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INTRODUCTION 

~~MpHBNoLIccompounds~~baenreportedtobethemajorsu~~forpol~nol 
oxidase (PPO) (o-diphenol: 0, oxidoreductase) in Mts l-4 and also key inbrmediates in the 
enzymatic oxidation of monophenols. Previous expebents with chlorogenic and caffeic 
acids-taken as model odiphenol substrates of m that enzymatic O-methyl- 
ation of these odiphenols can be achieved in v&o, and this methylation prevents their 
oxidative darkening with PP0.6 If odiphenols are the sole, or control&Q, natural substrates 
of PPO in fruit tissue$ then O-methylation of them ought to prevent oxidative darkening 
of theftit. This paper reports such an e&t on apple sections and juice treated with cat&o1 
O-methylatingenzyme system. In addition, a direct e%ct of an a&al& pH alone in diminish- 
ing the PPO substrates is noted. 
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RESULTS 

Rvotypesofexperimentswererun:treatmentsofapplejuiceandofcutapplefruitsurfaces. 

Apple .Tuice 

After anaerobic imubah for 3 hrwith reagents of the methyhdng system (24 ml juice 
in O-01 % ascorbic acid, 1~0 ml of O-methyhransfemae, O-6 ml O-08 M S-adenosyhnethionine 
iodide (AMe), 0.2 ml O-2 M M&la, and O-2 ml O-5 M pH 94 ~~~y~~~yl~o- 
methane-HCl (‘IRIS), &ml pH 8*2), the apple juices remained light in color, as on first mixing. 
When juice with the “complete” me~y~tion mixture added and a control (~~ enxyme 
and minus ~~~~~o~e) were brought to pH 6 and shaken in air for 2 hr (or over- 
night), the juice with the methyh&ion mixture added remained a light cream color whereas 
the unmethylated control became a deep brown. Other experiments omitting methylating 
enzyme or S-adenosylmethionine (AMe) did not give the light color of the “complete” 
system. It is of interest that a similar experiment in which AMe was replaced by methionine 
plus adenosine triphosphate gave comparable results. 

Incubation with the methylating system had the effect of permanently modifying the 
substrates present in the juice so that they were no longer susceptible to oxidation with PPO. 
This was established by the addition of a PPO preparation 3 or additional substrate (1 pmol 
chlorogenic acid) to 0.24 portions of the treated, reacidified j&e. The PPO of treated juice, 
or supplementary PPO added to the juice, produced no darkening; but on the addition of 
PPO substrate to the ~~yl~e~~~~ juice, rapid darkening ensued, derno~~~ 
that endogenous substrates of PPO had been modified by the ~~yla~on treatment. 

cart Apples 

Incubation with the methyltransfbrase system on cut appk3 arurfacear alfm prmnted their 
sh darkening on exposure to air. This effect is recorded in Table 1, Experiment A. After 

the aimcribed treamts, rinsings, and exposure to air (J@erimental section) rapid da&e&g 
of the water control took place but no darkening of the enzyme-treated surface. Treatment 
with the O~mcthyltransferase system had the ef&ct of permanently retaining the surface color 
of a freshly cut apple. Another result occur& that was unexpected in light of the earlier 



juiix wts: a&m the control matmeat with boiled methyltransferase, again little 
darkening appeamd, necessitating a f&r exploration of the experimental factors involved 
in the induced loss of oxidative da&ning by cut fruit. 

It was found that a pH change alone, which duplicated the pH of the described boiled 
enzyme sample, had the same effect. The ~~1~~ experiments were run in mildiy 
alkaline solutions close to the pH 75-&2 optimum of the enzyme.’ Well experiments using 
only buffers iudicated tbat an anaerobic incubation with any of several slightly alkaline 
buffers (phosphate, bicarbonate, or tnls-(hydroxymethyl)-aminomethane-HCl) would 
stabilixe the color of the apple surface when it was subsequently reacidifled and exposed to air, 
&hum or potassium bu&rs, in the range 0*1-0*4 N cation concentration, were tested and 
found effective. The e@xt of pH on the ~bition of darkening of apple sections (“dip 
experiment”) is seen in Table 1, Experiment B. Each apple section in the experiment was 
immersed only half-way, so that the upper portion acted as an untreated control in each case. 

Incubation in the pH range g-9 (in @ 1 or 0.2 M KsHlQ) gave maximum stabilixation of 
the surface constituents against oxidation on exposure to air. Immemion in but&r below 
pH 5 (e.g. @2 M KHspO~) gave no s~bi~tion ef&ct, while immersion at pH below 3 or 
above 10, or in distilled water, gave rise to necrotic darkening. The prevention of oxidative 
darkening by slightly alkahne bu&r was a permanent eflbct, surviving a&hying of the seg- 
ments for several days. This e&c%, just as with the metbylation experiments, was upon the 
substrates of PPO: when an external substrate, such as dihydroxypheny&nine, was added 
tothetreated~ona3~~~~ningoccum;d,~~~thePpO~tobestillvigor- 
ouslyactiveattheapplesurfaceswh~thr:slightly~etreatmenthadprevented~~ 
of tbe in titu constituents. The buffer effect described is dif%erent from the well-known effect 
of NaCl (Cl-ion) which prevents oxidation by inhibiting PPO itself.* The latter conch&n 
wasconfirmedbye wt.9 in which apple sections were immersed into O-1 and @4 M 
chloride salts, after which substrate was added. 

fnorderto~twhetherthealkatinebuffertrestmenthadcaurreda~~n~leachiqgof 
P~su~~~rn~~ts~~, ~e~~mallralinesndacidic~~~tio~(bothwell 
and dip experiments) were removed by pipet, brought to pH 5, and shaken in air with and 
without addition of supplementary PXi preparation. No di&mnce in darkening of con- 
stituents leached from the apple was observed. Absorption spectra of incubation solutions 
did reveal an unstable compound with a high absorption peak (264 w) present in the slightly 
alkaline (KsHPO,) extracts and little absorption in parallel acidic (lCHsP0,) extracts. The 
alkaline peak did not represent di&rential extraction, however. The peak disappeared when 
the solution was acidified and appeared again, reversibly, when the pH was again made 
alkaliq if the extracts were kept cold and mampulated rapidly or under nitrogen. Hence, 
the d&rent absorption curves represent only di&rent ultraviolet absorbing forms of the 
same extracted unidentified compound, and do not signify a diEerential extra&m of PPO 
substrate from the apple cells. 

DISCUSSION 

Chlorogcnic acidlJ and (-)-epicatechin1*3 are reported to be the major substrates of 
PPO in apple fruit. But, w&m might be the particular PPO substrate compounds active 
in the fruit, or the sequence in which their oxidation normally occurs, the results reported 

7 J. Am and R Tommcx, .T. Bid. Chem. 233,702 (1958). 
8 R. !sAMscH, 3. Bid. chml. loo, 643 (1935). 
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here indicate that reaction of the ~nst&ueuts with the catechol-o-me&y- sys&m 
prevents their participation in the reactions of oxidative polymer f43rInatJon lcnw as 
“oxidativebrowniug”. ~~dings,con~~gthe~~oi~of.tbn6nzyma,7 
lcract su* to the empirical results of the previmudy &ed ins in con- 
firming that odipheno& (catechols) do indeed constitute the important substrates concerned 
in the oxidative browning of fillit. 

The resulti with apple juice are clearly iuterpmtable: incubation with a spec%c trans- 
methylating system permanently mod&d the constituent PPO substrates, presumably by 
their methylation. But with apple fruit surface treatments, while the results are clear, inter- 
pretation is not. Incubation with the animal methyltransferase system at its optimum pH of 
about 8 permanently eliminated the surface substrates of PPO. A pH 8 bu&r alone, however, 
had almost the same effect. Either the natural surface substrates were permanently mod&d 
to inactive compounds, or, they were astir leached out at sli8htly alkaline pH 
(in contrast to acidic pH). Our preliminary observations favor the former oocurrencu- 
substrate rn~~tio~~ou~ this would be diEcult to establish conclusively with the 
small amounts of substrate compounds preseut in the cut surfs. 

The pH conditions which permanently diminished the oxidative darkmdng of PPO sub- 
strates in the cut fiuit were in the same range as the pH optimum of the animal O-methyl- 
transferase, hence the in situ presence and operation of a plant 0-methyltransferase system is 
suggested. A search for O-methyltransferrase in plant tissues, in order to determine its pro- 
perties, has been successfully made, and it is, indeed9 optimally active at slightly alkaline PH.~ 
We are now conducting tracer experiments as highly sensitive criteria for determining 
whether ti situ ~~yiati~ in the low-substrate fruit tissues does indeed take place in 
repn~~ to the described pH change, and possibly also as a means of identifying rne~y~~ 
de&a&es of the normally present PPO substrates. 

The Sndings described suggest that exposure of plant tissues to O-metbyltransferase or 
to slightly alkaliue buffer is a mild, non-toxic treatment which can be used to avoid the oxida- 
tive e&c-Q of PPO. The incubation period may be reduced comiderably (even to 5 min) and 
Still be e&c&e. This aspect of our observations has obvious implications with regard to the 
undesirable dark&g of marketable plant products. 

The reagents and conditions for reaction were similar to those repor&@ S-Adenosyl- 
methionine iodide (AMe) was obtained from the California Corporation for Biochemical 
Research.* Iu juice experiments, the following quantities of reagents were used per ml reac- 
tion mixture: 4 mg (as proteirQ0) rat liver catechol-O-methyltran&rase euzyme, 12 pmoles 
AMe, 10 pmoles I&Q, and 100 pmoles pH 9.0 tr~y~oxymefhyl)~a~o~~~-H~ 
(TRIS) bu&r (final pH of mixture, B-2). Controls on the enzyme component contained 
either boiled euzyme (15 min at 100”) or dilute buff= corresponding to the concentration 
found in the enzyme solution without added euzyme. All incubations were carried out in an 
anaerobic alit to avoid ~~~ PPO darkening. 

9 B. J. PINKLB and R. F. NIUON, Biochan. B&u&a &a 78,747 
‘0 0. wArmwm3 amI w. -, Biochcm. 2.310,384 (1941-Z). 
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Apple Juice h’xperimenb 

The juice from green-mature Fippin apples was expressed cold and Wered through a 
Whatman No. 1 paper (Acme cenuifugal juicer), then stored frozen in the v of O-01 % 
ascorbic acid. Methylation treatments (05 ml juice per ml reaction mixture) were carried out 
in Thunberg tubes. Buffer and apple juice were each held in compartments separated from 
theotherreagents. Thetubeswereflushedwithnitrogenand evacuated at 0”, then tipped and 
brought to 38”. After an incubation period the tubes were opened, acidified to pH 6 with 
0.15m11MKH2PO~andshakeninairatrwmtemperature. 

Apple Swfme Experiments 

Green-mature Gravenstein apples were cut in half (in “well experiments”) or radiahy 
sectioned (in “dip exp&ments’). Inthewellexp&mcn~plasticringsweremsertedinto 
the cut surfaces to form a well into which reagents could be added. Reagents were added in 
the proportions described under “methylation system” (about O-3 ml total volume), but 
including one drop O-1 % ascorbic acid added initially to each well to reduce traces of oxygen 
present. TIUS or K2HPG4 was used as buffer. AU manipulations were carried out rapidly in 
a cold room; each half-apple was placed into a small bell-jar under nitrogen flow, and the 
bell-j~wasthen~andbroughttoroomtemperatureforiecubation. Afktheincubation 
period (4-3 hr), the contents of the wells were removed by pipet, the wells were rinsed with 
water and O-2 M KH$Q, and the apples were allowed to stand in air. 

Anotherprocedure~dipwr~~“)wastosactionpippinapples undero-1% ascorbic 
acid and place them into reagents in a small beaker which was then placed in a bell-jar under 
nitrogen and brought to room temperature for incubation, as described. After incubation 
for 2 hr, the sections were dipped for 2 min into water and two changes of KH#GI, then 
blottedandexposedtoairforl-5hr. @1mlof0-02Mdihydroxyphenylalamnewasadded 
to well inserts during the air exposure period. 

Acknow~m8nts-w8 thank Dr. M. 9. Maxi for aid in pqmring th8ratliv8r~Mrs.<p.starkfor 
diligwlttc8MallessistamxandMr.DonKelly,-Buy8rofsaf8w8ys~~forth8ca- 
operationofllisofIicsin pixmlhgprim8fNit. 


