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Abstract

Peroxidase from olive fruit (Olea europaea L., cv Douro) in a black ripening stage was purified to electrophoretic homogeneity, result-
ing in four cationic and four anionic fractions. The anionic fractions accounted for 92% of recovered activity and showed molecular
masses of 18-20 kDa. The anionic fraction PODa4, the predominant fraction that comprised about 70% of total recovered activity,
showed an isoelectric point of 4.4 and optimum pH and temperature of, respectively, 7.0 and 34.7 °C, and apparent K, values of
41.0 and 0.53 mM, for phenol and H,O,, respectively. From the activity-temperature profile, the denaturation temperature and the
changes in enthalpy and heat capacity for unfolding of PODa4 were estimated as being, respectively, 36.5°C, 411.2 and
—13.6 kI mol~! K='. The activation energy for phenol oxidation by PODa4 was 99.1 kJ mol~', corresponding to a calculated temper-
ature coefficient (Q;g) of 4. The arabinose (39 mol%) and galacturonic acid (38 mol%) content of the carbohydrate moiety indicated
the existence of pectic material in the purified PODa4 fraction. Co-migration of the carbohydrate with the protein band in the isoelectric

focusing electrophoresis, points to PODa4 fraction as being a pectin type binding peroxidase.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Peroxidases (donor: H,O, oxidoreductase, EC 1.11.1.7;
POD) are glycoproteins with ubiquitous distribution in
the plant kingdom, showing generally several isoenzyme
forms, high thermo-resistance and activity regeneration
after heat inactivation (Vamos-Vigyazo, 1981). The multi-
ple isoperoxidase forms found within the same plant source
can differ with respect to molecular mass, isoelectric point,
pH and temperature optima, substrate specificity, amino
acid and sugar compositions, and heat stability. Physiolog-
ical functions of POD include lignification, suberisation
and wound healing, general stress response, and protection
against pathogen attack (Veitch, 2004). In raw and pro-
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cessed foods POD activity has been associated with adverse
changes of flavour, colour, texture, and nutritional value
(Fils, Sauvage, & Nicolas, 1985).

Due to its high thermal stability and easiness of activity
quantification, peroxidase residual activity is frequently
used to determine whether the heat processing of vegeta-
bles has been adequate. Peroxidases are also becoming
increasingly attractive catalysts to generate free radicals
to synthesize a variety of polymers (Kobayashi, Uyama,
& Kimura, 2001), to promote stereospecific biotransforma-
tion of organic molecules (Adam et al., 1999), and for bio-
remediation (Klibanov, Tu, & Scott, 1983).

Olive fruit is used for oil extraction and also for con-
sumption as table olive after processing. Texture and con-
sistency are important quality characteristics of table olives
that can be influenced by the catalytic action of peroxidase,
since it has been associated with cell wall stiffening (Shah,
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Penel, Gagnon, & Dunand, 2004). POD activity in olive
fruit appears at the turning colour stage of ripening and
increases significantly in the full black ripened fruit
(Garrido Fernandez, Fernandez Diez, & Adams, 1997),
as observed also for polyphenoloxidase (Mafra et al.,
2006). The Portuguese Douro cultivar is one of the few cul-
tivars that produce fruits that can be harvested at the black
ripening stage, to be processed for consumption as black
oxidised table olives, resulting in a final product with good
texture properties. This feature was attributed to an
increase of both skin strength and stiffness caused by ripen-
ing (Georget, Smith, & Waldron, 2001), that prevents det-
rimental effects on texture caused by processing.

The objective of this work was to purify and character-
ize, for the first time, olive POD from naturally black
olives, of the Portuguese Douro cultivar, to further study
the possible contribution of olive POD to the peculiar tex-
ture characteristics of Douro cultivar black ripened olive.
Olive POD was characterized with respect to molecular
mass and isoelectric point, catalytic properties for the oxi-
dation of phenol, and denaturation temperature. Carbohy-
drate content and composition of the glycosidic fraction
linked to the main olive POD fraction was also studied.

2. Experimental
2.1. General experimental procedures

Phenol, 4-aminoantipyrine, polyvinylpolypirrolidone
(PVPP), hydrogen peroxide (30% v/v), bicinchoninic acid
(BCA) and standard bovine serum albumin protein were
purchased from Sigma. Column packing materials CM-
Sephadex and DEAE-Sephacel were from GE Healthcare.
SDS-PAGE and IEF Standards were obtained from Bio-
Rad. All other chemicals were of analytical grade.

2.2. Plant material

The olive fruits (Olea europaea L., cv Douro) used in
this work, were harvested at a black ripening stage and
were provided by Magarico Ltd. table olive industry. Upon
arrival at the laboratory, the fruits were frozen in liquid
nitrogen and stored at —20 °C until enzyme extraction
was carried out.

2.3. Purification procedure

Acetone powder, used as the enzyme source, was prepared
based on the method described by Civello, Martinez,
Chaves, and Anén (1995) for the extraction of strawberry
peroxidase, as follows. Frozen olives (100 g) were first
thawed at 4 °C, destoned, and homogenized for 2 min with
11 of cold acetone (—20 °C) using an Ultraturrax. The
homogenate was then filtered through a glass fibre filter
(Whatman GF/C), and the solid residue was washed with
cold acetone, until no more colour compounds were
removed by the washing, to obtain as much as possible a col-

ourless filtrate. The solid material was allowed to dry at room
temperature and the powder obtained was kept at —20 °C
until use. All steps of the extraction and purification proce-
dure were carried out at 4 °C, unless otherwise indicated.

An aqueous suspension (250 ml) in 0.05M sodium
phosphate buffer, pH 7.0, was prepared with the acetone
powder obtained (ca. 20 g), according to the procedure of
Ingham, Parker, and Waldron (1998). The suspension
was continuously stirred for 30 min and then centrifuged
at 20,000g for 20 min and the supernatant was separated.
The solid residue obtained was suspended again in 50 ml
of the same buffer and centrifuged alike. The two resulting
supernatants were combined and used as the crude enzyme
extract for the purification process.

The crude enzyme extract was brought to 30% saturation
by adding slowly solid ammonium sulphate with continuous
stirring for 30 min. The ppt was separated by centrifugation
(20,000g for 20 min) and the ammonium sulphate saturation
of the supernatant was increased to 90%, which was left
under stirring for 3 h. The resulting ppt was separated by
centrifugation (20,000g for 20 min), dissolved in a minimum
volume of 0.05 M sodium phosphate buffer, pH 7.0, desalted
by gel filtration using Sephadex G-25, and lyophilized.

The lyophilized enzyme extract was dissolved in water
(10ml) and applied to a CM-Sepharose column (GE
Healthcare, 1.6 x20cm), previously equilibrated with
0.05 M sodium phosphate buffer, pH 7.0, at a flow rate
of 15mlh™". The column was washed with 30 ml of the
buffer and the retained material was eluted using a contin-
uous linear gradient of NaCl (0-1.3 M), at the same flow
rate and with the same buffer. Fractions of 2.0 ml were col-
lected during elution, analyzed immediately for POD activ-
ity and their absorbance measured at 280 nm. Fractions
showing POD activity were collected, frozen in liquid nitro-
gen, and stored at —20 °C.

The fractions’ pool (12 ml) with POD activity, eluted with
the washing buffer from the CM-Sepharose column, were
loaded in two separated runs (5 and 7ml each), on a
DEAE-Sephacel column (GE Healthcare, 1.6 x 20 cm) pre-
viously equilibrated with 0.01 M Tris/HCI buffer, pH 7.0.
Before elution with a linear gradient of NaCl (0-1.3 M) in
Tris/HCI buffer (50 ml), the column was washed with 50 ml
of the same buffer without NaCl, in both cases at a flow rate
of 20 ml h™!. Fractions were collected, and analyzed in the
same manner as for cation-exchange chromatography.

2.4. Activity and protein quantification

Peroxidase activity was measured spectrophotometri-
cally based on the procedure of Worthington (1993). An
aliquot of enzymatic extract (50 pl) was added to 1.45 ml
substrate solution (0.1 M sodium phosphate buffer, pH
7.0, containing 83.0 mM phenol, 1.15 mM 4-aminoantipy-
rine and 0.95mM H,0,), previously equilibrated for
20 min at 25°C (Worthington, 1993; Yuan & Jiang,
2003). The increase in absorbance at 510 nm was recorded,
using a Shimadzu UV-160A spectrophotometer, equipped
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with a constant temperature cell holder at 25 °C. The slope
(AAsionm min~') of the initial linear portion of the curve
relating absorbance at 510 nm (the absorbance maximum
of quinol red, the coloured reaction product) versus time,
was determined to calculate the activity in nkat, using the
extinction coefficient (6.58 M~' cm™'), ¢, at 510 nm for qui-
nol red (Yuan & Jiang, 2003).

Total protein content was estimated according to the
bicinchoninic acid (BCA) method using bovine serum albu-
min (BSA) as standard (Smith et al., 1985).

2.5. Electrophoresis

Purity and molecular mass of the different olive POD
fractions were analyzed by SDS-PAGE, under reducing
and non-reducing conditions (two determinations each),
with a Phast System and a homogeneous polyacrylamide
gel (PhastGel Homogeneous 20 from GE Healthcare).
Samples were dialysed against water using SnakeSkin™
dialysis membrane (Pierce), with a cut-off of 3500 kDa,
during 12 h at 4 °C (conductivity measurements were used
to determine dialysis time). After dehydration under a
nitrogen stream, samples were prepared using a denaturing
soln (10 mM Tris/HCL, pH 8.0, 1 mM EDTA, 2.5% (w/v)
SDS and 0.01% (w/v) bromophenol blue —5% (v/v) B-
mercaptoethanol was only used under reducing condi-
tions). Markers with molecular masses in the range of
6.5-116.5 kDa (Bio-Rad) were used to estimate the molec-
ular mass of the different olive POD fractions. The gels
were stained using the silver staining method (Moreno,
Smith, & Smith, 1985).

Isoelectric focusing was performed using a Phast System
(GE Healthcare) on pre-poured gels (PhastGel 3-9) with pl
standards from 4.2 to 9.6 (Bio-Rad). The POD fractions
were dialyzed and concentrated using the same procedures
as for SDS-PAGE and the gel was also stained alike.

2.6. Optimum pH

Optimum pH was assayed with 0.1 M citrate, phos-
phate, and Tris/HCI buffers, for pH values of 4.0-5.0,
6.0-8.0, and 9.0, respectively.

2.7. Kinetic constants for phenol and H,0,

K, for phenol was determined by varying its concentra-
tion from 5 to 150 mM at a saturating concentration of
H,0,. Likewise, K, for H,O, (from 0.08 to 4.0 mM) was
calculated at a saturating phenol concentration. In both
cases least-squares nonlinear regression was used to esti-
mate K, by fitting the experimental data to the Michae-
lis—-Menten equation.

2.8. Denaturation and optimum temperatures

Denaturation (unfolding) temperature of olive PODa4
purified fraction was determined based on the procedure

reported by Hei and Clarck (1993), from the experimen-
tally determined activity-temperature profile, in the range
of 15-60 °C, at the optimum pH and substrates saturation
concentrations.

At any temperature, 7, the initial enzymatic reaction
rate, vy(7T), relates to the amount of active, native enzyme
(N), by the catalytic rate constant of the enzyme, k..(7),
and the equilibrium denaturation constant, Krp = [D}/[N]
(being D the amount of reversibly denatured enzyme), as
follows (Hei & Clarck, 1993):

kcat(T)EO

vo(T) = keat(T)N = T+ Knn(T)’

(1)
where Ej is the total amount of enzyme (Eqg = N + D) and
o, kear and Kgrp vary with temperature.

The effect of temperature on k¢, is described by the
Arrhenius expression:

bealT) = exp (7). 2)

where A is the Arrhenius pre-exponential factor, E, is the
activation energy (kJ mol™'), R is the universal gas con-
stant (8.314x 10> mol kJ™' K™'), and T is the absolute
temperature (K).

Temperature dependence of Krp is described by (Hei &
Clarck, 1993):
AH®  AC)

RT.. Tp(l +1n(Th))

Kgp(T) = exp {

AC'T, AH°\1 AC°
p _ m | — _p

where AH?n, ACg, and Ty, are, respectively, the change
in enthalpy for thermal unfolding at 7, and 1atm
(HreversibledenaturatedﬁHnative)a the Change in heat CapaCity
for thermal unfolding at 1atm (Cp reversibledenaturated—
Cp, native)> and the unfolding temperature (the temperature
at which Krp =1 and [D] = [N]).

Curve fitting was also carried out based on the proce-
dure described by Hei and Clarck (1993), as follows. Linear
regression was used to fit the Arrhenius relation (Eq. (2)) to
the lower-temperature experimental data points. Using the
estimated activation energy (E,), the Arrhenius pre-expo-
nential factor (4), and Eq. (2), the value of k., can be
calculated for the higher-temperature range of the activity-
temperature profile (in fact the k., calculated in this way
are the values expected if no denaturation would occur).
Then, these values were used to compute the values of
Krp, using Eq. (1). The calculated reversible denaturation
equilibrium constants were then used to estimate AH',
AC?,, and Ty, by Eq. (3) and least-square nonlinear regres-
sion (MATLAB software, The MathWorks, Inc., MA,
USA). To fit the whole activity-temperature profile, Eqs.
(2) and (3) where combined with Eq. (1) by substituting,
respectively, k., and Kgrp into Eq. (1) to yield the final
model-estimated activity-temperature profile.
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The optimum temperature (the temperature at which the
activity is maximal) was estimated by generating the model
curve, with a temperature step increment of 0.1 K, with a
maximum inaccuracy of less than 0.1 K.

2.9. Heat stability

Aliquots (300 pl) of the olive POD extract purified with
ammonium sulphate, were incubated at 40, 50 and 60 °C at
pH 7. After 5, 10 and 15 min, aliquots were withdrawn and
cooled immediately in an ice/water mixture. The residual
enzymatic activity was determined after 5 min cooling
and after 24 h storage at 4 °C, to check for the possible
occurrence of activity regeneration.

2.10. Carbohydrate content and sugar analysis

Hydrolysis of the carbohydrate moiety was carried out
at 100 °C using 1 M sulphuric acid during 150 min. Neutral
and amine sugars were analyzed as their alditol acetates by
GC (Blakeney, Harris, Henry, & Stone, 1983; Harris,
Blakeney, Henry, & Stone, 1988). A Hewlett—Packard-
5890 GC apparatus with split injector and a FID detector
was used, with a 30 m DB-1 column (J& W) with i.d. and
film thickness of 0.25 mm and 0.1 um, respectively. The
oven temperature program used was: 100 °C for 1 min, fol-
lowed by a rise in temperature at a rate of 2 °C min™~' up to
220 °C and then 220 °C for 1 min. The injector and detec-
tor temperatures were, respectively, 220 and 250 °C. The
flow rate of the carrier gas (H,) was set at 39.5 ml min~'.
Uronic acids were quantified by a colorimetric method
(Blumenkrantz & Asboe-Hansen, 1973) with some modifi-
cations described by Coimbra, Delgadillo, Waldron, and
Selvendran (1996).

The FT-IR spectra of PODa4 fraction were obtained
using a Golden Gate single refraction diamond ATR sys-
tem in a Brucker IFS-55 spectrometer. The spectra were
recorded at the absorbance mode from 4000 to 400 cm
(mid infrared region) at the resolution of 8 cm™' (Barros
et al., 2002).

For the methylation studies, the purified enzyme sample
was treated with powdered NaOH and methylated with
CH;l (Ciucanu & Kerek, 1984; Isogai, Ishizu, & Nakano,

Table 1
Purification of peroxidase from black ripened olive fruit

1985) as described by Coimbra et al. (1996). The partially
methylated alditol acetates were analyzed and character-
ized by GC-MS. This analysis was performed in a HP ser-
ies 2 gas chromatograph and Trio-1S VG mass-lab with
scans between 400-35 m/e/s with 70 eV ionization energy.
The sample was injected in splitless mode, with the injector
and detector operating at 210 and 220 °C, respectively,
using the following temperature program: 55°C for
0.75min with a linear increase of 45°Cmin~' up to
140 °C, and standing for 1 min at this temperature, fol-
lowed by a linear increase of 2.5 °C min~' up to 218 °C,
with further 37 min at 218 °C using an OV-1 capillary col-
umn (30 m length, 0.32mm of internal diameter and
0.25 pm of film thickness). The linear velocity of the carrier
gas (He) was set at 40 cms™' at 200 °C, with a solvent
delay of 4 min.

3. Results and discussion
3.1. Peroxidase purification

The results of the purification procedure for olive POD
are summarized in Table 1. Five different fractions with
POD activity were found using cationic exchange chroma-
tography. The four retained fractions were named PODcl—
4, with the (c) standing for cationic and the number indi-
cating the order of elution. The unbound fraction, eluted
with the washing buffer, was further purified by anionic
exchange chromatography, resulting in four fractions
showing POD activity (Fig. 1). These four retained frac-
tions were named PODal-4, with the (a) standing for anio-
nic and the number indicating the order of elution. The
four anionic fractions were responsible for 92% of the
recovered activity, with PODa4 showing a total activity
of 6.5 x 10° nkat, comprising about 70% of the recovered
activity.

3.2. Molecular mass and isoelectric point

SDS-PAGE of each of the eight fractions revealed a
single protein band either in presence or in the absence
of B-mercaptoethanol, indicating that all fractions were
homogenous and composed by a single polypeptide chain.

Fraction Protein (mg) Total activity (nkat) Specific activity (nkat mg~") Yield (%) Purification (-fold)
Crude extract 2700 6.8 x 10* 25 100 1.0
(NH,4),SO, precipitation 680 3.8x10* 56 56 2.2
PODcl 0.10 1.6 x 10° 1.6x10° 0.2 64
PODc2 0.07 3.3%x10% 4.7x10° 0.5 188
PODc3 0.03 1.3 %107 42x%10° 0.2 168
PODc4 0.04 2.0x 10% 49x10° 0.3 196
PODal 1.90 1.4%10° 7.3 % 102 2.0 29
PODa2 0.52 6.2 x 10% 1.2x 103 0.9 48
PODa3 0.72 6.8 x 102 9.5 % 102 1.0 38
PODa4 1.90 6.5% 10° 3.4x%10° 9.4 136
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Fig. 1. DEAE-Sephacel chromatography of olive POD present in the
excluded fraction from CM-Sepharose chromatography (fractions show-
ing POD activity were named PODal—4 according to order of elution). A
NaCl linear gradient up to 1.3 M was used and 2 ml fractions were
collected. Peroxidase activity ((J) per 2ml fraction, using phenol as
substrate, absorbance at 280 nm (@) and, NaCl gradient (broken line).

The molecular mass of the purified fractions, determined
by SDS-PAGE, under reducing and non-reducing condi-
tions, yielded an average of 66.4, 68.6, 64.3, and
60.2 kDa, for the cationic fractions (PODcl-4, results not
shown), and 18.4, 20.3, 20.1, and 20.5 kDa for the anionic
fractions (PODal-4, Fig. 2A). The molecular masses of
peroxidases from several fruits and vegetables usually
range from 30 to 54 kDa (Vamos-Vigyazé, 1981), but
higher values have been reported by Padiglia, Cruciani,
Pazzaglia, Medda, and Floris (1995) for opuntia (58 kDa)
and by Civello et al. (1995) for strawberry (58 and
66 kDa) peroxidases. Although the low molecular mass
for olive PODal—4 anionic fractions found in this work is
rather unusual, similar values were also reported by Khan
and Robinson (1993) for two mango isoperoxidases (22
and 27 kDa). More recently, a 6 kDa peptide from Raph-
anus sativus was reported as showing peroxidase activity
(Omumi, Morshedi, & Samadi, 2001). Ebrahimzadeh,
Motamed, Rastgar-Jazii, Montasser-Kouhsari, and Shok-
raii (2003) reported that POD activity in olive increased
gradually during fruit development, reaching a maximum
at full fruit development and remained then constant dur-
ing ripening and softening stages. Concomitantly with this
pattern of activity increment, the same authors verified the
appearance and increment of protein bands at 18-22 kDa,
thus pointing to the occurrence of POD isoenzymes with
molecular masses in this range in olive.

The four olive PODal-4 fractions (that accounted for
92% of the recovered activity) were isoelectrically focused
in a polyacrylamide gel, and appeared as a single band
(Fig. 2B). The isoclectric points obtained were 6.9 for
PODal and PODa2 and 4.6 and 4.4 for, respectively,
PODa3 and PODa4. The double peak for PODal shown
in Fig. 1 that was obtained for the two runs of the
DEAE-Sephacel chromatography indicates the possible
occurrence of two anionic peroxidases. However, since
only one band was obtained for PODal with SDS-PAGE
and isoelectric focusing electrophoreses, PODal was con-
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Fig. 2. (A) SDS—polyacrylamide gel electrophoresis under non-reducing
conditions and (B) isoelectric focusing of olive POD purified anionic
fractions (PODal, PODa2, PODa3, and PODa4) (M stands for markers
with known molecular mass or isoelectric point values, in (A) or (B),
respectively). PODa4" refers to PODa4 fraction with one fourth of the
protein content used in the gel, compared to lane PODa4.

sidered as only one anionic peroxidase. Since PODa4 com-
prised about 70% of the total recovered activity, this
fraction was further characterized for its catalytic proper-
ties for the oxidation of phenol, for its denaturation tem-
perature, and for the quantitative identification and
characterization of its glycan moiety.

3.3. Optimum pH
The activity of PODa4 showed a maximum at pH 7.0

and decreased steeply for higher and lower values of pH,
reaching 50% of maximum activity at pH values of about
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6.2 and 7.5. For comparison, it can be stated that the opti-
mum pH for activity of horseradish peroxidase, using phe-
nol as substrate, is also 7.0 (Worthington, 1993; Yuan &
Jiang, 2003).

3.4. Kinetic constants for phenol and H,O,

PODa4 revealed Michaelis—Menten kinetics with both
phenol and H,O,, up to a concentration of, respectively,
150 and 4.0 mM (Fig. 3). Apparent K, values estimated
using least-squares nonlinear regression were 41.0
(* =0.99) and 0.53 mM (+* = 0.99) for phenol and H,O,,
respectively. The value obtained for hydrogen peroxide
was very close to that obtained by Dong (2002) for horse-
radish peroxidase (0.43 mM),using phenol as hydrogen
donor, and comparable to those reported for anionic per-
oxidases from melon (Rodriguez-Lépez et al., 2000) and
from turnip roots (Agostini, Medina, Milrad de Forchetti,
& Tigier, 1997; Duarte-Vazquez, Garcia-Almendadrez,
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Fig. 3. Effect of (A) phenol and (B) hydrogen peroxide concentration on
activity of olive peroxidase anionic fraction PODa4 (insets: Lineweaver—
Burk plots). Vertical bars represent £SD (three determinations).

Table 2

Regalado, & Whitaker, 2000), with other hydrogen donors.
For horseradish peroxidase, a K, value of 13 mM for phe-
nol was reported (Liu, Song, Weng, & Ji, 2002), which is
considerably lower than the result obtained for PODa4.

3.5. Denaturation and optimum temperatures

Using the Arrhenius equation, a value of 99.1 kJ mol ™!
(Table 2) was obtained for the activation energy (E,) for
phenol oxidation. A value of 4 was obtained for the tem-
perature coefficient (Q;( — the quotient between the activity
at a temperature (7 + 10) K and the activity at 7' K). This
means that PODa4 activity doubles for each 5 °C increase.
For most enzymes in homoeothermic species (e.g. mam-
mals) the value of Q; is approximately 2 (Price & Stevens,
1996). However, enzymes of poikilothermic organisms, as
for example, species that have to adapt to cold conditions,
usually have Q;¢ values lower than 2. Organisms with
enzymes with Qo values higher than 2, might experience
considerable increase/decrease in metabolic reactions,
when temperature increases/decreases.

The thermodynamic parameters for the reversible
unfolding of PODa4 are also shown in Table 2. The value
obtained for AH? is within the range obtained for many
other proteins, while several proteins were also reported
to show negative values for ACg for thermal unfolding
(Pfeil, 1998). The value obtained for the unfolding temper-
ature, Ty, was 36.5 °C and the temperature for maximum
activity, Top, was 34.7 °C. Fig. 4 shows the experimental
points and the model fitted curve, in the whole activity-
temperature range.

100 1

80 1

60 -

40 A

Relative activity (%)

20 1

0 T T T T T
280 290 300 310 320 330 340
Temperature (K)

Fig. 4. Activity-temperature profile obtained for the oxidation of phenol
by PODa4. The model curve was obtained by fitting the experimental data
to the equation obtained by combining Egs. (1)-(3). Vertical bars
represent +SD (at least two determinations).

Parameters obtained from the Arrhenius fit (E, and A), for the fit of the thermal denaturation (Eq. (3), AH?, Acg, and T,), respectively, for the low- and
high-temperature ranges of the activity-temperature profile of phenol oxidation by PODa4, and for the estimation of T, (errors indicated are + 95%

confidence interval)

E, (kJ mol™!) A AH® (kT mol ™)

0 1 -1
AC,(kImol™ K™)

T, K (°C) Topi K (°C)

99.1 + 16.4 1.54 % 10Y (= 0.97) 41124622

—13.6+4.5

309.7 £ 0.5 (36.5) 307.9 + <0.1 (34.7)
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3.6. Thermal stability

An exploratory study of the thermal stability of olive
POD was undertaken using the extract obtained after
ammonium sulphate fractionation and desalting, which is
representative of all eight POD fractions found in olive
fruit. Heating at 40 °C for 5 and 10 min, caused 60% and
85% reduction of activity, respectively, and no measurable
activity could be detected upon heating at 50 and 60 °C for
5 min, indicating a moderate thermal stability that is in
accordance with the relatively low value obtained for T,
of PODa4. The enzyme was not able to regain activity
upon inactivation and storage at 4 °C for 24 h.

3.7. Carbohydrate content and glycosidic-linkage analysis

The glycosidic fraction of PODa4 was constituted mainly
by arabinose (39 mol%) and uronic acids (38%). Glucose
(10%), rhamnose (6%), galactose (4%), fucose (1%), xylose
(1%) and mannose (1%) were also detected, but in minor
quantities. Similar results were found for PODa3 fraction.
Chemical deglycosylation using TFA 1.0 M, 3 h, 120 °C,
instead of sulphuric acid, yielded identical values for both
PODa3 and PODa4 fractions (results not shown). With
both deglycosylation procedures neither glucosamine nor
galactosamine were detected. Although the sugar composi-
tion of the glycosidic part of PODal and PODa2 fractions
was not determined, the presence of uronic acids in these
fractions by the m-phenylphenol colorimetric assay was ver-
ified (Blumenkrantz & Asboe-Hansen, 1973; Coimbra et al.,
1996). The presence of galactose, fucose, xylose, and man-
nose, and the relative amounts of the latter three sugars,
points to PODa3 and PODa4 having a glycan moiety char-
acteristic for the “complex type” of glycoproteins (Dwek,
1996; Freeze, 2000), as was reported for petunia (Hendriks
& van Loon, 1990), horseradish (Kurosaka et al., 1991), and
peanut (Shaw, Sun, Barber, & van Huystee, 2000; Sun,
Lige, & van Huystee, 1997) peroxidases. Arabinose and glu-
cose were also reported to be present in petunia (Hendriks
& van Loon, 1990), horseradish (Clark & Shannon, 1976),
and tobacco (Choy, Wong, Lau, & Yung, 1979) peroxi-
dases. The origin of these sugars (and of rhamnose and uro-
nic acids) may be related to the presence of cell wall pectic
polysaccharides, as was proposed for petunia peroxidase
(Hendriks & van Loon, 1990).

To evaluate such a possibility, a FT-IR analysis was car-
ried out for the purified PODa4. The pectic polysaccharides
characteristic bands at 1150, 1100 and 1020 cm ™! (Coimbra,
Barros, Barros, Rutledge, & Delgadillo, 1998) present in the
FT-IR spectrum clearly indicated the presence of pectic poly-
saccharides. The presence of pectic polysaccharides was also
observed by methylation analysis of the arabinan moiety,
which allows to determine the type of glycosidic linkages
present. The results (not shown) revealed an arabinosyl com-
position that although more branched, is characteristic of
the arabinan that occurs as side chains of olive pulp pectic
polysaccharides (Cardoso, Silva, & Coimbra, 2002).

To eliminate the possibility of the presence of these pec-
tic polysaccharides as an artefact of the purification proce-
dure, namely, to discard the possible presence of
polysaccharides in the gels obtained by isoelectric focusing
electrophoresis, the phenol-sulphuric acid method
(Dubois, Gilles, Hamilton, Rebers, & Smith, 1956) that
allows the detection of sugars was applied. The results indi-
cated the presence of polysaccharides only at the positions
coincident with the four olive POD anionic protein bands,
as seen by the appearance of a brown colour. These results
point to the presence of pectic polysaccharides, in olive
PODal—4 purified fractions, possibly linked to the enzyme,
since it is not expected that the pectic polysaccharides, due
to their heterogeneity, would behave the same way as the
enzyme during ammonium sulphate fractionation, ionic
chromatographies, and isoelectric focusing electrophoresis.

Some peroxidase isoenzymes from lupin (Ros Barceld,
Pedreno, Munoz, & Sabater, 1988), zucchini (Penel &
Greppin, 1994; Penel & Greppin, 1996) horseradish (Penel,
Crevecoeur, & Greppin, 1996), and Arabidopsis leaves
(Shah et al., 2004), have been reported to show a specific
binding affinity for low methylesterified pectins in the pres-
ence of calcium. These peroxidases bind specifically to the
homogalacturonan domains of pectin chains, in their Ca®"-
pectate conformation, a structure called ‘egg-box’ or junc-
tion zone (Carpita & Gibeaut, 1993; Jarvis, 1984). The
Ca*"-pectate affinity exhibited by these peroxidases was
proposed to possibly function as a spatial distribution con-
trol mechanism within the cell wall matrix (Carpin et al.,
2001), since the Ca’'-pectate conformation of pectins
occurs mainly in middle lamella and cell corners (McCann
& Roberts, 1996). The interaction between zucchini perox-
idase and pectin was found to be of electrostatic nature,
although resisting relatively high concentrations of NaCl
(Carpin et al., 2001).

The results obtained in this work for fractions PODal-4
support the hyphotesis that olive peroxidase is a peroxidase
that binds specifically to pectic polysacharides, with a very
low molecular mass and very low degree of methyl esterifi-
cation. Ripening of olive fruit was found to cause signifi-
cant depolymerization of olive fruit cell wall pectic
polysaccharides (Mafra et al., 2006, 2001), with the conse-
quent formation of a relative higher proportion of lower
molecular mass pectic material. In addition, the degree of
methyl esterification of olive pectic polysaccharides
decreases from 71% to 35%, from green to black olives
(Mafra et al., 2001). In this way, low methylesterifed and
low molecular mass pectic material is present in black rip-
ened olives that can bind to olive POD.
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