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Abstract—Strawberry polyphenol oxidase (PPO) was extracted and partially purified by using three sequential
phase partitionings with Triton X-114 (TX-114) reported here for the first time. Monophenolase activity of
strawberry PPO was reported for the first time. The enzyme fulfilled all the tests of the kinetic reaction
mechanism previously proposed for PPOs from other sources. Therefore, this mechanism was also applicable
to monophenolase activity of strawberry PPO. © 1997 Elsevier Science Ltd. All rights reserved

INTRODUCTION

Enzymatic browning in fruits and vegetables is often
an undesirable reaction which is responsible for
unpleasant sensory qualities and losses in nutrient
quality. The prevention of this reaction has always
been a challenge to food scientists [1]. The main
enzyme involved in this reaction is tyrosinase or poly-
phenol oxidase (EC 1.14.18.1; PPO) which has been
the subject of several reviews [2-4]. PPO catalyses two
different reactions: the hydroxylation of monophenols
to o-diphenols (monophenolase activity) and the oxi-
dation of o-diphenols to o-quinones (diphenolase
activity) which, in turn, are polymerized to brown, red
or black pigments [5, 6].

The red colour in strawberries is due to the presence
of two main anthocyanin pigments, pelargonidin-3-
glucoside (PGN) and cyanidin-3-glucoside (CYN). It
has been suggested that the anthocyanins are not
degraded directly by the enzyme, but via o-quinones
formed by PPO [7] or by a degradation pattern similar
to that occurring to pigments in wines [8, 9].

In most PPOs, including strawberry PPO, dipheno-
lase activity has been widely characterized [10-12].
However, there are only a few reports on mono-
phenolase activity [13—-18], and this activity has not
been shown for strawberry PPO. This scarce infor-
mation about the monophenolase activity of PPO
stems from the lability of the enzyme during the puri-
fication process [1]. This phenomenon is well known
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in other plant PPOs [2] and results from changes in
the structure of the protein during purification [9].

The aim of this work was the detection and kinetic
characterization for the first time of the mono-
phenolase activity of strawberry PPO, after its extrac-
tion and partial purification by using the method with
Triton X-114 previously applied for extracting other
PPOs [15-18]. The monophenolase activity was assayed
with 3-methyl-2-benzothiazolinone hydrazone (MBTH)
as coupled chromogenic nucleophile [15-18, 20] on
p-hydroxyphenyl propionic acid (PHPPA) and 4-
hydroxyanisole (4HA), as new substrates for straw-
berry PPO. From the kinetic characterization of the
monophenolase activity of this enzyme, the applic-
ability to strawberry PPO of the same reaction mech-
anism previously proposed for PPO from other
sources {13-18, 21] was tested.

RESULTS AND DISCUSSION

Strawberry PPO was extracted and partially pur-
ified by using several sequential phase partitionings
with TX-114 [15-18]. The use of this surfactant
enabled the removal of both pectic material and
anthocyanins from the extract in a simple and fast
procedure. The enzyme had both diphenolase [Fig.
1(A), curve a] and monophenolase [Fig. 1(A), curve
b] activities. The latter was characterized by a lag
period (7) prior to the attainment to the steady state
rate (V,,) [16, 18].

Drastic extraction methods provoke the loss of the
monophenolase activity [1, 2, 19]. The non removal of
pectic material can cause co-aggregation with proteins
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Fig. 1. (A) Enzymatic activities of soluble strawberry PPO. (a) Diphenolase activity. The reaction medium included 21 ug
ml~' protein, 15 mM DHPPA, | mM MBTH and 2% DMF in 0.15 M AB (pH 4.3); (b) Monophenolase activity. The
reaction medium contained 210 ug ml~' protein, | mM MBTH, 2% DMF and 5SmM PHPPA in 0.15 M AB (pH 4.3). (B)
Insert: effect of pH on monophenolase activity (@) and on its lag period (A). The reaction medium included 60 ug ml~!
protein, 3 mM MBTH, 2% N,N,’-dimethyl formamide and 0.5 mM 4HA in 50 mM AB (pH 3.6-5.6) and PB (pH 5.8-7.0).

and enzymes such as PPO [22, 23]. The catalytic power
(Vmax/ K,») for the diphenolase activity is much higher
than that for the monophenolase activity of PPO [13,
14]. Thus, losses and/or dilutions in the PPO activity
lead to a very low catalytic power for the mon-
ophenolase activity even to the limit of detection.

Another factor which limits the detection of the
monophenolase activity is the assay method. The
MBTH method previously used in other works [15-
18, 20] is very sensitive and reliable. Moreover, the
monophenol that we use in this work (4HA) [24] is a
very good substrate for strawberry PPO because the
effect of the methoxyl group on the hydroxyl group
of the aromatic ring facilitated the nucleophilic attack
of the oxygen to the copper of the active site of the
enzyme.

Monophenolase activity toward 4HA increased as
the pH was increased from pH 3.5 and showed a
maximum at pH 4.3. The pH affected not only the
enzyme activity, but also the lag period. Both plots.
Vi vs pH and 7 vs pH, showed the same profiles
[Fig. 1(B), insert]. These results differed from those
described for some plant PPOs [21, 25, 26], but were
in agreement with those obtained for certain other

plant PPOs [14, 15, 18]. When the PHPPA/3,4-dihy-
droxyphenol propionic acid (DHPPA) pair was
assayed a similar optimum pH was obtained. The K,
values for PHPPA and DHPPA were 0.3 and 1.5,
respectively. The V., values for PHPPA and DHPPA
were 11.7 pkat and 1.6 nkat, respectively; with 210 ug
protein in the assays. The K,, value for 4HA was 2
mM and the V,,,, value was 90 pkat with 90 ug protein
in the assays. Changes in the pH affected the X, but
not the V,,, values, indicating the existence of two
significant pK, values of the free enzyme forms but
not of the enzyme-substrate complexes. The profile
of 7 vs pH was explained because the E,., form of the
enzyme (inactive on monophenols) had more affinity,
at the optimum pH, for monophenols and therefore t
increased. However, when the pH was either lower or
higher than the optimum the affinity, of the E,,., form
of the enzyme on monophenols was lower, and
decreased.

An increase of the enzyme concentration produced
a linear increase in V as well as a hyperbolic short-
ening in the lag period. This behaviour has been widely
described from several PPO sources [14-18, 21]. The
data obtained can be explained by the PPO reaction
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mechanism [13]. Increasing PPO concentrations pro-
duce a proportional increase of the E,, form in the
native state which means that there is more enzymatic
activity and the level of o-diphenol in the steady state
is reached more quickly, and so t diminishes.

An increase of monophenol concentration pro-
duced an increase in both the steady state rate and lag
period, similar to that described for other PPOs [14—
18]. This behaviour can be explained by the PPO reac-
tion mechanism [13]. The E_ form of the enzyme
is saturated when the monophenol concentration is
raised and there is more enzyme in the dead-end com-
plex E, M requiring more time to reach the steady
state. Moreover, the dimensionless parameter R,
which is the ratio between the o-diphenol concen-
tration in the steady state ([D],;) and the initial mono-
phenol concentration ((M1,), ([D]/[M],), must be con-
sidered [13, 14]. Therefore, an increase in the mono-
phenol concentration (at the same enzyme concen-
tration) produces an increase in the o-diphenol con-
centration and more turnovers are needed for the E,,
form of the enzyme to accumulate the necessary
o-diphenol in the steady state.

The addition of different o-diphenol concentrations
in the monophenolase activity diminished the lag
period. Again the data obtained can be explained by
the PPO reaction mechanism [13]. The R value,
([D]/[M)p) is independent of the enzyme con-
centration and is constant when the initial mon-
ophenol and enzyme concentrations are constant [13,
14}. Therefore, a rise in the initial o-diphenol con-
centration ([D],) shortened the time required for the
steady state rate level o-diphenol ([D],,) to be reached.
When [D], is higher than [D],,, the system must first
consume the excess of o-diphenol and then gradually
consume the monophenol and eo-diphenol before the
steady state rate is finally reached. In these conditions,
there was a burst in the activity. Depending on the
assay conditions a ( —1) or (+7) appeared which cor-
responded with an over-steady state or sub-steady
state rate level of [D],, respectively.

Consideration of the above factors allows for the
determination of the optimal monophenolase assay
conditions on 4HA. Thus, a limit of detection (LOD)
of 0.07 pkat ml™' and a limit of quantitation (LOQ)
of 0.2 pkat ml~! were obtained. Furthermore, from
ten assays at 1.53, 7.65 and 15.3 pkat ml~', coefficients
of variation (CV) of 6.4, 1.4 and 0.5%, respectively,
were obtained for the corresponding V' data values.

EXPERIMENTAL

Chemicals.  Strawberries  (Fragaria x ananassa
Duchesne, cv. Chandler) picked in Huelva (Spain) at
commercial maturity and stored at 4 were used as
enzyme source. 4HA was purchased from Aldrich
(Spain), DHPPA, PHPPA and MBTH from Sigma
(Spain) and all other reagents were of analytical grade
and supplied by Fluka (Spain). All other experimental

conditions (prepn of PPO, enzymatic assays, data
analysis) were as described in refs [15-18].

Acknowledgements—This paper has been partially
supported by the Direccion General de Investigacion
Cientifica y Técnica (Spain), project number
DGICYT PB92-988-C02. Juan Carlos Espin has a
fellowship from the Programa Nacional de For-
macion del Personal Investigador, Ministerio de Edu-
cacion y Ciencia (Spain), reference AP93 34785457,

REFERENCES

1. Matheis, G., Chemie Mikrobiologie Technologie

der Lebensmittel, 1987, 11, 5.

. Mayer, A. M. and Harel, E.. Phytochemistry,

1979, 18, 193.

3. Nicolas, J. J., Richard-Forget, F. C., Goupy, P.
M., Amiot, M. J. and Aubert, S. Y., CRC Critical
Review of Food Science and Nutrition, 1994, 34,
109.

4. Sanchez-Ferrer, A., Rodriguez-Lopez, J. N., Gar-
cia-Canovas, F., and Garcia-Carmona, F., Bio-
chimica et Biophysica Acta, 1995, 1247, 1.

5. Mathew, A. G. and Parpia, H. A. B., Advances in
Food Research, 1971, 19, 75.

6. Prota, G., Medical Research Review. 1988, 8, 525.

7. Peng, C. Y. and Markakis, P., Nature, 1963, 199,
59s.

8. Somers, T. C.. Phytochemistry, 1971, 10, 2175.

9. Wrolstad. R. E.. Lee, D. D. and Poei, M. S,
Journal of Food Science, 1980, 45, 1573.

10. Janovitz-Klapp, A. H., Richard, F. C., Goupy, P.
M. and Nicolas, J. 1., Journal of Agricultural and
Food Chemistry, 1990, 38, 1437-1441.

11. Wesche-Ebeling, P. A. and Montgomery, M. W,
Journal of Food Science, 1990, 55, 731.

12. Wesche-Ebeling, P. A. and Montgomery, M. W,
Journal of Food Science, 1990, 55, 1315.

13. Rodriguez-Lépez, J. N., Tudela, J., Varén, R,
Garcia-Carmona, F. and Garcia-Canovas, F.,
Journal of Biological Chemistry, 1992, 267, 3801.

14. Ros, J. R., Rodriguez-Lopez, J. N. and Garcia-
Canovas, F., Biochimica et Biophysica Acta, 1994,
1204, 33.

15. Espin, J. C., Morales, M., Varon, R., Tudela, J.
and Garcia-Céanovas, F., Analytical Biochemistry,
1996, 231, 237.

16. Espin, J. C., Morales, M., Varoén, R., Tudela, J.
and Garcia-Canovas, F.. Journal of Agricultural
and Food Chemistry, 1995, 43, 2807.

17. Espin, J. C., Morales, M., Varén, R., Tudela, J.
and Garcia-Canovas, F., Journal of Food Science
1996, 61, 1177.

18. Espin, J. C., Morales, M., Varén, R., Tudela, J.
and Garcia-Canovas, F., Phytochemistry, 1996,
44, 17.

19. Walter, W. M. J. and Purcell, A. E., Journal of
Agricultural and Food Chemistry, 1980, 28, 941.

20. Rodriguez-Lopez, J. N., Escribano, J. and Gar-

™o



670

21.

22.

23.

J. C. EsPiN et al.

cia-Canovas, F., Analytical Biochemistry, 1994, 24. Morgan, B. D. G., in Hydroxyanisole: Recent

216, 205. Advances in Antimelanoma Therapy, P. A. Riley.
Cabanes, J., Garcia-Canovas, F., Lozano, J. A. IRL Press, Oxford, 1984, p. 233.

and Garcia-Carmona, F., Biochimica et Biophy- 25. Sanchez-Ferrer, A., Bru, R., Cabanes, J. and Gar-
sica Acta, 1987, 923, 187. cia-Carmona, F., Phytochemistry, 1988, 27, 1219.
Flurkey, W. H. and Jen, J. J., Journal of Food 26. Valero, E., Escribano, J. and Garcia-Carmona,
Science, 1980, 45, 1622. F., Phytochemistry, 1988, 27, 2055.

Flurkey, W. H. and Jen, J. J., Journal of Food 27. Lavollaly,J., Legrand, F., Lehongre G. and Neu-
Biochemistry, 1980, 4, 29. mann, J., Physiology of Vegetation, 1975, 13, 667.



