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Abstract

Taro (C. esculenta) is a staple food in many tropical regions. A comparative study of crude polyphenoloxidases from taro (tPPO)
and potatoes (pPPO) was carried out to provide information useful for guiding food processing operations. Crude PPO was pre-

pared by cold acetone precipitation using ascorbic acid as antioxidant. The PPO content of taro acetone powder was 770�17 units
(mg protein)ÿ1 as compared with 3848�180 units (mg protein)ÿ1 in potato acetone powder. The pH-activity optimum was pH 4.6
for tPPO and pH 6.8 for pPPO. Both enzymes retained >80% activity after incubation at pH 4.5±8 but there was rapid activity loss
at pH <4. The temperature-activity optimum (Topt) was 30

�C for tPPO and 25�C for pPPO with 75 and 27% of their respective

maximum activity retained at 60�C. Both tPPO and pPPO were irreversibly inactivated by 10min heating at 70�C. The activation
enthalpy (�H#) and activation entropy (�S#) for tPPO heat-inactivation were 87.4 (�0.1) kJ molÿ1 and ÿ56.2 (�4) J molÿ1Kÿ1,
respectively. For pPPO, �H# was 59.1 (�0.1) kJ molÿ1 whilst �S# was ÿ141 (�4) J molÿ1Kÿ1. The apparent substrate speci®city
was established from values Vmax/Km as: 4-methylcatechol>chlorogenic acid>dl-dopa>catechol>pyrogallol> dopamine>>ca�eic
acid for tPPO. There was no detectable activity towards ca�eic acid. The substrate speci®city for pPPO was: 4-methylca-
techol>ca�eic acid>pyrogallol>catechol>chlorogenic acid >dl-dopa>dopamine. According to the order of inhibitor e�ec-

tiveness (sodium metabisulphite>ascorbic acid>NaCl& (EDTA), there was a signi®cant lag-phase before increases occurred in the
absorbance at 420 nm. Preincubation of PPO with inhibitors increased the extent of inhibition, indicating a direct e�ect on the
structure of the enzyme. # 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

Taro is a staple food in many tropical and subtropical
areas of the world (Mega, 1992; Ravi et al., 1996). Taro
corms may be processed, using techniques established
for potato tubers (Mega, 1992). The polyphenoloxidase
(PPO)-catalysed enzymatic browning reaction for taro
needs to be characterised in order to facilitate its control
during processing.
PPOs catalyse the oxidation of phenolic compounds

to quinones. These further polymerise to brown pig-
ments called melanins. PPO activity is widely dis-
tributed in fruits and vegetables. The action of PPO
leads to enzymatic browning and major losses in some
fresh fruits and vegetables, such as potatoes, lettuce,
apples, apricots, bananas, grapes, peaches, strawberries
and many other tropical fruits (cf. Vamos-Vigyazo,
1981; Zawistowski et al., 1991; Whitaker and Lee, 1995
for recent reviews). The PPO content depends on spe-

cies, cultivars, maturity and age. Its distribution also
varies with parts of fruits and vegetables (Anosike and
Ayaebene, 1981; Lee et al., 1990; Asemato et al., 1992;
Amiot et al., 1995). Several workers have studied PPO
in potato (Patil and Zucker, 1965; Matheis, 1987a,b;
Sapers et al., 1989), in sweet potato (Walter and Purcell,
1980; Lourenco et al., 1992), and in yam (Anosike and
Ayaebene, 1981; Asemato et al., 1992).
PPO activities from other starch-rich tubers have not

been well studied. Histological studies showing the dis-
tribution of taro polyphenoloxidase (tPPO) in intact
tubers and their possible roles in chilling injury have
been reported (Shiota, 1968; Rhee and Iwata, 1982). No
substantive characterisation of tPPO has appeared in
the recent literature.
In this work, characterisation of crude taro (Coloca-

sia esculenta) PPO was studied and compared with the
properties of crude potato (Solanum tuberosum var.
Romano) PPO. Improved understanding of the char-
acteristics of tPPO will lead to the prevention of
browning during the processing of taro corm.
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2. Materials and methods

2.1. Plant materials and crude enzyme preparation

Taro (Colocasia esculenta) and potato (Solanum
tuberosum var. Romano) were purchased from a local
market.
Peeled taro tuber (1 kg) was homogenised in 1 l of

0.1M phosphate bu�er (pH 7.0, 4�C) containing 30mM
ascorbic acid using a Waring blender. The homogenate
was ®ltered through 4 layers of muslin cloth. The ®ltrate
was centrifuged at 13 000�g for 25min (4�C) in a
refrigerated centrifuge (Beckman model J2-HS, USA).
The supernatant was then added to an equal amount of
cold acetone (ÿ30�C) and left for 20min at 4�C to allow
precipitation of the enzyme. The acetone precipitate was
collected and dried over a Buchner funnel. The crude
taro polyphenoloxidase (tPPO) was kept in a glass
bottle in a freezer at ÿ20�C. The same procedure was
followed for the preparation of crude potato PPO
(pPPO).

2.2. Protein determination

Determination of protein in crude taro and crude
potato enzyme was done by the Lowry method as
modi®ed by Peterson (1977).

2.3. Enzyme assay

Taro acetone powder (70mg) was dissolved in 7.0ml
of 0.1M citrate±0.2M phosphate bu�er, pH 4.6. After
being stirred for 5min, the suspension was centrifuged
at 12 000�g for 4min. The supernatant was used as
crude tPPO. For potato, 14mg of acetone powder was
dissolved in 7.0ml of 0.1M phosphate bu�er, pH 6.8
instead.
PPO activity, assayed at 30�C, was determined by

measuring the increase in absorbance at 420 nm with a
spectrophotometer (Cecil instrument model CE 292,
Cambridge, UK) ®tted with a thermostated cuvette
holder. The initial velocity was calculated from the
slope of the absorbance-time curve. The reaction mix-
ture contained 2.8ml of 20mM catechol in 0.1M
citrate±0.2M phosphate bu�er, pH 4.6 (20mM catechol
in 0.1M phosphate bu�er, pH 6.8, for pPPO activity)
and 0.2ml of enzyme solution. One unit of PPO activity
was de®ned as the change in absorbance of 0.001minÿ1.

2.4. Properties of crude taro and potato PPOs

2.4.1. pH optima of crude PPO
The PPO activity from both sources was determined

in a pH range of 3.2±6.4 in 0.1M citrate±0.2M phos-
phate bu�er and in a pH range of 6.4±8.0 in 0.1M
phosphate bu�er. PPO activity was assayed using cate-

chol (20mM) prepared in a bu�er solution at various
pH values as a substrate.

2.4.2. Temperature optima of crude PPO

tPPO activity was assayed at various reaction tem-
peratures as controlled by a circulation water bath. The
temperature was varied over the range of 6±74�C (6±
59�C for pPPO). 4-Methylcatechol (5mM) was used as
a substrate.

2.4.3. pH stability of crude PPO

Enzyme solution (0.4ml) was incubated for 30min at
0�C in a bu�er solution (0.8ml) at various pH values.
pH was varied over a pH range of 3±6 in 0.1M citrate±
0.2M phosphate bu�er and a pH range of 7±8 in 0.1M
phosphate bu�er. 4-Methylcatechol (5mM) was used as
a substrate. PPO activity was determined in the form of
percent residual PPO activity at the optimum pH.

2.4.4. Temperature stability of crude PPO

The enzyme solutions in Eppendorf tubes were incu-
bated in a water bath at various temperatures (30, 40,
50, 60, 70�C) for 10min. PPO activity was determined at
30�C, using 4-methylcatechol (5mM) as a substrate.
The percentage residual PPO activity was calculated by
comparison with unheated enzyme.

2.4.5. Substrate speci®city

tPPO activity was measured with seven substrates at
various concentrations according to their solubility: 2.5,
5, 10, 20, and 40mM for 4-methylcatechol, catechol,
pyrogallol, and dopamine; 2.5, 5, 10, 15, and 20mM for
dl-dopa; 1.25, 2.5, 5, 8, and 10mM for chlorogenic acid
and ca�eic acid. Substrates were dissolved in 0.1M
citrate±0.2M phosphate bu�er, pH 4.6. Michaelis con-
stant (Km) and maximum velocity (Vmax) values of the
enzyme were calculated from a plot of 1/v vs 1/[S] by
the method of Lineweaver and Burk. For pPPO
activity, each substrate was dissolved in 0.1M
phosphate bu�er, pH 6.8.

2.4.6. E�ect of inhibitors on PPO

Inhibitors examined included EDTA, NaCl, ascorbic
acid, and sodium metabisulphite. For crude tPPO
activity, the reaction mixture contained 2.6ml of 5mM
4-methylcatechol in 0.1M citrate±0.2M phosphate buf-
fer (pH 4.6), 0.2ml of enzyme and 0.2ml of inhibitor
solution. Concentration of inhibitors varied with their
inhibitory e�ects: 0, 10, 20, 30, and 40mM for EDTA
and NaCl; 0, 1, 2.5, 5, and 10mM for ascorbic acid; 0,
0.5, 1, and 2.5mM for sodium metabisulphite. For
crude pPPO activity, the reaction mixture contained
2.6ml of 5mM 4-methylcatechol in 0.1M phosphate
bu�er (pH 6.8), 0.2ml of enzyme and 0.2ml of inhibitor
solution. The concentration of inhibitors varied with
their inhibitory e�ects: 0, 10, 20, 30, and 40mM for
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EDTA and NaCl; 0, 1, 2.5, and 5mM for ascorbic acid;
0, 0.5, 1, 2.5, and 5mM for sodium metabisulphite. The
percentage relative inhibition for each inhibitor was
calculated as in Eq. (1). Two di�erent conditions: pre-
incubation of enzyme in inhibitor solution for 10min
and without pre-incubation of enzyme in inhibitor
solution were studied. The percentage inhibition is
expressed as

��AO ÿ AI�=AO� � 100 �1�

where AO is activity of uninhibited enzyme and AI is
activity of inhibited enzyme.

3. Results and discussion

The current results were derived from a study of
crude enzyme preparations extracted from acetone
powder. The properties of the crude, as opposed to a
puri®ed, enzyme preparation may well be derived
from a combination of isoenzymes. There may also be
interactions with nonenzymatic proteins. Due to their
complex nature, it is usual to refer to the characteristics
of crude enzyme preparations as `apparent' quantities.
The properties described below are therefore apparent
quantities even where the epitaph (apparent) has not
been used. However, the properties of a crude enzyme
preparation can be as relevant to the Food industry as
those of the puri®ed or isolated enzyme.

3.1. pH optima of crude PPO activity

The pH activity pro®les for crude taro polyphenol
oxidase (tPPO) and crude potato polyphenol oxidase
(pPPO) are shown in Fig. 1. tPPO had a maximum
activity around pH 4.6 and a secondary maximum
activity around pH 7.0. On the other hand, pPPO had a
maximum activity around pH 6.8 with a narrow plateau
between pH 4.4 and 6.0. As can be seen from the graph,
the PPO from both sources were nearly inactive at pH
4.0. Di�erences in the pH optimum for pPPO have been
reported by several workers (Alberghina, 1964; Patil
and Zucker, 1965; Abukharma and Woolhouse, 1966;
Matheis, 1987a). The optimum pH depends on genetic
properties (variety), nature of phenolic substrates and
extraction methods. The pH optimum for tPPO does
not appear to have been reported before.

3.2. Temperature optima of crude PPO activity

The temperature activity pro®les for crude tPPO and
pPPO are shown in Fig. 2. The optimum temperature
for activity of tPPO was at 30�C while that of pPPO was
at 25�C. At an assay temperature 30�C above the opti-
mum temperature of each enzyme, 25% of tPPO activ-

ity was lost whereas 65% of pPPO activity was lost. It
appears that crude pPPO is more sensitive to the
increase in assay temperature than crude tPPO. The
optimum temperature of pPPO was reported to be 22�C
when catechol was used as a substrate whereas it was
reported to be 35�C when pyrogallol was used as a
substrate (Matheis, 1987a).

Fig. 2. Temperature activity pro®les for taro PPO (*) in 0.1M

citrate±0.2M phosphate bu�er (pH 4.6) and potato PPO (*) in 0.1M

phosphate bu�er (pH 6.8).

Fig. 1. pH activity pro®les for taro PPO (*) or potato PPO (*) in

0.1M citrate±0.2M phosphate bu�er (pH 3.2±6.4) and in 0.1M phos-

phate bu�er (pH 6.4±8).
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3.3. pH stability of crude PPO

The residual percentage activity of the enzyme from
both sources for various pH values between 3 and 8 is
shown in Fig. 3. The pH-stability pro®les for both
enzymes were quite similar. There was >80% retention
of activity at pH 4.5±8.0. Both enzymes were not stable
at pH below 4.

3.4. Temperature stability of crude PPO

Temperature-stability pro®les for crude tPPO and
pPPO, presented in the form of the residual percentage
activity, are shown in Fig. 4(a). Although both enzymes
shared similar temperature stability pro®les, the drop in
percentage residual activity of crude pPPO at high tem-
perature was greater than that of crude tPPO. A con-
siderable drop in PPO activity at high temperature is
probably the result of changes in the enzyme tertiary
structure. Heating at 70�C for 10min completely inacti-
vated both tPPO and pPPO. Heating at 60�C for the
same duration resulted in partial (60±70%) inactivation.
PPO is not considered a heat-stable enzyme. Short
exposures to temperatures of 70±90�C are su�cient for
partial or total irreversible destruction of its catalytic
activity (Vamos-Vigyazo, 1981).
The activation energy (�E#), enthalpy (�H#), entropy

(�S#) and free energy change (�G#) for crude tPPO or
pPPO heat-inactivation were determined from results in
Fig. 4(a). Assuming that PPO inactivation conforms to
apparent ®rst order kinetics, the rate constant for heat-
inactivation (k) was determined from the relation below

k � ÿ�1=600�: ln �At=Ao� �2�

where At is the residual enzyme activity remaining
after heating for 600 s at various temperatures and Ao

is the activity of unheated enzyme. The temperature-
dependence of k (sÿ1) was evaluated using the Arrhenius
equation,

ln �k� � Cÿ# =RT �3�
as shown by the graph in Fig. 4(b).
Other activation parameters were determined from

the relations below as described previously (Amiza and
Apenten, 1994; Galani and Apenten, 1997):

Fig. 4. (a) Heat inactivation pro®le for taro PPO (*) and potato PPO

(*). (b) Arrhenius plot for heat inactivating of taro PPO (*) and

potato PPO (*).Fig. 3. pH-stability pro®les for taro PPO (*) and potato PPO (*).
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� RT ln�kT=Kh� �3a�
#�# ÿRT �3b�
#� �#ÿ#�=T �3c�

where R (8.3145 J molÿ1 oKÿ1) is the universal gas con-
stant, K (1.3806�10ÿ23 J oKÿ1) is the Boltzman con-
stant, and h (6.6261�10ÿ34 J s) is the Planck constant.
Results for these analyses are reported in Table 1.
To summarise, �E# was 90.1 kJ molÿ1 for tPPO heat

inactivation as compared to 61.8 kJ molÿ1 for pPPO
heat inactivation. At temperatures of 30±70�C, the
average values of �H# were 87.4 (�0.1) kJ molÿ1 and
59.1 (�0.1) kJ molÿ1 for tPPO and pPPO heat inacti-
vation, respectively. The value of �S# was ÿ56.2 (�4.1)
J molÿ1 oKÿ1 for tPPO inactivation and ÿ142 (�3.9) J
molÿ1 oKÿ1 for pPPO inactivation.
The preceding activation parameters are consistent

with the view that PPOs are relatively heat-labile
enzymes. Results from Table 1 suggest that tPPO is
slightly more heat-resistant than pPPO, apparently as a
result of the larger �H# value for inactivation. Based on
�S# values alone, pPPO would have been more heat-
resistant than tPPO. In general, �H# is seen as a mea-
sure of the number of noncovalent bonds broken in
forming a transition state for enzyme inactivation. �S#

is measure of the net enzyme and solvent disorder
change accompanying transition state formation.

3.5. Substrate speci®city

Apparent Km and Vmax values for crude taro and
crude pPPO are presented in Table 2. The value for Km

is normally constant for each particular substrate and
enzyme while Vmax varies with the concentration of
enzyme. The best substrate for each enzyme depends
on two factors: strong substrate binding as expressed
by a low Km and high catalytic e�ciency, as
expressed by a high Vmax value (for a ®xed enzyme
concentration). Thus, the criterion for the best substrate
is the Vmax/Km ratio (Palmer, 1995).
From the apparent Vmax/Km values (Table 2), the best

substrate is 4-methylcatechol for both tPPO and pPPO.
Abukharma and Woolhouse (1966) have reported that
4-methyl catechol was the preferred substrate for pPPO
from the King Edward variety of potato. Walker (1995)
has also noted that 4-methylcatechol is usually the best
substrate for plant PPOs.
tPPO and pPPO were both able to catalyse the oxi-

dation of dopamine. However, for this substrate Km and
Vmax cannot be calculated from a plot of 1/v vs 1/[S] by
the method of Lineweaver and Burk.
The amount of soluble protein in taro and potato

acetone powders was about 17 and 4%, respec-
tively. The amount of PPO in taro and potato
acetone powders, was estimated from Vmax values

Table 2

Apparent Km
a and Vmax

b values with di�erent substrates for crude taro

PPO and potato PPO

Substrate and parameter Crude taro PPO Crude pPPO

4-Methylcatechol

Km (mM) 9.0�0.4 1.1�0.1

Vmax (units/mg protein) 770.0�17.3 3848.7�180.5

Vmax/Km 85.6 3498.8

Catechol

Km (mM) 67.9�7.1 6.8�0.4

Vmax (units/mg protein) 849.0�87.4 9453.3�344.3

Vmax/Km 12.5 1390.2

Pyrogallol

Km (mM) 80.9�8.6 1.5�0.1

Vmax (units/mg protein) 352.3�31.9 2247.3�119.8

Vmax/Km 4.4 1498.2

Chlorogenic acid

Km (mM) 2.3�0.2 1.7�0.1

Vmax (units/mg protein) 163.0�6.2 1655.3�97.0

Vmax/Km 70.9 973.7

Ca�eic acid

Km (mM) 0 2.3�0.3

Vmax (units/mg protein) 0 3893.3�312.3

Vmax/Km Ð 1692.7

dl-dopa
Km (mM) 17.0�2.0 9.4�0.9

Vmax (units/mg protein) 273.0�25.0 2653.7�296.8

Vmax/Km 16.1 282.3

Dopamine

Km (mM) b b

Vmax (units/mg protein)
b b

Vmax/Km Ð Ð

a Values are reported as mean�S.D. for triplicate experiments.
b Inappropriate substrate, Km and Vmax cannot be calculated from

a plot of 1/v vs 1/[S] by the method of Lineweaver and Burk.

One unit of PPO activity produces an A420 change of 0.001min
ÿ1.

Table 1

Transition state parameters for the heat inactivation of crude taro PPO

and potato PPO

Temp.

Parameter �E#

(J molÿ1)
�H#

(J molÿ1)
�G#

(J molÿ1)
�S#

(J molÿ1 oKÿ1)

Taro PPO

30�C 90095.26 87575.96 104280.15 ÿ55.13
40�C 90095.26 87492.82 106226.69 ÿ59.85
50�C 90095.26 87409.67 105542.70 ÿ56.14
60�C 90095.26 87326.53 105794.20 ÿ55.46
Mean a 90095.3 87451.2 Ðb ÿ56.2
SD 9270 97.1 4.1

Potato PPO

30�C 61830.78 59311.49 102656.79 ÿ143.05
40�C 61830.78 59228.34 105489.54 ÿ147.80
50�C 61830.78 59145.20 106746.56 ÿ147.37
60�C 61830.78 59062.05 105556.59 ÿ139.62
Mean a 61830.8 59186.8 Ðb ÿ141.9
SD 10077.0 97.1 3.9

a Mean (�SD) for 12 estimates from triplicate experiments.
b Parameter varies with temperature (cf. Eq. (3)(a)).
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using 4-methylcatechol as a substrate, as 131�103 units
gÿ1 (taro acetone powder) and 154�103 units gÿ1

(potato acetone powder).

3.5.1. E�ect of inhibitors on crude PPO

The e�ects of four inhibitors, namely EDTA, NaCl,
ascorbic acid, and sodium metabisulphite on crude
tPPO and pPPO activity were studied. The results are
shown in Figs. 5 and 6. The percentage inhibition was
compared with that of the control (100% activity).
Sodium metabisulphite was the most e�ective inhibitor
followed by ascorbic acid. The e�ect of each inhibitor
on tPPO and pPPO is discussed below. The general
mechanisms of PPO inhibition have been reviewed by
Iyengar and McEvily (1992), Sapers (1993) and Marti-
nez and Whitaker (1995).

3.5.2. E�ect of EDTA on crude PPO

As seen from Figs. 5(A) and 6(A), the e�ect of EDTA
on crude tPPO activity was similar to that on crude
pPPO activity. The PPO activity decreased as the con-
centration of EDTA increased. However, EDTA was

not a good inhibitor. At any level of EDTA concentra-
tion, enzyme activities obtained from pre-incubation
conditions were lower than those obtained from with-
out pre-incubated condition. These could be explained
by the di�erence in contact time. With increased contact
time, EDTA could react to a greater extent with the
enzyme to suppress PPO activity. We expect a de®nite
e�ect from pre-incubation if the inhibitor acts directly
on the enzyme structure.
It is believed that EDTA can form a complex with

Cu2+ in PPO. This formation leads to a decrease in
enzyme activity. The inhibitory e�ect of EDTA would
depend on the binding constant for the complex formed
between metal ion and EDTA compared to the binding
constant for the complex of metal ion with the enzyme
(Whitaker, 1994). It has been reported by several work-
ers that EDTA is not a good PPO inhibitor. Luh and
Phithakpol (1972) found that the e�ect of EDTA on
cling peaches PPO activity was quite low. They had
speculated that the pH of the reaction mixture (pH 6.2)
may a�ect the a�nity of EDTA towards copper which
is an important part of PPO; therefore, EDTA showed a

Fig. 5. E�ect of inhibitors on taro PPO in 0.1M citrate±0.2M phosphate bu�er (pH 4.6). Inhibitors were; (A) EDTA, (B) NaCl, (C) ascorbic acid

and (D) sodium metabisulphite.
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slight e�ect on PPO inhibition. The e�ect of EDTA on
puri®ed yam PPO activity, studied by Anosike and
Ayaebene (1981), was slight. In addition, Lamikanra
(1995) claimed that EDTA had no signi®cant e�ect on
the rate of colour development in Muscadine wine.

3.5.3. E�ect of NaCl on crude PPO

The activity of PPO decreased as the concentration of
NaCl increased (Figs. 5(B) and 6(B)). The e�ect of NaCl
on crude tPPO activity was similar in pattern to that of
crude pPPO activity. Compared to the e�ect of EDTA,
the e�ect of NaCl on the inhibition of enzyme activity
was slightly greater. However, the highest concentration
of NaCl used, 40mM, showed less than 30% relative
inhibition compared to the control. From the data, it
may be concluded that the inhibitory e�ect of NaCl was
not satisfactory. This may be the result of the low con-
centration of NaCl. At any level of NaCl concentration,
PPO activities obtained from pre-incubation conditions
were lower than those obtained from no pre-incubation
condition. Nonetheless, the di�erences between both
conditions were only slight.
It is believed that the action of NaCl is due to its

interaction with the copper at the active centre of the
enzyme (Iyengar and McEvily, 1992; Sapers, 1993;
Martinez and Whitaker, 1995). Several works have been
reported on the e�ect of NaCl on PPO activity. Luh and
Phithakpol (1972) claimed that a 3% sodium chloride
solution (0.51M) may be used as an inhibitor to hinder

enzymatic browning in cling peaches. On the other
hand, the inhibitory e�ect at low NaCl concentration on
PPO activity is quite low. It was shown that the inhibi-
tion of PPO from d'Anjou pears by 10mM NaCl was
12%; by 1mM NaCl it was 8% compared to the control
which contained no NaCl (Halim and Montgomery,
1978). Similar ®ndings were also reported by Benjamin
and Montgomery (1973) on cherry PPO. In comparison
with the control, the inhibition of PPO from cherry by
400mM NaCl was 18%.

3.5.4. E�ect of ascorbic acid on crude PPO

As shown in Fig. 5(C), at low ascorbic acid con-
centration, the inhibitory e�ects on crude tPPO were
slight (with 1, 2.5 and 5mM ascorbic acid there was 21,
23 and 34% inhibition, respectively), while the result
obtained at higher ascorbic acid concentration (10mM)
was satisfactory (nearly 100%). The e�ect of ascorbic acid
on crude pPPO activity is shown in Fig. 6(C). The inhibi-
tory e�ect increased as the concentration of ascorbic acid
increased. It can be seen that pPPO tends to be inhibited
by ascorbic acid more easily than tPPO (cf. Figs. 5(C) and
6(C)).
At a given ascorbic acid concentration, there were

no signi®cant di�erences between the degree of PPO
inhibition obtained with or without pre-incubation.
This is as expected provided that ascorbic acid does not
act directly on the enzyme structure (see below). From
the above information, it can be concluded that ascorbic

Fig. 6. E�ect of inhibitors on potato PPO in 0.1M phosphate bu�er (pH 6.8). Inhibitors were; (A) EDTA, (B) NaCl, (C) ascorbic acid (D) sodium

metabisulphite and (E) sodium metabisulphite in 0.1M citrate±0.2M phosphate bu�er (pH 4.6).
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acid is an e�ective inhibitor of crude tPPO and pPPO.
This view is supported by results from Halim and
Montgomery (1978) who found that the inhibition of
d'Anjou pears PPO was 100% when 10mM ascorbic
acid was used.
In PPO assays, where ascorbic acid was used as an

inhibitor, a lag period was observed before any changes
in absorbance were measured. The extent of the lag
period increased with an increase in inhibitor con-
centration. Similar ®ndings were also reported by Halim
and Montgomery (1978), Lourenco et al. (1992) and
Ngalani et al. (1993). The mechanism of ascorbic acid
inhibition involves the reduction of quinones generated
by PPO (Iyengar and McEvily, 1992; Sapers, 1993;
Whitaker, 1994; Martinez and Whitaker, 1995; Whi-
taker and Lee, 1995). PPO catalyses the oxidation of
phenolic substrates to o-quinones whilst ascorbic acid
converts o-quinones back to phenolic compounds.
Changes in absorbance (A420 nm) cannot be observed at
the beginning of the reaction, thus creating a lag period.
After the lag period, when nearly all ascorbic acid is
converted to dehydroascorbic acid, the amount of o-
quinones formed by action of PPO increases. The
o-quinones then polymerise and or combine together
with amino compounds to form high molecular weight
brown pigments.

3.5.5. E�ect of sodium metabisulphite on crude PPO

From the data in Figs. 5(D) and 6(D), sodium meta-
bisulphite was the most e�ective PPO inhibitor. The
action of sulphite in the prevention of enzymatic brown-
ing can usually be explained by several processes. One is
the action on o-quinones. The formation of quinone-
sulphite complexes prevents the quinone polymerisation
(Embs and Markakis, 1965). A further action of meta-
bisulphite on PPO is directly on the enzyme structure
leading to the inactivation of PPO (Golan-Goldhirsch
and Whitaker, 1984). The latter e�ect is indicated by the
di�erence between tPPO inhibition obtained with and
without pre-incubation. Embs and Markakis (1965) and
Golan-Goldhirsch and Whitaker (1984) found that,
during pre-incubation of PPO with sulphite (dithreitol,
gluthathione or ascorbic acid), there was a gradual loss
in the ability of the enzyme to cause browning.
It has been suggested that sulphite reacts with dis-

ulphide bonds within PPO. This leads to the change in
tertiary structure of enzyme and inactivation. Com-
pared to the e�ect of sodium metabisulphite on tPPO,
that e�ect on pPPO was not strong. This di�erence was
identi®ed as arising from the e�ect of pH on the action
of sodium metabisulphite.
tPPO inhibition was initially tested at pH 4.6 whereas

pPPO inhibition was studied at pH 6.8. These pH values
corresponded to the pH optimum for each enzyme. In
order to con®rm the postulate that the pH of inhibition
is important, pPPO solutions were prepared in acidic

pH (pH 4.6) and pre-incubated with metabisulphite at
pH 4.6. The residual PPO activity was then determined
at pH 6.8. The result showed greatly enhanced inhibi-
tion of pPPO by metabisulphite at low pH.
In aqueous solution, soluble sulphites, as well as SO2,

exist mainly as a mixture of the ionic species sulphite
(SO2ÿ

3 ) and bisulphite (HSOÿ3 ). The relative proportion
of each form depends on the pH of the solution. At pH
4.6 the bisulphite anion is predominant and at pH 7
both species exist in the same proportion. Sayavedra-
Soto and Montgomery (1986) showed, with pre-incuba-
tion of PPO in sulphite, that the PPO inhibition using
sulphite was irreversible. Increasing sulphite concentra-
tions or lowering the solvent pH (to below pH 5)
enhanced PPO inhibition. In addition, they also proved
that HSOÿ3 was the main component in the sulphite sys-
tem inhibiting PPO. The major mode for the irreversible
inhibition was via the modi®cation of PPO structure.
When tPPO or pPPO was pre-incubated in �2.5mM
sodium metabisulphite for 10min, there was complete
inactivation.
During intial velocity measurements for tPPO or

pPPO in the presence of sodium metabisulphite, a lag
period was observed before changes in A420 readings
occurred (data not shown). The extent of the lag period
increased with an increase in sodium metabisulphite
concentration. The creation of a lag period during PPO
assays is usually a feature of the PPO inhibitors which
act as reducing agents. The third process leading to PPO
inhibition by bisul®te is via reduction of the inter-
mediate quinones as described for ascorbic acid.
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