physical (heat) treatment, while chemicals might act in one or the other way.

Prevention of Enzymatic Browning with Chemicals

Recent Uses of Traditional Browning Inhibitors. Most recent work on the
prevention of enzymatic browning is aimed at replacing sulfite (29, 30). Sulfur dioxide,
sulfites, bisulfates and metabisulfates inhibit enzymic and nonenzymic browning (37)
and are effective against microbial infection. However, owing to their harmful effect on
health their use has been restricted or banned altogether in several countries. It seems
difficult to substitute them in vinification (32-34). [Some success has been achieved,
though, with ascorbic acid or ascorbic acid containing mixtures of chemicals (34)]. As
shown with metabisulfite, this class of inhibitors act a/ on the quinones formed by PPO-
catalysed oxidation of o-dihydroxy phenols and b/ on the enzyme itself by irreversibly
binding to the "met" and "oxy" forms of binuclear copper at its active site (35).
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Some recent uses of classical browning inhibitors other than sulfite are summarized in
Table L

Table L Recent Uses of "Classical" Browning Inhibitors in

Fruits and Vegetables
Commodity  Inhibitor(s) Concentration Remark Reference
Apple Ascorbic acid 10 (g/1) Heating (60-70°C, 15 36
(slices) min) or decreasing of
pH promoted inhibition

Apple Ascorbic acid + 10 AA+2 CA  Dip (5 min) 37
(cubes) citric acid (gh)
(Golden
Delicious)
Apple Ascorbic acid + 10 AA Dip (5 min) 37
(cubes) NaCl + 0.5 NaCl
(Golden @
Delicious)
Apple; Ascorbic acid Infiltration; AAP was 38
potato or ascorbic acid hydrolysed by

phosphate endogenous acid

phosphatase

Potato Ascorbic acid + 40 + or 25 + Effective in extending 40

citric acid + 10+ 10+ storage life of abrasion-,

sodium acid 10+ 10+ lye- or high pressure

pyrophosphate steam-peeled potatoes

+CaCl, +AAP 2 2+  after digestion and

(Mg-salt) + - 16 + removal of digested

AAP; (Na-salt) surface prior to applying

- 15 5-min dip
&
Garlic Citric acid 10 (gN) Effective during storage 41
_(chopped) at 4°C

Avocado L-cysteine 0.32 mM 100% inhibition 42
Banana L-cysteine 5.0 mM 100% inhibition 42

AA: ascorbic acid; AAP: ascorbic acid phosphate; AAP3: ascorbic acid triphosphate;
CA: citric acid.

From the data tabulated it can be seen that ascorbic acid is a browning inhibitor still
much dealt with. Its action can be enhanced by citric acid and NaCl in concentrations
that are ineffective in themselves or even increase enzyme activity. (It is interesting that
an increase in activity was noted also for ascorbic acid alone up to the concentration
given in the Table) (38).
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Ascorbic acid phosphate (AAP) might act as an ascorbic acid "reservoir”, when the
browning tendency of the product is not too strong. Otherwise the AA released by
endogenous ascorbic acid phosphatase might be soon depleted. A reduction of the
mhibitor solution pH to 2 inhibits ascorbic acid phosphatase and makes the effect of
AAP safer. Reduced pH and the use of ascorbic acid-2-triphosphate provide for a
gradual release of ascorbic acid (39). The question arises here to what extent lowering
of the pH contributes to the inhibition of browning and if this pH is compatible with
the sensory and technological properties of the given commodity.

Another group of "classical" browning inhibitors are sulfur-containing amino acids and
peptides or alcohols with L-cysteine as prototype. The action of cysteine is complex. It
forms addition compounds with phenolic substrates. The structure of some of these
compounds is now well established, e.g. 5-S-cysteinyl-3,4-dihydroxytoluene is formed
from 4-methylcatechol and 2-S-cysteinylchlorogenic acid from chlorogenic acid (43).
Cysteine also forms adducts with quinones. The fate of the quinones and the adducts
(and the efficiency of browning inhibition by cysteine) was found to depend on the
ratio thiol:phenol and also on the pH. Cysteine-quinone adducts proved to be
competitive inhibitors of PPO. They enter enzymatic as well as non-enzymatic
oxidation reactions with the quinones, whereby phenols are regenerated. These may
undergo enzymatic oxidation causing color formation. In order to prevent
discoloration, the relative cysteine concentration must be sufficient to transform all the
substrate into colorless adducts (44, 45). N-acetyl-L-cysteine and reduced glutathione
were found to be even more potent browning inhibitors than L-cysteine (for apples and
potatoes) (46), while dithiothreitol, a reversible inhibitor of PPO was much more
efficient than glutathione (for mushrooms) (47). The efficiency of cysteine (and also of
aromatic amino acids) and the type of inhibition were found to depend, apart from the
nature of the inhibitor, also on the method used for determining activity (polarographic
or spectrophotometric) (48, 49).

Some Earlier Results with Traditional Inhibitors from the Author's
Laboratory. Some of the author's own work with inhibitors used to prevent
browning of apples and peaches is shown in Tables II and III. (Vimos-Vigyiz6 and
Gajzagé, Central Food Research Institute, Budapest, unpublished data). The
discoloration was measured by a reflectance method (50, 57) using slices of Starking
and Golden Delicious apples as well as Elberta and Ford peaches treated and not
treated with inhibitors, respectively. The wavelengths used for reflectance
measurements were 540 nm for apples, 470 nm for the white-fleshed peach cultivar
Elberta and 580 nm for the yellow-fleshed peach cultivar Ford. Fruit slices were
immersed at room temperature (22-24 ©C) into inhibitor solutions of various
compositions and concentrations for various times. The progress of discoloration was
read from the scale of the spectrocolorimeter "Spekol" (Zeiss, Iena, Germany).
Readings were performed at least up to 10 min, during the first 2 min every 30 s and
later every 60 s. From the linear parts of the saturation curves obtained the "mitial
browning rate" (BA) of the samples was calculated by linear regression. The number of
replicates was 4-7. Mean BA values and standard deviations were calculated. The BA-

In Enzymatic Browning and Its Prevention; Lee, C., et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1995.



.ch004

4. VAMOS-VIGYAZO  Prevention of Enzymatic Browning 53

values of inhibitor-treated samples were subtracted from the respective values of the
untreated controls, related to the control values and expressed as % inhibition. If no
discoloration occurred up to 30 min, inhibition was considered to be 100%. The
statistical evaluation of the results was performed by Student's #-test (comparing the
BA-s of the inhibited with the respective control sample). The results obtained with
apples are summarized in Table II.

Table IL Inhibition of the Discoloration of Apple Slices by Dipping into Various

Inhibitor Solutions
Apple cultivar Inhibitor and Dipping time Inhibition
concentration (%) (min) (%)
1 0*
Starking CA(2) 3 57410
5 57+23
1 60 +20
Starking CA4) 3 80+18
5 100
1 73+17
Starking CA (6) 3 90 £ 13**
5 100
1 90+ 7
Starking AA (1) 3 98 + 3**
5 100
1 95 + 13**
Starking AA (2) 3 99 + 4**
5 100
Starking AA (1) + CaCl, 3 100
(0.1), pH 8.1
1 0
Starking CnA (0.0075) 3 78+ 8
5 80+ 8
1 0
Starking CnA (0.015) 3 80110
5 83+ 8
1 5+30
Golden Delicious CnA (0.0075) 3 84+ 8
5 100
1 5+30
Golden Delicious CnA (0.015) 3 100
5 100

CA: citric acid; AA: ascorbic acid; CnA: cinnamic acid;
* statistically non-significant increase; ** not significantly different from 100%.
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With Starking apple slices the shortest dipping times and the lowest inhibitor
concentrations yielding complete inhibition were 5 min in 4% (0.2 M) citric acid, and 5
min in 1% ascorbic acid (0.057 M), respectively. (Some of the other values were not
significantly different from 100 inhibition either). Dipping time could be reduced to 3
min by adding 0.1% (9 mM) CaCl, to the above ascorbic acid solution. CaCl, is
known to have a beneficial effect on apple flesh firmness. Cinnamic acid could be
applied only at very low concentrations (0.5 and 1 mM) as it imparted an off-taste to
the fiuit, described by the panelists as "metallic". Complete inhibition of the browning
of Starking apple slices could not be achieved with either concentration. A prolongation
of the immersion time from 3 to 5 min had no significant effect on the efficiency of this
mhibitor. With Golden Delicious, the cultivar less susceptible to browning, complete
nhibition could be achieved by applying 0.5 mM for 5 or 1 mM cinnamic acid for 3
min.

The results obtained with peach slices are shown in Table ITI.

Table IIL Inhibition of the Browning of Peach Slices by Dipping into Various

Imhibitor Solutions
Peach cultivar Inhibitor and Dipping time Relative
concentration (%) min Inhibition %

E AA(1) 1 85 +33*
E AA(3) 1 100
F 1 100
E CA (1) 1 30+ 6
E CA(®3) 1 39+ 12
E 2 42+ 13
E CA (5) 2 71+ 19
E Sucrose (30) 2 64+ 8
F 1 82+ 21*
E Sucrose (50) 2 62110
E Sucrose (30) + CA (3) 2 100
E Sucrose (50) + CA (3) 2 100
E NaHSO3 (0.1) 2 100

E: Elberta; F: Ford: AA: ascorbic acid; CA: citric acid
*: not significantly different from 100% inhibition.

Complete inhibition of browning could be achieved with a 1-min dip in 3% ascorbic
acid for both cultivars tested. Citric acid was only tried with the cultivar Elberta and did
not yield complete inactivation with any of the concentrations and dipping times tried.
No complete inhibition could be achieved either with sucrose solutions alone.
However, both combinations of sucrose with citric acid gave full protection against
browning. The joint action of these two mhibitors seems to be additive. Finally,
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complete inhibition of browning of Elberta peaches could be achieved with a 0.1%
solution of sodium bisulfite.

Recently Developed Inhibitors of Enzymatic Browning. The past years have
witnessed a boom in the development of new browning inhibitors. Part of them are
now available on the market. Some of them are listed in Table IV along with their field
of application tried so far.

Aromatic Compounds. Aromatic carboxylic acids and substituted phenols
(29, 52) have long been in use as inhibitors of PPO, mainly for kinetic studies of
inhibition, but partly also for preventing browning with more or less success. 4-
Hexylresorcinol (4HR) is one of the recently discovered, patented (53) and approved
browning inhibitors of this class. It was first reported to inhibit shrimp black-spotting
caused by PPO (54). 4HR was much more effective on the purified mushroom enzyme
than on a crude extract and did not inhibit laccase (55). Apple slices (in syrup) required
only 1/5 the concentration of 4HR of that necessary for achieving the same result with
sulfite (56).

Tropolone (2-hydroxy-2,4,6-cycloheptatrien-1-one) is a copper chelator slowly
binding to the "oxy" form of the enzyme (58). It was found to be a substrate of
horseradish peroxidase in the presence of H,0, and is, therefore, assumed to be helpful
in distinguishing this enzyme from PPO (59, 60).

Kojic acid [5-hydroxy-2-(hydroxymethyl)-y-pyrone] interacts with o-quinone
formation from o-diphenols by decreasing O, uptake by the enzyme. It inhibits also the
monophenolase activity of PPO (62).

Glucosidated Substrates. (+)-Catechin 3'-O-a-D-glucopyranoside obtained
from (+)-catechin by different enzyme-catalysed reactions (with cyclodextrin
glucanotransferase, E.C.2.4.L19 and soluble starch, and with a bacterial sucrose
phosphorylase, E.C.2.4.1.7, respectively), proved to be a strong inhibitor of mushroom
PPO (63, 64). As other PPO-substrates can be transformed by glucosidation to
inhibitors as well (64), this group of compounds might be of interest for future
research.

Proteolytic Enzymes. The possibility of an enzyme, itself a protem, being
attacked and inactivated by proteolytic enzymes is more than obvious. In spite of this,
protease preparations have not been systematically tried for a long time as inhibitors of
PPO and enzymatic browning. The observation that the contact with kiwi slices or
puree inhibits enzymatic browning of otherwise susceptible commodities, drew the
attention to this group of compounds. [Kiwi fruit is known to contain a highly active
protease (actinidine, 65, 66)]. Of the proteolytic enzymes tested so far mainly three
plant proteases (ficin from figs, papain from papaya and bromelain from pineapple)
proved to be effective. All the three proteases are sulfhydryl enzymes of broad
specificity (66).
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Table IV. Some Recently Developed and/or Tried Browning Inhibitors

Name of Chemical nature Field of Remark Reference
inhibitor application
4-Hexyl- substituted phenol mushroom, 90% inhibition achieved with 100 uM (crude 35, 56
resorcinol apples, etc. mushroom PPO); delay of onset of browning obtained
with 200 uM at 25 °C (apple slices in syrup)
Tropolone cycloheptatriene = mushroom and causes biphasic inhibition at up to 30 uM concentration; 37, 58
derivative grape PPO both initial and constant rate of reaction depend on
mhibitor concentration
Kojic acid y-pyrone mushroom, apple, especially efficient at inhibiting enzymatic L-DOPA 61, 62
derivative potato, shrimp, oxidation
spiny lobster
(+)-Catechin 3'- mushroom 63, 64
O-a-D-ghuco-
pyranoside
Proteases ficin, papain, apple and potato  the relative efficiency of the enzymes depends on 66
bromelain slices treatment temperature and on the commodity
(sulfhydryl
enzymes)
Carrageenans sulfated apple juice and synergistic effect with citric acid; long-lasting inhibition 67, 68
polysaccharides dice
Maltodextrins oligosaccharides  ground apples K*-ions enhance inhibition 69
Honey Peptide of M, apples, grape juice 70
600
Carbon mushroom PPO  reversible inhibition of catecholase activity 71
monoxide
Hypochlorites Na- and Ca-salts  apple, potato dips containing low concentrations (17.5-140 ppm) of 72
slices mhibitor
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Carbohydrates. A number of carbohydrate derivatives were found to be
effective in preventing enzymatic browning of foods. Carrageenans, a group of
naturally occurring sulfated polysaccharides, but also amylose sulfate and xylan sulfate
were reported to inhibit, in low concentrations (less than 0.5%), browning of
unpasteurized apple juice and diced apples. The inhibitory effect could be
synergistically enhanced by citric acid (0.5%) (67, 68).

The inhibitory effect of maltodextrin (DE 10) was enhanced by K+ and assumed,
therefore, to be related to pyruvate kinase in apples (69).

Peptides. PPO activity and browning were found to be inhibited by honey.
Experiments with model solutions showed PPO inhibition to be non-competitive with
(-)-epicatechin as substrate and enzyme activity could be progressively inhibited with
time by preincubation in solutions of honey (70). The inhibitory effect was due to a
peptide of MW 600.

Carbon Monoxide. CO gas atmosphere was found to inhibit mushroom PPO
reversibly, whereby it prevented self-inactivation of the enzyme (77). The latter feature
of this inhibitor might be useful in studies on PPO action. However, CO - as a
substance harmful to human health - does not seem to be of any practical use in
preventing browning of food materials.

Hypochlorite. Sodium and calcium hypochlorites in low concentrations (down
to 17.5 ppm) were reported to inhibit enzymic browning of green beans, apples and
potatoes. These compounds obviously act on the enzyme protein (72). It is, however,
improbable that this potent disinfectant should ever be approved for use in foods.

Miscellaneous Browning Inhibitors. A number of browning inhibitors were
found by researchers by observation or trial-and-error methods. The chemical nature of
these inhibitors is mostly unknown.

Good results were achieved with pineapple juice in treating apple rings. The juice
was treated in different ways, whereby the best results were achieved with a cation
exchanged fraction of the original juice. This fraction contained ascorbic acid (0.1
mg/ml), phenolics (0.41 mg/ml) and amino acids (formol value: 0.64 meq/100 ml) and
ensured 100% inhibition for at least 12 h. Pineapple juice was effective with fresh apple
rings kept in air or vacuum-packed as well as with dried apples. The inhibitor in
pineapple juice was found to be a neutral, low-molecular substance (73).

A patent has been recently granted for an inhibitor obtained by repeated filtration
of a fig latex suspension. The inhibitor is claimed not to contain any fig protease (ficin)
and to inhibit enzymic and non-enzymic browning, e.g. of mushrooms, wine and
shrimps. An MW < 5000 was established for its active principle (74).

Acetone soluble fractions (ASF) prepared from various fruits (plums, peaches,
apples, pears and grapes) were found to act on the PPO activity of these fruits as
measured with chlorogenic acid in a selective way. For example, ASF from grapes
inhibited the enzyme from peaches, apples and grapes: ASF from plums inhibited PPO
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from peaches and apples, but accelerated the reaction catalysed by the enzyme from
pears, plums and grapes, while ASF from peaches and apples showed only a
stimulating action (75).

Maillard reaction products obtained by heating a solution containing ghicose and
glycine were found to inhibit PPO and also peroxidase activity (76).

Stabilization of Fruit Juices Against Enzymatic Browning. The inhibition of
the enzymatic oxidation of endogenous phenols in fruit juices represents a special
problem. Non-enzymic oxidation of the phenols in the juice using an air-flow
(bubbling) with subsequent removal of the colored macromolecular products by
filtration has long been practised by juice manufacturers for obtaining clear and stable
products. Recent research has led to the development of a fungal laccase preparation
(by fermentation using the white-rot fungus Trametes/Polyporus versicolor, 77). The
enzyme immobilized on agarose-based activated matrices was reported to lend itself to
the removal of phenolics from white grape musts and wines. The immobilized enzyme-
reactor could be reused at least 8 times, and showed practically no losses of activity
when properly stored (78).

Another method of browning control is based on the addition of chitosan to apple
or pear juice prior to filtration through diatomaceous earth. For the treatment of
Mclntosh apples about 200 ppm chitosan proved efficient, whereas Bartlett and Bosc
pears required 1000 ppm. Chitosan proved to be inefficient with very ripe pears and
could not be used if the juices were to be centrifuged (79).

A recent patent reports on trapping phenols of raw fruit and vegetable juices
using soluble or insoluble cyclodextrins. The latter could be used also as column fillings
(80).

Traditional and Recently Developed Physical Methods for Inhibitng Enzymatic
Browning

Reports on the use of traditional methods of browning prevention by heat treatment
can still be found in the literature.

Blanching. Water blanching was used to prevent enzymatic darkening in frozen sweet
potatoes. Treatment at 100 °C for 3 min or at 94 °C for 5 min gave satisfactory
protection against darkening without reducing the phenol levels (87).

Blanching in boiling water was used also for preserving the green color in dried pepper.
Longer boiling times (15 min) resulted in better color retention for berries. Microwave
heating alone was insufficient and did not yield berries of lighter color as compared to
sun-drying. Microwave heating combined with blanching was found to be most
efficient for enzyme inactivation and permitted reduced treatment times (82).

Ultrafiltration. Enzymic browning of fluids can be reduced by ultrafiltration (UF). A
study of wine treatment by UF at different molecular weight cut-offs between 100,000
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and 30,000, before or after fermentation showed the results to be cultivar-dependent.
Browning during storage was found to be dependent also on the headspace in the
bottles (83).

Sonication. Recent studies have been aimed at combining heat treatment with
ultrasonic waves in order to reduce the heat resistance of mushroom PPO. The
simultaneous application of heat and ultrasonic waves had a synergistic effect on
enzyme inactivation. The efficiency of the procedure was reported to increase with
mncreasing amplitudes of the ultrasonic waves. This manifested itself in the decrease of
D values (decimal reduction times at constant temperature). The process named
manothermosonication needs, however, special and probably expensive equipment and
might be of use, in the first place, with commodities that are damaged by drastic heat
treatment (84).

Supercritical carbon dioxide. Supercritical carbon dioxide (SC-CO,) treatment was
also tried for inactivating PPO from potato peel, fresh Florida spiny lobster and fresh
brown shrimp. The purified enzyme preparations dissolved in a pH 5.3 buffer showed
but slight losses of activity (5% for potato peel PPO) when heated at 43 °C for 30 min.
Treatment of the enzymes with high-pressure (58 atm) CO, caused a dramatic loss of
activity: after 1 min, the residual activity of potato PPO, the most resistant of the three
preparations, was only 45%. However, 30 min were required for an activity loss of
91%. The pH of the potato PPO solution was reduced from 6.1 to 4.1. The treatment
caused changes in the isoenzyme composition of all the three PPO-s and compositional
changes in secondary structure. These were slightest for the most resistant potato
enzyme. The SC-CO,-treated potato-enzyme regained 28% of the original activity in
the first 2 weeks of 6 weeks of frozen storage. This activity then gradually decreased
as time progressed. The pH of the enzyme solution returned to its original value (85).

With the exception of ultrafiltration, (which is applicable only to fluids) all the
procedures dealt with in this last section also involve heat treatments. This restricts their
application to products consumed in the cooked, stewed, fried, etc. state. Moreover,
most of them require sophisticated equipment. It seems, especially with fruits, that
inhibition with chemicals will play the primary role in the prevention of enzymatic
browning also, at least, in the near future. However, as alien additives are considered
ever more undesirable in food for health reasons (justified or exaggerated) the search
for other methods will, most probably, go on. As the "appropriate agrotechnics"
mentioned in the introduction also involve the use of chemicals, these might be banned
sooner or later as well. Cultivar selection might remain promising in the future, too,
and great hopes might be set on the genetic modification of PPO in various
commodities. Research in this direction is in progress in several countries with
promising results (see the respective papers in this volume).
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Chapter 5

Tyrosinase: Molecular and Active-Site
Structure

Konrad Lerch

Givaudan-Roure Research Ltd.,, Uberlandstrasse 138, CH-8600
Diibendorf, Switzerland

Tyrosinase, a widely distributed copper-containing monooxygenase, is
a key enzyme in the biosynthesis of melanins and other polyphenolic
compounds. It catalyzes both the hydroxylation of monophenols to o-
diphenols (cresolase activity) and the oxidation of o-diphenols to o-
quinones (catecholase activity). In many plants, the enzyme is
responsible for the undesirable browning reaction, occurring
particularly during the processing of fruits and vegetables. Tyrosinase
has been isolated from a variety of sources, but pigment contamination
and the occurrence of multiple forms have frequently hampered its
characterization. Progress in the last decade has, however, allowed the
construction of a rather detailed picture of the molecular structure and
the reactivity of tyrosinase. In particular, the interaction of the unique
binuclear copper complex in this enzyme with O,, substrates and
inhibitors is now well understood at the molecular level. Moreover,
comparison of the cloned DNA sequences of tyrosinases from many
different species (bacteria, fungi, plants and mammals) revealed two
conserved histidine-rich regions, involved in the binding of the active
site copper.

Tyrosinase is a copper-containing monooxygenase which catalyzes the o-hydroxylation
of monophenols (equation 1) and the oxidation of o-diphenols to o-quinones
(equation 2).

R

1) + 0 —> + H0

OH o
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R R
2) 2 + 02— 2 + 2 Hp0
OH 0
H (o]

The two enzymatic activities are commonly referred to as cresolase or monophenolase
activity and catecholase or diphenolase activity, respectively (). The two-electron
donor required in the hydroxylation reaction is the o-diphenol which is generated
internally from the monophenol substrate.

Tyrosinase is widely distributed in microorganisms (bacteria and fungi), plants and
animals, where it is involved in the biosynthesis of melanins and other polyphenolic
compounds (/). In mammals, L-tyrosine is the initial substrate in the pathway leading
to the final products of black-brown eumelanins, red-yellow pheomelanins or a mixture
of pheo- and eumelanins (2). In microorganisms and plants a large number of
structurally different monophenols, diphenols and polyphenols serve as substrates for
tyrosinase. As many plants are rich in polyphenols, the name polyphenoloxidase has
been frequently used for this enzyme (3).

Tyrosinase has been isolated from a variety of sources, but pigment contamination
and the occurrence of multiple forms have frequently hampered its characterization. The
pertinent molecular and chemical properties of well characterized tyrosinases are
displayed in Table I.

Table I. Molecular and Chemical Properties of Tyrosinases

Species M, Subunit M; % Cu Reference
(kD) (kD)

Microorganisms

Streptomyces glaucescens 29 29 0.43 4

Agaricus bisporus 120 13.4 (L) 0.19 5

43 (H)*

Neurospora crassa 120 46 0.29 6

Plants

Solanum tuberosum 290 36 0.20 7,8

Beta vulgaris 40 40 0.31 9

Animals

Rana pipiens 200 54 0.15 10

Homo sapiens 66.7 66.7 0.20 11

a) This tyrosinase consists of two different subunits: L (light) and H (heavy)
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Depending on the source of the enzyme, the M,'s vary between 29,000 and
200,000 with subunit M,'s from 29,000 to 67,000. Until now, the enzyme from the
bacterium Streptomyces glaucescens was found to have the smallest functional unit with
one copper pair per polypeptide chain of 29,000. Tyrosinases from microorganisms and
plants are generally present as soluble proteins; in contrast those from mammals are
membrane-associated with specific organelles (melanosomes) in cells termed
melanocytes (12).

Amino Acid Sequences of Tyrosinases

Tyrosinases are generally present in low concentrations in all organisms studied so far.
Furthermore, they are difficult to obtain in pure form due to pigment contamination and
the occurrence of multiple forms. It is therefore not surprising that up to date the
enzyme from only one species (Neurospora crassa) has been sequenced by classical
protein chemical means (1/3). With the advent of recombinant DNA technology,
however, numerous amino acid sequences have become available, recently (14, 15-24).
These include tyrosinases from the bacterium Streptomyces glaucescens (15) and
Streptomyces antibioticus (16), from several plant species such as tomato (17, 18),
broad bean (19) and potato (20) as well as from mouse (/4, 21) and man (22-24). All
tyrosinase molecules sequenced so far are single-chain proteins with calculated M,'s of
30,900 (273 amino acid residues) for S. glaucescens and S. antibioticus, 46,000 (407
amino acid residues) for N. crassa, 68,000 (606 amino acid residues) for the broad bean
Vicia faba, 66,300 (587 amino acid residues) for tomato and 67,000 (588 amino acid
residues) for potato, 5,900 (480 amino acid residues) and 58,550 (515 amino acid
residues) for mouse and 58,000 (515 amino acid residues) and 6,600 (548 amino acid
residues) for man. Amino acid sequence comparison of the different tyrosinases shows
that they are structurally related. The sequence identity is 24 % between bacterial and
fungal tyrosinase and 26% between mouse and N. crassa tyrosinase. A comparison of
the four types of tyrosinase (bacterial, fungal plant, and mammalian) reveals a sequence
identity of only 8.7%. However, there are two stretches in the molecules which have
values of more than 3% suggesting that they may play an important role in the active-
site structure.

Posttranslational Modification of Tyrosinases

Tyrosinases from eucaryotic organisms are subject to substantial post-translational
modifications. Thus, tyrosinase from N. crassa was found to be synthesized as a
precursor with a very large C-terminal extension of 200 amino acids (24). It has been
suggested, that this extension could be involved in the activation of a protyrosinase by
limited proteolysis as shown in Figure 1.

The cloning of several tyrosinase genes from plant demonstrated that the enzyme
is synthesized as precursor with an N-terminal extension of ca 10 kD (Figure 1). It has
been suggested that this extension serves as a transit peptide which post-translationally
directs the protein to the chloroplast envelope (17-20). Limited proteolytic cleavage then
leads to the correct size of the mature enzyme.
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Mammalian tyrosinases (mouse and man) are synthesized as proforms containing
a typical signal peptide at the amino-terminal ends (/4, 21-24). This peptide is required
for the translocation of the molecule into the melanosomes, the sites of melanin
biosynthesis. In addition, mammalian tyrosinases are glycosylated (5-6 putative glyco-
sylation sites) and are rather rich in cysteine. From 17 residues, 10 are clustered within
the first 100 amino acid residues and 5 are found in the middle of the molecule. In the
form of disulfides, these residues contribute significantly to the unusually high
resistance of mammalian tyrosinases towards digestion by proteases.

Copper-binding Regions of Tyrosinase and Hemocyanin

Our understanding of tyrosinase structure has been greatly enhanced by solution of the
X-ray crystal structure of hemocyanin from the spiny lobster Panulirus interruptus (28).
As shown in Figure 2, the two copper ions, designated as CuA and CuB, are each
coordinated by three histidines, which originate from four «-helices. Two of the ligands
of CuA and CuB come from successive turns of helix 2.1 and 2.5, respectively. The
third ligand of each copper is provided by the remaining 2 helices.

Sequence comparison in the CuB region with different tyrosinases and a molluscan
hemocyanin from Octopus dofleini (26) shows a highly conserved region of 56 amino
acids (Figure 1). The invariant and isofunctional residues comprise the three histidines
known to be ligands to CuB in P. interruptus hemocyanin (28). As shown in Figure 3a,
two of these are separated by three amino acids whereas the third one is located 37
residues towards the C-terminus. The flanking sequences of the third histidine residue
show a high degree of sequence similarity and are characterized by numerous large
aliphatic and aromatic residues. The remarkable sequence homology of this 56 residue
region strongly suggest that these three histidine residues constitute the CuB ligands in
all six proteins quoted in Figure 1 and 3a. This conjecture is supported both by active-
site directed inactivation of N. crassa tyrosinase (29) and site-specific mutagenesis
experiments (30, 31) of S. glaucescens tyrosinase. From these studies, the third
histidine (His306) of N. crassa tyrosinase was found to be specifically destroyed in a
mechanism-based inactivation process with the concomitant loss of one copper (29).
Substitution of His189 by Asn, His193 by GIn, and His215 by Gln through site-specific
mutagenesis of S. glaucescens tyrosinase resulted in inactive enzymes. In the case of
His189 and His193, the substitution led to enzyme species retaining only one copper per
molecule. In contrast, no copper was lost, when His215 was replaced (30, 31).

In contrast to the situation of CuB, the sequence comparison doesn't reveal a
corresponding common structure for CuA. The arrangement of the three histidines in a
helical pair found also for CuA in P. interruptus hemocyanin is not found in the four
tyrosinases and O. dofleini hemocyanin. In N. crassa tyrosinase His188 and His193
have been implicated as copper ligands by photochemical oxidation (33). This segment
shows some resemblence to the Cu-A site of arthropodan hemocyanins, although the
two histidines are separated by four rather than three amino acid residues. Surprisingly,
these histidine residues are absent in S. glaucescens and mouse tyrosinase as well as in
molluscan hemocyanins. The tyrosinases and molluscan hemocyanins, however share a
region with a rather high degree of sequence similarity (Figure 1 and 3b). Furthermore,
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CuA CuB
Ty S.g.
Ty N.c.
Ty L.e. | | | ]
Ty M.m. B | | j | ]
t
He 0.d.e — i —

Hc P.l.a | | | | 1 ]

Figure 1. Schematic representation of the polypeptide chains of tyrosinase
from Streptomyces glaucescens (15), Neurospora crassa (13, 25), Lycopersicon
esculentum (17), Mus musculus (I14), and hemocyanin from Octopus dofleini e
(26) and Panulirus interruptus (27). The solid bars indicate the regions of the
CuA and CuB sites. The alignment of the six polypeptide chains is based on the
conserved regions of the CuB site. The hatched bar represents a non-functional,
ancient CuA site in N. crassa tyrosinase. The shaded areas indicate extensions
which are post-translationally removed by limited proteolysis (site of cleavage is
shown by an arrow).

Figure 2. Active-site structure of hemocyanin from the spiny lobster P.
interruptus. The copper ions are ligated by 6 histidines which are provided by 4
helices of the second domain. (Reproduced with permission from ref. 32.
Copyright 1992. Biochemical Society and Portland Press.)
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+ + +
Ty S.g. 184 LHNRVHV 9 MSPNDPLFWLHHAYVDRLWAEWQ
¢

Ty N.c. 272 VHNEIHD 9 VSAFDPLFWLHHVNVDRLWSIWQ
Ty L.e. 196 PHTPVHI 18 SAGLDPIFYCHHANVDRMWNEWK
Ty m.M. 344 LHNALHEI 10 GSANDPIFLLHHAFVDSIFDQWL
Hc 0.d. e 173 AHNAIHS 14 YAAYDPIFYLHHSNVDRLWVIWQ

Hc P.i. a 346 LHNTAHV 21 TATKDPSFFRLHKYMDNIFKKHT
* * *

t

Figure 3a.  Alignment of amino acid sequences around the CuB site in Ty's
and a molluscan and an arthropodan Hc. Histidine residues identified as copper
ligands in Panulirus interruptus hemocyanin (28) are marked with an asterisk.
+ indicates histidines changed to asparagine or glutamine, respectively by site-
directed mutagenesis of Streptomyces glaucescens tyrosinase (30, 31). The
diamond represents a histidine which is destroyed by active-site inactivation of
Neurospora crassa tyrosinase (29). Arrows indicate amino acid residues which
were deleted to obtain optimal alignment of the sequences. Identical residues are
printed in bold type, conservative substitutions in italics. The following proteins
are compared: Ty S.g. (tyrosinase from Streptomyces glaucescens)*, Ty N.c.
(tyrosinase from Neurospora crassa, ref. 13, 25), Ty L.e. (tyrosinase from
Lycopersicon esculentum, ref. 17) and Ty M.m. (tyrosinase from Mus musculus,
ref. 14), and hemocyanin O.d. e (hemocyanin from Octopus dofleini, ref. 26)
and Hc. P.i. a (hemocyanin from Panulirus interruptus subunit a, ref. 27).

+ + +
Ty S.g. 30 YDEFVTTHN 10 TGHRSPSFLPWHRRYLLEFERALQ
Ty N.c. 59 YYQVAGIEG 24 CTHSSILFITWHRPYLALYEQALY

Ty L.e. 172 FKQQOANIBEC 14 QVHFSWLFFPFHRWYLYFYERILG
Ty M.m. 155 YDLFVWMHEY 16 FAHEAPGFLPWHRLFLLLWEQEIR

Hc 0.d. e 39 FEAIASFHA 14 CLHGMATFPHWHRLYVVQFEQALL

t

3b. Alignment of amino acid sequences around the putative CuA site in
tyrosinases and a molluscan hemocyanin (26). Cys94 is covalently linked to
His96 in N. crassa tyrosinase (see Figure 1). The same code is used as in Figure
3a.
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this stretch contains several invariant histidine residues. Replacement of His37 by Gin,
His53 by GIn and His 62 by Asn via site-directed mutagenesis of S. glaucescens
tyrosinase led to inactivation of the enzyme with the concomitant loss of one copper per
molecule (30, 3I). It is therefore likely, that the same histidines also serve as ligands to
CuA in plant and mammalian tyrosinases and molluscan hemocyanins.

Structure of the Copper Active Site

A structural similarity between the copper active sites of tyrosinase and hemocyanin was
recognized as early as 1938 (7). However, major progress in understanding their
structural details was only made in the course of the last decade. First direct evidence
for the presence of a binuclear copper center in the two proteins was provided by EPR
spectroscopical studies (34). In the mean time, a wealth of structural information about
the binuclear copper centers has been gained by various spectroscopic methods. A range
of derivatives have been prepared and extensively studied (35, 36), leading to a detailed
model of the active site copper complex.

Three different functional states of tyrosinase can be distinguished: met, deoxy and
oxy. In a 2e” step mettyrosinase is converted to the deoxy form, which binds molecular
oxygen reversibly. The interrelationship of the three forms and their active site
structural models are shown on Figure 4. All three forms are EPR non-detectable. In
the following the key physicochemical properties of these forms will be outlined.

Mettyrosinase. The binuclear copper site of mettyrosinase consists of two tetragonal
Cu(Il) ions bridged by one or two ligands (Figure 4). The bridge, most likely formed
by hydroxo ions (OH") accounts for the diamagnetic state of this form by providing an
effective pathway for superexchange between the two Cu(ll) ions (35, 36). The bicupric
nature of mettyrosinase is also consistent with the absorption and circular dichroism
features attributable to Cu(Il) d-d transitions (Figure 5). EXAFS studies indicated a Cu-
Cu distance of 3.39 A for N. crassa tyrosinase (37).

Oxytyrosinase. The oxy form can be obtained by treatment of mettyrosinase with
reducing agents (Figure 4) in the presence of molecular oxygen. Besides hydrogen
peroxide, a number of different reducing agents such as hydroxylamine, ascorbic acid,
sodium dithionite, sodium borohydride and o-diphenols have been used.

The highly unusual and unique spectral features of oxytyrosinase have been studied
in great detail by many different techniques. Thus, Resonance Raman spectroscopy has
shown that in oxytyrosinase (38), dioxygen is bound as peroxide to the binuclear site
(Figure 4). These data imply that the two copper ions are in the cupric oxidation state.
Like the met form, oxytyrosinase is EPR non-detectable and shows strong
antiferromagnetic coupling between the two Cu(Il) ions as demonstrated by magnetic
susceptibility studies (39). The Cu-Cu distance measured by EXAFS spectroscopy was
found to be 3.63 A, a value slightly larger than the one for mettyrosinase (37).

The absorption and circular dichroism spectra of oxytyrosinase (Figure 5) are
characterized by a prominent band at 345 nm (e ~ 17'200 M'cm™) and several bands in
the visible region. These absorption features are absent in the met form and hence have
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Figure 5. Absorption and circular dichroism spectra of N. crassa oxy (—)

and mettyrosinase (----). Adapted from ref. 40.
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been assigned as peroxide-to-Cu(ll) charge transfer transitions (35, 36, 40).

From a recent X-ray structural analysis of Limulus polyphemus oxyhemocyanin a
p-n%:n? side-on peroxo coordination has been found (41). In this study a Cu-Cu distance
of ca. 3.6 A was found, in good agreement with the values obtained by EXAFS
spectroscopy (42). It is very likely, that the same side-on peroxo complex is also present
in oxytyrosinase.

Deoxytyrosinase. In contrast to met- and oxytyrosinase the deoxy form is devoid of
spectral features in the visible region. Hence little information on the electronic and
geometric structure is available. Consistent with the lack of an EPR signal,
deoxytyrosinase was assigned a bicuprous Cu(I) Cu(l) structure (35, 36).

Besides reacting with molecular oxygen reversibly, deoxytyrosinase also binds one
carbon monoxide per molecule (43). The CO-complex absorbs at 300 nm and, on
irradiation at 295 nm, emits an intense luminescence (A, = 550 nm).

Half-mettyrosinase. When metttyrosinase is treated with an excess of sodium nitrite
and ascorbic acid, an EPR-detectable half-met form can be obtained (40). This half-met-
NO, derivative shows an EPR signal typical for a mononuclear Cu(II) ion with signal
intensity accounting for ca. 50% of the total copper (Figure 6a). By ligand substitution
of half-met-NO, tyrosinase a series of new half-met have been generated (40).

Ligand Interaction with Oxy- and Half-mettyrosinase

Although the binuclear copper active sites of tyrosinase and hemocyanin are structurally
very similar, distinct differences between the copper centers of the two proteins are
apparent from peroxide displacement studies with different ligands. Both azide and the
competitive tyrosinase inhibitor L-mimosine have been shown to displace the bound
peroxide in an associative displacement mechanism leading to the met-azide and the
met-L-mimosine derivatives, respectively (40). By following the absorption band at 345
nm of oxytyrosinase and 340 nm of oxyhemocyanin (40, 44), pseudo-first order rate
constants for the two ligands were determined. The values obtained unambiguously
demonstrated that the tyrosinase active site is much more accessible to large ligands
such as organic substrates and inhibitors than the one of hemocyanin. Tyrosinase can
therefore be viewed as a hemocyanin with an exposed binuclear active site. This idea is
consistent with the results of the three-dimensional structure of P. interruptus
hemocyanin, showing a highly buried copper site (28).

When half-met-NO, tyrosinase is treated with L-mimosine, a new half-met
complex is formed with very unusual EPR properties (44). The EPR spectrum of half-
met-L-mimosine tyrosinase (Figure 6b) is characterized by a large rhombic distortion
and a fourline splitting pattern in the perpendicular region. These spectral features
related to a significant distortion of the Cu(Il) site from a tetragonal toward a trigonal
bipyramidal geometry. As will be discussed below, this change of geometry is an
important step in the hydroxylation pathway of tyrosinase.
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Figure 6. EPR spectra of half-met-NO, (a) and half-met-L-mimosine (b)
tyrosinase from N. crassa. Adapted from ref. 44 and 47.
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Reaction Mechanism of Tyrosinase

Based on the information of the electronic and geometric structure of the binuclear
copper complex and on the results how different anions and organic ligands interact
with the site, the following reaction mechanism of tyrosinase was proposed (44).

In Figure 7, both the hydroxylation reaction pathway (cresolase activity) and the
oxidation reaction pathway (catecholase activity) are shown.

The catecholase activity involves the oxidation of two molecules of o-diphenol to
two molecules of o-quinone with the concomitant 4e” reduction of molecular oxygen to
two molecules of water. For this reaction, the binuclear copper site in met- and
oxytyrosinase is geometrically correct for axial coordination of both orthophenolic
oxygens to the Cu(Il) ions with a Cu-Cu distance of 3.4 - 3.6 A. This would allow for
an efficient 2" transfer from the o-dipheno! substrate to the binuclear site. As shown in
Figure 7 A, the binding of an o-diphenol to mettyrosinase and the subsequent reduction
of the bicupric cluster leads to deoxytyrosinase which yields the oxy form upon binding
of molecular oxygen. The binding of a second o-diphenol to oxytyrosinase and the
subsequent reduction of the bound peroxide to water closes the catecholase cycle. The
involvement of oxytyrosinase as a catalytic intermediate during the oxidation reaction
of o-diphenol has been documented by stopped-flow kinetic measurement (45). In a
recent study, using rapid scanning photometric techniques, the formation of
oxytyrosinase as a transient species has been directly confirmed. The overall rates for
the two half reactions (met - oxy; oxy - met) were found to be very similar (46).

For the cresolase activity (Figure 7 B), axial coordination of a monophenol to one
copper of the binuclear site of oxytyrosinase leads to the formation of a ternary
(Cu™),0,*-substrate complex. Rearrangement of this complex through a trigonal
bipyramidal intermediate would then be followed by ortho-hydroxylation of the
monophenol. As pointed out above, the protein substrate pocket makes a significant
contribution in positioning the monophenol and stabilizing the substrate copper complex
in a geometry suitable for hydroxylation. The substrate-induced rearrangement leads to
an asymmetrically coordinated peroxide, which could attack the monophenol substrate
either directly or via an initial O-O bond cleavage process. As depicted in Figure 7 B,
the hydroxylation is followed by the formation of an equatorially bound hydroxyde and
an o-diphenol. Intramolecular electron transfer then leads to the release of an o-quinone
and water. The concomitantly formed deoxytyrosinase is finally regenerated to the oxy
form.

From kinetic investigations, it was found that the oxidation of o-diphenols to o-
quinones by tyrosinase has less geometric and electronic requirements than the
hydroxylation of monophenols (47). Monophenols with bulky substituents were
hydroxylated very poorly by tyrosinase, indicating steric hindrance of the substrate to
undergo an axial-to-equatorial rearrangement. In contrast, variation of the substituents
of o-diphenol substrates had only little influence on their oxidation rates.

Substrates and Inhibitors

Substrates. Monophenols and o-diphenols have been considered as the exclusive
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activity of tyrosinase. Adapted from ref. 47.
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substrates of tyrosinase for a long time. In a recent study, the reaction of tyrosinase was
studied with two new classes of substrates: aromatic amines and o-aminophenols,
structural analogues of monophenols and o-diphenols, respectively (48). They were
found to undergo the same catalytic reactions (ortho hydroxylation and oxidation), as
documented by product analysis and kinetic studies. In the presence of tyrosinase,
arylamines are converted to o-aminophenols (hydroxylation) and subsequently oxidized
to o-quinoneimines (Equation 3). The resulting o-quinoneimines are isolated as quinone
anils or phenoxazones.

R R
0y 12 02
— + 2 HpO
Hydroxylation OH  Oyidation
NH, NH,

As an example, 2-amino-3-hydroxybenzoic acid is converted to cinnabarinic acid,
a well-known phenoxazone (Scheme 1), while p-amino-toluene gives rise to the
formation of 5-amino-2-methyl-1,4-benzoquinone 1-(4-methyl-anil) (Scheme 2).

COOH
NH,
COOH COOH COOH
NH, (073 OH NH,
—_— —_—
OH  Tyrosinase o nonenzymatic
3-Hydroxy-
anthranilic acid Cinnabarinic acid

Scheme 1 Formation of cinnabarinic acid from 3-hydroxyanthranilic acid

O

CH, CH,
02 CH,
Tyrosinase nonenzymatic
NH, o-quinoneanil NH,
p-aminotoluene

Scheme 2 Formation of o-quinoneanil from p-aminotoluene
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Kinetic studies using an oxygen electrode showed that arylamines and the
corresponding monophenols exhibit similar Michaelis constants (K, = 0.11-0.49 mM).
In contrast, the reaction rates observed for aromatic amines are relatively slow (k. =
1 - 3 min) as compared to monophenols (1320 - 6960 min™). The oxidation rates, k.,
for o-aminophenols were found to be similar to the value for 2,3-dihydroxybenzoic acid
(0.2 - 0.8 s™). The large differences observed for the hydroxylation rates between
monophenols and arylamines have been ascribed to markedly different pK, values of the
two classes of molecules. As can be seen in Figure 7 B, the coordination of a
monophenol (or arylamine) to one of the two Cu(Il) ions requires a deprotonation step
of the hydroxy (or amino) group of the substrate. Hence, the known difference of 10 -
15 pH units could easily explain the sharp decrease in the reaction rates of arylamines
as compared to monophenols.

Inhibitors. A large number of different compounds are known to inhibit tyrosinase
activity (35, 36, 49). To the classical types of tyrosinase inhibitors belong small ligands
such as cyanide, carbon monoxide, azide, fluoride, acetate, which coordinate to either
Cu(I) or Cu(l). In addition, the enzyme is strongly inhibited by sulfur containing
compounds (49) such as H,S, 2-mercaptoethanol, L-cysteine, diethyldithiocarbamate,
phenylthiourea, etc. As was shown in a kinetic and spectroscopic study, one mercaptan
molecule reduces in a first step one of the two Cu(ll) ions of mettyrosinase followed by
the binding of a second mercaptan molecule to yield a half-met-mercaptan derivative
(49). A third class of tyrosinase inhibitors are organic substrate analogs like L-
mimosine, benzoic acid, benzhydroxamic acid, pyridones, etc. Chemical and
spectroscopic studies have shown that these compounds bind to the binuclear copper
active site in the half-reduced (half-mettyrosinase) or oxidized (mettyrosinase) state (40,
44).

During the oxidation of catechol to o-quinone, tyrosinase was found to undergo
a peculiar, irreversible inactivation (50). The kinetic data of the process (first-order
kinetics) are consistent with the idea that the inactivation occurs concomitantly with the
oxidation of catechol to 0-quinone in the second half reaction of the catecholase activity
(see Figure 7 A and Scheme 3). Depending of the source of the enzyme k., /ki,, ratios
of 5 x 10° (tyrosinase from N. crassa, ref. 29) and 17.5 x 10* (tyrosinase from A.
bisporus, ref. 51) were found.

cat

(Cu"), 0, + C = (Cu),0,°C - X1 - (Cu), + Q
oxy ternary complex met
Kot
x1 - E'

(C = catechol, Q = o-quinone, [X] = unidentified intermediate, E* = inactivated
enzyme, k., = catalytic rate constant, k,;, = inactivation rate constant)

Scheme 3 Reaction inactivation of tyrosinase in the presence of catechol
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Initially, this inactivation was postulated to arise from an active-site directed attack
of an o-quinone molecule on a nucleophilic group in proximity to the active center (50).
Subsequently it was shown, that the inactivation is the result of an active-site specific
destruction of histidine 306 in N. crassa tyrosinase with the concomitant loss of the
binding of one copper (29). Protein-chemical studies with in vivo labeled [2,5-*H] and
[5-*H] histidine tyrosinase strongly argued for an attack at position 2 of the imidazole
nucleus. On mechanistic and chemical grounds, the highly reactive hydroxyl radical OH
appears to be the most likely species to modify histidine residue 306. Since addition of
hydroxyl radical trapping agents had no effect on the extent of the inactivation, a
copper-bound rather than a free radical may be responsible for the destruction of
histidine.
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Fungal tyrosinases and laccases can utilize similar substrates and
can be difficult to differentiate. In Agaricus bisporus, both
enzymes can use dopa, p-cresol, and diaminobenzidine as
substrates, albeit at different rates. Tolidine can be used as a
selective substrate to differentiate Agaricus laccase from Agaricus
tyrosinase. Oxidation of this substrate, however, did not appear to
be inhibited by cetyltrimethylammonium bromide, a common
laccase inhibitor. N-hydroxylglycine appeared to be a selective
inhibitor of laccase since it did not inhibit tyrosinase activity.
Tropolone, salicylhydroxamic acid, and 4-hexylresorcinol were
more effective inhibitors of tyrosinase at low concentrations than
cinnamic acid or 2,3-naphthalenediol. Similar patterns of substrate
and inhibitor preferences were noted in other mushroom species
such as Oyster, Enoki, and Shiitake mushrooms.

Many varieties of cultivated mushrooms are available for commercial use and
consumption. Some of these varieties include the common cultivated button
mushroom, either as a white or brown (Crimini) strain, as well as Oyster,
Shiitake, Padi Straw, Portabella and Enoki mushrooms. Browning of the common
cultivated mushroom, Agaricus bisporus, can occur after mechanical damage,
infection, bruising and desiccation to mushroom tissues. However, browning of
the cream colored Oyster and Enoki mushrooms is not as apparent. The
potential for browning is dependent on several factors, one of which is the
presence of enzymes involved in browning reactions. These enzymes act upon
endogeneous phenolic compounds to eventually generate discoloration within the
tissue. Browning of food products, such as mushrooms, not only decreases
consumer appeal but can also decrease the nutritive value of the product.

Several enzymes capable of oxidizing phenolic compounds can be found in
fungi. Three of these enzymes - laccase, peroxidase, and tyrosinase (polyphenol
oxidase) - may be present in a given fungus and may display considerable overlap
in their substrate specificity (I-7). For example, all three enzymes have been
reported to be present in Agaricus bisporus (4,9-10). Differentiating between
these three enzymes can be difficult if they are present at varying concentrations
and if they can utilize similar substrates. If they do show a similar substrate
preference, they can sometimes be differentiated with judicious use of selective
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inhibitors. Although there are selective inhibitors of tyrosinases, there are
relatively few specific inhibitors of fungal laccases.

Tyrosinase activity in fungi has been demonstrated using tyrosine, dopa, p-
cresol, and 4-methyl catechol as substrates (9). Some fungal laccases, however,
can use either tyrosine, dopa or p-cresol as substrates (8). Substrates for assaying
fungal laccases have included p-quinol, quaiacol, syringaldazine, toluquinol, p-
cresol and tolidine (8,10-16). In particular, quaiacol, tolidine, diaminobenzidine,
and phenylenediamine derivatives have been used to locate and monitor
intracellular and extracellular Agaricus laccase (9,10,13). Peroxidase can also
oxidize many of the above substrates in the presence of hydrogen peroxide (4,17).
Thus, it is sometimes difficult to distinguish between the three enzymes based
soley on the use of a particular substrate. ,

Selective inhibition of one or more of these enzymes has been achieved in the
presence of multiple types of phenol oxidases. For example, inhibition of
tyrosinase, but not laccase, has been reported using tropolone, salicylhydroxamic
acid (SHAM), 4-hexylresorcinol (4HR), cinnamic acids, naphthalenediol, and
phenylhydrazine (12,16-21). Three of these inhibitors - tropolone, SHAM, and 4-
hexylresorcinol - can be used at relatively low concentrations to differentiate
tyrosinase from laccase. While selective inhibitors of tyrosinase have been
identified, few specific inhibitors of laccase have been reported. For example,
cetyltrimethylammonium bromide (CTAB) has been reported to be a selective
inhibitor of laccase but not tyrosinase; however, this may vary according to the
fungal source (12). N-hydroxylglycine has also been reported to be selective
inhibitor of Coriolus versicolor laccase and incapable of inhibiting mushroom
tyrosinase, plant polyphenol oxidase or Penicillium sclerotium pyrogallol oxidase
(22). The effects of hydroxylglycine on other fungal laccases are not known.

Experimental

Materials. Agaricus bisporus tyrosinase and Pyricularia oryzae laccase were
obtained from Sigma Chemical Co.(St. Louis, MO). An extracellular Agaricus
bisporus laccase was a gift from R. Kerrigan (Sylvan Foods, Worthington, PA).
Agaricus (common button and Crimini), Enoki, Oyster, and Shiitake mushrooms
were obtained from local groceries. N-hydroxylglycine was synthesized by R.
Kjonaas according to the method of Murao et al. (22). All other chemicals were
of reagent grade.

Enzyme extracts. Extracts from whole fresh mushrooms or mushrooms stored at
- 80 °C were prepared as described previously (9,19). All samples were stored
frozen in small aliquots and centrifuged before use. Protein content was
dete