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Inhibition of polyphenol oxidase (PPO) by sulfur dioxide (S0„) 

was studied using three different sources of PPO (banana, mushroom, 

and pear).  Several methods to detect PPO activity were tested due to 

SO.-,  interference  in some of the assays. The method using 

2-nitro-5-thiobenzoic acid  (TNB) to react with the quinones was found 

to be the most reliable for assaying PPO activity in the presence of 

S0r> whereas,  the oxygen electrode and spectrophotometric methods 

were not suitable. When PPO was exposed  to S0« prior to the 

substrate  addition,  it  was  inhibited irreversibly.  Trials to 

regenerate  the  PPO  activity  using extensive dialysis,  column 

chromatcgraphy,  and addition of copper salts were not successful. 

Experiments using Cu(II) and the TNB method to regenerate the activity 

of the pear PPO apoenzyme that was not exposed to S0„, also showed 

the turnover between Cu(I) and Cu(II) during the enzyme oxidation of _o 

-phenols.  Increased concentrations of S09 and pH less than 5 

enhanced the inhibition of PPO by SO,-,. At pH 4 concentrations 

greater than 20 ppm completely inhibited 1,000 units of PPO activity 

almost instantaneously. This suggests SO,, as such as the main foi )rm 



inhibiting PPO. Kinetic  studies confirmed the irreversibility of the 

inhibition.  Purified  pear PPO was used to determine binding of 

35 S0„  to the enzyme. Column chromatography, extensive dialysis 

and  gel electrophoresis did not show S07 bound to PPO protein. 

Formation of extra bands on gel electrophoresis in the S0„ 

inhibited  pear PPO fractions was demonstrated. This and other evidence 

suggests that there was a modification of the protein structure of 

PPO,  with retention of protein integrity. Also it is suggested that 

this was  the main mode of direct irreversible inhibition of PPO by 

so2. 
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INHIBITION OF POLYPHENOL OXIDASE BY SULFUR DIOXIDE 

INTRODUCTION 

Prevention of undesirable browning of foods, enzymatic or 

non-enzymatic, has long been the concern of the food scientist. The 

research reported here focuses on enzymatic browning and its 

inhibition with sulfur dioxide (S0„). 

Enzymatic browning is catalyzed primarily by the enzyme polyphenol 

oxidase (PPO) and is the result of the oxidation and polymerization of 

polyphenols to _o -quinones. This is a problem for most food 

processing industries because of the undesirable changes of vegetables 

and fruits which accompany browning during handling and processing 

such as, off flavors, change in the nutritive value and decreased 

appeal to consumers. 

The inhibition of PPO can be achieved by heat inactivation, by the 

exclusion of one or all substrates, or by the use of additives. Sulfur 

dioxide is an additive used to avoid browning of fruits and vegetables 

during processing. This additive can be easily handled and generated 

by using sulfites, it is extremly versatile (inhibits enzymatic 

browning as well as non-enzymatic browning; can be used as an oxidant, 

bleaching agent, or antimicrobial agent) and it is effective at 

relatively low concentrations. Recently S0„ was classified as a 

health hazard compound for asthmatics and the need for alternatives to 
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this additive is becoming more imperative. 

In order to be able to suggest alternatives, the mechanisms of 

reaction of PPO and the mode of action of S0„ have to be 

completely elucidated. Information in this respect has been relatively 

limited by the lack of pure sources of PPO, especially if fruits are 

to be considered. The methodology to isolate pure PPO from pears has 

become recently available in this laboratory making possible more 

detailed studies. 

Some authors had explained the inhibition of enzymatic browning by 

S0„  (Embs and Markakis, 1965; Haisman, 1974) leaving unexplained 

the direct action of S0„ on the enzyme itself. The purpose of the 

research reported here is to contribute to the elucidation of the 

modes of action of S0„ in the inhibition of enzymatic browning. 



LITERATURE REVIEW 

Generalities 

Polyphenol oxidase is widely distributed in nature, and easily 

detected in both plant and animal tissues. Polyphenol oxidase (PPO) 

is an oxidoreductase registered in the Enzyme Nomenclature under the 

number 1.14.18.1 and the systematic name of monophenol 

dihydroxyphenylalanine: oxygen oxidoreductase (Enzyme Nomenclature 

CRC). The enzyme participates in two dissimilar reactions. These are 

the hyroxylation of monophenols to _o -dihydroxyphenols and the 

dehydrogenation of _o^ -dihydroxyphenols to _o^ -quinones. The overall 

reaction can be written as shown in Figure 1 where catechol in this 

case is acting as an electron donor. The benzoquinones then undergo 

polymerization autocatalytically, forming brown compounds of large 

molecular weight. 

In plants this reaction is thought to function as a protective 

mechanism for areas exposed by tissue damage or by infection. The JD 

-quinones formed by PPO as a result of a wound are highly reactive 

with nucleophilic groups (hydroxyl, amino, thiol, or activated 

methylene groups (Butt, 1980)) and tend to polymerize readily and to 

react with amino acids and thiol functional groups of proteins (Van 

Sumere et al., 1975; Butt, 1980). It is interesting to notice that 

when _o -quinones react with proteins ( i.e. enzymes and viruses), they 

render them inactive in most instances. After the rapid browning in 



Figure  1.  Overall reaction catalyzed by PPO. 
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plants, a necrotic tissue is developed in the area that is exposed 

preventing further infection. Hence the idea of PPO acting as one 

aspect in the defense mechanism. 

Other functions in plants attributed to PPO is a role in growth 

regulators in conjunction with peroxidase in controlling the levels of 

indoleacetic acid (IAA) (Gordon and Paleg, 1961), and some involvement 

in photosynthesis, electron transport and aerobic respiration (Mason, 

1955; Mayer and Harel, 1979); all these functions are suggested 

because of the different levels and isoenzymes of PPO during plant 

development. 

For the food processor, the picture of the reaction catalyzed by 

PPO is different; it could have a desirable effect as well an 

undesirable effect as related to the resultant browning. The 

desirable effect of food is seen in the manufacture of black tea 

(Takeo, 1966), in grapes and prunes (Grencarevic and Hawker, 1971; 

Moutounet and Mondies, 1976) and in some fermented beverages 

(Bourzeix, 1976). On the other hand, browning is not welcome in the 

handling, processing, or in the thawing of frozen raw fruits and 

vegetables; undesirable effects are also observed in flours with high 

levels of PPO (Vamos-Vigyazo, 1981). The reaction of o_ -quinones may 

alter the nutritive value of proteins (Szabo, 1979) as is in the case 

of casein by decreasing the available lysine and reducing its 

digestibility. Lower yields and discoloration in the manufacture of 

sugar from beets and cane (Gross and Coombs, 1975) are observed at 

high levels of PPO. Due to the ubiquitous nature of PPO, the enzyme 

and   its  inhibition are readily studied by food  scienists and 
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technologists and biochemists to contribute to the understanding of 

its role in plants and foods. 

Multiple Forms and Localization of PPO 

Polyphenol oxidase is known to have multiple forms differing in 

molecular mass, protein and form association behavior, isomerism, and 

aminoacid sequence as has been demonstrated when the enzyme is 

obtained from different sources. Jolley and Mason (1965) cited several 

possible causes to which these variety of forms can be attributed, 

i.e. (a) association of various degrees of polymerization of similar 

subunits, (b) various combinations of different subunits, (c) 

conformational changes of a single protein, or (d) combination of 

these three possibilities. Multiple forms have been found in mushroom 

tyrosinase (Bouchilloux et al., 1963; Jolley and Mason, 1965), 

potatoes and apples (Constantinides and Bedford, 1967), in 

chloroplasts from apples (Harel and Mayer, 1968), and spinach (Meyer 

and Biehl, 1981) among others. A recent technique involving the use of 

antibodies prepared against polyphenol oxidase, was used to identify 

true isoenzymes in spinach leaves, giving further evidence of the 

multiplicity of PPO (Liberei et al., 1981). Vamos-Vigyazo (1981) in 

her review cites more than 30 different sources, all of them 

presenting different isoenzyme profiles, but warns the reader of the 

possibility of authors reporting artifacts as true isoenzymes, 

probably because they disregarded protein-quinone interactions. 

Polyphenol  oxidase  from  spinach  leaves  is  known to be 



predominantly localized in the chloroplast, especially in the 

thylakoid membranes; it is in a latent form (Arnon, 1949; Tolbert, 

1973; Sato and Hasegawa, 1976; Golbeck and Cammarata, 1981), and 

activation is dependent on the stage of development of the leaves and 

on the homogenization procedure during its extraction. Latency in 

spinach leaves, pattern and activity of multiple phenolase forms are 

controlled by the physical and chemical integrity of the thylakoid 

membranes. Phenolase as a membrane protein, may associate with other 

membrane constituents, which change or self assemble during senescence 

and during its release from the thylakoids (Meyer and Biehl, 1980). 

Mueller and Beckman (1978) concluded that PPO in roots and hypocotyls 

of cotton seedlings is confined to the thylakoids of plastids, 

suggesting that the presence of PPO is correlated with phenolic 

synthesis. Furthermore they suggest that the thylakoids within 

plastids are the site of synthesis of phenolics. In leaves of spinach 

beets, PPO activity was associated with 'the chlorophyll-rich 

chloroplast membranes (Parish, 1972b), whereas in the stems PPO 

activity was present with plastids and mitochondria (Parish, 1972a). 

Olive fruit catechol oxidase activity was located on the inner surface 

of chloroplast thylakoids and in the mitochondria (Shomer et al., 

1979). Henry (1975) reported the cytochemical localization of 

polyphenol oxidase in the membrane-bound granular components and 

thylakoids of Nicotiana tabacum abscission zone tissue chloroplasts. 

In potato tuber, phenolase was found in all subcellular fractions, 

roughly in proportion to the protein content of each fraction; the 

phenolase activity in the cell wall residue and  cell debris, as 
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determined by differential centrifugation, showed only a small 

fraction of the total activity in the potato tuber. Ruis (1971) also 

reported the existence of PPO activity in peroxisomes from potato 

tubers. In tea leaves a light and a heavy fraction involving 

polyphenol oxidase were found by sucrose gradient centrifugation; 

because of the close position with enzymes such as catalase and malate 

dehydrogenase, the higher density position in the heavy fraction was 

suggested to be associated with peroxisomes; the existence of the 

light fraction was attributed to artifacts (Kato et al., 1976). Change 

in PPO activity during development of tea leaves has also been 

observed (Takeo and Baker, 1973). During the localization of the 

enzyme, the use of differential centrifugation presents some 

limitations: (a) secondary adsorption, (b) precipitation of proteins, 

and (c) disruption of cellular structures during homogenization 

(Craft, 1966). 

Martyn et al. (1979) studied the ultrastructural localization of 

PPO activity in leaves of healthy and diseased waterhyacinth. They 

reported reaction product in the thylakoid spaces and fret channels of 

chloroplasts of healthy leaves in only three types of cells: vascular 

parenchyma, bundle sheath, and phenol-storing cells. Sections from 

diseased leaves, had reaction product in all cells containing 

chloroplasts, showing an increased activity, probably due to the role 

of PPO during pathogenesis. They reported also that PPO activity was 

not observed in any other organelle other than chloroplasts in either 

healthy or diseased leaves. In apples the enzyme was localized in 

mitochondria  and chloroplasts differing in substrate specificity 
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(Harel et al., 1964). In sorghum PPO is associated with chloropyll 

proteins and located in mesophyll plastids but not the bundle sheath 

and guard cell plastids (Vaughn and Duke, 1981). In Aegopodium 

podagraria L., PPO was associated with the grana lamellae containing 

fraction (Vaughn et al., 1981). Czaninski and Catesson (1972), using 

electron microscpoy and incubating the samples in presence of DOPA, 

showed that PPO was mainly localized in the interior of the thylakoid 

lamellae of protoplasts obtained from tobacco leaves. The above data 

suggest strongly that PPO is mainly located in the chloroplast. 

Extraction and Purification 

Extraction of PPO includes a large variety of methods, depending 

upon the source and the degree of purity wanted in the preparation. 

Most of the extraction procedures include all or part of the 

following: fractionation with organic solvents and buffer extraction 

(Vamos-Vigyazo, 1981), the use of detergents to solubilize the enzyme, 

such as Triton X-100 (Harel et al., 1965; Parish, 1972a) or Tween-80 

(Takeo, 1965; Ben-shalom et al., 1977), precipitation with ammonium 

sulfate (Dizik and Knap, 1970), a competitive inhibitor for the 

substrate (Balasingam and Ferdinand, 1970), the presence of a 

reductant such as ascorbic acid (Constantinides and Bedford, 1967), 

and/or a binding agent to avoid the reaction of the enzyme with 

quinones (Rhodes, 1977; Loomis et al., 1979). Some methods include 

sonication to release the enzyme from chloroplasts (Parish, 1972a; 

Golbek and Cammarata, 1981). 
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It is very important to overcome the interaction of the enzyme with 

plant phenolics. Plant phenolics can interact with proteins in either 

or all of the following four ways: (1) by hydrogen binding which forms 

strong bridges between the hydroxyl groups of the phenolics and the 

oxygen from the peptide bonds, (2) by oxidation to quinones, followed 

by covalent coupling reactions or by oxidation of protein functional 

groups by the quinone, yielding a melanoprotein mixed polymer, (3) by 

ionic interactions since most proteins and phenolics at.neutral and 

acidic pH's have a charge, and (4) by hydrophobic interactions, due to 

the interaction with the aromatic ring of the polyphenols and the 

hydrophobic areas of proteins (Loomis, 1974). These interactions could 

yield an inactive enzyme, which would change most of its hydrodynamic 

properties. To ignore these interactions may lead to confusing 

results, as when changes in the isoelectric point of the enzyme are 

observed after mechanical shock (Dubernet and Ribereau-Gayon, 1974). 

Smith (1980) showed that by avoiding the phenolic-protein 

interactions, the number of isoenzymes was reduced, probably by the 

reduction of the number of artifacts. Most authors tackle this problem 

by using polymeric adsorbent resins such as insoluble 

polyvinylpyrrolidone and porous polystyrene in the protein extraction 

procedure. These adsorbents bind the polyphenols before they can 

interact with the enzyme (Kato et al., 1976; Loomis et al., 1979). 

General methods of purification include all or part of the 

following: gel permeation, hydrophobic, ionic exchange, adsorption, 

(Harel and Mayer, 1968; Wissemann, 1982; Wissemann and Lee, 1980), or 

affinity  (O'Neill  et  al.,  1973;  Gutteridge and Robb,  1973) 
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chromatbgraphy, followed by gel electrophoresis as a final step (Dizik 

and Knap, 1970; Vamos-Vigyazo, 1981). 

Copper and the Active Site 

Kubowitz (1938) was the first to demonstrate that upon removal of 

copper from the enzyme, loss of activity was observed and activity was 

regenerated with added copper. This experiment implicated the role of 

this metal in PPO activity. Other experiments inhibiting the enzyme 

with carbon monoxide also gave evidence of the presence of a copper 

atom in the active site (Keilin and Mann, 1938; Kertesz, 1966; 

Nakamura et al., 1966), and later Jolley's et al. (197A) work focused 

the attention on the likely function of copper in binding oxygen 

during catalysis. 

Tyrosinase contains a strongly coupled binuclear copper active site 

(Solomon, 1980) as do other metalloproteins (hemocyanin, laccase, 

ceruloplasmin, and ascorbic acid oxidase) but is different in its 

biological function. It is characterized by the lack of an electro 

paramagnetic resonance (EPR) signal for formally cupric ions. It has 

only one binuclear copper unit (Gutteridge and Robb, 1975) and 

presents certain similarities with hemocyanin in this respect. 

However, this latter protein performs only as an oxygen carrier. It is 

also known that there is no difference whatsoever between the 

absorption spectrum of the holoenzyme and that of the apoenzyme of PPO 

(Kertesz, 1966). Both show a broad poorly resolved band between 320 

and  360 nm on the  long wavelength side of the protein absorption 
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(Katoh and San Pietro, 1966). The absence of an EPR signal might have 

such diverse reasons as: (a) dipolar interactions with a second 

Copper(II) or with another paramagnetically metal ion leading to 

extreme line broadening, (b) presence of diamagnetic 

copper(II)-copper(II) pairs, and (c) existence of the copper(I) state 

(Vanneste and Zuberbuhler, 1974). 

Makino et al. (1974) proposed that the copper ion in the resting 

enzyme was predominantely in the oxidized and antiferromagnetically 

coupled bicupric state. Kidani et al. (1980) showed further evidence 

when dialysis was carried out with complexing agents such as 

8-hydroxyquinoline-5-sulfonic acid, 2,2'-bi-pyridyl, and picolinic 

acid (which are not reducing agents), that the apparent binding 

constants compared to stability constants of various complexing agents 

for the cupric ion, were in agreement. They conclude also that the 

copper ion in the resting tyrosinase is present in the cupric form. 

This favors the hypothesis of copper(II) in the active site. 

Recently a series of spectroscopic studies of derivatives of 

hemocyanin permit the drawing of a structural model of the binuclear 

copper at the active site of PPO. The oxy site contains two tetragonal 

copper(II)'s (with nitrogen and oxygen ligation) bridged by an 

endogenous ligand, either phenolate or oxo, which provides a 

superexchange pathway for antiferrromagnetic coupling and thus the 

lack of a detectable EPR signal (Figure 2) (Himmelwright et al., 

1980). 

The relative reactivity of tyrosinase as compared to hemocyanins 

which have low phenolase activity suggests a similar mechanism for 
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Figure 2. Structural model of the binuclear copper active 

site of PPO (taken from Himmelwright et al., 

1980). 



15 

N o—o: 

Cun 

N 

/ 

cun 
\ 

N 

N 

Ficure  2 



16 

these two enzymes,  but tyrosinase has a greater accessibility for 

organic substrates  (Deinum et al., 1976; Strothkamp and Mason, 1974). 

Figure 3 shows a  possible structure for reactions with £ -diphenols 

and monophenols under normal enzymatic turnover. This also agrees with 

the  fact that oxidase activity is seldom observed with ni - and £ 

-phenol substrates. 

The orientation of the monophenolic substrate by aminoacid side 

chains of the enzyme is thought to be an important factor in the 

specificity for hydroxylation of monophenols  (Himmelwright et al., 

1980). There is also evidence that shows a possible involvement of a 

phenol substrate attachment involving the protein. This conclusion was 

drawn after observing  that  the K for o -diphenol substrates of 0 m    — 

mushroom tyrosinase was found to decrease with increasing 

electron-withdrawing power of para -substituents (Duckworth and 

Coleman, 1970). This order is opposite to that expected if the phenol 

were to bind coordinately with copper, but would properly fit charge 

transfer complex formation with an electron-donating aromatic amino 

acid residue of protein. However this does not imply that the phenolic 

-OH is unimportant for binding (Vanneste and Zuberbhuler, 1974). The 

competitive nonphenolic inhibitors such as benzoic acid (Duckworth and 

Coleman, 1970) and phenylalanine (Pomerantz, 1963) suggest that the 

protein moiety of the enzyme is also involved in the binding of the 

substrate. Inhibition studies in Coleman's (1974) laboratory with 

cyanide and benzoic acid showed that benzoic acid, is competitive with 

catechols, but noncompetitive with the cosubstrate oxygen. Similarly, 

cyanide is competitive with oxygen but noncompetitive with the 
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Figure 3. Proposed interaction of the oxy site effective 

structure with monophenolic ( ) and diphenolic 

( ) substrates under normal enzymatic 

turnover of PPO (taken from Himmelwright et 

al., 1980). 
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catechol substrate. If cyanide combines with the copper site, it would 

appear that oxygen binds near the copper and that there is an adjacent 

site for the catechol or the phenol substrate. 

Vanneste and Zuberbuhler (1974) bring up a likely reaction scheme, 

based on an earlier proposal by Mason (1956), involving a dimeric 

functional unit with two copper atoms in the active center (Figure 4). 

The inner cycle represents diphenolase activity and the monophenolase 

function is described by the outer cycle. A better representation of 

the mechanism of hydroxylation and oxidation of phenols to form o^ 

-diquin.ones in Neurospora tyrosinase (Figure 5) was presented by the 

work of Winkler et al. (1981) who demonstrated that mimosine (an 

inhibitor of tyrosinase with organic substrates (Hashiguchi and 

Takahashi, 1977)), competes with azide and peroxide for direct binding 

to the binuclear copper active site, which binds equatorially to both 

the met and the 1/2-met derivatives. In an associative rearrangement 

through a trigonal-bipyramidal intermediate, the monophenol labilizes 

the peroxide from one copper, leaving a reactive polarized peroxide 

which can hydroxylate the phenol. They also suggested that the 

oxidation of the resulting diphenol would occur from the equatorial 

position, and the o_ -quinone would likely dissociate from the reduced 

binuclear cuprous site, allowing further turnover to continue. 

When the enzyme is inhibited as the polyphenols are oxidized, the 

inactivation reaction is thought to be due to the reaction of some 

nucleophilic group in the vicinity of the active site with the o_ 

-quinones formed at that site, in a manner analogous to the Michael 

addition of nucleophiles to alfa-beta unsaturated carbonyl systems 
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Figure 4. A likely reaction scheme for PPO. Based on an 

earlier proposal by Mason (1965) involving a dimeric 

functional unit with two copper atoms in the active 

center (taken from Vanneste and Zuberbuhler, 1974). 

Abbreviations: d represents dopa or an o^ -diphenol 

substrate; t, tyrosine or a monophenol substrate; 

dq, dopaquinone or an o_  -quinone product; and E, 

tyrosinase. Single arrows indicate irreversible 

steps; double arrows, reversible ones. 
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Figure 5. Proposed mechanism of hydroxylation and 

oxidation of phenols to form JD -diquinones by 

Neurospora tyrosinase (taken from Winkler et 

al., 1981). 
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(Gutteridge et al., 1977). Copper is lost from the enzyme in the 

course of the reaction, suggesting that the ligands of copper may be 

the targets of the reaction with o^ -quinones. It was observed that 

when quinones are added to the enzyme solution, little inactivation 

takes place. Therefore, the binding might be considered to involve an 

electrophilic reaction intermediate rather than the final quinone 

product. The inactivation reaction has been suggested as a tool to 

detect the active site using radiolabeled substrate (Vanneste and 

Zuberbuhler, 1974). It is also known that the inactivation reaction 

brought about by a catechol substrate equally affects monophenolase 

activity as well the catecholase activity. This might be the result of 

a single site for both activities (Gregg and Nelson, 1940). PPO is 

inactivated by photochemical oxidation in the presence of either rose 

bengal or pyridoxal phosphate which is characteristic of histidine 

residues. The immediate effect of the addition of these compounds to 

tyrosinase might be to expose at least one of the metal ion ligands 

for photoxidation (Gutteridge et al., 1977). 

Assay of Polyphenol Oxidase Activity 

PPO activity can be assayed by diverse methods. Mayer et al., 

(1966) published a critical review of methods (manometric, 

polarographic, chronometric and spectrophotometric methods). The 

numerous methods measure the activity by monitoring oxygen 

consumption, product formation, or the coupled reaction by an added 

reagent.  An inconvenience is the very diverse methods of assay found 
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in the literature making difficult the comparison of results for two 

main reasons: (a) the units used to express the activity depend on the 

method used, and (b) the accuracy and sensitivity of the different 

methods vary. 

Methods that measure oxygen consumption 

The manometric method is based on the principle that at constant 

temperature and constant gas volume any changes in the amount of gas 

can be measured by changes in its pressure. The method was derived 

from the "blood-gas manometer". The method indeed measures oxygen 

consumption in the reaction vessel but the secondary reactions 

occurring after a few seconds when PPO is in contact with polyphenols, 

make it almost impossible to determine the initial rates of reaction. 

The polarographic method uses the Clark oxygen electrode, which is 

one of the most selective electrodes capable of response to gases or 

inorganic ions.  The only interference with its operation are sulfur 

dioxide (SO,,) and hydrogen sulfide. Since these gases seldom occur 

in natural systems,  their effect on the analysis of the activity of 

polyphenol oxidase alone is of minimal consequence. When SCL is 

present in the assay mixture, a buildup of silver sulfide results in 

the surface of the electrode giving poor readings. If SCL has to 

be present with the enzyme, the electrode cannot be used if one is to 

obtain accurate results (if the use of the electrode is unavoidable, 

the  platinum and silver elements should be cleaned periodically with a 

dilute solution of ammonium hydroxide (Cooper, 1977)). The very few 

problems that this method presents are related more to the maintenance 
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of the electrode than with its reliability. To keep the electrode at 

maximum sensitivity, one has to pay attention in keeping the membrane 

free of biological, material, oil or grease. If no interferences are 

suspected, the polarographic method is the best choice to assay enzyme 

activity (Mayer and Harel, 1979). The method also encourages different 

researchers to report units of activity more uniformly for purposes of 

comparison. In all methods measuring oxygen consumption the stirring 

of the reaction cuvette is a must. 

The chronometric method 

The chronometric method of Miller et al., (1941) employs ascorbic 

acid as an inert reductant to reduce continuously and instantaneously 

the quinone back to catechol (El-Bayoum and Frieden, 1957). This 

method applies the principle of keeping the assay mixture free of 

secondary products that may affect the rate of reaction; the method 

was designed with the purpose to measure the catecholase activity. 

However the method used to measure the disappearance of ascorbic acid 

makes the method troublesome, hard to perform and complicates the 

interpretation of the kinetics. Furthermore, when one intends to use 

the method for inhibition studies, careful attention should be 

observed in not giving importance to the reducing power of ascorbic 

acid that could alter the oxidation state of the inhibitors. The 

method is not recommended to use because of the possible 

interferences, the complicated kinetics, and by the suspected 

inhibitory effect that ascorbic acid might have on the enzyme 

activity. 
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Spectrophotometric methods 

The classical method used by many researchers is the 

spectrophotometric method. This method measures the formation of 

product being formed; __o -quinones, when polymerized with phenolics, 

form a brownish color easily detected at 420 nm. A disadvantage of 

this method is that fairly active fractions have to be used to measure 

the activity and that extrapolations have to be made if estimation of 

initial rates of reaction are desired. The method also cannot be 

standarized to different substrates and sources of polyphenol oxidase. 

Spectrophotometric methods using coupled reactions have become more 

popular for two reasons: (a) the equipment used to analyze the 

activity are relatively easly found in most laboratories and (b) they 

are less complicated to perform. These methods are primarily based on 

reacting the _o -quinone with reducing dyes or with reagents which 

condense with the __o -quinones. The method of Pifferi and Baldassari 

(1973) uses 3-methyl-2-benzothiazolone hydrazone hydrochloride 

(Besthorn's hydrazone) and chloroform. The o_ -benzoquinone produced is 

trapped by the Besthorn's hydrazone to form a red condensation product 

progressively displaced from the aqueous phase by extraction with 

chloroform. Vogit and Noske (1966) claimed that the rate of color 

formation measured at 500 nm was constant during the first minute, 

owing to the fact that the enzyme was not affected by the reagents 

used nor by the secondary products that otherwise would be formed. The 

method was found to be only reliable during the first seconds of 

reaction  (Pifferi and Baldassari, 1973) due to the inhibitory effect 
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of chloroform. Furthermore the method requires the handling of 

relatively large volumes compared to other methods. Mazzocco and 

Pifferi (1976) suggested an alternative to the chloroform extraction 

by dissolving the hydrazone in ethanol. This method still requires 

much handling and to be accurate, the activity has to be measured 

during the first 15 seconds of reaction. 

Esterbauer et al. (1977)published a rapid method to assay enzyme 

activity of catechol oxidase and laccase using 2-nitro-5-thiobenzoic 

acid (TNB). The method depends on decolorization of the intensely 

yellow TNB due to the coupled reaction with the £ -quinones formed by 

enzymatic oxidation, monitoring the color changes at 412 nm. 

Spectrophotometric titrations revealed that each mole of TNB consumed 

1 mol of _o -quinone. Assuming that 0.5 mol of oxygen is consumed per 

mol of _o -quinone formed, enzyme activity can be reported in mol of 

oxygen consumed, making comparison of this method with the 

polarographic method easy. Because enzyme activity is measured at 

different pH values depending on the source, and the extinction 

coefficients of the TNB also change with pH, the authors also give an 

equation to use to compensate for these variations. The reagent either 

adds to the C=C double bond of the o_ -quinones forming Michael-type 

adducts or is oxidized to the disulfide with concomitant formation of 

dihydroxybenzenes. Their results strongly suggested that the addition 

compounds formed were: 5-(4,5-dihydroxy-2-methylthio)-2-nitro-benzoic 

acid and 5-(2,5-dihydroxyphenylthio)-2-nitrobenzoic acid. The 

reproducibility of this method according with the authors is very 

high. 
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The TNB method and the methods that work under similar principle, 

usually give higher values than the polarographic, chronometric, or 

Warburg's methods (Mayer et al., 1966; Esterbauer et al., 1977; Taneja 

and Sachar, 1974). The TNB method if correctly performed is a good 

alternative to the polarographic method, being as good or better in 

sensitivity and reliability. Under the presence of SCL, which 

tends to react with the silver elements of the Clark electrode, the 

use of this last method is the recommended choice. 

Inhibition of Polyphenol Oxidase 

Types of inhibitors: 

Inhibition of enzymatic browning and inhibition of polyphenol 

oxidase are very often treated in the same context. In foods this can 

be achieved by inactivating the enzyme by a physical or chemical 

method. Physical methods include the exclusion of oxygen, the storage 

of raw products at freezing temperatures, or by heat inactivation of 

the enzyme. Chemical methods are less laborious and in most instances 

preferred over physical methods. Only few substances used to inhibit 

the activity of polyphenol oxidase in foods are accepted on grounds of 

safety and/or expense (Walker, 1975). 

Inhibitors of PPO activity might be conveniently grouped according 

to its mode of action; either (a) molecules with groups able to form a 

bond by its direct interaction with the enzyme ( i.e. anions and 

molecules that form strong complexes with copper, by chelating the 

copper,  or  by dissociation of the basic structure of the enzyme) or 
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(b) molecules with aromatic rings which interact with the" products in 

the chain of reaction by reducing or complexing with the quinones 

(Walker, 1975) ( i.e. benzoic acid (Gutteridge and Robb, 1975), 

A-terbutylcatechol (Healey and Strothkamp, 1981), or cinnamic acid 

(Piffeeri et al., 1974)). The first group usually produces more 

complex patterns of inhibition than the second as when azide is placed 

in contact with the enzyme. 

Copper chelating agents include carbon monoxide, cyanide, sodium 

diethyldithiocarbamate (DIECA), azide and mercaptobenzothiazole 

(Palmer and Roberts, 1967). Most of these reagents are used by 

biochemists to avoid the interaction with polyphenols during the 

isolation of different molecules from plant tissues (Rhodes, 1977). 

There are also some inhibitors found in plants which produce latent 

forms of PPO; i.e., oxalic acid and oxalate salts in spinach leaves 

(Meyer and Biehel, 1981). 

Copper interaction: 

Complexing agents such as sodium cyanide, sodium thiosulfate, 

8-hydroxiquinoline-5-sulfonic acid, picolinic acid, 2,2'-bi-pyridyl, 

and 4,7-diphenyl-l,10-phenanthroline disulfonic acid disodium salt are 

able to inhibit polyphenol oxidase reversibly by the removal of the 

copper from the enzyme (Kidani et al., 1980). It is believed that the 

action of ascorbic acid on PPO is multiple: chelate copper, interact 

with the quinones, and because there is evidence that PPO is able to 

oxidize ascorbic acid, also acts as a competitive inhibitor 

(Vamos-Vigyazo,  1981). In large concentrations, ascorbic acid has been 
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found to irreversibly inhibit PPO (Cash et al., 1976). 

Potassium cyanide strongly inhibits PPO from several sources. The 

inhibition is caused by the chelation of the copper atoms and can be 

regenerated easily by adding equimolar amounts of copper back into the 

solution after dialysis. The inhibiting effect of cyanide can be lost 

by the addition of aldehydes, owing to the formation of cyanohydrins 

(Vamos-Vigyazo, 1981). 

Azide ion forms complexes with many copper enzymes and acts as an 

inhibitor (Morpurgo et al., 1974; Andreasson and Vanngard, 1970; 

Strothkamp and Dawson, 1977). Azide binding to the blue oxidases has 

been suggested to involve both the type 2 copper and the 

antiferromagnetically coupled pair of type 3 copper atoms (Holwerda 

and Gray, 197A). A scheme of this inhibition had been proposed (Mason, 

1956; Mclntyre and Vaughan, 1975; Healey and Strothkamp, 1981) for the 

inhibition of the cresolase activity and catecholase reactions of 

tyrosinase by azide (Figure 6). 

With spinach beet tyrosinase, carbon monoxide demonstrates 

competitive inhibition with respect to oxygen and uncompetitive 

inhibition with respect to £ -coumaric acid and caffeic acid (Mclntyre 

and Vaughan, 1975). Bathocuproinesulfonate, which is considered to 

have a much higher affinity for copper(I) than for copper(II), gives 

the same patterns as carbon monoxide, suggesting that carbon monoxide 

also is interacting with copper(I). These inhibitors give simpler 

inhibition patterns than does azide (Healey and Strothkamp, 1981) 

which binds to both forms copper(I) and (II).as shown in Figure 6. 

By the use of photosensitizers (rose bengal or pyridoxal phosphate) 
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Figure 6. A scheme for the inhibition of the cresolase 

and catecholase reactions of tyrosinase by 

azide (taken from Healey and Strothkamp, 1981). 

E stands for the enzyme and the numbers in 

parentheses are the oxidation states of the two 

copper ions in each active site; T is 

L-tyrosine; D is L-Dopa; DQ is L-Dopaquinone. 

The top loop is the cresolase reaction and the 

bottom loop is the catecholase reaction. 
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the enzyme can be inactivated. The effect of adding this ligand to 

tyrosinase may be to expose at least one of the metal ion ligands for 

photo-oxidation (Gutteridge and Robb, 1977). 

There are some substances found in certain microorganisms and 

plants which also inhibit PPO. Harel et al. (1967) isolated from 

Dactylium dendroides a low molecular weight copper chelating peptide 

which was able to inhibit PPO from apples. In plants the latency of 

certain forms of PPO are believed to be caused by the presence of 

inhibitors as in spinach leaf senescence. Spinach leaf PPO activity is 

known to increase 15 to 20 times the original activity (Sato and 

Hasegawa, 1976). This increase of activity is accompanied by the 

appearance of at least two multiple forms of the enzyme. Thylakoid 

membrane-containing fractions from spinach leaves of different ages, 

indicates that latent PPO is spontaneously activated during in vitro 

storage only in those leaves where senescence has begun (Meyer and 

Biehl, 1980). Meyer and Biehl (1981) showed that the observed increase 

in activity is not related to de novo synthesis but to enhanced 

activation of pre-existing latent membrane-bound enzyme forms. Sato 

(1980) suggested that this latency in part results from the 

association of a low MW substance, such as ammonium pxalate, with 

active enzyme to form an inactive complex, which could also be 

produced by freezing (Sato, 1977). 

Ammonium oxalate and free oxalic acid were found to be responsible 

for the inhibition of the enzyme activity even at low concentrations 

as occurs in the natural state. Sato (1977) also observed that when 

PPO and  the oxalate moiety were incubated,  loss of activity was 
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progressive. The inhibition with spinach or mushroom PPO appears to be 

non-competitive and was greately affected by inactivation at different 

pH values, being greater at acidic conditions. Neutral pH values 

required longer periods of incubation or higher temperatures to 

observe the same extent of inhibition noted at acid pH values. If 

oxalate is remove after incubation the PPO activity can be regenerated 

by adding a copper salt in equimolar concentrations which suggests 

that oxalate may be acting by chelating copper. Oxalate was found 

easily separated from the enzyme by gel filtration or elctrophoresis 

(Sato, 1980). 

Concentrations sufficient to inhibit the enzyme have been found in 

spinach leaves (0.1-0.2 M), which may explain why enzyme activity is 

not observed in vivo at physiological temperatures (Sato, 1980). 

Kreuger (1955) suggested that anionic species of carboxylic acids may 

combine with the cationic moiety ( i.e. the imidazole group of 

histidine) at the active center of the enzyme. But Robb et al. (1966) 

have claimed, based on the fact that greater inhibition is observed at 

acidic pH values, that the undissociated molecule of carboxylic acids, 

may chelate with the functional copper leaving the enzyme inactive. 

Ben-Shalom et al. (1977) have shown a pH dependent inhibition of PPO 

by halides ascribed to the formation of a complex between copper and 

the anion which is stabilized as the pH decreases. 

Use of thiols: 

Thiols are also effective  in the inhibition of browning and are 

widely used  by plant physiologists and biochemists to protect enzymes 
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or proteins during the extraction procedures from plant tissues. Some 

of these molecules are chosen because they are less drastic and tend 

to render more stable extracts, mainly if PPO is the molecule of 

interest (Rhodes,1977). Thiols such as thioglycollic acid (Coombs et 

al. , 1974), mercaptoethanol (Montgomery and Sgabieri, 1975), 

glutathione and cysteine are effective inhibitors of enzymic browning 

(Henze, 1956). 

Anderson (1968) grouped in two classes a number of -SH compounds, 

class I: reducing thiols ( i.e. thiogycollate, 2-mercaptobenzothiazole 

(Palmer an Roberts, 1967), and mercaptoethanol (Aasa et al., 1978)), 

and class II: quinone couplers ( i.e. benzensulphinic acid, 

glutathione, cysteine, penicillamine, DIECA and potassium ethyl 

xanthate). Reducing thiols and similar reducing substances such as 

ascorbic acid, interact with the quinones reducing them back to _o 

-diphenols being consumed progressively. As long as there is reducing 

agent available, the onset of the browning will be delayed; the 

browning will appear as soon as the reducing agent is consumed. These 

kinds 0f inhibitors have to be in high concentrations to be effective 

in the long run. Class II are often more effective and, in theory, 

because they combine with the quinones to form substituted diphenols 

rendering them inaccessible by PPO, provide a permanent inhibition of 

browning. Concentration at least equal to the amount of phenolics in 

the plant are required. Evidence of the formation of these compounds 

is the formation of quinone-sulfhydryl fluorescent complexes (Henze, 

1956). 

Aasa et al.  (1978)  noticed that when mercaptans react with 
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tyrosinase,. an increase in the absorbance at 700 nm is observed, which 

is directly correlated with the loss of activity, with an unusual high 

EPR signal, and with the number of mercaptoethanol molecules bound to 

the enzyme. It is also known that mercaptoethanol binds to the 

inactive enzyme, probably at an amino acid residue. The reaction 

between mercaptoethanol and tyrosinase seems to proceed in different 

steps forming an intermediate showing a high absorption at 360 nm. 

This is probably due to the donation of an electron to.the copper pair 

by 2-mercaptoethanol, binding as a sulfur radical close to the copper 

pair which at this stage will not give a rise in the EPR signal. Aasa 

et al. (1978) concluded that 0.7-0.8 mol of 2-mercaptoethanol bind per 

mol of enzyme. 

Substrate analogs: 

PP0 can also be inhibited by the use of substrate analogs such as 

benzoic acid, L-mimosine, or cinnamic acids. In most instances the 

inhibition by substrate analogs is reversible and can be described by 

classical kinetics. 

The structural similiarity of L-mimosine to L-tyrosine and L-dopa, 

and its tendency to chelate copper, make this inhibition hard to 

classify. Hashiguchi and Takahashi (1977) found that this substance 

could inhibit PP0 competitively and reversibly and the inhibitory 

effect could be diminished by adding ferric, aluminum, or copper ions. 

Pifferi et al. (1974) in their study of inhibitors on an _o 

-diphenol dxidase from Prunus avium fruits, mention a list of benzoic 

and  chlorobenzoic substituted acids, finding the latter more efficient 
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in inactivating the enzyme. They concluded that electron-attracting 

groups in the para -position were responsible for greater inhibitory 

effectiveness, whereas electron-donating groups decreased the 

inhibition with respect to benzoic acid. Double bonds conjugated 

between themselves and with the carboxyl group, as in sorbic, 

cinnamylidene acetic and crotonic acids, increased the inhibitory 

strength. Benzoic acid and its esters showed non-competitive 

inhibition of the mixed type. That means that the inhibition reduces 

the affinity of the substrate for the enzyme, yet it does not bind to 

the active site. Cinnamic acid was found to be purely competitive 

(Pifferi et al., 1974). 

There are some molds such as the "blue mould" Penicillium expansum, 

which are able to secret substances (such as 2. -coumaric acid and 

ferulic acid) that inhibit PPO from fruits to overcome the defense 

mechanism (Walker, 1970). Cinnamic acid was found to be a powerful 

inhibitor of apple PPO and the inhibitory action decreased in the 

following order: cinnamic acid > _£. -coumaric acid > ferulic acid > m 

-coumaric acid > __o_ -coumaric acid >> benzoic acid (Walker, 1977). 

Mayer et al. (1964) reported 2,3-naphthalenediol to be a completely 

reversible inhibitor and highly specific for PPO from different 

sources, suggesting its use to differentiate the enzyme from laccase. 

Use of polymeric compounds: 

Browning can also be avoided by the exlusion of the substrate; this 

can be accomplished by using polymeric compounds which tend to bind 

strongly to polyphenols.  Loomis et al. (1979) described the use of 
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insoluble polyvinylpyrrolidone (polyvinylpolypyrrolidone, PVPP, 

polyclar AT) to remove plant phenolics which tend to form strong 

H-bonds with proteins. Polystyrene based anion and cation exchange 

resins are known to be able to bind to phenols (Lam and Shaw, 1970; 

Gray, 1978, in Loomis et al., 1979). In some instances the combination 

of PVPP and polystyrene (Amberlite XAD-4) tend to complement each 

other, producing superior enzyme extracts (Loomis et al. , 1979). The 

use of polymeric compounds is limited to the purification of enzymes 

and other proteins, where the bonding and interactions with phenolics 

must be avoided. Borates although they are not polymeric, exhibit a 

similar mode of inhibitory. They are also able to prevent enzymatic 

browning by complexing with the phenols at the _o -dihydroxy group, 

thus blocking the oxidation by PPO, providing excellent protection if 

used with sulfites (Bedrosian et al. , 1959). The effect of borates is 

more efficient as the pH increases (Bedrosian et al., 1960). 

The soluble form of polyvinylpyrrolidone (PVP) has been reported to 

act as a competitive inhibitior of phenolase if purified enzyme 

preparations are used (Walker and Hulme, 1966). In more complex 

mixtures PVP is thought to act in a partially competitive manner where 

the substrate occupies adjacent sites on the enzyme. The enzyme 

appears to be intimately associated with polyphenols, lipids and other 

complex constituents in crude preparations, allowing PVP to interact 

with these other constituents, forming different kinds of attachments 

which may be irreversible inhibiting the enzyme. PVP itself prevents 

phenolase activity directly rather than combining with the phenolic 

substrates to prevent their attachment to the phenolase (Jones et al., 
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1965). 

Significance of the inhibition of PPO in the food industry: 

Few of the substances described above which are able to inhibit PPO 

or delay browning, are suitable for use in foodstuffs. Most of them, 

nevertheless, are very useful for research purposes. The inhibitors 

most frequently used in the food industry include some thiols ( i.e. 

cysteine (Muneta and Walradt, 1968; Montgomery, 1976)), some substrate 

analogs ( i.e. cinnamic acids), reducing agents ( i.e. ascorbic acid 

(Montgomery and Petropakis, 1980)), and sulfites (which are to be 

discussed in more detail below). Alternatives to these methods had 

been suggested, i.e. , the use of o_ -methyl transferase to convert the 

Q -dihydroxyphenolic PPO substrates to the corresponding 

methoxy-derivatives (Finkle and Nelson, 1963), a process that does not 

appear feasible for industrial application (Walker, 1977). 

Protocatechuate 3:4-dioxygenase, a bacterial enzyme which catalyses 

the _o -fission of aromatic rings as proposed by Kelly and Finkle 

(1969), would be cost prohibitive. Kon (1980) suggested the use of 

superoxide dismutase and other oxygen scavengers. Use of these 

substances proved not to be an alternative to inhibit enzymatic 

browning. The inhibition of enzymatic browning of foods still remains 

open for further research. 

Sulfur Dioxide 

Sulfur dioxide (S0„)  is a colorless nonflamable gas, has a 
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strong suffocating odor and  is  intensely irritating to eyes and 

respiratory tract.  It is readily soluble in water (up to 17.7% at 

0°C).  The odor detection threshold of SCL in certain individuals 

can be as low as 3 ppm and concentration above 8 ppm can cause severe 

throat irritation,  coughing and irritation of the eyes. People that 

are asthmatic worsen when they are exposed to SCL. The gas can be 

easily recognized by taste, odor, or by sneezing when food is ingested 

(Green,  1976). Since only low concentrations are used in the food 

industry,  SCL has a relatively innocuous effect on consumers, 

which has encouraged its use as a preservative in the processing of 

fruits and vegetables  (Anon.,  1974).  Up to today, one can say that 

there is no additive able to substitute SCL in its multiple uses. 

The suggested structure of SCL is S = 0 
2     V0 

as described by Sidwick (1952).  It possesses well known acidic 

properties,   probably   behaving  as  H„SCL  in  aqueous 

environments. 

General equilibria of SCL in water can be expressed as (Green, 

1976): 

H20 + S02 < > H2S03 < > HS03~ + H
+ < > S03

= + 2H+ 

<  pH > 
decrease increase 

Although there is evidence that the ions bisulfite and sulfite are 

indeed in solution, the free acid has never been isolated or shown to 

exist. The existence of these ions can also be explained by the 

following set of equations: 
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2H20 < > OH + HO ; S02 + OH < > HS03 

Another explanation could be that the free acid is only present in 

such low concentrations that current methods are not able to detect 

it. Nevertheless, some researchers take its existence for granted. 

The term "sulfur dioxide" is often used to describe and make 

reference to all sulfite, bisulfite, and metabisulfite salts. S0„ 

can be generated from any of these salts. When sodium sulfite is in 

water, its solution is alkaline, is fairly stable and does not oxidize 

as  readily as aqueous bisulfite or S0„. The heptahydrate form of 

sodium bisulfite is unstable in water and oxidizes readily to sulfate 

(Merck Index, 1976). The most preferred sources of S0„ in the food 

industry are sodium bisulfite and sodium metabisulfite. The later is 

chiefly the form of commercial sodium bisulfite that for practical 

purposes  possesses  the same properties and behaves as a true 

bisulfite. These salts when exposed to the air tend to transform into 

gaseous S0„.  Aqueous solutions of bisulfite and metabisulfite are 

acidic. 

In the majority of normally healthy persons, ingestion of SO- 

is recognized to be nontoxic and still considered by the Food and Drug 

Administration as generally safe. However it is not recognized as an 

innocuous food additive by the World Health Organization. Long term 

animal feeding tests containing sulfites in most cases failed to show 

harmful effects that could be attributed to this additive as it would 

be  tumorigenic.  A group of volunteers consumed a thiamine deficiency 
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diet  for 50 days (120 ng of thiamine per 100 kcal) and during the last 

25 days of this period received 400 mg of SO^ plus sodium glucose 

sulfonate per day.  The  test results did  not show a demonstrable 

harmful effect attributable to S0„ (Anon. 1975). However there are 

tests that had shown that S09 is able to mutate lambda phage at 

high concentration.  S0„ is also known to destroy vitamin activity 

of thiamine. 

Bailey and Cole (1959) showed that urea denatured proteins (such 

as, insulin, ribonuclease, chymotrypsinogen and trypsinogen), when put 

in contact with more than 30 fold excess sulfite and the oxidant 

iodosobenzoate at pH 7.4 and 370C, were completely transformed to 

S-sulfonated derivatives. Undenatured proteins are presumably much 

less sensitive to sulfites since many of the disulfide crosslinks are 

within the hydrophobic core of the protein molecule  (Smith and 

Stevens,  1972). Inoue • and Hayatsu (1971) investigated the reaction 

35 
between   S-labeled bisulfite and amino acid at pH 7 and room 

temperature showing  that  tryptophan decomposed to at least three 

products,  two of which had incorporated radioactive sulfur. Methionine 

is  known to give a single product  (methionine sulfoxide),  in a 

reaction that requires sulfite and oxygen (Yang, 1970). Other amino 

acids commonly found in proteins do not appear to react with sulfites. 
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The scission of disulfides by sulfite ions, to form S-sulfonates, 

may be represented as follows: 

R R 
^S—S    < >   ^S   +  Sv 

^_   ^R' SO"      R' 
S03= 

which appears to involve backside attack by sulfite.  With mixed 

disulfides,  this results  in a strong preference for reaction at the 

least sterically hindered sulfur atom (Van Rensburg and Swanepoel, 

1967). 

The reaction has been used to convert half-cysteine residues of a 

protein to S-sulfocysteine residues (Cole,  1967).  Sulfite was the 

active specie, not bisulfite (McPhee,  1956). Optimum pH for this 

reaction is near neutrality. The equilibrium can be displaced to the 

right using anything that can remove the thiol anion. Metals such as 

copper can be used to accomplish this (Swam, 1957; Richmond, 1966). 

Some  proteins have disulfide bonds resistant to the action of 

bisulfite,  but can be cleaved using mercuric ions. The mechanism of 

action remains unclear (Cecil and Wake, 1962). The action of sulfite 

on  proteins is complicated  by an extreme dependence upon  ionic 

environment and steric factors in the vicinity of individual disulfide 

bonds.  The combination of the above factors contribute to some of the 

resistance presented  by some proteins to the action of sulfite (Means 

and Feeney,  1971).  S-sulfonates are unstable in strongly acidic and 

alkaline solutions decomposing either to disulfides or a mixture of 

disulfide and dithionate. The ease with which sulfite can be displaced 
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by cyanide, thiol or sulfite anions, makes it very useful to introduce 

radiolabel sulfur or to regenerate the native polypeptide chain (Means 

and Feeney, 1971). 

Sulfur Dioxide Analysis 

Due to the wide use of SCL in the food industry, the techniques 

of analysis are varied. The official method by the Association of 

Official Analytical Chemists is the Monier-Williams method. This 

method is based on the oxidation of liberated S0„ by distillation 

with 3% hydrogen peroxide and titration of the resultant acid with 

standard alkali. 

There are methods not involving distillation but less reliable such 

as the Riper method (1892) which uses a direct titration with iodine; 

the method can be used to measure free or total S0„ and is still 

used in the wine industry because of ease of determination. 

Distillation methods are able to separate the S0„ from any 

interference.  S0„ once isolated can be measured by titration with 

iodine,  gravimetric methods, or titrated with alkali depending on the 

solution which was used to receive the distillate. 

Among the colorimetric methods, the one developed by Wedzicha and 

Bindra (1980), I have found to be the most reliable method. Small 

modifications of the method allow it to be applied to any foodstuff. 

However, one should pay attention to how the assay is performed if it 

is desired to differentiate accurately between free and bound S0„. 

The  method consists of distilling the S0„ from the sample into a 
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buffered solution at pH 8 with 5,5,dithiobenzoic(2-nitrobenzoic acid). 

The reaction between this reagent and sulfites is quantitative at pH 

6-9 produce 5-mercapto-2-nitrobenzoic acid, which is easily detected 

at 412 nm when present as a thiol anion. If one wishes to determine 

the concentration of SCL in a standard solution or in the absence 

of suspected interferences, no distillation is necessary. Other 

colorimetric methods involve basic fuchsin (which is a dye supposedly 

consisting of a roughly equal mixture of pararosaniline and rosaniline 

(Pate et al., 1962)), pararosaniline and formaldehyde (Nauman et al., 

1960), paraminobenzene, sodium tetrachloromercurate and formaldehyde 

(Kniseley and Throop, 1966). These methods, which are more troublesome 

than the above, are less preferred among chemists. 

There  are  techniques  that  use electrodes to estimate the 

concentration of S0„ in foods. Operation of the electrodes depends 

on  the S0„  in dilute solution obeying Henry's law. The electrode 

responds to changes in the concentration of S0„ indirectly as a 

change of pH in the electrode membrane (Barnet, 1975). The advantages 

of using electrodes are: they are simple to use, they can discriminate 

free from total S0„,  are very sensitive and relatively free of 

interferences, and particularly useful in liquids. The use of these 

probes is becoming more  popular  for routine analysis  in quality 

control. 

In the literature many methods  for determining S0„ can be 

found, most of them are designed to detect S0„ as a pollutant to 

the environment, and some of them able to determine picogram levels in 

the  air  (Marshall and Midgley,  1981),  but this area is beyond the 
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purpose of this review. 

Sulfur Dioxide and Enzymatic Browning 

SCL is the most often used food additive for the prevention of 

enzymatic browning in the food industry, particularly if fruits and 

vegetables are involved (Pontig,  1960).  SO^ is also able to 

inhibit several enzymes (Table 1), such as those involved in reactions 

of  oxidation-reduction  (  i.e.  ascorbic oxidase, cytochrome oxidase, 

peroxidase,  PPO,  pyruvate decarboxylase  (Haisman,  1974)  and some 

enzymes involved in protein synthesis  (Okoloko and Bewley, 1982), 

among others).  Some authors still believed that S0„ action on 

enzymatic browning is similar to that of ascorbic acid, acting as an 

antioxidant,.which is being progressively consumed (Walker, 1975). 

Embs and Markakis (1965) ingeniously demonstrated that the action 

of S0„ is part by interacting with the quinones being formed, 

yielding sulfite-quinone compounds. They observed that in the presence 

of sulfite a lag period was caused at the beginning of the reaction; 

this was detected by monitoring the formation of the brown color at 

420 nm. The extent of this lag period was dependent on the amount of 

sulfite present in the reaction mixture. During the period 

corresponding to the lag at 420 nm, they also noticed an increase in 

absorbance at 290 nm that was considerably steeper than in the absence 

of sulfite. After the initial rapid increase in absorbance at 290 nm, 

a rather sharp decline in the rate of increase of this absorbance was 

observed. The height of the inflection point appeared to be 
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Table 1. Examples of the concentrations of sulfur dioxide used to 
inhibit enzymic reactions in plant tissues (Haisman, 197A). 

REACTION CONTENT ENZYME LEVEL OF SULFITE 

Ascorbic acid 
oxidation Tomato Peroxidase 800 ppm 

Green pepper 7 20-40 ppm 

Tomato 7 20-40 ppm 

Red pepper 7 100 ppm 

Cauliflower Ascorbate ox. 1000 ppm 

Potato it 1000 ppm 

Pumpkin it 1000 ppm 

Browning Mushroom Phenolase 64 ppm 

Potato ii 32 ppm 

Potato ii 1280 ppm 

Browning/ 
blackening Apple frozen II 300 ppm 

Mushroom it 100 ppm 

Apple 
refrigerated II 1000-2000 ppm 

Browning Grape Peroxidase 5580 ppm 

Turnip II 320 ppm 

Fermentation 
off flavor Peas Lipoxygenase 1000 ppm 

Grape Pyruvate 
decarboxylase ( 15 ppm 
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proportional to the quantity of sulfite. When the breaking point was 

observed, the formation of the brown color, detected at 420 nm was 

started. This phenomena was observed at all levels of sulfite. Joslyn 

and Braverman (1954) wrote: 

"S0„ could act by reducing oxygen and making it 

unavailable for oxidation or by reacting with the 

quinones or other intermediates in polyphenol 

oxidation" 

In either case sulfate would be obtained. Embs and Markakis (1965) 

stated that this was not the case and added two further possibilities: 

the reaction of the sulfite with the substrate to render the latter 

unsuitable for reaction and the inactivation of the enzyme. 

They concluded:  (a) loss of enzyme activity was observed after 

incubating  the enzyme with SCL before  the addition of the 

substrate;  (b) the oxygen uptake by the pyrocatechol-PPO system is the 

same  whether  sulfite  is  present  or absent;  (c)  using  tracer 

35 
techniques,  no sulfate was detected,  and labeled  S was only 

found  in those areas on paper chromatograms where polyphenols could be 

detected;  and (d) all observations strongly suggested the formation of 

compounds between sulfite and the  intermediary enzymatic products 

during browning. 

Muneta  (1966) suggested from his work with blackening in potatoes 

caused  by  PPO,  that  the increased  induction lag period with 

progressively larger concentrations of sulfite indicated that the salt 
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initially inhibits blackening by inhibiting the oxidation of tyrosine 

to DOPA, not by the reaction of the bisulfite with the quinones formed 

in the reaction. He also mentioned that the induction period for 

oxygen uptake with tyrosine and the lengthening of the induction 

period with increasing amounts of bisulfite is not due to the reducing 

action of bisulfite on the quinones formed in the oxidation of DOPA, 

but due to the reaction of sulfites with the quinones to form 

colorless addition compounds. 

The induction period can be decreased by previous combination of 

sulfite with the crude enzyme extract. This could be explained by a 

physical loss of the S0„, by reactions of S0„ with other 

molecules present in the solution, or by reacting with vital points 

for enzyme activity (Muneta, 1966). In those samples that had low 

concentrations of diphenols, more sulfite would have been available to 

interact with the enzyme, therefore the inhibition was more efficient 

(Vamos-Vigyazo, 1981). Muneta (1967) noted that under progressive 

additions of sulfites, lower activities of the enzyme were observed 

probably due to two causes: (a) the interaction of sulfite with 

quinones to give addition compounds decreasing the substrate 

concentration, and/or (b) to the interaction of sulfite with the 

enzyme itself. 

Goodman and Markakis (1965) found an inhibitory effect of S0„ 

in  the degradation of cyanidin 3-gentiobiose by mushroom phenolase, 

demonstrating that the inhibition was more efficient at lower pH 

levels. This agrees with the observation of Muneta (1966), where he 

noticed that enzyme activity was more efficiently inhibited at acid 
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pH's, probably because the pH's were not the optima for PPO activity. 

Markakis and Embs (1966) mentioned that when SCL is used in 

conjuction with ascorbic acid, they complement each other. From their 

observations they concluded that the synergetic effect in some 

instances, was due to the interaction of ascorbic acid with quinones, 

allowing sulfite to interact with PPO and make the inhibition 

permanent. The inhibition in all cases was pH dependent. It is worth 

noting that some forms of PPO are no longer active at acidic pH levels 

probably due to denaturation of the protein ( i.e. potato PPO shows no 

activity at pH's below 5) (Mihalyi et al., 1978). Grape PPO was 

completely inhibited by sodium bisulfite (Montedoro, 1969). The action 

of SO- on apple slices can be enhanced by the use of malic acid, 

apparently for the enhanced effect of malic acid in the penetration of 

sulfites in the fruit tissue (Pontig and Jackson, 1972). 

Table 2 presents a list of selected inhibitors of enzymatic 

browning in fruits and vegetables (taken from Vamos-Vigyazo, 1981). 
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Table 2. Applications of selected inhibitors of enzymatic browning 
to fruits and vegetables (Taken from Vamos-Vigyazo, 1981). 

Fruit or Veg. Inhibitor Remark 

Apple 

Apple 
(golden del.) 

Apple 

Apple juice 

Apple juice 

Apple & 
grape juice 

Apple, carrot, 
celery, cabbage 

Pear 

Grape Juice 

Grape juice 
& sweet wine 

Fresh fruits 
(not specified) 

Wine 

Potato 

Potato 

Green chili 

Olive (green) 

SCL-benzoic acid 

SCL-calcium chloride 

Sugar-calcium chloride 

Cinnamic acid 

Malic acid 

SCL &  bentonite 

HCl-ethanol-surfac. 

Sodium chloride 
& citric acid 

SO. 

SO^-sorbic acid 

Phosphoric acid-sulfites 

PVPP 

Cysteine 

Sulfite 

Cysteine or S0„ 

NaOH 

Inhibition is cultivar 
dependent 

pH 7-9; stable 9 weeks 

Soaking before freezing 

Stable 7 hours 

pH 2.7-2.8 

Bentonite adsortion 
of proteins 

pH 1.5 vacuum 

Dipping 

Color &  fermentation 
protection 

Synergestic effect 

Polyphenol adsorption 

Total inhibition 

Dip 

60-40% inhibition res. 

Dip 
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MATERIALS AND METHODS 

Enzyme Sources 

Three sources of polyphenol oxidases (PPO) were used: a crude 

extract from bananas, a commercial mushroom preparation (Sigma product 

No. T-7755, lot 91F-950) and a purified form of PPO from pears 

isolated in this laboratory. The banana crude extract and the 

commercial preparation of PPO were used in the preliminary assays of 

enzyme kinetics; the purified source of PPO was used in all other 

experiments. 

Pear PPO was isolated from D'Anjou pears ( Pyrus communis L.) grown 

in orchards at the Mid-Columbia Experiment Station, Hood River, Oregon 

during the 1981 season. The whole pears were kept 7 months at -1°C, 

then they were quartered and immediately dipped in liquid nitrogen, 

placed into cryovac bags, and stored at -A0oC until used. Pears 

processed in this fashion can keep their freshness and good appearance 

with little or no change for periods of up to 5 years. 

Enzyme Extraction Procedure 

PPO from the pears was extracted using the procedure developed in 

this laboratory by Wissemann (1982). The frozen pear quarters were 

further broken into small pieces taking advantage of their brittleness 

and dipped again in liquid nitrogen. A blend of liquid nitrogen and 
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the smashed pieces of pear were poured into a stainless steel Waring 

Blendor and blended to a fine powder. The resulting powder was kept in 

a Dewar flask with an excess of liquid nirogen until used. 

The extraction mixture contained 33.8 g of AG 2-X8 phenolic 

adsorbent previously cleaned as described by Cooper (1977), 2 ml of 

Triton X-100, 0.87 g of phenylmethylsulfonyl fluoride (PMSF), and 100 

ml of 0.1 M citrate - 0.2 M phospahate buffer pH 5.6. This mixture was 

left to equilibrate overnight before using. 

To the extraction mixture 12.5 g of the frozen pear powder were 

added, incorporated immediately and stirred at 40C for 60 min. The 

slurry was filtered through glass wool, centrifuged at 40C, at 8,000 

rpm, for 15 min in a Sorvall RC-5 centrifuge. The supernatant was 

collected and 0.33 ml of trasylol (Aprotinin, Sigma) per 100 ml were 

added. Either PMSF or trasylol were used through the extraction 

procedure as suggested by Flurkey and Jen (1980). 

Enzyme Activity Assay 

Activity of PP0 was assayed using the method developed by 

Esterbauer et.al. (1977) using 2-nitro-5-thiobenzoic acid anion (TNB). 

The preparation of the TNB was done by adding sodium borohydride (30 

mg) to a suspension of 5,5,-dithiobis(2-nitrobenzoic acid) (DTNB; 19 

mg) in water (25 ml). Within 60 min the reduction of the DTNB was 

completed to the intensely yellow TNB. The solution prepared in this 

way was stable up to 15 days if stored at 4°C. The standard TNB assay 

mixture used  in this research contained 1 ml 0.1 M citrate - 0.2 M 
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phosphate buffer pH 5, 0.05 ml of TNB 1.9 mM, 0.05 - 0.1 ml of enzyme 

preparation to which 0.250 ml of 0.139 M 4-methyl catechol in 0.01 M 

citrate - 0.02 M phosphate pH 3.5 were added. Change in absorbance at 

412 nm was recorded for 1-2 min using a Perkin Elmer recording 

spectrophotometer Model 500 equiped with a chart recorder (Linear 

Model 585). 

Units of activity of the enzyme were expressed as the amount of 

enzyme able to transform 1 nMol of dihydric phenol to 1 nMol of 

quinone per minute at 20oC under the assay conditions. The units were 

calculated with the equation: 

units = k x (change in absorbance per min) 

where k = 272 (extinction coefficient = 11,000). 

Protein Determination 

The Bio-Rad microassay procedure was used for 0.001-0.020 mg of 

protein using bovine serum albumin as a standard. A plot of absorbance 

at 595 nm vs. concentration was used to read the unknowns. This 

method is based on the observation that the absorbance of Coomassie 

brilliant blue G-250 shifts from 465 nm to 595 nm when binding to 

protein occurs (Bradford 1976). 
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Enzyme Purification Procedure 

The enzyme purification procedure used in this research was 

designed by Wissemann (1982). The purification and extraction protocol 

are shown in Figure 7. 

The supernatant of the crude enzyme extract was poured in a 

Bio-Gel P-6 (Bio-Rad Laboratories) desalting column, 20 ml bed volume, 

which was equilibrated with 1 mM citrate - 2 mM phosphate buffer pH 5. 

The enzyme extract was collected in the void volume, aprotinin was 

added to this point (0.33 ml/100 ml). This was made to 1 M ammonium 

sulfate, adjusted to pH 6.5 with 10 N sodium hydroxide, filtered 

through Whatman 1, and applied to a phenyl sepharose CL-4B resin (PS; 

Pharmacia Fine Chemicals) column, 30 ml bed volume. The preswollen PS 

resin, prior to packing, was degassed and equilibrated in A bed 

volumes of 1 M ammonium sulfate, 1 M potassium chloride, 0.05 M sodium 

phosphate elution buffer pH 6.5 (EB) and allowed to stand overnight at 

40C. The resin was packed in a 30 x 1.0 cm SR 10/50 column (Pharmacia) 

at room temperature and washed with 3 bed volumes of EB. 

The elution of the material bound to the PS bed was performed at 

room temperature and the molarity of the EB was decreased in a 

stepwise manner using distilled water as a diluent (a: 100 ml of EB, 

b: 60 ml of 80% EB, c: 60 ml of 60% EB, d: 60 ml of 40% EB, e: 60 ml 

of 20% EB, f: 60 ml of 5% EB, g: water, h: 50% ethylene glycol or 2% 

triton X-100. 

The flow rate was set at  1 ml/min using a proportioning pump 



57 

Figure 7. Extraction and purification procedure. 

Pear Nitrogen Powder AG 2-X8 Phenolic Adsorbent 
2% Triton X-100 

Protease inhibitors: 
PMSF, Aprotinin 

Stir, filter, centrifuge 

Bio-gel P-6 Column 

Adjust eluent to 1 M ammonium sulfate, pH 6.5, filter 

Phenyl Sepharose CL-4B 
Elute with increasing concentrations 

of equlibration buffer 

PS r 
Most active fractions 

dyalize and concentrate 

PS 2 PS 3 

DEAE-Cellulose Chromatography 
Elute with increasing concentrations of phosphate 

DEAE 1 DEAE 2 DEAE 3 
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(Technicon Autoanalyzer) and fractions of approximately 5 ml were 

collected using a fraction collector (ISCO model 272) in the time 

mode. Fractions were assayed using the standard TNB procedure for 

activity and absorbance at 280 nm was recorded. Fractions with the 

highest activity were pooled and dialyzed in a Spectrapor membrane 

(molecular weight cutoff: 10,000-12,000) overnight in 0.01 M phosphate 

buffer pH 7 at 40C with two buffer changes. After dialysis the final 

volume was concentrated 50% using Aquacide II (Calbiochem). The PS 

resin was regenerated following the manufacturers directions by 

washing the column with two bed volumes of ethanol, one bed volume of 

butanol, 2 bed volumes of ethanol and water until butanol odor could 

not be perceived. The regenerated PS was kept in the presence of 0.1% 

azide or reequilibrated in EB to prevent mold growth. 

The most active fractions after concentration were further purified 

by column chromatography using DEAE-cellulose 32 in microgranular form 

(Whatman LTD). The resin was prepared according to the manufacturers 

directions, equilibrated in 5mM sodium phosphate buffer pH 7.0 (SPB) 

overnight and degassed prior to packing in a 30 cm x 1.0 cm sr 10/50 

column (Pharmacia) at room temperature. Once packed it was washed with 

several bed volumes with 5mM SPB. The sample was applied and 40 ml of 

5mM SPB were run trough the column. The elution of the proteins was 

done by 200 ml linear gradient from 5 to 100 mM SPB. To elute the 

remaining material held on the column 0.4 M SPB was applied to the 

column. The column was developed at 1 ml/min and 5 ml fractions were 

collected, assayed, and absorbance at 280 nm was recorded in a manner 

analogous to the PS column. 
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Polyacrylamide Slab and SDS Electrophoresis 

Gel slabs of 0.15 cm thick, 14 cm wide and 12 cm in length were 

prepared. For nondenaturing conditions gel slabs of 7% acrylamide were 

prepared. Sodium dodecyl sulfate (SDS) gels were 10% acrylamide. In 

all instances, wide pore, 4.5% stacking gels with 15 wells were 

prepared of approximately 2 cm stacking distance. Stacking SDS gels 

contained 0.1% SDS. In most tests of purity, 200-300 ng of protein per 

well were applied. Nondenatured samples were prepared by adding 0.1 ml 

of 40% sucrose solution to 0.4 ml of sample containing 2,000-3,000 ng 

of protein per ml. Samples for SDS electrophoresis were prepared by 

reacting 5 min in a boiling water bath 0.4 ml of sample with 0.01 g of 

SDS, 0.05 g of glycerol and 0.223 ml of mercaptoethanol. In all 

electrophoresis runs, 0.001% bromophenol blue per sample was used as a 

tracking dye. 

Electrode buffer was 0.025 M Tris - 0.10 M glycine, pH 8.3. The 

upper gel for SDS electrophoresis contained in addition 0.1% SDS. The 

gels were cast in a Bio-Rad model Protean 16 cm (Bio-Rad Laboratories) 

unit and cooled throughout the run with water at 50C from a Lauda K2/R 

waterbath. A Buchler 3-1,500 constant power supply (Buchler 

Instruments, Inc.) at 15 mA per slab was used to develop the 

electrophoresis. 
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Detection of PPO Isoenzymes 

Immediately after stopping the electrophoresis run, the slabs were 

dipped and agitated gently in 15 mM catechol in 0.1 M to 0.2 M 

phosphate buffer pH 5 and 0.05 M __£_ -phenylenediamine until bands 

showing PPO activity were evident (30-45 min). Then the slabs were 

rinsed with water and allowed to stand for 5 min with gentle agitation 

in 1 mM ascorbic acid solution to stabilize the color and to avoid 

excess background color. The gels treated in this fashion were kept 

overnight in deinozed water and transferred to 50% methanol for 

storage. The technique is described in more detail by Benjamin and 

Montgomery (1973) and by Smith (1980). 

Stain for Protein Visualization in Polyacrylamide Gels 

The method used was a variation of that designed by Wray et al. 

(1981) and Einerson (1982). All solutions were prepared using 

distilled deionized water. The gels were fixed after the run with 10% 

trichloroacetic acid (TCA) for 30 min, rinsed thoroughly with water to 

wash the excess TCA and soaked overnight in 50% methanol, 0.05 

formaldehyde. Then the gels were placed in water and allowed to swell 

30 min with two changes and transferred again to 50% methanol, 0.05% 

formaldehyde for 2 hr. Immediately before adding the staining solution 

the gels were placed in deinozed water for 10 min. The staining 

solution was prepared  by adding 4 g silver nitrate in 20 ml of water 
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to 105 ml of 0.36% sodium hydroxide and 10 ml of concentrated ammonium 

hydroxide with rapid mixing. The solution prepared in this way was 

made up to 500 ml with deionized water and used within the next 5 min. 

To assure an even staining the gels were shaken gently for 20 min. 

To develop the gel, the staining solution was discarded and the 

gels rinsed for 5 min in water, then a solution of 2.5 ml 1% citric 

acid, 0.25 ml of 38% acetaldehyde and water to make 500 ml were added. 

The slabs were agitated with a gentle rocking motion until bands of 

protein were evident. At this point the developing solution was 

discarded and the gels rinsed with water. To decrease the intensity of 

the backgrownd Kodak Rapid Fixer (Eastman Kodak Co.) was prepared and 

used according the directions of the manufacturer. Once the desired 

background was . obtained the destaining step was stopped by rinsing 

with water and adding Kodak Hypo-clearing agent (Eastman Kodak Co.) 

prepared as directed by Kodak. The gels were stored in 50% methanol. 

Analysis of Sulfur Dioxide 

A modification of the method developed by Wedzicha and Bindra 

(1980) was employed. An aliquot of the solution containing S0„ was 

placed in a buffered solution (0.02 M phosphate buffer pH 8.0) 

containing 5,5-dithiobis (2-nitrobenzoic acid) (Ellman's ragent). The 

reaction between this reagent and sulfite is quantitative at pH 6-9 to 

give, as one of the products, the highly absorbing 

5-mercapto-2-nitrobenzoic acid (extinction coefficient 15,500 at 412 

nm when present as a thiol anion). A plot of absorbance at 412 nm vs. 
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sulfite concentration was used to read the unknowns. 

Effect of Sulfur Dioxide on Enzyme Activity 

To test enzyme activity in the presence of sulfites, the standard 

TNB assay was used, changing the concentrations of inhibitor and 

substrate and at different pH levels. 

Reciprocal plots were used to analyze the data with the help of an 

Apple lie computer. Sulfite concentration assays ranged from 0-3 mg/ml 

and 3,000 ng/ml of PPQ protein (approximately a maximum activity of 

1,000-2,000 units). 

Preparation of Radioactive Sulfur Dioxide 

Radioactive S0„ used in this experiment, was either bought in 

the form of gas (Amersham Radiochemicals, product SJ.24), or generated 

from sulfuric acid labeled in the sulfur atom (New England Nuclear, 

product NEX-042). The S0„ was generated by boiling the labeled 

sulfuric acid in the presence of metallic copper and trapping the gas 

in a 0.02 M phosphate buffer, pH 8. The sulfur dioxide generated in 

the boiling flask was displaced with by a flow of nitrogen through the 

system. The flow was passed trough two condensers to avoid water or 

sulfuric acid contamination in the receiving flask. The receiving 

solution was always kept in crushed ice. Concentration of sulfur 

dioxide was determined and used immediately, or stored at 40C to 

minimize losses. 
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Detection of the Radioisotope of Sulfur 

Two techniques were used: liquid scintillation counting (LSC) and 

autoradiography (AR). Samples for LSC were an aliquot of the fractions 

collected during elution of the PS or DEAE columns. Also slices of 

gels were counted directly by swelling the gel with Protosol (New 

England Laboratories), or digesting the gel in 60% perchloric acid and 

20% hydrogen peroxide (Mahin and Lofberg, 1966) before using LSC. 

3 
Autoradiograph was enhanced by using EN HANCE (New Engalnd 

Laboratories) according to the directions of the manufacturer. After 

proteins were fixed onto the gel, the gel was washed thoroughly with 

water,  (the waste was disposed of through proper channels for 

3 
radioactive disposal), and sufficient EN HANCE was added just to 

cover the gel. The gel was allowed to stand for 1 hr with gentle 

agitation  to saturate the gel.  Following impregnation the used 

3 
EN HANCE solution was saved and reused again if no turbidity was 

noticed otherwise it was discarded to the radioactive waste container. 

To  precipitate the fluor in the gel, cold 20% methanol-2% glycerol was 

added and stirred gently for 1 hr. Once the gels were saturated with 

the  fluor,  they were dried for 3 hr using filter paper (Whatman 1) as 

a support. 

The autoradiograph was done on a blue sensitive X ray film (Kodak X 

OMAT AR film)  in a wafer rigid form cassette (7x17 Hasley X-ray 

products).  The film was developed following the directions of the 
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manufacturer. 

Generation of the Apoenzyme 

The apoenzyme of PPO (APPO) was prepared using the procedure of 

Makino et al. (1974) with slight modifications. The enzyme was 

dialyzed against 0.05 phosphate buffer pH 7 for 12 hr with one buffer 

change (this allowed sulfites to diffuse away if present). Once the 

sulfites were removed the enzyme was dialyzed against 0.05 M potassium 

cyanide, 0.1 M phosphate buffer, pH 7, for 10 hr (longer dialysis were 

found to be detrimental for the regeneration of the enzyme activity). 

Excess potassium cyanide was removed by dialyzing the enzyme 10-12 hr 

in 0.005 M phosphate buffer, pH 7. The enzyme was reactivated 

according the procedure described by Kertesz et al. (1972) by adding 

cupric ions in equimolar concentrations. 

Activities were assayed by the standard TNB method or by following 

oxygen consumption using the polarographic method on a Yellow Springs 

Instrument (YSI) model 53, biological oxygen monitor equipped with a 

Clark electrode with the reaction chamber at 250C. Constant 

temperature was maintained using a Lauda K2/R (Brikman Instruments). 

Conditions and concentrations of reactants were kept similar to the 

standard TNB procedure. Units were expressed in nMols of diphenol 

transformed to _o -quinones (0.5 mols of oxygen consumed equals to one 

mol of o_  -quinone formed). 
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RESULTS AND DISCUSSION 

Enzyme Activity Assay 

The presence of S0„ in the polyphenol oxidase (PPO) assay 

solution brought complications to the analysis of PPO activity. This 

was tackled using more than one method for the different experiments. 

Four methods were tested for sulfur dioxide (SO,,) interference. 

The methods tested were: (a) the spectrophotometric method which 

measures polymeric color formation, (b) the Warburg method and (c) the 

oxygen electrode, both which measure oxygen consumption, and (d) the 

method designed by Esterbauer et al. (1977) using 

2-nitro-5-thiobenzoic acid (TNB) as coupling agent. The results of the 

spectrophotometric method and the oxygen electrode were used to 

complement the TNB method. 

S0„ tends to interfere in different ways depending on the 

method of assay. With the Clark electrode, it reacts with the elements 

of the electrode, therefore cannot be used without observing erratic 

readings after a few assays (Cooper, 1977). The spectrophotometric 

method, besides not being good at detecting low activities, presents a 

lag period in the presence of S0„, causing lack of precision at 

the beginning of the reaction. Other methods proved to be troublesome 

and complicated the study of the rates of reaction due to the multiple 

parameters that had to be controlled. Among the methods to assay 

activity,  the method designed by Esterbauer et al. (1977) was chosen. 
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This method was reproducible and yielded information that otherwise 

could not be obtained by other single method. 

Spectrophotometric method 

The experiment was conducted to correlate the data obtained in this 

thesis with the results of Embs and Markakis (1965). The 

spectrophotometric method did not have sufficient sensitivity to 

detect some of the low levels of activity tested in this paper (0.003 

mg/ml of protein accounting for activities from 100 to up to 50,000 nM 

oxygen/min). This method could not be used to determine accurately the 

initial reaction rates due to product inactivation of the enzyme. It 

was only used to compare the slopes obtained in this manner with the 

trace obtained from the TNB procedure after all the coupling reagent 

had been consumed. This comparison was easily done due to the broad 

shoulder in the spectrum of polyquinones between 400 and 480 nm. 

Browning is often expressed in terms of absorbance units at the 

shorter wavelengths of the visible spectrum; 420, 440, 450, 490 nm 

have all been used; measurements at 420 nm is a widely adopted 

practice (Wrolstad, 1976). 

The increase in absorption after all the TNB reagent had been 

consumed during the assay compared to the spectrophotometric method 

was the same for similar activities. It was observed after 

superimposing the traces, that no difference could be detected for 

equivalent activities within experimental error (Figure 9). This is 

understandable because at this point any changes in the absorption of 

the mixture will be due to the formation of melanin like products. No 
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appreciable difference in the changes in the absorbance at 412 nm 

compared to the changes at 420 nm was observed during the 

polymerization of the _o -quinones. Using the TNB assay method, data 

from Embs and Markakis (1965) could be reproduced very closely. Most 

of the activities treated in this fashion had to be above 1,000 units. 

Therefore, due to the disadvantages of the spectrophotometric method 

to assay PPO activity, it was decided to use the TNB method for the 

gathering of data. 

Oxygen consumption 

The Warburg method was performed to compare results with the oxygen 

electrode. It was considerably more troublesome, less sensitive, 

required more control of parameters, and complicated considerably the 

determination of the kinetics of the reaction. The Warburg method was 

only used to check the response of the oxygen electrode, but seldom 

used for obtaining data for this thesis. 

The oxygen electrode was used when assay solutions containing 

SO^ were dialyzed at least 15 hr against 0.02 M phosphate buffer, 

pH  7,  with several changes. After such a period, S0„ could not be 

detected by the methods used in this research. The electrode was 

employed  to measure the activity of samples which were treated for 

copper reactivation (Figures 18 and 19).  In all cases, the oxygen 

electrode was used to compare results with the TNB procedure whenever 

S0„ was not present. The technique proved to be more time 

consuming than the TNB method. 
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The 2-nitro-5-thiobenzoic acid method 

Because of the advantages cited in the literature review, the 

standard TNB method to measure enzyme activity was chosen as an 

alternative to the oxygen electrode assay method. This was used 

because the presence of SCL in most of the assays interferred with 

the oxygen electrode. The use of this method permits the assay for 

enzyme activity without the development of polymerized brown products, 

for as soon as the _o -quinones are formed, they are immediately 

reduced by the TNB reagent and do not participate in further 

reactions. There is a deviation from linearity of the assay towards 

the end of the reaction. To explain this, Esterbauer et al. (1977) 

reported that it seems likely that the _o -diphenols or some 

intermediate of the enzymatic oxidation may act as inhibitor of the 

reaction and not because of the lack of substrates. This observation 

agrees with data in the literature (Mayer et al., 1966; Miller et 

al., 1944). Esterbauer et al. (1977) reported that the concentrations 

of TNB used in the standard assay (5 x 10" M) did not inhibit the 

enzyme. In this research inhibition due to the TNB in the assay 

mixture also was not noticed. 

The technique was easily adaptable for comparison with the 

spectrophotometric method, as well as, to correlate the activities 

with oxygen consumption. Activities were calculated using the linear 

part of the curve and with the equation: 

units in the test solution = k x (AA/min) 
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where k is 272 (expressed in nMol of TNB per unit of absorbance; 

extinction coefficient = 11,000 for PPO and 4-methyl catechol as a 

substrate). In this thesis one unit of activity was defined as the 

amount of enzyme which transforms 1.0 nM of _o -diphenol to 1.0 nM of o^ 

-quinone under the conditions of the assay. One unit is equivalent to 

the consumption of 0.5 nM of 0„ per min. Activity was also 

expressed in this research as nMol of oxygen consumed per min for 

convenience in treating the data. The TNB method yielded, as also 

reported by other authors (Esterbauer et al., 1977; Mayer et al., 

1966), relatively higher activities when compared with results 

obtained using the oxygen electrode. In this laboratory, under 

comparable conditions, the k value for the oxygen electrode was found 

to be 774, which makes it 2.85 times less sensitive than the TNB 

technique. Esterbauer et al. (1977) claimed, due to the high molar 

absorbtivity of TNB, that the assay is approximately 10 times more 

sensitive than some other tests, and 0.002 unit (corresponding to an 

increase of absorption of 0.07/min) can be easily detected. 

The TNB method gave very reliable results. Only when SO^ was 

present in the reaction vessel at concentrations well above that 

necessary to observe inhibition (above 1 mg/ml), a slight deviation 

from linearity was observed (Figure 8). During the assays, high 

concentration of S0„ was avoided if very precise measurement of 

the activity was desired. This deviation from linearity could be 

partially corrected during the preparation of the TNB reagent. The TNB 

reagent was usually obtained by reacting sodium borohydride with 
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Figure 8. Deviation from linearity of the TNB assay for 

PPO activity at increasing concentrations of 

sulfur dioxide. Mushroom PPO was used 

(approximately 2,500 units of activity/ml.). 
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5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) suspended in water. If the 

reduction of the reagent was carried to completion, better results 

were obtained in the presence of SCL and higher concentrationes of 

sulfites could be used in the assay of PPO activity. The lack of 

linearity of the assay due to sulfites, could be attributed to the 

reaction of S0„ with the remnant DTNB left during the preparation 

of the TNB reagent (see analysis of SCL using DTNB). 

When the TNB assay method is carried to completion (Figure 9), an 

increase in absorption was observed (after a lag period if SCL was 

present in the assay). This increase corresponded to the formation of 

the brown color due to the polymerization of the o_ -quinones. When 

this portion of the curve was compared by superimposing the traces 

with the change in absorbance at 420 nm of the same enzyme solution, 

they matched the increase of polymeric color at equal levels of 

activity (Figure 9). 

Using the TNB assay method three different phenomena could be 

differentiated (Figure 9). Looking at the "TNB-Q" section of this 

diagram,  one can account for the reaction of the o_  -quinones with the 

TNB reagent, where a very clear decrease of the absorption is 

observed.  Different slope of this decrease depends on the activity of 

the enzyme. In section "Q-SCL" of the same diagram a lag period is 

observed  in those fractions containing available SCL to react with 

the _o -quinones. This area corresponds to that observed by Embs and 

Markakis (1965). Here a relative increase in the absorbance at 290 nm 

due  to the S0„- _o -quinones complex formation is observed. The 

Figure shows also that the absorbance at 290 nm after the "Q-S0_M 
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Figure 9. The TNB assay for PPO activity compared to the 

spectrophotometric method. TNB-Q stands for the 

product formed between TNB and the quinones. 

Q-SCL stands for the quinone-sulfite 

derivative. Q-Q-Q stands for the polymerization 

of the quinones. Three wavelenghts were used: 

290 nm, 412 nm, and 420 nm (2,500 units of 

activity/ml of mushroom PPO and 50 ppm of 

S0-; see text). 



74 

.1 - 

u 
Z 
< 

^.05- o 
(A 

- 

W—TNB-Q —^ Q-SO3 ~—   Q-QQ     —*- 

—^—-^^^^290 nm 

y 412 nm 

^X^^-~ 420 nm 

15 30 45 

TIME (s) 
60 

Ficure  9 



75 

period, decreased gradually probably due to the dissociation of j3 

-quinone S0„ complex. This allowed more substrate to polymerize. 

After a 60 min period of incubation of the enzyme in the presence 

of S0„,  the lag period observed at 412 or 420 nm became shorter, 

probably due to the loss of S0„ to the atmosphere or to the 

reaction of S0„ with the enzyme.  At the same time loss in the 

activity was noticed (Figure 10).  The lag portion of the curve was 

found representative of the amount of S0„ available for reaction, 

either with the enzyme or with the quinones being formed during the 

transformation of substrate to products. In Figure 10 at the bottom of 

the traces three sections are differentiated: a) corresponds to a 

sample with no S0„, b) is a sample with S0„ where the activity 

was measured a time zero, and c) the same sample as b, but the assay 

was performed after 60 min of incubation of the enzyme in the presence 

of  S0„.  The lag portion of the curves were followed by a section 

"Q-Q-Q" that corresponded to the formation of brown color due to the 

polymerization of the _o -quinones.  As can be seen from this, the 

relative slope for the same activities is more marked and straight in 

section "TNB-Q" than in section "Q-Q-Q", making the former a better 

means to appreciate and measure the activity of PPO. 

The different methods tried in this research all were used to 

complement the data from the others, but among them, in the presence 

of S0«, the standard TNB method proved to be the best. 
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Figure 10. The activity of PPO measured by the TNB method with 

no sulfur dioxide, and with sulfur dioxide at zero 

time and after 60 min. (a) is no lag period; (b) is 

lag period due to the presence of sulfur dioxide at 

time zero; and (c) the loss of activity and the 

decrease of the lag period after 60 min (2,500 units 

of mushroom PPO activity/ml and 50 ppm of S0„; 

see text). 
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Effect of Time of Exposure to Sulfur Dioxide 

To test for the effect of S0„ concentration on PPO with time, 

equal  levels of enzyme activity (approximately  1,000 units each 

prepared by dilution of Sigma mushroom PPO) were exposed to increased 

levels of S0„ (from 0.1 to 1.0 ml of a 0.01 M solution of sodium 

bisulfite) and incubated under the same conditions (20C from 0 to 300 

min approximately in 0.1 M citrate - 0.2 M phosphate buffer at pH 5). 

It was observed . (Figure 11) that the levels of inactivation were 

correlated to the amount of S0„ present in the solution, the 

inhibition increased with time and reached a plateau in a period of no 

longer than 60 min. Once this stage was reached, inactivation took 

place at slower rate (Figure 11). In some instances, as when pH levels 

higher than 6 were used in the incubation mixture, it took more than 

24 hr to observe some inhibition after the plateau (an increase of 

inhibition of 1-5%;  see effect of pH below). Apparently there is one 

point when PPO reaches an equilibrium with S0„, which depended on 

the  pH of the solution and on the concentration, of both, enzyme and 

inhibitor. 

A suggested equilibrium is: 

I 
[E] + S02  > [E]i-S02 <« > [E]i + S02    (I.) 

where  [E]  stands for  the initial concentration of active enzyme, 

[E]i-S0„ for the possible complex formed between the inactive 
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Figure 11. The effect of the concentration of sulfur dioxide on 

purified pear PPO activity (1,000 units of 

activity/ml and 0.1 to 1.0 ml of a 0.01 M solution 

of sodium bisulfite). Incubation pH = 5. The TNB 

method was used to assay for activity. 
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enzyme and SCL  (see experiments involving electrophoresis), and 

[E]i  for the inactive enzyme.  The amount of SCL available for 

inhibition of PPO depended on the initial  concentration of this 

inhibitor,  which was greatly  influenced  by the pH of the reaction 

mixture and of the dissociation of [E]-SCL. The inhibition of the 

enzyme in this scheme is irreversible and the inactive enzyme with 

SCL  are in equilibrium. The stability of [E]i-SO„ apparently 

was  low because its existence could not be demonstrated in this thesis 

35 (see experiments involving   SCL).  SCL still could be 

detected by the analysis method used  in this research during this 

time.  It was observed  that the amount of SCL  in the enzyme 

solution decreased gradually.  This can be explained by the loss of 

SCL  to the atmosphere. The DTNB reagent during the determination 

of SCL was able to dissociate SCL form the inactive enzyme, 

which helped to account  for the total SCL present in the enzyme 

solutions during the experiment.  A 30-40% loss of S0„ from the 

enzyme solution occurred in a period of 10 days. 

As observed in this work,  a time of incubation was required to 

induce a certain degree of  inhibition, which could be due to a low 

affinity of the enzyme for S0„.  At higher concentrations of 

S0„  the inhibition was enhanced because the displacement of 

reaction  (I)  to the right until most of the S0„ had been used. 

From  this stage the inhibition took place at slower rates because the 

source of S09  probably only came from the dissociation of the 

complex [EJ-SO^. 

It can be seen  (Figure  11)  that at pH 5 of this experiment, 
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concentrations above  140 ppm of SOp  are needed to completely 

inactivate the enzyme  (approximately 0.0003 mg of protein with 1,000 

units of activity of commercial mushroom PPO; see also the effect of 

pH). 

Effect of pH on Rate of Inactivation 

Different pH levels were tested to determine the effect of pH (1.5 

ml  containing approximately 550 units of pear PPO enzyme activity from 

the major peak of the PS column, 400 ppm of S0„, and pH levels 

from 3 to 9) on the rate of inactivation and to suggest the active 

species of S0„ responsible for inactivation. Conditions remained 

the same as in the experiment of S0„ tolerance. Buffers were 

similar in molarity to the above experiment using citrate-phosphate 

buffer for pH < 5.5,  phosphate buffer for pH 5.6 to 7.5, and tris 

buffer for pH > 7.6. It was observed that very high concentrations of 

bisulfite (in some instances up to 0.2 g/ml) were needed to provoke 

the inhibition at pH > 7.5. The enzyme in solution was more stable at 

these high pH levels. The sensitivity of PPO to SO.-, increased as 

the pH decreased,  being almost instantaneous at pH < 4 (Figure 12). 

The amounts of S0„  to inhibit 1,000 units of activity 100% were 

less than 20 ppm below pH 4. Muneta and Wang (1977) obtained similar 

results on potato PPO but observed faster inactivation rates (less 

than 2 hr to notice at least 90%- inactivation at pH levels 4, 5, and 

7).  PPO from pears showed almost no inactivation at pH levels above 6 

at the concentrations of S0„ tested. Samples that were exposed to 
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Figure 12. The effect of the pH on purified pear PPO (major 

peak of the PS column) activity at fixed 

concentration of sulfur dioxide (5 ml containing 

approx. 1,500 units of PPO activity, 50 ppm of 

SO^, and pH levels from 3 to 9). 
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S0„ at pH higher than 6 exhibited a less sharp inhibition during 

the  first 60 min, but a more constant rate of inactivation for longer 

periods of time. From these results one can assume that the active 

species for the inactivation of PPO is S0„, as such, or in the 

form of H„S0„. When no S0„ could be detected no further 

inactivation was observed except for the normal aging of the enzyme. 

The use of three different sources of PPO (banana, mushroom, and 

pear) in this research, as well data from Muneta and Wang (1977) on 

potatoes,  are in agreement  that at the optimum pH and lower for PPO 

activity  (generally below pH 5),  S0„  is more efficient  in 

inactivating the enzyme. 

The effect of pH might also be due to changes in structure that 

could expose a portion of the protein which is more readily vulnerable 

to S0„ attack as the pH decreases. Bisulfide bridges of proteins 

are known to react with sulfites, forming S-substituted thiosulfates, 

sometimes known as S-sulfonates, and a thiol. It is also known that 

the main species of S0? to react is SO ~ and having an 

optimum pH for reaction between 7 and 8.5. The stability of the 

S-sulfoproteins is limited to neutral pH (Means and Feeney, 1971). 

There is a remarkable resemblance in the aminoacid composition of 

polyphenol oxidases that had been isolated from a variety of sources 

(Lerch, 1978; Fling et al., 1963; Jolley et al., 1969; Balasingam and 

Ferdinand, 1970; ' Kidron et al., 1977; Vaughan et al., 1975; 

Wissemann, 1982). Very low or negligible amounts of sulfur containing 

aminoacids are reported by these authors. However Lerch (1978) 

reported an unusual thioether  linkage  between a  single cysteinyl 
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residue and an histidyl residue in PPO of Neurospora crassa, 

suggesting that this could be important in the enzyme activity. 

Assa et al. (1978), who studied tyrosinase from Agaricus bispora 

were able to demonstrate that 2-mercaptoethanol inhibits the enzyme 

progressively with time. These authors proposed a ratio of 2 molecules 

of 2-mercaptoethanol per molecule of the inactive enzyme. They did not 

mention any dissociation of the molecule 2-mercaptoethanol - inactive 

enzyme, but their experiment may suggest that indeed there was a 

sulfur amino acid essential for enzyme activity. This might be also a 

point in which S0„ might be acting to inactivate the enzyme, being 

manifest in this thesis as the formation of different electrophoretic 

band patterns of the inactive enzyme (see below). 

The above statements and the data obtained from electrophoresis of 

treated samples (see below), suggest that the main action of sulfite 

on the enzyme might be sulfitolysis at a vital point for enzyme 

activity. The mode of action could be similar to 2-mercaptoethanol 

(Assa et al, 1978) but due to the instability of the S-sulfoprotein, 

if produced (Cole, 1967). Binding of sulfite was not possible to prove 

in this research (see below). 

Observed Kinetics of Inhibition 

Different concentrations of substrate were tested at various fixed 

levels of inhibitor and enzyme activities. The purified pear PPO 

isoenzymes (DEAE fractions) and mushroom PPO were used in this 

experiment.  The pH to analyze the effect of substrate concentration on 
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the  activity in the presence of SCL was pH 5. This pH was selected 

for  two reasons, (a) the loss of activity was observed in a reasonable 

interval of time and  (b) the enzyme activity was at its optimum for 

pear  PPO.  The assay TNB mixture was done under the standard 

conditions.  In those solution that contained more than 100 mg per ml 

of S0„,  the pH of the reaction cuvette was always checked and 

adjusted if necessary with alkali at the same time the inhibitor was 

added to avoid the denaturation of the enzyme caused by acid pH. 

Double reciprocal (1/v vs. 1/[S]) Lineweaver and Burke plots were used 

to treat the data in the presence of different fixed concentration of 

S09.  In this experiment  the use of different enzyme sources 

yielded similar results. 

Two different phenomena were observed. First, if the activities 

were measured immediately after the addition of the inhibitor, a mixed 

inhibition could be observed with an intersection point above the 

abscissa axis. This type of inhibition is due to any inhibitor which 

causes the reciprocal plots to intersect anywhere to the left of the 

1/v axis but on the 1/[S] axis (Dixon et al., 1979). The mixed 

inhibitor will affect both the apparent Michaelis-Menten constant 

(K ) and the maximum initial velocity (Vmax) of an enzyme. The 

apparent K may either increased or decreased by the inhibitor,- 

whereas Vmax will always be decreased (Dixon et al. , 1979). Second, if 

the activity was measured at different times after the addition of the 

inhibitor, a progressive decrease of Vmax and inconsistent changes in 

the  values of K were observed. Figure 13 shows the plot obtained m or 

from a sample that reached the inhibition plateau, where "a" indicates 
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Figure 13. The double reciprocal Lineweaver and Burke plots in 

the presence of different fixed concentrations of 

sulfur dioxide using mushroom PPO (0.2 mg of 

protein) after 60 min incubation time. Concentration 

of SO,, increased from 0.0 to 0.006 M. 
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the direction of the displacement of the intersection of the different 

lines which changed with time. These results suggest that the enzyme 

was continually being inactivated and that no equilibrium was reached 

as long there was free S0„. This is typical of irreversible 

inhibitors which are characterized by a progressive increase of enzyme 

inactivation with time, ultimately reaching complete inhibition, even 

with very dilute concentrations of inhibitor, provided that the 

inhibitor is in excess of the amount of enzyme present (Dixon et al., 

1979). 

Frequently irreversible inhibitors will, if rates at different 

inhibitor concentrations are analyzed by reciprocal plots, give 

apparently non-competitive kinetics (Segel, 1976). This is because the 

effect of any treatment which acts solely to decrease the amount of 

active enzyme in solution will change the apparent Vmax without 

affecting the K . -In the literature many examples of irreversible 

inhibition had been treated in this fashion; the equilibrium constants 

for the inhibitor (K.) calculated in this way are of no meaning 

whatsoever (Dixon et al., 1979). 

In order to differentiate a classical noncompetitive inhibitor from 

an irreversible one, a plot of Vmax vs. amount of enzyme added at a 

constant level of S0„ was prepared (0.0067 to 0.0267 g of 

commercial mushroom PP0 and  20 ppm in 5 ml; Figure 14). The data 

2 
obtained was fitted to straight lines;  the r calculated were 

above 0.9.  An irreversible inhibitor should yield a trace parallel to 

the  trace with no inhibitor; a noncompetitive inhibitor should cross 

at the abscisa with the reference used. The traces obtained in the 
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Figure 14. A plot of Vmax versus amount of enzyme added to 

differentiate between an irreversible inhibitor 

from a reversible one. Enzyme represents the 

amount of enzyme present at fixed 

concentrations of inhibitor (0.0067 to 0.0267 g 

of commercial mushroom PP0 in 5ml). An 

irreversible inhibitor should yield parallel 

lines with respect to the blank; a reversible 

inhibitor should cross at the abscissa with the 

blank. Activity was determined by the standard 

TNB method. 
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double reciprocal plots and here may suggest that part of the reaction 

is of the mixed type or non-competitive and that one part of the 

reaction was irreversible  (the action of SCL on the enzyme) 

(Segel,  1976).  Because  the inhibition of PPO by SCL was 

characteristic of irreversible inhibitors, and no activity could be 

regenerated after inhibition (see below), no values for K. are 

reported in this thesis. 

Isoenzyme Purification 

The isoenzymes of pear PPO were isolated according the procedure 

outlined by Wissemann (1982) in this laboratory. Figure 15 shows the 

elution profile obtained from the phenyl sepharose CL-4B (PS) column. 

The major peak (peak 1) was used to proceed to the DEAE-cellulose 

column. The elution profile obtained from the DEAE column is shown in 

Figure 16. The two first peaks were chosen to perform the experiments 

and subjected to gel electrophoresis. The first peak, showed one 

isoenzyme and two impurities. The second peak showed only one 

isoenzyme. In all cases the enzyme fractions always showed the same 

electrophoretic pattern (Figure 17). For a more detailed discussion of 

the isolation of these two isoenzymes the reader is referred to 

Wissemann (1982). See also the section of materials and methods of 

this thesis. 
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Figure 15. Elution profile of a phenyl sepharose CL-<4B 

column chromatography of pear PPO. Peak 1 was 

used in some of the experiments or further 

purified by DEAE column chromatography. For 

conditions of elution see section of materials 

and methods (Eluants were A: equilibration 

buffer (EB), B: 0.8 EB, C: 0.6 EB, D: 0.4 EB, 

E: 0.2 EB, F: 0.05 EB, G: 50% ethylene glycol 

and H: water). 
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Figure 16. Elution profile of a DEAE-cellulose column 

chromatography of pear PPO. Peaks 1 and 2 were 

used for some of the experiments of this 

thesis. For conditons of elution see section of 

materials and methods (Eluants were A: 5mM 

sodium phosphate, pH 7, B: linear gradient from 

5 mM to lOOmM sodium phosphate, and C: linear 

gradient from 100 mM to 200 mM sodium 

phosphate). 
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Figure 17. Polyacrylamide electrophoresis on 7% slab gels 

of the different isolated isoenzymes of PPO 

from pear using column chromatography. The 

right clear part shows the PPO fractions 

stained for PPO activty (A) and the gray part 

shows the silver staining for protein (B). The 

samples in both gels were applied in the same 

order: (1) peak 1 of the PS column; (2) first 

DEAE peak; and (3) second DEAE peak. 
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Fieure   17 
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Attempts to Regenerate Enzyme Activity After Sulfur Dioxide Exposure 

Different attempts to regenerate PPO activity after inhibition by 

S0« were performed: (a) dialysis, (b) nitrogen displacement, (c) 

use of columns, and (d) addition of copper. Pear PPO isoenzymes from 

the PS and DEAE columns were used (activities tested ranged from 1,000 

to 2,000 units of activity) and failed to show reactivation after 

being inhibited by SOp. 

The enzyme solutions (purified pear PPO with approximately 1,500 

units of activity) after being exposed to SO™ (100 to 1,000 PPM) 

were dialyzed against 0.01 M phosphate buffer pH 7 for at least 15 hr 

with two buffer changes or until no S0„ could be detected by the 

standard method of analysis. Control samples were used any time an 

exposed sample was treated (approximately 500 to 1,500 units of 

activity without exposure to S0„) to detect loss of activity 

during dialysis. The activity  in the control dialysis bags and in 

those samples exposed to S0„ which had some residual activity 

(samples  that  were  not  completely  inactivated after S0„ 

treatment),  remained the same in most cases or not less than 80% of 

the applied activity. The experiment demonstrated that activity of the 

inhibited  pear PPO samples by SO™ was not recuperated after the 

dialysis  period  regardless of the pear isoenzyme used in the 

experiment. 

Extensive dialysis was done in samples (pear PPO from the PS and 

DEAE columns) exposed to radiolabeled S02 (0.001 to 0.05 mCi). The 
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amount of radioactivity was checked and the dialysis solution changed 

periodically. The dialysis was stopped when no cpm above background 

were registered in the dialysis fluid. It was observed that 

approximately 5,000 dpm per ml remained after 4 days in the dialysis 

bag out of the original radioactivity used. The radioactivity 

remaining in the enzyme solution after extensive dialysis, when 

applied to a PS column, was removed from the-fractions where enzyme 

activity was expected. Activity could not be regenerated from PPO 

inhibited by S0„ and no binding of labeled S0„ could be 

demonstrated. 

Samples containing S0„ and enzyme (mushroom and pear PPO) were 

subjected to a flow of N„ gas, until no S09 could be detected 

(approximately 60 min). In all instances this method proved to be more 

prejudicial than beneficial due to the mechanical shock caused by the 

bubbling of N_ through the solution or by the disturbance at the 

surface of the tubes. Using a flow of N„ to remove S0„ was not 

successful in regenerating the activity. 

Two different columns were used  (hydrophobic and ionic exchange 

columns)  in an attempt to regenerate the activity of the enzyme and to 

determine . if S0„ was  bound to PPO. The recovery of the activity 

applied to the columns was always at least 90% of the original; this 

was  determined by adding internal standard activity (500 to 1,500 

units of activity)  or by running a control  (a chosen pear PPO 

isoenzyme depending on the one treated with S0«). before the 

application of the samples treated with S0„. The removal of the 

S0„  from the column was checked by adding radiolabeled S0„ to 
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the  columns  (0.001 mCi).  The use of 35S02 indicated that 

passing the samples through these columns, nondetectable quantities 

remained  in those fractions containing residual activity.  In all 

cases,  the main portion of the S0„ was eluted close to the void 

volume. 

Using the PS column almost all of the radiolabeled sulfur was 

observed in the void volume and none in the PPO fractions (Figure 18). 

In the DEAE column most of the radioactivity was found in the void 

volume and part was observed at the beginning of the gradient (Figure 

19). The enzyme activity was detected after the major part of the 

second peak of radioactivity had been eluted. This could give the 

indication that the enzyme could have bound some of the radiolabeled 

S0„. The presence of the second peak could be explained by the 

exchange of the sulfite ions on the DEAE column for the phosphate ions 

as concentration of the latter increased. This can be appreciated if 

the elution profile of the PS column is compared to the DEAE profile. 

The appearance of radioactivity in the fractions obtained from the PS 

column increased very rapidly at first and then decreased gradually, 

whereas, in the DEAE column the appearance of the radioactivity was 

gradual, followed by a rapid decrease before begining to increase as 

the molarity of the phosphate was augmented. This can be explained by 

the exchange of the phosphate ions for the sulfite ions at the binding 

sites of the DEAE-Cellulose bed as the phosphate concentration became 

greater. Extensive clean up of the pear PPO isoenzymes held in the 

columns could be performed with the buffer used to apply the enzyme in 

both, PS and DEAE columns. This allowed almost 100% of the unlabeled 
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Figure 18. Elution profile of a phenyl sepharose CL-4B column 

(see text and materials and methods for conditions) 

of an isoenzyme solution of the first peak of the PS 

column exposed to radiolabeled sulfur dioxide (0.2 

ml of 0.003 mg/ml of protein with approx. 3,000 

units of activity). 
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Figure 19. Elution profile of a DEAE column (see text and 

materials and methods for conditions) of an enzyme 

solution from the main peak of activity of the PS 

column treated with radiolabeled sulfur dioxide (0.2 

ml of 0.003 mg/ ml with approx. 3,000 units of 

activity). 
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and  labeled SCL could be removed  from the fractions with PPO 

activity. 

The absorbance at 280 nm of the fractions could not be recorded 

accurately due to the very low concentrations of protein used and is 

not reported in these experiments. In all cases the regeneration of 

the activity was unsuccessful. These trials show that with the 

methodology used in this research, the S0« bound to the purified 

PPO fractions, if any, could be removed from the enzyme by dialysis, 

column chromatography, or similar mild procedures. 

Copper experiments 

In this experiment a source of purified pear PPO was used. Samples 

of the enzyme with and without SO,-, were dialyzed against 0.02 M 

phosphate  buffer  pH  7 in separated flasks. The dialysis was 

interrupted when the last change of buffer did not show any detectable 

35 
S0„ by liquid scintilation counting (LSC) or by the standard 

DTNB method of sulfite analysis. Once the S0„ was removed, the 

samples were dialyzed against 0.5 M potassium cyanide - 0.2 M 

phosphate  buffer adjusted to pH 7 with alkali. After 10 hr no activity 

was  present.  At this point it was assumed that all copper was removed 

from the enzyme. Potassium cyanide did interfere with the TNB assay by 

reacting in the assay mixture. To avoid potassium cyanide the samples 

were dialyzed again against 0.1 M phosphate buffer,  pH 7, until 

potassium cyanide did not interfere with the assay for PPO activity. 

The enzyme activities were assayed as usual, and adding equimolecular 

-9 amounts of cupric sulfate or cuprous chloride (7.5 X 10  M). 
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Samples used as control (reference samples were treated equally but 

not exposed to SCL) could recuperate up to 80% of the PPO activity 

after the addition of a copper salt. Samples that were exposed to 

SO.-, did not show any extra activity besides the expected 80% of 

the residual activity that was always obtained with the controls. 

The activity curves of PPO not exposed to SO^ obtained by the 

standard TNB method during the addition of copper showed very 

interesting data. At the beginning of the assay period, there was an 

interval in which the change in absorbance proceeded very fast when 

Cu(II) was added, but this did not occur in the samples to which Cu(I) 

was added (Figure 20). Whenever an excess of copper sulfate was added 

to the TNB solution alone, loss of the very intense yellow color of 

the TNB reagent was observed; if a Cu(I) salt was added no changes 

were noticed in the TNB reagent. Therefore, this initial rapid 

decrease in absorbance is probably due to the reduction of part of the 

Cu(II) to Cu(I) by TNB. 

The second portion of the trace (Figure 20) is the decrease in 

absorbance due to the reaction of the TNB reagent with the quinones 

being formed during the reactivation of the apoenzyme of PPO by the 

added copper. Also in this part of the trace an increase of the 

activity was always distinguished at the middle of the assay (Figure 

20). The assay was checked and it was found to be linear through all 

the different concentrations of TNB used. This different rate of 

variation of absorbance appeared to be due to a change in the state of 

oxidation of the copper on the enzyme. At the beginning of the assay, 

the copper salt used, regardless of the oxidation state, it was kept 
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Figure 20. TNB trace of the regeneration of PPO apoenzyme 

activity by addition of Cu(II). The apoenzyme was 

not treated with S0„. Four sections can be 

appreciated: (a) the reduction of Cu(II) to Cu(I), 

(b) the reaction of TNB with the quinones, (c) the 

oxidation of Cu(I) to Cu(II), and the polymerization 

of the quinones. 
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mainly as a Cu(I) due to the reducing power of the TNB mixture. In 

order to permit the enzyme to proceed at maximum velocity for the 

experimental conditions, the enzyme had to function to allow for the 

oxidation of sufficient Cu(I) to Cu(II) on the enzyme. Once this had 

been achieved the enzyme behaved as normal and showed an apparent 

raise of activity. When the enzyme was incubated at least 30 min with 

Cu(II) prior to the assay the decrease in absorbance at the beginning 

of the trace was not as intense as when added immediately prior to the 

assay, probably due to the uptake of Cu(II) by the enzyme, hindering 

the reduction of the Cu(II) to Cu(I) of the TNB reagent. These results 

agree with other authors on the constant turnover between the two 

states of Cu(I) and Cu(II) in PPO during the catalytic reaction 

(Kertesz et al., 1972; Himmelwright, et al., 1980). 

This  series  of  experiments in which no activity could  be 

regenerated from the PPO that had been exposed to S09, gives 

evidence that,  by definition, the inactivation of PPO by S0„ was 

not reversible (Dixon et al.,  1979). From the results of the above 

experiments it is possible to illustrate the action of S0„ by the 

reactions (I) and (II): 

SO 
E < > ES < > E+P  => PI      (II.) 

so2 so2 

El El 

where E stands for the enzyme, S for the substrate, P for the product, 
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and  I for the inhibitor. In this diagram the inhibiton of the enzyme 

by  S0„ is not reversible, therefore the inhibition pattern cannot 

be treated by classical kinetics. The complex El could be formed of 

the interaction between S0„ and the enzyme, forming an inactive 

form of PPO that differed in some of its electrophoretic properties as 

demonstrated  below.  The formation of the complex PI was shown in the 

lag period (monitored at 412-420 nm),  before the onset of the 

browning,  when  S0„ was present of S0„. This has been 

demonstrated in this thesis and by Embs and Markakis (1965) (see 

section of enzyme activity assay). 

Electrophoresis Experiments Involving Sulfur Dioxide 

The most active fractions of peak 1 from the PS column and of peak 

1 and peak 2 of the DEAE column (peak 2 contained no contaminant) were 

treated with increasing concentrations of S0„ at constant enzyme 

activities (approximately 1,000 units in 0.003 mg of protein and 

adding 0.00, 0.025,  0.05,  and 0.10 mg/ml of sodium bisulfite, at pH 

7).  Immediately after S0„ exposure and after at least 60 min 

incubation time, the samples were subject to electrophoresis 7% 

polyacrylamide  gel.  Results  showed that at zero time as the 

concentrations of S0„ was increased the PPO staining decreased 

(Figure 21). This could be explained because the presence of sulfite 

in  the bands which could inhibit the formation of polymeric color for 

PPO stain.  Inactivation of PPO by S0„ at pH 7 and after a short 

time of incubation is minimal or none at all (Figure 12). The gel 
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Figure 21. Polyacrylamide electrophoresis on 7% slab gels of 

the PS peak at increased concentrations of sulfur 

dioxide at time zero (left clear gel is the PPO 

activity stain (A); right gray gel is the gel 

stained for protein (B)). 
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stained for protein showed no change in intensity of the protein bands 

in the samples treated with SCL. Additional protein bands in the 

samples that were treated with 0.025 and 0.05 mg/ml of S0~ could 

be noticed (Figure 21). The presence of additional bands also could be 

observed when the pure isoenzyme of the DEAE column was applied to the 

gel  (Figure 22). As the enzyme became more inactivated by the presence 

of  S0„ the formation of additional bands became more evident 

(Figure 22). These additional protein bands were very faint in some 

cases probably due to the dilution of the protein in the different 

bands formed. Excess sulfite was added to some of the wells of the gel 

to determine if S0„ was interfering with the silver stain. 

Visually the color of the stained bands changed, but the intensity of 

the  bands  remained  the  same.  It was concluded that at the 

concentrations used,  S0„ did not interfere with the staining 

procedure. 

Figures 23 and 24 are gels stained for protein and PPO staining 

respectively of the most active peak of the PS column (0.010 mg of 

protein/ ml; approximately 1,500 units of enzyme activity) treated at 

fixed level of S0„ (approximately 0.1 mg of sodium sulfite/5 ml of 

enzyme solution) and at different pH levels (from pH 3 to 9). The 

activity of the different solutions was assayed at pH 5 by the 

standard TNB method. After 30 min at pH less than A complete 

inactivation was noticed. The samples before being applied to the gels 

were adjusted to pH 6-7. From Figures 23 and 24 it is evident that the 

disappearance of the PPO bands in the samples treated with S0„ at 

the lower pH levels was due to the interaction of S0„ with the 
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Figure 22. Polyacrylamide electrophoresis on 7% slab gels of 

the DEAE 2 peak at increasing concentrations of 

sulfur dioxide at time zero (left clear gel is the 

PPO activity stain (A); right gray gel is the silver 

stained gel (B)). 
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Figure 23. Polyacrylamide electrophoresis on 7% slab gel of the 

first peak of the PS column at constant 

concentration of sulfur dioxide after 30 min 

incubation at different pH levels. Silver stained 

gel. 
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Figure 24. Polyacrylamide electrophoresis on 7% slab gel of the 

first peak of the PS column at constant 

concentration of sulfur dioxide after 30 min 

incubation at different pH levels. PPO activity 

stained gel. 
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enzyme and not to the interference of S0„ with the staining 

technique. Proteins other than PPO were less affected by sulfites as 

seen by the contaminants at the top of these gels. These same samples 

were also used to determine the effect of SCL on PPO activity with 

pH (see section of effect of pH). 

To study for the formation of additional protein bands in the PPO 

fractions from the first  peak of  the DEAE-Cellulose column, the 

activity was completely inhibited,  the S0„ dialyzed out of the 

inactivated PPO solution with 0.005 M phosphate (pH 7) to reduce the 

concentration of S09 in the inactive enzyme solution. These 

samples were subject to electrophoresis (Figure 25) and compared with 

a fully active sample.  In the S0„ treated samples stained for 

protein and PPO activity,  the disappearance of the band where PPO 

activity should have been present with reference to the control was 

evident. The gel stained for protein showed an increase in intensity 

of some additional bands. 

The treated samples were also subject to 10% SDS electrophoresis. 

It was noticed that the relative mobility of the samples treated and 

not treated with SO,-, did not show any significant changes in 

mobility (Figure 26). These data suggest that the action of S0„ is 

in modifying the basic protein structure of PPO, that change some of 

the electrophoretic patterns and modifying the protein in such a way 

that it cannot regain its original form nor activity, while still 

retaining its integrity. 
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Figure 25. Polyacrylamide electrophoresis on 7% slab gel of the 

DEAE 1 peak before and after being completely 

inactivated by sulfur dioxide (left shows the PPO 

activity stained gel (A); right side shows the 

silver stained gel (B)) 
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Figure 26. SDS 10% acrylamide gel (A) and 7% acrylamide gel (B) 

of peak one (l^.l',^') and two (3,4,3',4')of the 

DEAE column before and after being exposed to sulfur 

dioxide. Silver stained for protein. Even numbers 

are the sulfur dioxide treatments. 
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Electrophoresis Experiments Involving Labeled Sulfur Dioxide 

Gel electrophoresis using 7% acrylamide and 10% acrylamide with SDS 

35 were run with purified pear PPO treated with  S0„ (0.1 mCi). 

In all cases the enzyme solution before being applied to a gel was 

dialyzed and/or adjusted to pH 6-7. The gels were fixed, cut and 

counted by LSC.  10% TCA was used to fix the protein bands onto the 

gels. Four treatments were given to the cut gels before counting by 

LSC:  (a) counting directly with no fixing treatment and with fixing 

treatment,  (b) digesting the gel in H^O^, (c) digestion using 

H„0„  and  perchloric  acid  and (d) using Protosol. No 

radioactivity was found in the fractions containing the protein bands. 

Nearly all of the radiolabeled sulfur could be found at the lower part 

of  the gel  or in the lower electrode buffer. Other gels containing 

35 S0„ treated pear PPO samples were also dried after being 

3 
saturated  with EN HANCE before exposed to X-ray film. After 2 

weeks of exposure the X-ray film was developed. The X-ray radiographs 

did  not show the presence of radioactivity where protein bands would 

be expected.  Some of the X-ray radiographs gave radioactivity in the 

lower  part  of the gel  in a wide diffuse band, and did not show 

positive evidence of binding  of S0„ by the enzyme. Perhaps the 

concentrations of S0„  and PPO used  in  this research were not 

sufficient  to detect on the gel.  Gels containing enzyme activity 

completly inactivated by S0„ and containing the additional bands 

of  protein formed by S0„ treatment of PPO fractions were also 
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prepared and treated in the same fashion. No radioactivity was 

detected in the areas where protein was localized in the gels or where 

PPO was expected. 

The lack of radioactivity at the protein bands on the X-ray 

radigraphs could possibly be explained because of the exposure of the 

protein to 10% TCA during the fixing procedure. If S0„ was bound 

to the PPO protein as with other proteins, the bound S09 could 

have been readily hydrolyzed by change in the pH .of the solution when 

acid was added to fix the proteins onto the gel at the end of the 

electrophoretic run (Cole, 1967). 
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CONCLUSION 

For the assay of enzyme activity in the presence of sulfur dioxide 

(S0„),  the method designed by Esterbauer et al. (1977) proved to 

be the most adequate. This method did not show any appreciable 

interference from SO.-,  under the conditions used in this thesis, 

except at very high concentrations of S0„ (>1,000 ppm). These high 

concentrations were not used in this thesis. The method was almost 3 

times more sensitive, and less laborious than the oxygen electrode in 

measuring low activities.  The work of Embs and Markakis (1965) could 

be related to this method when the assay mixture was allowed to react 

to completion. It could be seen that the lag period observed in the 

spectrophotometric assay was proportional to the amount of S0„ 

available to react with the enzyme or with the products being formed 

by the enzymatic oxidation of phenols. 

Using this assay method, it was shown that direct inactivation of 

the  enzyme occurred when S0„ was allowed to interact with the 

enzyme.  It was demonstrated  that increasing the concentration of 

S0„  did inhibit the enzyme to a greater extent, and that once the 

activity was stabilized after the initial inhibition (Approximately 60 

min),  inactivation occurred at slower rates if S0„ remained in 

solution.  pH levels less than 4 decreased the amount of S09 needed 

to completely inactivate the enzyme, being as low as 20 ppm and almost 

immediate after contact with S0„  for  1,000 units of activity. 

Therefore PP0 was particularly sensitive to S0„ at pH<4. This 
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observation was noticed on mushroom tyrosinase, on crude extracts of 

banana, mushroom, and pear PPO, and in the pure preparations of pear 

PPO. This suggests similar mode of action for all PPO sources used in 

this research and that the active specie inactivating the enzyme is 

SO.-, as such or H„S0,,. This observation is in agreement 

with the data reported by Muneta and Wang (1977). 

Assaying the enzyme at varied concentrations of substrate and at 

different fixed concentrations of the inhibitor, it was demonstrated 

that the inhibition at time zero could be classified as mixed type, 

but as the time of incubation was longer in the presence of S0„, 

the inhibition appeared to be irreversible. For this reason it was not 

possible to analyze the inhibition of the enzyme by classical 

kinetics. 

Trials to reactivate PPO after inhibiton was observed with S0„ 

were  unsuccessful  giving  further  evidence of an irreversible 

inhibition of PPO by S0„. Extensive dialysis and the use of column 

chromatography to remove the S0„, and the addition of copper salts 

proved to be unsuccessful. The turnover of Cu(II) and Cu(I) could be 

observed by  the TNB method during  the addition of copper salts in 

attempts to regenerate the activity of the apoenzyme not treated with 

so2. 

In working with the pure preparation of pear PPO, the extraction 

and purification procedure designed by Wissemann (1982) proved to 

yield consistent elution profiles and electrophoretic patterns. The 

use of this method was very reliable for a source of pure forms of 

pear PPO.  Using analogous procedures, the detection of S0„ bound 
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35 
to  the enzyme was approached using  SCL. It was demonstrated 

by using these methods, that no radioactive sulfur could be detected 

in the fractions containing residual activity or inactive protein. 

Polyacrylamide gels gave evidence of the modification of the 

structure of  the enzyme once that it was inactivated by S0„. Two 

additional protein bands and the disappearance of the protein band 

where the active PPO should have been observed was noticed. SDS gel 

electrophoresis  showed that  the molecular weight of the enzyme 

remained  the same or very little modified by treatment with SCL. 

The  methods  used  for  enzyme  activity detection and  protein 

visualization on the gels were not affected by the presence of S0„ 

at the levels needed to inactivate the enzyme. 

The detection of radioactivity in the bands of protein that were 

exposed to labeled SCL was not possible due to the possible 

lability of the S-sulfoprotein linkages,  if any, that were formed. 

This  observation  and  the failure to detect in PPO fractions 

inactivated with labeled S0„ radioactivity that had been treated 

by extensive dialysis and column chromatography, are indications of 

either no binding of S0„ to the enzyme, or are indicative of the 

fragility of the possible bond formed between S0„ and PPO. EPR 

techniques may be useful to demonstrate the exact form of the action 

of S0„ on the modification of the active structure of PPO. It 

might be possible, that if pear PPO has an unusual thioether crosslink 

involved in the activite  form, as has been shown in tyrosinase from 

Neurospora crassa  (Lerch,  1978),  this crosslink could be one of the 

points of action of S0„. This hypothesis is also supported by the 
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fact that 2-mercaptoethanol was able to bind PPO in a ratio 1:1 (Aasa 

et al.,  1978),  and that 2-mercaptoethanol may be inactivating the 

enzyme in a maner simililar to S0„ by cleaving an S-S or R-S-R 

crosslinkage. 

The mode of action of sulfur dioxide (SCL) on the inhibition of 

enzymatic  browning,  given the evidence of this research and the 

literature reviewed can be stated as follows: 

1) SCL acts in multiple ways: 

a) by reacting with the o^ quinones forming stable compounds 

b) by changes the state of oxidation of the copper atoms 

c) by modifying the structure of the enzyme, leaving it inactive 

d) by posssibly reducing the o_ -quinones back to o^ -diphenols 

2) Inhibition of PPO by S0„ depends on: 

a) the concentration of S0„ applied to the system 

b) the pH of the environment in which S0„ is applied 

c) the time allowed for S0„ to be in contact with the enzyme 

d) the presence of molecules other than S0„ and PPO 

3) The inhibition is irreversible 

A diagram shown below (Figure 27) includes data from this thesis 

and  some of the  work by other authors  (Embs and Markakis, 1965; 

Haisman,  1974) suggesting the points where S0„ is able to inhibit 

enzymatic  browning.  In Figure 27 [E] stands for enzyme concentration, 

[E]i  for  the complex SO^-enzyme, and Q-Q-Q for the melanin like 

products.  The principal action of S0„ in the assays at time zero 
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appears to be with the quinones, which makes them unable to polymerize 

or  unaccesible to the enzyme, avoiding the formation of the compounds 

of  high molecular weight  responsible for the formation of browning. 

The onset of this browning,  in fresh solutions will depend on the 

amount of SCL available to stop it as well on the pH. If S0„ 

is allowed to be in contact with the enzyme, before being in contact 

with the substrate,  it could be  possible to inactivate the enzyme 

itself permanently.  This could be enhanced in most instances by 

exposing the enzyme to the inhibitor at pH levels less than 5. The 

reaction monophenol  to _o -diphenol and _o -diphenol to o_  -quinone 

proceed at faster rates than the reaction of SCL with the enzyme. 

During the enzymatic reaction,  the concentration of __o -quinones 

increases,  which tend  to react  readily with SCL, consuming the 

inhibitor  before allowing it to ineract with the enzyme. This appears 

to  be the main form of SCL consumption in the initial processeing 

of  raw fruits and vegetables, leaving the enzyme active t-o continue 

causing browning if sufficient SCL is not added during  the 

process.  The polymerization of the o^ -quinones occurs at a lower rates 

than  the reaction of SCL with the _o -quinones,  hence the 

effectiveness  of  this additive in the inhibition of enzymatic 

browning.  It could be also possible that SCL is able to reduce the 

£ -quinones back to _o_ -diphenols,  but due to the readiness of the 

reaction of SCL with other intermediares, its contribution as a 

reducing agent for  the inhibition of enzymatic browning is minor. In 

the diagram the number of arrows  indicate the readiness of the 

different reactions (Figure 27). 
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Figure 27. Diagram suggesting the points where sulfur dioxide 

could inhibit enzymatic browning. Number of arrows 

indicate readiness of the reaction. The enzyme [E] 

is inactivated irreversible [E]i. Q-Q-Q is the 

polymerization of the quinones. 
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