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Abstract-A non-particulate o-dlphenol O2 oxldoreductase (phenolase) has been isolated from leaves of sugar 
cane Gel filtration produced two fractions MW 32000 and 130000 The preferred substrate was chlorogemc acid 
Other o-dlphenols (caffelc acid, catechol, pyrogallol, dlhydroxyphenylalamne) all of which were slowly oxidized 
when tested alone, Increased the rates of O2 consumption obtained with catalytic amounts of chlorogemc acid 
Both enzyme fractions were InhIbIted by thlols, thloglycollate, which acted m a non-competltlve manner, was 
most effective 

INTRODUCTION 

OUR PREVIOUS observations’ indicate that lack of photochemical activity m chloroplasts 
isolated from sugar cane leaves is assoctated with high concentrations of chlorogenic acid 
and high activities of phenol oxidase (E.C. 1.10.3.1) m the leaf tissue. Addition of thiols 
to isolation media improves the efficiency with which some enzymes can be extracted from 
cane leaves.2 However, chloroplasts isolated m the presence of such compounds show only 
limited photochemical activity. 3 Addition of thiols may inhibit specific enzymes2 or 
change their apparent properties2v4 or intercellular distribution.” In particular, the use of 
thiols may be deleterious when isolatmg enzymes with allosteric properties from C4- plant 
material4 

It appears that chloroplasts and enzymes with full biosynthetic and regulatory proper- 
ties will not be isolated from tissues containing high levels of phenol oxidase until effects 
of phenol oxidation products can be overcome without the need to use reagents which 
may produce alternative, deleterious effects. As part of our mvestigations, we have isolated 
o-diphenol oxidase from leaves of sugar cane. Details of the properties, substrate specifici- 
ties and response of the enzyme to treatment with thiols are reported. 

RESULTS 

Isolation 

The use of standard methods for the isolation and purification of phenol oxidase from 
cane leaf tissue met with little success. Difficulties arose from the rapid precipitation of 
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all protein, including phenol oxldase. by phenohc oxldatlon products. Use of thiols in the 
isolation medium, ammomum sulphate preclpltatlon or the preparation of acetone 
powders led either to irreversible loss of activity or to the formatIon of an msoluble 
enzyme Furthermore, the crude phenol oxldase was found to be bound lrreverslbly to ion- 
exchange celluloses. Two active fractions with phenol oxldase activity were obtained by 
blending the tissue m buffer under Nz, separating the plastlds by centrlfugatlon, rapidly 
freezing and freeze drying, removing low molecular weight compounds by filtration 
through Sephadex G-25 and fractionmg the enzyme mixture on Sephadex G-200. 

During each stage of purlficatlon, all solutions were centrifuged at 61000 y for 30 mm 
and only the supernatants used m further stages of purification Assay of the insoluble 
material indicated that less than .5’p0 of the total activity was precipitated m this way The 
total activity finallq recovered was equivalent to about 60”;, of that m the orlgmal leaf 
extract. 

Polyacrylamlds gel electrophoretlc separation ofthe highly purified enzyme preparations 

gave a single band of protein which coincided with phenol oxidase activity Aqueous solu- 
tions of these preparations were colourless with a single maximum at about 280 nm Some 
samples differed m that two (or more) bands were obtained followmg gel electrophoresls. 
These consisted of a slower moving colourless protein band with high phenol oxldase acti- 
vity and faster-movmg, brown bands with lower enzymlc actlvlty Solutions of such sam- 
ples were slightly coloured and showed an addmona absorption band between 300 and 
340 nm The average MW of these samples (dctcrmmed b> gel filtration) was slightly 
greater than that of the colourless samples. Repeated passage through Sephadex G-50 
columns removed a low-molecular weight, brown moiety. When highly purified samples 
were applied to ion-exchange columns or precipitated with ammomum sulphate most of 
the activity could be recovered m a soluble form These results suggest that a fraction of 
the protein was complexed with phenol-oxidation products which increased the charge to 
weight ratio of the polymer Increased charge would account for both the Increased mobl- 

hty on polyacrylamlde gels and the irreversible bmdmg to Ion exchange cclluloses. 

Proprrtws 

The enzyme was eluted from a G-200 column as two fractions which are referred to as 
PPO 1 (MW 130000) and PPO II (MW 32000) (Table 1) Control samples gabe 60-70”,, 
of total activity m PPO I This form could be converted quantltatlvely to PPO IT b> elut- 

mg the columns with buffer of high ionic strength, using aged preparations (left m a refrl- 
gerator at 4” under Nz for 1 month), or elutmg with sodium dodecyl sulphate or urea 

A broad pH optimum was observed usmg both fractions with little change m actlvlty 
between pH 4 5 and 7.5 Most experiments were carried out at slightly acid pH (6 3) as 
this reduced the rate of non-enzymlc oxldatlon Both forms of enzymes were denatured 
fairly rapldly at 55’ The halftime for loss of activity (f 55 ) for PPO II i%as about twice 
that for PPO I (Table 1) 

The apparent Michaelis constant (K,,) values for various possible substrates were calcu- 
lated by lcast squares analysis of data obtained using the double reciprocal (Lineweaver- 
Burk) form of the Mlchaeh-Menten equation. (Since we are interested m the reactions 
which occur m leaf brew during the isolation of chloroplasts and enzymes from leaf material 
the reactions were carried out at concentrations of O2 which occur m air-saturated water ) 
The values of maximum velocity (c;,,,, ) with various substrates are reported relative to the 
rates observed with chlorogemc and for each enzyme fraction A number of other pl~enolc 
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were also investigated. Catechol and pyrogallol supported low rates of enzyme catalysed 
O2 consumption. However, protocatechuic and galhc acids, vamllin, p-coumaric acid, tyro- 
sine, cmnamtc acid and phenylalanine had no effect. 

TABLE 1 PROPERTIES OF O-DIPHENOL OXIDASE ELUTED FROM SEPHADEX 
G-200 

Fraction 1 2 

MW 
Sp act 

(pmoles O,/mg protein/mm) 
pH optimum 
t, (55°C) 
d, (mM) for 

chlorogemc acid 
caffelc acid 
dlhydroxyphenylalanme 

V,,,,,(Relatwe) 
chlorogemc acid 
caffelc acid 
dlhydroxyphenylalanme 

130000 32000 
57 1500 

45-75 
16 

45-75 
30 

24 11 
60 87 

10 1 450 

100 100 
0 39 0 32 
011 015 

Reaction wzth mixed phenols 

At concentrations similar to those which occur in the leaf brei during preparation of 
enzymes (0.1 to 1.0 mM), only chlorogemc acid supported oxygen consumption at sigmfi- 
cant rates by either PPO I or PPO II. No oxygen uptake was observed with 1 0 mM p- 
coumaric acid, purpurogallin, caffeic acid, catechol, pyrogallol or dihydroxyphenylalanine 
(DOPA). However, when these compounds were added, at this concentration, to reaction 
mixtures containing 0.1 mM chlorogemc acid an increase in enzyme catalysed O2 con- 
sumption was observed with catechol, caffeic acid, pyrogallol and DOPA (Table 2). The 
products of such reactions were separated by high voltage paper electrophoresis and the 
amount of chlorogemc acid oxidized estimated. It was found that in control samples most 
of the chlorogemc acid had been used. When other phenohc compounds were included 
m reaction mixtures the amount of chlorogemc acid consumed was decreased. This sub- 
strate-sparing effect was most pronounced with compounds which caused the greatest in- 
crease m rate of oxygen consumption. These results suggest that a primary enzyme-cata- 
lysed oxidation of chlorogenic acid is followed by the chemical reduction of the resulting 
qumone by the secondary o-diphenol. 

These reactions were used to develop the modified histochemical technique by which 
phenol oxtdase was detected on the polyacrylamide gels. After separation of proteins, they 
were incubated m a solution containing both chlorogemc acid and DOPA. This resulted 
m the formation of the characteristic, black melamn pigments from DOPA, which were 
not produced if DOPA alone was used as substrate. 

Inhibition 

Previous observations with crude leaf brei2 suggested that phenol oxidase m sugar cane 
is more sensitive to inhibition by thioglycollate than by other thiols. /I-Mercaptoethanol 
was also fairly effective. These results were confirmed using the purtfied enzyme fractions 
(Fig. 1). PPO I was more sensitive to inhibition by thioglycollate than was PPO II. With 
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other thiols there was little difference m the response of the two forms of enzyme. With 
glutathione, cysteine, dithlothreltol and dithloerythrltol concentrations of 1 0 mM or 
higher were required to produce SO’? mhlbltlon 

Compound added* 

(mM) Rate 

Control? 
Coumarx acid 
Purpurogallm 
Caffelc acid 
Catechol 
Pyrogallol 
DOPA 

* To chlorogenlc acid (0 1 mM) 
t No added phenols 

Kmetlcs of mhlbltlon were mvestlgated for both PPO I and PPO II, 1151ng thtoglycol- 
late as inhibitor. The values for K,, m the presence of this compound obtamed by statIstIca 

analysis of Lineweaver-Burk plots (2 3 mM for PPO I, 1 3 mM for PPO II) did not Jlfl‘cr 
significantly from those obtamed m control experiments. The values obtamed for C,,,,\+erc 
decreased. These results indicate that thloglycollate 1s a non-competltlvc inhIbitor of both 
forms of the enzyme 

e, 80- 
?! 

20- 

01 1 I I 

10-7 10-6 lo-5 10-4 10-3 10-2 
molar concentration 

DISCUSSION 

The present extractlon procedure was developed m order to obtam an active phenolase 
m a form slmllar to that which occurs ZY~ I;IUO Using these methods, the o-dlphenol oxldase 
found in leaves of sugar cane appeared to occur m a cytoplasmlc, soluble. non-pnrticulate 
form Although insoluble, particulate and chloroplast forms have been reported from a 



o-Dlphenol oxygen oxldoreductasc 2707 

variety of plant species, the posslbihty that these represent tanned protein or protem co- 
precipitated with subcellular organelles cannot be excluded. This is suggested by the vana- 
tion in properties which can occur with varlatlons m separation techniques.6*7 

In particular, it has been shown that activity of enzyme extractable from leaves of tea 
can be shifted from an msoluble to a soluble form by increasing the level of polycaprolac- 
tam powder used in the extraction media.’ Unfortunately, neither the use of polyamide 
powder or of msoluble polyvinylpyrrohdone (PVP-Polyclar AT) produced a significant 
improvement m activity of enzyme from leaves of sugar cane. This result was consistent 
with the suggestion’ that such compounds will be of little value m the case of tissues rich 
in chlorogemc acid. The low MW phenols were largely removed during the Sephadex G25 
chromatographic step. This separation is facilitated by the high affimty of Sephadex for 
aromatic and hydroxylated substances which are retarded or m some cases irreversibly 
bound to the gel. 

The sugar cane enzyme gave two fractions differing m MW. Multiple forms of phenol 
oxldase (often referred to as lsozymes) have been reported from many sources including 
fungi,‘“,” animal tissues’ 2 and higher plants 13-19 In general these forms can be 
accounted for in terms of aggregates of monomers (MW 32000). The cane enzyme 1s siml- 
lar with a tetrameric form (MW 130000) predommatmg when the enzyme was prepared 
under optimal conditions. In some preparations the multiple forms could not be accounted 
for in terms of aggregated subunits alone. These forms, which could be dlstmguished by 
electrophoresls, resulted from a variation m the ratio of charge to MW. The most prob- 
able cause for such multiple forms 1s complex formation between protein and phenol-oxl- 
datlon products. The formation of such complexes may account for the apparent multiph- 
city of lsozymes reported m a variety of tissues 1b--1Y Evidence of the existence of true lso- 
zymes (that is enzymes composed of subunits differing m primary ammo acid structure, 
catalysmg the same reaction) 1s slight. 

In common with phenol oxidases isolated from a variety of higher plant tissues 
(tobacco,’ banana,13 sweet potato,‘” peach18), the sugar cane enzyme lacks monopheno- 
lase activity and has a high affinity for a specific o-dlphenol (chlorogemc acid) which co- 
occurs m high concentrations m the leaf. This contrasts with the enzyme (tyrosmase) found 
m other higher plants such as sugar beet, beans and potatoes, which resembles the fungal 
and ammal forms with high monophenolase activity. These two classes of enzyme (specific 
o-diphenol oxldase and tyrosmase) may differ m the form of their visible colour and UV 
absorption spectra. However, m these respects the sugar cane enzyme resembles the col- 
ourless tyrosmase rather than the blue o-dlphenol oxldase. Once agam, it is highly prob- 
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able that these differences reflect varlatlons m extraction procedure and more particularly 
the degree to which the protein 1s tanned. 

The sugar cane enzyme appears highly specific for chlorogemc acid Oxidation of other 
phenols may occur through secondary chemlcnl reactions Such a sequence would parallel 
reactions observed with emyme isolated from peach fruits and leaves of tea. In the peach, 
the chemical oxldatlon of phloroglucmol and resorcinol follows the enrymlc oxldatlon of 
4-methyl catechol.20 In tea, the oxldatlon of both galhc acid and chlorogemc acid can be 
accounted for in terms ofchermcal reactlon with flavonoldc oxldl7cd 1~~ enr! mcs and bound 
to protems ’ 

Although properties of the two forms PPO I and PI’0 II were essentially similar. the 

K,,, for chiorogenlc acid of PFO~ 1-l (the purer of the two frachom) -%:I> iuwcr than tir,lt 
of PPO I On the other hand the K,,, for other substrates (DOPA 111 particular) was Iughcr 
With other tissues the properties of multiple forms arc usually sm~klr However. 111 some 
cases m addmon to varlatlons m electrophoretlc and chromatographlc bchavlour a varia- 
tion IS seen In the substrate speclficlty e g. the ratlo of monophcnolase to d~phcnol OXI- 
dase actlvlty may vary “.” Agam this could reflect chemical reactlons between bound 

phenollcs and the apparent substrates 
The mechanism of mhlbltion by thlols has been discussed m detail by Anderson” who 

recognized two classes F‘lrst, those which reduce qumones bath to the o-dlphcnol (mclud- 
mg thloglycollate) and second. those which complex with the qumone to form a non-m- 
hlbltory product. In addition. thloglycollate ~111 prevent non-cmymlc chemical polymerl- 
rallori of phenolics 23 With the cant enzyme, thloglycollatc appears also to ,tct 215 ;I q~clfic 
inhibitor Tli~s is suggested- by the low concentration nccdkf to iniillilt PPU iand tiic id 
that mhlbitlon 1s Immediate and n-rcverslbfe 


