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INTRODUCTION 

IN A previous paper it was shown that in apples, catechol oxidases (o-diphcnol: oxygen 
oxidoreductase, 1.10.3.13 are present in several su~llular fractions,2 Walker3 has also 
shown that apples contain catechol oxidase but did not de.ib@ly assign it to a single sub- 
cellular fraction, nor did he prove tbc present of more than one enzyme. A&bough, a 
number of workers have shown that other plant tissues contain several distinct catecho 
oxidases*&ll most of these authors did not ix&c&e the subcellular location of the diff&ent 
enzymes. It was&o uncertain whether the apparent rn~tip~~~ might not have been an 
artefact aused by mctbod ofextraction and preparation. catecho ox&se has been shown 
to be latent in certain cases,12 and the activation of the latent enzyme has been related to * 
changes in lEStby s-.*I * 

Imrease of activity of such enzymes by detergent treatment has also been report~I.~~-~~ 
PuScation of catechol oxidase has been achieved by many workers. However since a 
number of such enzymes appear to be present in different ~~~~ &+&ions it seemed of 



considerable importance to relate the enzyme activity of a puri&d fraction to a definite 
subcelhllar sttucture. This is of particular importance if the physioiogical role of these 
enz$mes is to be uxkderstood. This can only be deduced if accurate isolation on the nature 
and location of these enzymes is known. 

In the following, the multiplicity of catechol oxidase in a single subcellular fraction of 
apples will be shown and evidence brought to indicate that these are not isoenxymes. 

RESULTS AND DISCUSSION 

As previously shown (Hare1 et uZ.3, the chloroplast and mitochondrial fractions, isolated 
from apples, appeared to contain different catechol oxidascs. Although apparently two pH 
optima could be observed in each fraction, it seemed possible that these might have arisen 
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&om contamination of one fraction ‘$y the other. To clarify this point cblort@asts were 
prepared at a lower “g” value, as des&bed in “Experhne~~tal”, to redu~ possible con- 
taminationbyotherfractionsandthenex~uitdtTzitonX-100. S~~~t~sho~ 
a single pH optimm~~ at pH 5-l (Fig. 1). It was impossible to prepare a ~t~ho~~ fraction 
devoid of chloroplast fragments. However, when a “mitochondrial” fraction & prepared 
and treated with T&n X-100, the extract had an activity at pH 51 about 12 times higher 
than at pH 7*3, while in the residue the ratio was 0.8. 

Triton X-100 appears to extract prefmentialiy ti chloroplasts, whiie &gitonin extracts 
p~f~~y from aphonia (Table 1). Thus it may be concluded that in fact the pH 
optimmn at S-1 is due to chloroplast enzymes and that at pH 7.3 due to mitochondrial ones. 
This was flier co&med by the fact that a digitonin-NaCl extract of the mitochondria 
shows a single pH optimum at pH 744 with a shoulder at pH 5-l (Fig. 1). The bulk of the 
subsequent work to be described relates therefore to the more readily &o&ted c~oro~s~. 
Some experiments with mitochondria will also be described. 
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Extradoe of Enzymefiom Chloropksts 

Although the above experiments show that the enxymes in chloroplasts have a pH 
optimum of 5.1, they do not indicate whether one or more enxymes are responsible for 
catechol oxidase activity. Prelimkry experiments indicated the existence of several enzymes 
in the chloroplast. However multiplicity might also be caused by breakage of a single enzyme 
into subunits or by changes in tertiary structure. In order to investigate this question the 
~0~~~ were extra&d by several different means. The efficacy of extraction was 
compared and the electrophoretic pattern of the extra&s studied. 

~~a~g~~ breakageors~~chan~wouldbee~todifferin~~ 
ektrophoretic behaviour, depending on the extracting agent used. The same would also be 
expected ifthe extracting agent forms complexes with the enxyme. Table 1 shows the amount 
of enxymes solubilized by the different agents; for most experiments, therefore, Triton X-100 
was used subsequently. Although deoxycholate @CC) was fairly effective, its tendency to 
form gels made it inconvenien t for further use. Efhciency of extraction correlated with 
solubilixation of chlorophyll and depended not only on pH and type of detergent but also 
on the deuugent/protein ratio. The Triton X-100 extract has cate&ol oxidase properties 
similar to whole c~orop~, Two changes could however be observed, an ahnost complete 
loss of activity towards~l and a lowering of activity towards Dopa and Dopamine. 

The electrophoretic patterns of different extracts was compared. Initially, agar gel 
electrophoresis was attempted but gave unsatisgactory results.‘ Unless otherwise stated the 
results quoted were‘ obtained using starch gel electrophoresis, as described in the experi- 
mental section. Best separation was obtained at pH 8.0, in 044 M phosphate bulk, using 
7.5 V/cm at 1.37 mA/cm and running for 20 hr. 

Chara~Mstically three bands were observed; one moving towards the cathode, Zone I, 
havinglow~~~,andtaromovingtowardsthe~,zoneSIfaad~(Fi~2). Thehiehest 

~~~~0~~~~~. ~~sa~w~~~on~~~T~~n 
X-100, Tweet 80, DOC or digitmin. The substra~ spedity of the difkmt zones was 

tested by spraying the electrophoretograms with difkrent compounds. Zone II was active 
towards 4-methylcatechol, dopa, (-J-epicatechin and chlorogenic acid. Zone I reacted with 
4methylcatechol and epicatechin and gave very slight reaction with the other compounds, 
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while zOn@ III gave no reaction with chlorogenic acid and a very f&t one with dopa. 
Although coIour development is not an accurate measure of substrate specifity these results 
do indicate that the three zones diier in tbis respect. 
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when the Triton x400extract ofchlorophk3ts was separated by starch gel electrophoresis 
in the presence of 6 M urea, only the three bands having the same electrophoretic mobility 
as before were obtained. Electrophoresis of the purified fractions, on starch blocks in the 
presence of 6 M urea, gave single bands of the same electrophoretic mobiity previously noted. 
The same was found when such fractions were incubated with Triton X-100 and rerun on 
starch. 

The possibility of separating these three fractions by other means was investigated. For 
this purpose calm chromatography was attempted. The Triton X-100 extract from whole 
chloroplasts was used as starting material. This extract contained inactive proteins, chloro- 
phyll and excess Triton X-100 which could not be adequately removed by dialysis and inter- 
fered in fractionation with ammonium sulphate. For this reason the crude dialysed extract 
was applied to a DEAE column and the inactive fraction eluted with a low concentration of 
bufkr. The active fractions were now eluted with a higher bulk concentration, and the eluate 
treated as described in the flow sheet (Fig. 3). Eighty per cent of activity was recovered 
between 50-W per cent lotion with sonic sulphate (Table 2). 

The dialysate, afk fractionation with ammonium sulphate, was applied to a DUE 
celldose column charged with ON)5 M phosphate buffer at pH 7.2. This column was eluted 
with a continuous grad%& using phosphate buffer pH 7.2. As can be seen from Fig. 4 this 
elution gave a separation into three distinct peaks. Attempts were ma& to compare the 
separation by using columns of T~~~o~, ECTEOLA, or DEANS A-50 
with phosphate buffer gradient pH 7.2 and also Dads using either KCl pH 7.2 or 
pH gradients. TEAE-cellulose gave results identical to those obtained with DEAE-cellulose, 
ECIEOLA did not bind the enxymes sufbciently strongly to permit adequate fractionation. 
DEAE&phadex binds enzymes more strongly so that higher bu&r concentrations were 
required for elution. Attempts using a KC1 gradient gave results essentially the same as those 
obtained with a buffer gradient. The pH gradient was unsuccessful, and no fractionation was 
obtained, elution occurring between pH 49-45. 

In order to obtain the f-ions in greater purity, a stepwk elution procedure was used. 
Fractions I, II, and III were eluted at ~~tio~~O*~M,~M~~2OM~ 
tively (Table 2). Each ftacton was now studied using starch gel el~~ho~~. The fraction 
eluted with O&t M bul%r moved to the cathode and corresponded to Zone I (Fig. 2), that 
eluted at 0.09 M correqonded to Zone II and that eluted at 020 M to Zone III. 

The three fractions obtained from the column were compared for substrate specificity, 



& for 0, and 4mctbykatecho1, pH optima and their sensitivity to inhibitors. The msults 
a~~Ta~3~d4. ~~owthatasfarsssubstrates~~isconaxnedfractionfI 
is ‘distinctly di%rent froan fractions I and III which in this respect show considerable resem- 
blance. However the difference between fktion I and IlI is shown by the difference in tbc 
Ki for 0, and especially by the degree of ~~~tio~ by ~3-~ph~e~~ol and N+inyl-2- 
pyrrolidone. 

Finally it rnxtst be mentioned that it has till now proved bauble to extract cateehol 
from mitochondria. When the mitochondrial f&on was treated with Triton 

X&O, much of tbs ~~~~g activity due to c~oropl~~ was removed. When the 
r&due was treated with digitonin, solubilization resulted. However, tbo enzyme so extracted 
failed to move from the starting line in starch or agar gel ekctropboresis at various PH. It 

seems likdy tit no trae ~Iub~~ was 
from those any in the c~oropl~t. 

The results described show that four distinct catexhol oxidases arc present in apples 
tissues, three of them in the morose and at least one in the ~~~~ The fact that 
these di&r in clectrophoretic mobility, movement on columns, substrate spkflty, inhibition 
by diflbmnt inhibitors and K, towards c)2, no matter how separated or extracted, flier 
stresses tbis point. Such 
of an enzyme from its 
tits or from change 
such an interpretation xmlike$y. Equa.lly it seems m&zly tbat iso+mzym es are involved, 
More abiyeachoftheseenzyrpesisbolrndtoaspecificsite its suck stmctum 
where it fuffifs a definite ph~olo~ role, Apparently the amount of the enzymx differs_ 
The complexity of cattcbol oxidase in plant tissues and consequently the difficulty of Ibiza 
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any single fhxtion in cellular metabolism is therefore increa&@y obvious. Any explanation 
of their function must take into account the multiplicity which has ~MI demonstrated. 

EXPBRXWENTAL 

Appbs, vwhty “Grand Alexander” purchased at a local supermarket and stored at 
2-4” were used throughout the experiments. The subcelluhu fractions were pmpared as 
previously Mb&l7 except that the chlaroplast fraction was ‘collected by centrifuging at 
300gfor20rrrin~aninitial~~for3minat300g,tht~~~~ofwhichwas 
discarded. oxyfl;ca uptake was either measured by conventional Warburg technique or by 
the use of 8 pohrograpbic e-ode, as previously desc&A2 Michatis constants for 
o~~~~~~~~~~p~ ~~e~ou~~u~~~ 
24 mi plxosphate citrate buEizr Cl=1 M pH 5*1,0-l ml enzyme and 14 ml ~~~~~01~ 
~x~U-~M. No~~~~~t* 

=f A. M. MAYBR, El, HAREL and Y. SUN, Phytudm. J, 447 (1964). 
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Extraction of Phenokue from Particles 
Mbr separation of the particulate fractions by centrifugation, resuspension in buffer 

and recentrif?ugation, the particles were suspended in the appropriate solutions of detergents 
in 041 M phosphate or phosphate citrate buffer. After allowing to stand for 30 min with 
occasional shaking, the suspensions were centrifuged at 100,000 g for one hr. Catechol 
oxidase activity and protein content of both the supematant and precipitate were determined. 
The particulate precipitate suspended in buffer and treated as above was used as a control. 

Cohunn Chromatography 
The most satisfactory treatment for solubilizing catechol oxidase from chloroplasts was 

with Triton X-100. The experimental procedure adopted for concentration and partial 
purification of the enzyme is described in Fig. 3. 

The active fraction thus obtained was applied to columns of DEAE cellulose or similar 
compounds prepared in the usual way. The enzymes were eluted from the cohrmns using 
either stepwise gradient or continuous gradient elutions, using a flow rate of 04-0*8 ml/min. 
The fractions were collected using a Shandon Automatic Fraction Collector AF/260. The 
gradient was determined by conductivity measurements. The activity of the ehrates was 
estimated semiquantitatively. To 1 ml eluate, 4 ml phosphate citrate-buffer O-4 M, pH 5.1 
and 0.5 ml 4-methylcatechol, 2 x W2 were added. The mixture was incubated for 20 min 
at room temperature and the intensity of the colour read at 390 mp. The optical density was 
used as measure of activity. Protein was determined according to Lowry et ~1.'~ 

Electrophoresis 
The extracts obtained from chloroplasts, as described in Fig. 3, or fractions obtained by 

column chromatography were applied to 13.5 x 4.0 x 03 cm blocks consisting either of 1% 
Noble agar @if&$ or starch, prepared according to Smithie~~~ The samples were placed 
in a slit at the centre of the block. Electrophoresis was carried out at various btiers in the 
cold room, at 2”, in a “Shandon Universal Electrophoresis apparatus after Kahn” MK II, 
connected to a suitable d.c. power supply. A method was developed for detecting the enzymes 
in the blocks. The blocks were sprayed with a solution of the desired substrate (2 x 10-2 M) 
containing 0.05 % pphenylenediamine. This compound gives a coloured zone at the site of 
catechol oxidase activity due to its reaction with the quinones formed by the activity of the 
catechol oxidase. The colour varied depending on the phenolic substrate used. After 10 min 
the blocks were sprayed with 1 x loj M ascorbic acid, to bleach the background colour 
formed by auto oxidation of phenylenediamine. 

Chemicals 
Chemicals were obtained commercially. N-Vinyl-2pyrrolydone was purchased from 

Light Bc Co. Hydrolysed starch was obtained from Connaught Medical I&sear& Labora- 
tories, Toronto, the mod&d celluloses from Serva Entwicklungslabor and DEAE Sephadex 
A-50 (medium) from Pharmacia. Solutions of digitonin were prepared according to 
KaplaIl.~ 
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