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I ntr oduction

Theresear ch context

Olive (Olea europaea) is one of the established and largest crop in term of
foodstuff production in Mediterranean countries, such as Spain, Italy, Greece.
Starting from the last century, the intensive olive crop has been extended in other
Mediterranean countries (e.g. Turkey, Tunisie, Maroc), and exported in several
climate lands (e.g. California, Australia), thus its further expansion worldwide
seems to be the tendency in the next future.

The reason of this achievement moved from the recognition of positive
effects on the human health of olive food, especialy virgin olive oil, a
noteworthy component of the Mediterranean diet. In particular, many studies
have shown that diet supplemented with olive oil daily, reduced the frequency of
cardiovascular diseases, offered benefits in terms of colon cancer prevention and
showed anti-inflammatory activities. However al these effects are the result of
the higher levels of olive antioxidant compounds, particularly phenols [1-4].

Among olive phenols a bitter phenol glucoside, oleuropein [5], is largely
accumulated in leaf and fruit and plays a key role in constitutive defence against
pathogens [6] as well as in fruit ripening processes [7]. In particular, when olive
tissues are damaged, an enzyme specifically hydrolyses oleuropein, producing
highly reactive molecules[8].

The antioxidant and antimicrobia activities of oleuropein derivative
molecules against herbivores and insect attacks has been demonstrated in planta
[9] as well as against bacterial strainsin vitro [10, 11] and they are recognized as
pharmacol ogically active molecules [12].

Also during fruit ripening the same enzyme activity is involved in the
progressive degradation of oleuropein, and in the release of glucose and the
aglycones molecules, with the consequent physiological debittering of fruit
tissues [13-15].



This enzyme involved in the reaction is the B-glucosidase (E.C. 3.2.1.21)
belongings to the Gluco Hydrolase enzyme family 1 (GH 1,
http://www.cazy.org/fam/GH1.html). The main characteristics of these enzymes
arereported in Tab. 1.

Tab. 1. Main characteristics of p-glucos dases.

Mechanism Retaining

Catalytic Glu (experimental)
Nucleophile/Base

Catalytic Proton Donor  Glu (experimental); absent in plant myrosinases
3D Structure Status Fold: (b/a)

Clan GH-A

Relevant Links CAZypedia HOMSTRAD InterPro PFAM PRINTS PROSITE

Statistics CAZy Entries (1206); GenBank/GenPept (1996); Swissprot (391); 3D
(23); PDB (91); cryst (2)

Taxonomy Archaea (41); Bacteria (860); Eukaryota (305)

3D Display GH1 3D

B-glucosidases catalyze the hydrolyis of glycosidic linkages in aryl and
alkyl B-glucosides and cellobiose (Fig. 1) and occur ubiquitously in plants, fungi,
animals and bacteria. Since 3-glucosides and -glucosidases are ubiquitous in the
living world, one expects to find structural and catalytic properties shared by all
B-glucosidases. In fact a review reported that almost all B-glucosidases have
subunit molecular weights of 55 to 65 kDa, acidic pH optima (pH 5-6) and an
absolute requirement for a 3-glycoside as substrate [16].

B-glucosidases from different orders and kingdoms appear to differ in their

specificities for the aglycone linked to the glucosyl group by a B-glycosidic bond.


http://www.cazy.org/fam/GH1.html

H_A_E A O—H
==Y | N YT I =
H_A_E 5 '?_‘TA__E *
N | e ®

Fig. 1. Hydrolysis of the glycosidic bond. In most cases, this reaction is performed by two
catalytic residues of the enzyme: a general acid (proton donor) and a nucleophile/base.

In the past decade, considerable progress has been made on the molecular
biology and biochemistry of B-glucosidases. Some data have been available on
very different organisms (plants, fungi, bacteria and humans) and/or related to
specific problems (biomass conversion, cyanogenisis, host-parasite interactions,
Gaucher’s disease). Therefore, it is of interest to underline that research on -
glucosidases has significant implications both scientific and economic. In
humans, one B-glucosidase, commonly known as glucocerebrosidase, catalyzes
the degradation of glucosylceramide in the lysosome; the deficiency of the
enzyme leads to an inheredited disease, Gaucher’s disease [17].

B-glucosidases of cellulolytic organisms have been the subject of much past
and ongoing research. These enzymes are expected to be targets for genetic
engineering to design and select B-glucosidases for specific applications. In fact,
fungal and bacterial B-glucosidases appear as natural candidates for engineering
an ideal B-glucosidase to be used in the conversion of cellulose to glucose in
industrial scale.

Plant B-glucosidases have been known for over 170 years since the
description of the action of emulsin (almound B-glucosidases) on amygdalin, the
cyanogenic -D-gentiobioside of ailmonds, by Liebig e Wohler in 1837 [18]. In

plants, B-glucosidases have been implicated in several key metabolic events and



growth-related responses [16]. They range from defence against some pathogens
and herbivores through the release of coumarins, thiocyanates, terpenes and
cyanide to the hydrolysis of conjugated phytohormones (e.g., glucosides of
gibberellins, auxins, abscisic acid and cytokinins) and to the fruit ripening
processes.

Plant b-glucosidases have been investigated also for the specificity of their
reaction sites through the crystallography and the deduced 3D structures. The
omodimers of polypeptide chains arranged in a fold (b/a) structures (Fig. 2).
From these data, the absolutely request of aminoacid residues of Glu 358 and
Asp 374 are necessary for enzyme activity.

Fig. 2. The 3D structure of ab/a fold b-glucos dase from higher plant.

O. europaea tissues aso contain large amounts of B-glucosidase which
specifically hydrolyses oleuropein [7, 9]. The detected changes in B-glucosidase
activity and in its products of enzymatic hydrolysis at different stages of fruit
ripening [7] are strictly related to products quality [19-22]. In fact, good-tasting
table olives and olive oil are greatly influenced by the phenolic compounds
which are present in the fruit tissues. Thus, debittering of green olivesis a major
challenge in the industrial processing of fruit. In this context, investigations have
been performed to test the efficiency of the enzymatic hydrolysis of oleuropein

by the purified B-glucosidase from almond [23] compared with the enzyme from



the crude extract of olive fruit [9-10]. More recently a bioreactor with the
immobilized recombinant p-glycosidase from the archaeon Sulfolobus
solfataricus has been utilized to obtain high reactive molecules from oleuropein
cleavage [24]. The results obtained from these investigations indicate that
heterologous enzymes were not able to produce highly reactive dia dehydes from

oleuropein, which strictly requests olive b-glucosidase.

The research aims

Aim of the present research is to investigate, by in situ b-glucosidase
activity assay and by biochemical analyses
i. the mechanisms which regulate the enzyme expression and its activity on
oleuropein which leads to the sweetening of the ripe olive during fruit
ripening;

ii. the timing of enzyme activity and oleuropein content in fruit tissue
following a mimed pathogen attack (Fig. 3) in two cultivars (Fig. 4)
showing a different susceptibility against olive fly infestation [25].

Fig. 3. Fly female (Bactrocera oleae) during the attack on olive fruit. By the ovipositor, located
in the end part of her abdomen (a), the fly oviposes the eggs in tissues; developing larvae eat
tissues and make deep tunnels trough the pulp (b) atering the integrity and the quality of fruits

(©).
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Fig. 4. Spread of the cultivars Carolea (a) and Cassanese (b).

The obtained results have been aso useful to determine at which ripening
stage the fruit extracts show the highest enzyme activity; these extracts have been
thereafter processed by membrane technology to fractionate and purify b-
glucosidase (Fig. 5).

In this context the purified enzyme was used to develop a bio catalytic
membrane reactor to achieve the oleuropein cleavage able to produce the

bioactive molecules.
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Fig. 5. Schematic draw of membrane diafiltration system.

Resear ch items

Cell and tissue localization of b-glucosidase during the ripening of olive fruit

(Olea europaea) by in situ activity assay

The cytological localization has been performed by the hydrolysis of X-Glc,
a chromogenic synthetic substrate devel oping an insoluble blue precipitate in the
cells. A strong reaction was detected within nucleus, chloroplasts and cytoplasm
oil droplets. The enzymes kept in chloroplasts and oil droplets showed high
specificity for the exogenous oleuropein respect to those toward X-Glc in thein
situ competitive assay, thus indicating that two different oleuropein-degradative-
b-glucosidases are present in these cell compartments.

Following the fruit ripening, significant variations in the number and
distribution of reactive cells in mesocarp tissues have been observed. In fact, in
immature fruits enzyme activity was not detectable in the outer mesocarp cells,

whereas rare nuclei showed positive reaction in the inner mesocarp cells. Instead,



in green mature fruits a great number of reactive cells were found distributed in
the whole mesocarp. The b-glucosidase activity appears preferentially localized
in the outer mesocarp cells where a high activity was observable at the level of
chloroplasts. Finally in black fruits numerous reactive cells were located only in
the inner mesocarp close by the woody endocarp, whereas the outer mesocarp
cells are devoted to polymeric anthocyanins accumulation. Thus, b-glucosidase
activity level also decreased during fruit ripening.

These results clearly showed that the variations of oleuropein-degradative-
b-glucosidases activity during ripening seems to be related to a different

competence of single mesocarp cells to synthesize the enzyme isoforms.

Oleur opein-specific-b-glucosidase activity marks the early response of olive

fruits (Olea europaea) to mimed insect attack

Two cultivars of Olea europaea showing different susceptibilities to the fly
infestation have been taken into account: a) cv Carolea, characterized by a high
susceptibility to Bactrocera oleae infestation and b) cv Cassanese showing alow
susceptibility. In both cultivars, the histochemical assay for b-glucosidase
showed that, within 20 min after the injury, a strong enzyme activity was present
in the damaged tissues. Thereafter a progressive enzyme inactivation occurred
starting from tissues around the boundary of the injury and the enzyme activity
disappeared after 60 min. The loss of activity decreased and stopped after 3 h,
whereas the active cells limit reached the distance of 300 + 50 nm from the edge
of injury. Biochemical analyses showed that in injured fruit extracts the b-
glucosidase activity rapidly increased within 20 min from the injury, thereafter it
decreased, reaching values comparable with those in sound fruits. Following the
damage, the oleuropein contents did not change significantly in the high

susceptible cultivar, while it rapidly decreased in the cultivar showing a low
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susceptibility. These results strongly suggest that the olive fruit susceptibility
toward the fly infestation could be related to the ability of the oleuropein-
degradative-b-glucosidase to produce high reactive molecules in the damaged
tissues. As a consequence of injury also a strong peroxidase activity was
thereafter detected. This interesting pathway suggest that also this enzyme was

involved in the following defence response.

Improvement of B-glucosidase activity of Olea europaea fruit extracts
processed by membrane technol ogy

The purification of olive b-glucosidase is of high interest for its application
in the food and pharmaceutical fields The enzyme is not yet commercially
available and advanced clean and safe technologies for its purification able to
maintain the functional stability are foreseen. The purification of this protein
from fruit extracts has been already tempted by electrophoresis but either enzyme
deactivation or high background with unclear profiles occurred. Fruit extracts
obtained from the mature green phase of ripening, showing the highest enzyme
activity, were processed by diafiltration and ultrafiltration. Asymmetric
membranes made of polyamide or polysulphone having 50 and 30 kDa molecular
weight cut-off, respectively, were tested for the diafiltration process.

Ultrafiltration membranes made of polyethersulfone with 4 kDa molecular
weight cut-off were used to concentrate the diafiltered permeate solutions. The
efficiency of the separation processes was evaluated by enzyme activity tests
using the hydrolysis of p-D-nitrophenyl-p-D-glucopyranoside (pNPGIc) as
reaction model. Qualitative and quantitative electrophoresis were applied to
analyze the composition of protein solution before and after the membrane
separation. In addition dot blot and western blot analyses were applied to verify

the presence of -glucosidase in the processed fractions.

11



The process allowed to separate and to identify a major enzyme form with
molecular weight of 65 kDa identified as a putative -glucosidase by a western
blot analysis and enzyme activity assay and a 20 kDa monomeric protein that in
the native extract is combined to form higher molecular weight complexes. The
diafiltration resulted a methodology able to guarantee the protein stability. In
fact, the overal results showed that the p-glucosidase functional stability was
preserved during the membrane operations and the removal of 20 kDa proteins
allowed to increase the specific activity of the enzyme of about 52% compared to

the one present in the initial fruit extract.

Immunolocalization of b-glucosdase immaobilized within polysulphone

capillary membrane and evaluation of its activity in situ

The new method we performed results from the merging of the classic in
situ enzyme activity assay together with western blot technique. The results
either at low than at high magnification can be easily detectable light
microscopy.

B-glucosidase was immobilized by physical method in asymmetric capillary
membranes made of polysulphone having 30 kDa cut-off. Membranes sections
processed with in situ assay showed a blue uniform staining by the insoluble
reaction product. In order to verify if the colour distribution was not due to
product diffusion, but corresponded to the presence of the immobilized enzyme,
an immunolocalization method to localize B-glucosidase specificaly was also
developed. As result of the antibody recognition, black spots were localized
inside the membrane.

The results obtained by polyclonal antibody against f-glucosidase and the
synthetic substrate clearly showed a coherent correlation between the catalytic

activity and the sites of enzyme immobilization.
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Abstract

(lea enrapaea is an endemic tree in the Mediterrranean basin of large economic interest for both oil and fruits production. Cne of the main
problems to solve for improving the fruitqualitvis olive debittering, Thus we aimed o study, at evtological level, the B-glucosidases invol ved in the
enzymatic degradation of oleuropein, a hitter defence phenol glucoside. This work represents the first insight on the m situ localization of -
glucosidase activity inthe mesocarp tissue of olive during fruit ripening, The cvtological localization is performed by the hydrolvsis of X-Gle, a
chromogemic synthetic substrate developing an insoluble blue precipitate in the cells. A strong reaction is detected within nuclens, chlomplasts and
eyvtoplasm il droplets. The enzymes kept in chloroplasts and oil droplets showed high specificity for the exogenous oleuropein respect 1o those
towand X-Gle in the in situ competitive assay, thus indicating that two different oleuropein-degradative-pB-glucosidases are present in these cell
compartments, Following the fruit ripening, significant variations in the number and distibution of reactive cells in mesocarp lissoes ane observed.
In factin immature fruits the reactive cells are very few and located in the inner mesocarp zone; thereafter, in green mature fruits a greatnumber of
reactive cells are found distributed in the whole mesocamp. Finally in black fruits numerous reactive cells are located only in the inner mesocarp
close by the woody endocarp, whereas the outer mesocarp cells are devoted 1o polymeric anthocyanins accumulation. These results clearly showed
that the variations of oleuropein-degradative-B-glucosidases activity during ripening are due 1o changes in the competence of single mesocarp cells

1o synthesize the enzvme isoforms,
i 2006 Elsevier Ireland Ltd. A1l rights reserved.

Keywords: Olea europaza; B-Glucosidase (EC 3.2.1.21); Fruit ripening; Me situ enzyme activity; X-Gle; Olewropein

1. Introduction

Mea europaeais anendemic plant of the Mediterranean basin
and has been cultivated both oil and fruit production with
considerable efforts to improve the fruits quality. In this context,
one of the most crucial problems to solve is olive debittering. In
fact, in olive leaf and fruit a bitter phenol glucoside, oleuropein
[1], is accumulated as a defence mechanism against phytophato-
gens [2]. In particular, when olive tissues are injured by
phatogens or by mechanical damage, an enzyme specifically
hydrolyses oleuropein producing highly reactive molecules [3].
The antioxidant and antimicrobial activities of olewropein
derivative molecules against herbivores and insect attacks has
heen demonstrated in planta [4] as well as against bacterial
strains ix vitre [3,6]. The enzyme involved in this reaction is the

* Comesponding author. Tel.: +39 0984 492967, fax: +39 (084 492986,
E-mail address: smazzuca@unical it (5. Marzuca),

Q6894 527% - soe front matter (© 2006 Elsevier Ireland Ltd. All rights reserved.
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p-glucosidase (E.C. 3.21.1.21) belongings to the glucohydrolase
enzyme family 1 (GH 1); many components enzymes have been
identified in plants where they play important roles in growth,
development, detoxification, ripening and defence [7]. O.
eurgpaea tissues also contain large amowunts of B-glucosidase
which specifically hydrolyses oleuropein [8.4]. Also during fruit
ripening the P-glucosidases are involved in the progressive
degradation of oleuropein, and in the relesse of glucose and the
aglycones molecules, with the consequent physiological debit-
tering of fruit tissues [9-11]. The detected changes in -
glucosidase activity and inits products of enzymatic hydrolysis
at different stages of fruit ripening [8] are strictly related to
products quality [12-15]. In fact good-tasting table olives and
olive oil are greatly influenced by the phenolic compounds which
are presentin the fruit tissues. Thus debittering of green olivesisa
major challenge in the industrial processing of fruit. The most
commonly employed methods involve dilute NaOH solution or
with low concentration of NaCl solutions. The NaOH treatments
hydrolyse oleuropein into its derivatives and produces sugar.
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Conversely, olewropein incressed the salt diffusivity and was
extracted from tissues when olives were immersed in the NaCl
solution. Following both treatments a lactic fermentation takes
place that included yeast [16]. There is good evidence that the
chemical treatments could be substituted by a microbiological
procedure that would provide both debittering and fermentation
steps by using oleuropeinol ytic Lactobacillus plantarum strains
[15]. In fact, the L plantarim strains we able to hydrolyse
oleuropein by means of a bacterial p-glucosidase reaction with
the formation of aglyeone and sugar. This treatment results in
olives with better taste than alkali or salt treatments, due to the
higher sugar and protein contents in the final products. In this
context, investigations have been performed to test the efficiency
of the enzymatic hydrolysis of oleuropein by the purified p-
glucosidase from almond [17] compared with the enzyme from
the crude extract of olive fruit [4.5]. More recently an
immobilized recombinant B-glycosidase from the archacon
Sulfolobus solfataricus has been tried [18]. In spite of the
extensive investigations we lack data sbout the enzyme
behaviour in vive during olive fruit ripening. In our opinion
knowledge of the tissue and cell localizations of B-glucosidase
might be essential to understand the mechanisms which regulate
the enzyme activity toward the oleuropein during fruit ripening
that it determines the sweetening of the ripe olive. This
information could be also useful to purify the enzyme from olive
fruit and for the further technological applications on olive
foodsuff processing.

The aim of the present research is the in site localization of B-
glucosidase activity in olive fruit tissues by using the synthetic
substrate X-Glc specific forthe GH 1 enzyme family [19.20]. The
in st assay was performed at different stages of fruit
development, from anthesis to ripening: clarification of enzyme
activity levels in tissue and/or cell compartment was sought.

2. Materials and methods
2.1. Plant materials

(0. europaea fruits cv. Carelea, grown in the Calabria region
were randomly hand picked every two weeks from June to
November from two established orchards. The experiments
were carried out on fruits at three developmental stages: (i)
green immature fruit without woody endocarp (50 days after
anthesis), (i) green mature fruit with woody endocarp (120
days after anthesis), (iii) green-brown fruit (160 days after
anthesis). In Table 1 the relationship between developmental
stages of fruits and days after anthesis is reported.

Tahle 1

22, B-Glucosidases in situ assay

For eachripening stage (n = 5) fruits were freshly sectioned at
47°C, using a vibratome (Leica VTI000E, Germany ), atof 80 pm
thickness. Median sections were immediately placed in the
minivials containing 1 ml of detection buffer, adapted for p-
glucosidase according to Jefferson [21], containing 60 pM X-
Gile (5-brome-4-chloro-3-indolyl- f-p-glucopyranosyde, Sigma,
St. Louis), 50 mM phosphate buffer pH 6.5, 1 mM potassium
ferricianide, 1 mM potassium ferrocianide, 10 mM EDTA pH
210, After the enzymatic hydrolysis by endogenous the synthetic
substrate X-Gle, glucosidase developed an insoluble blue
precipitate on the site of reaction, thus localizing the enzyme
in the cells. For each sample three seed sections treated with
detection buffer without the X-Gle represented the controls.
Sections were incubated ina wet chamber at 37 “Cin the dark for
A min, 1h, 2h and 3 h. The reaction was stopped in cold
phosphate buffer and the sections were mounted with glycerol on
slides for optical microscopy. Images were acguired by Leitz
Dialux epifluorescent microscope (EB) equipped with a Charge-
Coupled Device (CCD) camera. Image analysis on five sections
for each fruit (n =25 for each ripening stage) was performed by
QWin™ Image System Software (Leica). The percentages of
reactive cells per section were evaluated as dyed cellsitotal cells,
For each section about 100 cells were scored.

2.3. Substrate competition assay

Mature green fruits (n=35), were freshly sectioned as
described above. Median sections were immediately placed ina
minivials containing the detection buffers. Purified oleuropein,
from green mature fruit, was dissolved in 80% methanol and
10 pl of solution was immediately added in three different
detection buffers at the final concentration of 18, 30 and 60 pM
oleuropein, respectively. Sections were immersed in the buffers
and incubated for 1 h at 37 °C. Images were acquired and
analysed, as above described. The assay was replicated three
times

24, p-Glucosidase activity in fruit extracts

The B-glucosidase activity in fruit extract was performed
according to Briante et al. [B]. Typically, 1 g fresh pulp of fruits
(n= 5 for each ripening stage) was ground in liquid Na using a
mortar and pestle. Tissue powder was suspended in 12.5ml
01M borate buffer, pH 9.0, 6% (wiv) PVP (poly-vinil
pirrolidone), 1% (w/v) b-mercaptoethanol, 1.0 mM PMSF

The relationship between developmental stages of fruits, days after anthesis and the B-glucosidase activity in mesocanp tissues during one harvesting season

Developmental stages of fruit®

Immature green with no woody endocanp Immature green with woody endocarp Mature green Gireen-hrown
Days after anthesiz 50 &0 120 160
P-Glucosidase® Ulg fresh weight 0.31 £0.02 1.35 =0.1 LW =01 00 =008

* For the determination of the developmental stage s = 30 fruits for each stage were randomly sereenad.
" Results are the mean of three ndependent replicates, For cach replicate at least of v = 3 fruits were used.
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{phenylmethylsulfonyl fluoride). The suspension was shaken
gently for 1h at 4°C and centrifuged in a minifugue at
27.000 % g for 1 h. The upper oil phase was carefully removed
and the agueous phase, representing the active enzyme enriched
phase, was filtered on paper and used in the enzyme assay. The
B-glucosidase activity against pNPGle ( p-n-nitrophenyl-f-n-
glicopyranoside) [22] was evaluatedat 37 °C, by measuring the
increase in absorbance at 405nm of the reaction medium
composed of 200 mM Na-phosphate buffer adjusted to pH 4.6.
The linear coefficient used to calculate the concentration of the
reaction product was measured by a calibration curve made
with standard solutions of p-nitrophenol (Sigma-Aldrich) and
corresponded to 140 M ' em . The enzyme specific activity
was expressed as mmoles of ponitrophenol produced per minute
at 25 °C per g of fresh weight (mmol/min g).

3. Results

3. Cwiological aspects of fresh and fived tissues of olive
mesocarp

Longitudinal sections of olive fruit mesocarp of both resin
embedded samples, were stained with 0.1 % Safranin solution

(Fig. la) whilst unfixed samples sectioned by a vibratome
(Fig. 1b) were compared. In the parenchyma cells of fixed
samples a well structured nucleus is visible together with a
highly vacuolated cytoplasm, containing one or a few large oil
bodies and clusters of small il droplets (Fig. la arrow). In
fresh tissues sections the parenchyma vacuolated cells show
prominent and translucent oil bodies very similar in both shape
and dimension to those in fixed tissue. Clusters of small
droplets are also observable in the cytoplasmic enclaves
(Fig. I b, black arrows). Thus the only difference detected. at the
cytological level, between fixed and fresh tissue, is the higher
number of chloroplasts per cell in fresh tissues, certainly due to
the higher section thickness (Fig. 1b, white arrow). The above
observations indicate that fresh samples can be used for the in
sim localization of B-glucosidase activity, since they preserve
both the enzymatic activity and the cell structures.

3.2 In situ localization of B-glucosidase activity

Longitudinal sections of the outer and inner mesocarp of
olive fruit, after in siru f-glucosidase assay, are shown in Fig. 1c
and d, respectively. The blue precipitate, resulting from X-Gle
hydrolysis, shows the endogenous B-glucosidase localization.

Fig. 1. Cyto-histological aspects of olive mesocarp from cv. Carolea green fruits () 3 pm resin embedded section of 1,3% pheeraldeyde fived tissue and stained with
0.1 % Safranin O zolution; () 80 pm fresh section obtained by the vibrotome, {c and d) seetions afer the in sing assay of p-glucosidase, The insoluble products of the

X -Gle precipitate in the cells of the whole mesocarp. The sites of reaction were identified as blue spots inside the nuclei and chl

’T“ A o ‘_\'

lasts in {h
plasts in

below the epidermis (c), in the nuclei and in the oil droplets in the inner mesocarp (d). The black amows indicate the oil droplets, the white arows indicate the

chloroplasts. v = vacuok, # = nucleus; ¢ = eytoplasm; o = oil hody. 1505 (a-d).
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Fig. 2. Cellular bocalizations of B-glucosidase activity in the mesocarp of olive green fruit after the i sifu asay. (a) Cells in the mesocarp below the epidemmis
showing a strong enzyme activity inthe chloroplasts (white amows; see image details in a,), at level of the nucleus and in the eytoplasm enclave around it (b andc)
cells in the inner mesocarp which exhibit the B-ghioosidase activity in the nucleus and in the core of cach small oil droplets (black arrows; see image detils inb and

2yl i= mucleus, o =ail body, 400x {a—c and o); 800 {3, and b ).

Clear differences are noted by comparing the outer and the
inmer mesocarp parenchyma cells. Indeed the outer mesocarp
cells exhibit a strong reaction both in nuelei and chloroplasts
(Fig. lc), whereas in the inner mesocarp cells only reactive
nuclei are present (Fig. 1d). Details of enzyme localization in
the cells of outer and inner mesocarp are shown in Fig. 2.
Reactive chloroplasts, within cvtoplasm enclaves encircling the
nucleus of outer mesocarp cell are shown in Fig. 2a (white
arrows). In particular, enzyme localization is observable inside
the chloroplasts in Fig. 2al. Regarding the parenchyma of the
inmer mesocarp, the enzyme reaction is observable in the cells
nuclei (Fig. 2b) and in the core of each small oil droplet in
cytoplasmic clusters (Fig. 2bl and cl).

3.3, Oleurapein-degradative- fi-glucosidases localization

Longitudinal sections of outer and inner mesocarp of olive
fruit after the in sitv competitive assay are shown in Fig. 3.
Exogenous oleuropein just at the concentration of 18 pM, three
times less than synthetic substrate, strongly inhibits X-Gle
hydrolysis in the chloroplasts of the outer mesocarp cells
(Fig. 3a) and in the small cytoplasm oil droplets of the inner
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mesocarp cells (Fig. 3b). Notably both in outer and inner
mesocarp cells the nuclel remain reactive (Fig. 3a and b).
Altogether these results indicate that at least two different B-
plucosidases, are highly specific to oleuropein, they remain
stable in oil droplets and chloroplasts. On the contrary, the
activity in nuclel seems to be due to a non-specific p-
glucosidase which shows a higher specificity toward X-Gle in
comparison to the olewropein. The cell compartments of
oleuropein and its degradative-p-glucosidases are reported in
Fig. 3. In the outer mesocarp cell the oleuropein is stabilised in
the wvacuole of cells, the enzyme is located inside the
chloroplasts. A B-glucosidase precursor protein is also in the
cytoplasm, before going in the chloroplast organelle (Fig. 3c);
alternatively, in the cell of the inner the oleuropein degradative-
B-glucosidase is localized inside the core of oil droplets and the
oleuropein is stay in the vacuole compartment (Fig. 3d).

4. p-Glucosdase activity distributions during the olive
fruit ripening

The histo-anatomical pattern of olive fruit collected 50 days
after anthesis 15 portrayed in Fig. 4a (see figure caption for
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Fig. 3. Cell localizations of Bglucesidase activity sub

quent to the competitive in sitw assay by adding 18 pM exogenous oleurapein (a) inthe cells of the outer

mesecarp and (b) in the cells of inner mesocanp. The white amows indicate chloroplasts, the black arrows indicate small oil droplets; models of oleuropein-

and ol in

degradative-f-glucosid

partimentations in the cells the outer mesocarp tissues () and in the inner mesocarp tissues {d). B0 x {a and b).

Drawings showed the cell mnmmonof olewropein and its degradative-f-glucosidase in the cell of de outer mesocarp (al) and in the cell of the inner

mesocarp (b1

details). The P-glucosidase activity, localized at the nuclear
level, is evident both in the cells of developing embryo (see
arrow in Fig. 4b) and in the endocarp cells around the embryo
sac (Fig. 4c). At this stage enzyme activity was not detectable in
the outer mesocarp cells. whereas rare nuclei show positive
reaction in the inner mesocarp cells (Fig. 5a and al).

From 80 to 120 days after anthesis, the endocarp became
completely lignified and in there was a substantial increase in
the numberof labelled cells. The B-glucosidase activity appears
preferentially localized o the outer mesocarp cells (Fig. 5band
bl) where a high activity is observable at the level of
chloroplast resolution. At the beginning of browning process
{about 160 days after anthesis), p-glucosidase activity was not
detectable in the purple cells of the outer mesocarp that show
polymeric anthocyanin accumulation (Fig. 5¢). Thus, in line
with the cytological data, B-glucosidase activity level also
decreased during fruit ripening (Table 1).

As can be seen in Fig. 5cl, in the mesocarp cells of mature
fruit the nuclel are stll positive in the assay, whereas the
chloroplasts did not shown any reactivity. However in the inner
mesocarp, B-glucosidase activity is still detectable in the core
of small oil droplets (data not shown). Note that B-glucosidase
activity is never present in fruits epidermis cells, whatever the
stage of ripening considered.
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4. Discussion

This research is the first report on in situ detection of p-
glucosidase in the mesocarp of O enropaea fruit during both
development and ripening. The mesocarp of olive fruit consists
of parenchyma in which highly vacuolated cells increase their
volume during both fruit ripening and oil production [23]. They
show a structured mucleus and a cytoplasm  containing
chloroplasts, large oil bodies as well as clusters of small oil
droplets. Inunfixed tissues we localized B-glucosidase activity
in chloroplasts, which is strictly related to the cell position in
the fruit mesocarp. In fact, in the outer mesocarp cells,
subjected to light. we observed numerous blue reactive
chloroplasts whereas. in inner mesocarp cells enzyme activity
in these organelles was not detected. The plastids of inner
mesocarp cells lack chlorophyll pigments, suggesting a
relationship between B-glucosidase activity and photosynthetic
competence. The absence of B-glucosidase activity in the
plastids in the cells of epidermis seems to confirm this
hypothesis, since in this tissue chlorophyll biosynthesis and
chloroplast differentiation are genetically repressed. Our results
are in line with those obtained in Polygonum rinctorim where
B-glucosidase was localized in the chloroplast stroma of leaf
and its tissues specific expression has been strongly related to
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Fig. 4. Localizations of B-glucosidase in immature green fruit at 50 days after
anthesis. {a) A fruit scheme having not wooded endocarp: the thin mesocarp
{green), the developing endocarp {orange), the immature seed (grey); (b)
embryo axis (em) ad embryo teguments (emt) showing the P-glucosidase
activity at level of nudei; (¢) developing endocarp tissue with strong B-
glucosidase activity within the nuclei. 80 (b); 150 {c).

photosynthesis [24]. Since, oleuropein is contained in the
vacuoles of olive mesocarp cells [25], the detection of B-
glucosidase activity in mesocarp cell chloroplasts, clearly
indicates that enzyme and substrate are kept in different cell
compartments. However many cases have been described in
plants where the enzyme and its substrates are localized in
different cell compartments or tissues [4.7]. For example in
Sorghum  bicolowr, the P-glucosidase is localized in the
chloroplast stroma whereas the substrate is in the leafepidermal
cells [26]; in Trifolium repens the substrate limarin is localized
in the vacuole, while the enzyme is present in the cell wall [27].
Also in Ligustrum, a genus of the Oleaceae family, an
oleuropein-degradative- B-glucosidase  activity  has  been
detected in purified chloroplast fractions of leaf extracts [4).
The authors suggested that chloroplast B-glucosidase is related
to leaf defence mechanism by storing and releasing a toxic
chemical, which in Oleaceae is the oleuropein. The damage of
oclls and tissues by pests bring in contact B-glucosidase with
oleuropein with the consequent release of toxic aglycones
which either deterred herbivores or inhibited the entry, growth
and spread of phytophathogens [4,7.28]. Our findings suggest
that the oleuropein degradative-f-gluceosidase is expressed in
two different isoforms, able to segregate in two different cell
compartments. They are also differentially expressed in the
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cells of the outer and inner mesocarp tissues. Since the GH |
enzyme family is encoded by nuclear genes [7]. the chloroplast
isoform must moves from the cytoplasm, where it is
synthesized, into the chloroplast organelle by the cleavage of
the transit peptide sequences located in the N-terminus of the -
glucosidase protein precursor [29]. Conversely, the enzyme
localized in the core of each oil droplet, very probably, belongs
to fragments of endoplasmic reticulum trapped during the
droplet formation. In fact, the X-Gle is routinely applied as a
marker of glycosidase activity of endoplasmic reticulum in
eukaryotes [30-32]. Thereafter the enzyme activity is lost when
droplets fuse with each other into a large oil body. The B-
glucosidase isoforms together with oleuropein, provided a
constitutive pest control system. In fact, under normal
physiological conditions, the localization of oleuropein
degradative-P-glucosidases is in two cell compartments,
separated from the oleuropein, a mechanism exists whereby
oleuropein may be protected enzymatic breakdown thereby
safeguarded the cells from toxic derivative products.

During fruit developing and ripening, histological distribu-
tions of enzyme activity undergoes significant changes. At 50
days after anthesis the B-glucosidase activity is very probably
related o the growth and development of the embryo as well as
to the lignifications process of the endocarp cells. In fact, the
major lignin precursor, coniferyl alcohol, derived from the
coniferin a 4-0-coniferyl glucoside after the hydrolysis by f-
glucosidase [33]. In green matre fruits (120 days after
anthesis) the greatest number of reactive cells were found
distributed in the whole mesocarp. Finally, in black fruits (160
days after anthesis) numerous reactive cells were located only
in the inner mesocarp, close by the woody endocarp, whereas
the outer mesocarp cells were devoted to the synthesis of
polymeric anthocyanins that are physiologically accumulated
in black mature olive [10.34]. Since B-glucosidase activity
could not be found in chloroplasts and oil droplets, it seems
reasonable to suppose that at this stage of fruit ripening, the
oleuropein-degradative- f-glucosidases was not expressed in
tissues and the residual activity detected might be due to non
specific P-glucosidases (Table 1). As general rule our results
agree with the previous observations on the enzymatic activity
changes during fruit ripening [18]. The authors identified a B-
glucosidase whose activity trend during ripening appeared to be
linked to oleuropein degradation. In fact, the levels of B-
plucosidase activity was high in green fruit, when the
oleuropein amount was highest, and low in black fruit when
the olewropein concentration declined. The enzyme in situ
assay indicated that P-glucosidase activity changes during
ripening are due to the different competence of single mesocarp
cells to synthesize the two oleuropein-degradative-p-glucosi-
dase isoforms, whose histological distributions appear strongly
related to the fruit ripening stage.

In cur view, all these results clearly point out that in green
fruits the debittering. due to the hydrolysis of oleuropein, does
not occurs because enzyme and substrate do not come in
contact because they are in the separate compartments of cells,
despite the respective concentrations in tissues are very high.
On the contrary, in the green-brown fruits the debittering is
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Fig. 5. Histochemical localizations of f-glucssidase in the mesocarp at different stages of fruit ripening. (a2 and a;) green immature fruit collected at 50 days after

anthesis; (b andb,) green mature fruit collected at 130 days afier anthesi
o=qil body; v=vacuole. 80x (a—c) 150x (a-e)

allowed by the damage of cell structures, due to the senescence
of tissues, that brings in contact B-glucosidase and oleuropein,
despite the concentration of enzyme is very low. The hydrolysis
of oleuropein continues during the black maturation up to when
the substrate is completely hydrolysed and the enzyme is not
EXPIESS.

As anote, in developing embryo and endocarp. as well in all
mesocarp tissues, a clear nuclear reactivity was due to glucohy-
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fo and ¢ b

ing fruit collected at 160 days after anthesis. e = epidermis; n= nucleus,

drolase activity at the level of the endoplasmic reticulum
connected to the nuclear membrane [30,32]. Thus this result
seem to confirm the specificity of in site X-Glc hydrolysis asa
marker of endoplasmic reticulum also in the cells of olive fruit
MESOCAIP.

In conclusion, our results provide evidence that the commit-
ment of single mesocarpcells to synthesize B-glucosidase is able
to modulate either fruit ripening orthe availability of oleuropein
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aglycones in the defence response. The localization of the
oleuropein degradative-B-glucosidases in the chloroplast and in
the oil droplets of mesocarp of green mature fruit, could provide
useful information to achieve safe and optimized procedures for
the enzyme extraction and purification. Purified olive B-
glucosidase, with high specificity for oleuropein, could be
applied successfully in an alternative industrial process devoted
to the debittering of table olives and olive oil.
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The effects of oleuropein-specific-p-glucosidase on early defense reaction to
mining insect puncturing damage with a micro-needle on olive fruits of two
different susceptible varieties were studied. The research topic focuses on olive
fruit production practice in local area to investigate the biochemical changes on
fruit after insect attack mainly using the histochemistry methods.

The paper is written in fluent English and criterion writing. The discussion in
this paper is embedded based on the author’s research results. Therefore, the
paper is suggested to adopt to publish

Reviewers 2:

The paper has presented an in situ B-glucosidase activity detection in olive fruits
after mechanically punctured by needle to mime the fly infestation in order to
elucidate the early defense response of olive fruit to insect injury. It is
meaningful and the paper is suggested to adopt to publish, but there still remain
some points to discuss:

OMISSIS
All points have been discussed and implemented by authorsin the revised version

of manuscript herewith attached
Asfor your revising, please read the following
1) When send back your revised manuscript to the editor, a Statement for

Revising in written should be attached together with and to state:
a) Which suggestion of the referees has been followed,
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b) Which one has not been accepted. As the reviewers and the authors both are
the experts in this field, it is possible we think that they have different views on
the sameissue. Soif you cannot agree to the referees’ opinions, you can insist on
your own viewpoint, but it is required for you to give the reasons of your own
sufficiently.

2) When submitting a revised manuscript, please be sure to use the Word
Highlight function to indicate the changes in the text that you have made in
response to the referees.

3) If your research is supported by any foundation, please indicate it in the
Acknowledgement, the foundation should be in full title, and the contact No.
should be provided.

4) The information of the first author and the corresponding author including
Degree, Tel, Fax and E-mail should be indicated;

5) Based on our evaluating procedure, every paper will be further reviewed by
the Chief Referee upon receiving the revised version on the previous two referees
for the final decision of acceptance or not.

Y our any question will be welcome!

Thank you very much for your support to us!

Best regards,
Zhang Juan Ph D
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Abstract. Olive fruits might be seriously deteriorated by pre- and post-harvested
damage, due to the attack of insects, such as Bactrocera oleae which strongly
aters both table olives and olive oil quality. Defence response in olive fruits
injured both by pathogens and by mechanical damages, the enzyme b-
glucosidase specifically hydrolyses the oleuropein, producing highly reactive
molecules. In situ detection of b-glucosidase activity in olive fruit tissues
following the injury, miming the Bactrocera oleae punctures is reported. The
assay has been performed in two cultivars showing different susceptibilities to
the fly infestation. In both cultivars, the histochemical assay for b-glucosidase
showed that, within 20 min after the injury, a strong enzyme activity can be
observed in the damaged tissues. Thereafter a progressive enzyme inactivation
occurred starting from tissues around the boundary of the injury and the enzyme
activity disappeared during 60 min after injuring. The loss of activity decreased
and stopped after 3 h, whereas the active cells limit reached the distance of 300 +
50 mm from the edge of the injury. Biochemical analyses showed that in injured
fruit extracts the b-glucosidase activity rapidly increased within 20 min from the
injury, thereafter it decreased, reaching values comparable wit those in sound
fruits. Following B. oleae damage, the oleuropein contents did not change
significantly in the high susceptible cultivar, while it rapidly decreased in the
cultivar showing a low susceptibility. Our results strongly suggest that the olive
fruit susceptibility toward the fly infestation could be related to the ability of the
oleuropein-degradative-b-glucosidase to produce the high reactive molecules in
the damaged tissues. As a consequence of injury a strong peroxidase activity was
thereafter detected. This interesting feature suggest that also this enzyme could
play akey role in the following defence response.
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INTRODUCTION

Olive (Olea europaea) is one of the established and largest crop in term of
foodstuff production in Mediterranean countries, such as Spain, Italy, Greece.
Starting from the last century, the intensive olive crop has been extended in other
Mediterranean countries (e.g. Turkey, Tunisie, Maroc), and exported in several
climate lands (e.g. California, Australia), thus its further expansion worldwide
seems to be the tendency in the next future. The reason of this achievement
moved from the recognition of positive effects on the human health of olive food,
especialy virgin olive oil. Many studies have shown that diet supplemented with
olive oil daily, reduced the frequency of cardiovascular diseases, offered benefits
in terms of colon cancer prevention and showed anti-inflammatory activities.
However all these effects are the result of the higher levels of olive antioxidant
compounds, particularly phenols, in the blood (Keys et al., 1986; Willett, 1990;
WHO Report, 1990). Unfortunately many problems affect the olive grove with
conseguences on the product quality; namely the olive fruits are often seriously
deteriorated by pre- and post-harvest damage, due to the attack of phytophagous
insect, such as the larvae of the olive fly Bactrocera oleae. As it iswell known,
while adults of olive fly feed on nectar, honey dew, and other opportunistic
sources of liquid or semi-liquid food that they found on leaves (Rice, 2003), the
developing larvae, from eggs oviposed in fruit tissue by the Bactrocera oleae
females, eat fruit tissues and they makes the deep tunnels trough the pulp,
reaching the stone (Varela and Vossen, 2003). This parasite infestation, causing
large damages in fruits, it alters the quality parameters of the olive oil inducing a
decreasing of phenol fraction and of antioxidant activity (lannotta et al., 1999a).
Thus the integrate pest management for B. oleae in olive culture assumed
increasing importance and economic relevance. Some biochemical methods
(mass trapping, sexua confusion), together with earlier harvesting, were able to
limit the parasite infestation and offered an alternative way to the use of

chemicals (lannotta et al., 1994). However, olive cultivars shown a different
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degree of susceptibility to infestation which is ranging from high susceptibility
(more than 10% of infested fruits), moderate susceptibility (3% of infested fruits)
and resistance (less than 0.25 % of infested fruits), that are not influenced by
culture conditions, thus suggesting that resistance or susceptibility have a source
genetically determined (lannotta et al., 1999b).

In spite of the extensive researches on pest management, very few information is
available on the pattern of constitutive defence in Olea europaea. The defence
molecules in olive are the phenols synthesized and accumulated in fruit tissues
during growth and ripening (Amiot et al., 1989). The major component among
these phenols is the phenolic secoiridoid b-glucoside oleuropein, the bitter
molecule of olive fruit (Soles-Rivas 2000). This compound is responsible for
many features, such as antioxidant and antimicrobial activities (Bisignano et al.,
2001), and has been evoked as defence molecules mechanism against herbivores
and insect attacks (Baidez et al., 2007; Kubo et al., 1993).

In particular, when olive tissues are injured by phatogens or by mechanical
damage, b-glucosidase belongings to the glucohydrolase enzyme family 1 (Esen
1993), specifically hydrolyses oleuropein producing highly reactive molecules
(Bianco et al., 1999). O. europaea fruits contain large amounts of b-glucosidase
which specificaly hydrolyses oleuropein (Briante et al., 2002; Konno et al.,
1999). Previoudly, by in situ assay, we localized in the cell of green olive fruit
mesocarp two oleuropein-degradative-b-glucosidase isoforms in the chloroplasts
and in the oil droplets, respectively (Mazzuca et al., 2006). Since, oleuropein is
stored in the vacuoles of mesocarp cells (Bitonti et al., 1999), the enzymes and
its substrate are kept in different cell compartments. This feature provides a
constitutive pest control system as in the sound fruits oleuropein may be
protected from enzymatic breakdown, thus safeguarding cells from toxic
derivative products. In contrast, the injury by pest destroyed the tissues and of
consequence b-glucosidase, contacting oleuropein, released toxic molecules

which either deterred or inhibited the entry, growth and spread of pest (Mazzuca
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and Uccella, 2002; Konno et al., 1999; Kubo et al., 1993). Thus, the b-
glucosidase play a key role in defence mechanism by storing and releasing the
toxic chemicals from oleuropein.

However, reaction of cells and tissues in olive fruits following pest attack are at
this time unknown. Aim of the present work, by using the in situ assay with the
synthetic substrate X-Glc, specific for the b-glucosidase (Jefferson et al., 1987),
Is to define the enzyme behaviour and the oleuropein contents in olive fruit
tissues submitted to injuries, miming the Bactrocera oleae punctures. We have
chosen the mimed attack instead the fly punctures, because it alows to control
strictly the timing of enzyme activity in tissues and to increase the number of
synchronous punctures necessary to produce great effects that can be detected by
biochemical analyses. Besides, to our knowledge, the ovipositor does not secret
any molecule, then the response of tissue to the puncture by the microneedle is
consistent with that made by the femae fly. The enzyme and substrate
behaviours will be studied in two cultivars showing different susceptibilities to
the fly infestation in order to establish the physiological significance in the
defence response and in the different susceptibility to pest, which are genetically
determined in both selected cultivars. Finally peroxidase activity will aso be
determined in injured fruit tissues since this antioxidant enzyme is considered as
important factors in fruit defence mechanisms (Valentines et al., 2005; Keck et
al., 2002; Saniewski et al., 1992).

MATERIALSAND METHODS

Plant materials and fruit injuring

Among the traditional crops growing in the of South of Italy (Calabria) the cv

Carolea, characterized by a high susceptibility to Bactrocera oleae infestation

(10.25% infestation, 12.87 % sterile punctures) and cv Cassanese showing a low
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susceptibility (3.62% infestation, 13.75 sterile punctures) against the same
pathogen, were selected. For both cultivars sound green fruits were harvested at
the end of October, when the rising of fly infestation generally occurs, from five
different groves. For in situ assays each olive has been fixed on the support of a
vibratome (Leica, VT1000E, Germany) and fruit mesocarp was injured up to 1-2
mm in depth by using a micro-needle (200 nm diameter). The depth of the injury
has been checked by means of the red dyed sign made on the micro-needle and
operating under a 10X magnification lens. Then, fruits were sectioned and
processed for in Situ assay of b-glucosidase and peroxidase activities
immediately and at 10, 20, 60, 120 and 180 min subsequent to the injury. For
biochemical analyses, each fruit was injured approximately 30 times with a
group of 10 micro-needles as above described, and frozen in liquid nitrogen at
the same time intervals than in situ assay. Frozen sound fruits were considered
asthe control.

In situ assay of b-glucosidase activity

Sound and injured fruits (n=5 for each time after injuring), were freshly sectioned
by vibratome, thus the destruction of enzyme activities, and other deleterious
effect dueto fixing and embedding procedures are thus avoided. Besides, during
the sectioning, fruits were fluxed with N, and the temperature was maintained at
4 °C, in order to prevent tissue oxidation and possible enzymes degradation.
Starting from epidermis the serial sections each of 80 um in thickness were
obtained. Sections were immediately placed in the minivials with 1 ml of
detection buffer, adapted for glucosidase (E.C. 3.2.1.21) from Jefferson (1987),
containing 60 puM X-Glc (5-brome-4-chloro-3-indolyl-B-Dglucopyranosyde,
Sigma, St Louis), 50 mM phosphate buffer pH 6.5, 1 mM potassium ferricianide,
1mM potassium ferrocianide, 10 mM EDTA pH 8.0. The synthetic substrate X-
Glc, after enzymatic hydrolysis by endogenous B-glucosidase, develops, after

few minutes, an insoluble blue product that precipitates on the site of reaction
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thus localizing the enzyme in the cells and tissues; the sections treated with the
detection buffer without the X-Glc were considered as the control of the assay.
Reaction reaches the stady state after 1 h of incubation in a wet chamber at 37
°C, and it was stopped by cold phosphate buffer and the sections were mounted
with glycerol on slides for optical microscopy and digitalized by Leitz Dialux EB
microscope equipped with a CCD camera. Image analysis on five sections for
each fruit (n=25 for each time) was performed by QW™ in Image System
Software (Leica). The time-dependent behaviour of enzyme activity in the
damage tissues was evaluated by measuring the distances from the edge of injury
to the onset of dyed cells at each time interval.

In situ assay of peroxidase activity

As a substrate for peroxidase (POX, EC.1.11.1.7), 3,3-diaminobenzidine
tetrahydrochloride (DAB) was widely used in biology (Archibald, 1992;
Benayoun et al., 1981). It can form an insoluble brown polymeric non-droplet
precipitate in the sites of reactions. Tissue sections from sound and injured fruits,
obtained as above described, were incubated in 1 mg/ml DAB (SIGMA FAST )
at 25 °C in the dark for 1-2 h (modified from Alvarez et al., 1998). After that,
sections were mounted on slides for visualization of brown precipitates by light
microscopy. Simultaneous localization of b-glucosidase/POX activities was
obtained by processing the DAB-treated sections with the in situ assay for b-

glucosidase.

b-glucosidase activity in fruit extracts

The b-glucosidase activity in injured and sound fruit extract was performed
according to Briante et al., (2002). Typicaly, 1 g frozen pulp of fruits (n =5 for

each time interval) was ground in liquid nitrogen using a mortar and pestle.
Tissue powder was suspended in 12.5 ml 0.1 M borate buffer, pH 9.0, 6% (w/v)
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PVP (poly-vinil pirrolidone), 1% (w/v) b-mercaptoethanol, 1.0 mM PMSF
(phenylmethylsulfonyl fluoride). The suspension was shaken gently for 1 h at 4
°C and centrifuged in a minifugue at 26.000 g for 1 h. The upper oil phase was
carefully removed and the aqueous phase, representing the active enzyme
enriched phase, was filtered on paper and used in the enzyme assay. The b-
glucosidase activity against pNPGlc (p-D-nitrophenyl-b-D-glucopyranoside) was
evaluated at 37°C, by measuring the increase in absorbance at 405 nm of the
reaction medium composed of 200 mM Na-phosphate buffer adjusted to pH 4.6.
The linear coefficient used to calculate the concentration of the reaction product
was measured by a calibration curve made with standard solutions of p-
nitrophenol (Sigma-Aldrich) and corresponded to 14.0 M™ cm™. The enzyme
specific activity was expressed as mmoles of p-nitrophenol produced per minute
at 25 °C per g of fresh weight (mmol/min g). Since sound green fruits show very
high enzyme activity that remains constant for many days in the lab conditions,
we have considered as control the mean enzyme levels found in the sound fruit
samples, prior to performe the biomimed assay. The values are reported as the
dotted lines for both cultivarsin the Fig 4.

Determination of oleuropein contentsin injured fruits

10 g of olives pulp (pericarp and mesocarp) were homogenized in methanol
(3x20 ml). The methanolic fraction was washed with n-exane (3x5ml) and
evaporated under reduced pressure. The residue was dissolved in 2 ml of
methanol and 10 m of this solution were analyzed using an Agilent 1100
(Waldbronn, Germany) HPLC fitted with a C-18, reverse-phase (5 nm) column
25 cm I. x 4 mm i.d) equipped with an Agilent UV photodiode
spectrophotometer. Oleuropein was detected at 280 nm at 25°C. The flow rate
was 1ml/min; the mobile phase used was 1% formic acid in water (A) vs

methanol (B) for atotal running time of 45 min. Quantisation of oleuropein was



performed by external calibration curve by using methanolic solutions of

commercial oleuropein as external standard.

RESULTS

Longitudinal sections of olive fruit mesocarp sectioned by a vibratome after the
in situ b-glucosidase assay are shown in Fig. 1. Although the cytological details
are not excellently appreciable, the in situ assay is a good compromise between
cell integrity and enzyme activity maintenance in the unfixed tissues. In the
parenchyma cells well structured nuclei were visible together with a highly
vacuolated cytoplasm, containing large oil bodies and clusters of small oil
droplets (Fig. 1a). The blue precipitate, resulting from X-Glc hydrolysis, showed
the endogenous b-glucosidase localization; more than 80 % of cells were positive
to the assay; a strong activity in al nuclei has been observed; the lack of activity
in some cells, that appear in Fig. 1a, it derives from the position of the nuclei in
the non focused plains, thus they are not visible. These effects are more
appreciable in the tissue details in the Fig. 1b in which all cells, immediately
below the epidermis, exhibited a strong reaction aso in chloroplasts, while the
nuclei have been not always detectable. (Fig. 1b, see arrows). The cells of
epidermis did not react all the time. In the Fig. 2 the microphotographs of injured
fruit sections at different times are reported. The punctures have destroyed the
tissues and injuries appeared as the hole in the tissue transversal sections.
Immediately after injury, as shown in Fig. 2a, most cells on the boundary (80 %
average) showed blue spots, suggesting that an efficient cleavage of the synthetic
substrate occurred (Fig. 2b). After 10 min from injury, X-Glc hydrolysis
occurred only in cells located 1 = 0.10 mm from hole edge (Fig. 2 c,d). At this
time the rate of loss of X-Glc hydrolysis was 50 nm min™, whereas 1 hours |ater

the rate was reduced to 28 nm min>. 3 hours after the rate of reduction reached

35



10 mm min™ and the detection of X-Glc hydrolysis was deplaced at 2.05 + 0.65
mm from the edge of injury (Fig. 2e, f). At cellular level, just after injury, the
chloroplasts appeared colourless, suggesting that the oleuropein-degradative-b-
glucosidase, inside them, did not hydrolyse the synthetic substrate and the blue
precipitates were observed only in the nuclel and diffused in the cytoplasm of
damaged cells (Fig. 3b, see arrows). The levels of b-glucosidase activity in fruit
extracts, expressed as enzyme units/fresh weight, at the different times from the
injury are reported in Fig. 4. Extracts from the high susceptible cv Carolea
showed an higher enzyme activity (1.2 U/g fresh weight) than those found in the
cv Cassanese extracts (0.9 U/g fresh weight). However as consequence of injury
in both cultivars the enzyme activity showed a similar kinetics. In fact, within 20
minutes from the injury the b-glucosidase activity rapidly increased of 0.4 and
0.5 enzyme units in the extracts of cvs Carolea and Cassanese respectively,
thereafter within 3 hours it decreased, reaching the comparable values than those
in sound fruits. As general rule, the oleuropein contents in the sound fruit extracts
of the high susceptible cv Carolea were higher (20-26 ng/g fresh weight) with
respect to the contents detected in the low susceptible cultivar (14-16 ng/g fresh
weight). In the damaged tissue extracts immediately after the injury, the
oleuropein content was still higher in the cv Carolea with respect to those in cv
Cassanese (Fig. 5). During the first 10 min after the injury, the oleuropein levels
decreased very rapidly in the low susceptible cultivar, whereas they did not
change appreciably in the cv Carolea. Therefore in the cv Cassanese, the
oleuropein contents decreased progressively lasting from injury and reaching a
minimum values (2.8-0.1 ny/g fresh weight) after 120 minutes. On the contrary,
60 min from the injury, in the extracts of the high susceptible cultivar the
oleuropein contents was higher (13.2-0.4 ng/g fresh weight) than the one found
after 20 min (8.2-0.2 ng/g fresh weight), and this values remained constant in the
extracts up to 3 hours after the injury. In the Fig. 6 the microphotographs of
damaged tissue sections following the combined b-glucosidase/POX in situ assay
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are shown. The insoluble brown precipitates, visible in the figures, revealed the
presence of a strong POX reactions in tissue in the boundary injury just after 10
minutes (Fig. 6a). The strong POX reactions occurred in damaged tissues, when
b-glucosidase activity start to decrease (Fig. 6b, c). No differences in POX

behaviours were found between the two cultivars analysed.

DISCUSSION

We have investigated the damage provide by the microneedlesin olive fruit pulp,
miming the injury made by the ovipositor, positioned in the termina part of
abdomen of the Bactrocera oleae females that depose the eggs in the fruit
tissues. To our knowledge, the ovipositor does not secret any molecule, rather
cause the spillage of the cellular juice in which the molecules, that we are
investigating, are contained. Then, the response to mechanical injury has been
suitable to understand what happens in tissues during early phase of fly
infestation. Following the fly punctures the active molecules, contained in small
droplets inside the cell tissue localized all around the oviposition hole, prevent
other females from ovipositing on the same fruit by acting as the bioactive
phytoalexins (Scalzo et al., 1994). Olive groves, however, showed different
susceptibility toward olive fly infestation; in fact, under the same crop
conditions, some olive cultivars showed lower levels of infestation than other
ones, despite the equal number of fly punctures (lannotta et al., 1999b; lannotta
et al., 2007). Thisindicated that fruit susceptibility or resistance to infestation are
genetically determined and that the resistance source must be produced in tissues
consequently to the injury. The reported results in this research indicated that the
olive susceptibility toward the fly infestation is strictly related to the ability of an
endogenous b-glucosidase to hydrolyzed the oleuropein in the damaged tissues,
thus producing the defence reactive molecules. In fact, following the mimed fly

attack, the cv Carolea, highly susceptible to fly infestation, showed a low
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efficiency in the oleuropein cleavage. On the contrary in the low susceptible cv
Cassanese, the oleuropein hydrolysis occurred very fast causing a significant
decrease in the amount of this phenols in fruit extracts, just few minutes after the
injury. Interestingly, at the same time the b-glucosidase activity increased both in
Carolea and in Cassanese fruit extracts, but with an opposite effect on oleuropein
cleavage. Very probably, in damaged tissues of the low susceptible fruit, the
oleuropein derivative chemicals might be more concentrated than in high
susceptible fruit. However, it is well known that egg dispersion strategy of olive
fruit fly strictly dependent on fruit chemicals. In particular, both oleuropein and
its hydrolytic derivatives exhibit a strong chemotactile repulsive effect, mainly to
(E)-2-hexenal. Other compounds, such as b-3,4-dihydroxyphenylethanol and
other oleuropein derivatives, which exert a strong chemotactile repulsion, have
been identified either in fresh olive juice or in olive mill waste water (Scalzo et
al., 1994, Mazzuca and Uccella, 2002). The mimed insect attack assay allowed to
anayse the timing of b-glucosidase activity inside the tissue and cells at the edge
of the injury following the cytological localization of b-glucosidase activity by
the hydrolysis of X-Glc, the chromogenic synthetic substrate developing an
insoluble blue precipitate in the cells. Recent data showed that in the outer olive
fruit mesocarp, immediately below the epidermis, a strong reaction is present
within nucleus and chloroplasts. The enzymes kept in chloroplasts has been
recognized as an oleuropein-degradative-b-glucosidase by the X-Glc in the in
situ competitive assay; whereas, in nuclei, has been suggested the activity of ab-
glucosidase non-specific for oleuropein (Mazzuca et al., 2006). Consequently,
the reported results obtained by enzyme in situ assay, strongly indicate that, in
the early defence response against the fly injury, an oleuropein-degradative-b-
glucosidase has been involved. In fact, immediately after the puncture in the cells
localized around the injury, the nuclel showed a dense blue dye, which was
absent in chloroplasts. This pattern could be explained assuming that the b-

glucosidase highly specific for oleuropein, was not able in the damaged tissues to
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hydrolyse the synthetic substrate because it was engaged in the hydrolysis of its
natural substrate which was made available by tissues breakdown. However there
Is the need of further analyses to identify, in cv Carolea injured tissues, the
factors affecting the oleuropein enzymatic hydrolysis from which the
susceptibility to infestation could be strongly dependent. Another interesting
aspect, related to defence mechanism in olive fruit, was the tissue browning
observed in situ by the activity of the browning-related enzyme POX with its
specific substrate. Namely within three hours after injury a clear increasing of the
browning potential was found in the damaged tissues. It is particularly worth of
note the relationship between b-glucosidase and POX activities which appear to
be complementary. In fact, following the early response of olive tissues to mimed
insect injury, we observed that the b-glucosidase activity decreased as soon as a
progressive strong POX reactions appeared in the damaged tissues. These
findings is in line with the literature data, namely it is well known the POX is
considered as important factors in fruit defence mechanisms and browning
(Vaentines et al., 2005; Keck et al., 2002; Saniewski et al., 1992). Thus the great
increase of POX activities, oxidizing endogenous phenolic substances to
quinones that thereafter polymerized to polyphenols, might be responsible for the
intensive staining of damaged tissues. Furthermore, POX activities are also
related to the production of cellular substances (e.g. flavanoids, lignin) involved
in the early defence against fly infestation. However in this case, no direct link
related to the different susceptibility of cultivarsto fly infestation has been found.
All together our results provide evidence that in olive fruit the early defence
against fly injury is mediated by the activity of b-glucosidase and POX which act
synergically producing bioactive molecules. Their role, being played during
different sequence time, underline that both of them can be considered as
important factors in olive fruit reaction to damage. However only the ability of
the oleuropein-degradative-b-glucosidase to cleave its substrate can be
considered as a marker of olive cultivar with different degree of susceptibility to
fly infestation.
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CONCLUSIONS

An interesting implication from our research is that the different susceptibility to
the fly attack depends on the release of bioactive molecules from the b-
glucosidase/oleuropein reaction in the damaged tissues, with the purpose to
prevent the puncture and the oviposition. This does not depend on the levels of
enzyme and substrate in tissues but it depend from the ability of enzyme to
cleave the oleuropein and/or from the availability of oleuropein to undergo the
cleavage. On this bases, resistance competence of cultivars is produced. From
this, the active molecules should be very concentrated in the cell juice of resistant
cultivar, while they would be in little amount in that of the susceptible cultivars.
Our results allow to suppose that the production of these molecules is maximum
within 20 minutes from the attack and gradually decreases up to reach an
equilibrium within the three hours from the attack. The smaller number of
infected punctures in the resistant cultivar in comparison to that susceptible ones,
could perhaps point out that these molecules can inhibit the development and the
spread of the larvae, that take place few days after oviposition. In fact, as it is
known (Konno et al., 1999), molecules from oleuropein acts as cross-linking of
proteins, thus decreasing the nutritive quality of tissues and causing the death of

larvae. This hypothesis seems avalid start point for further researches
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Figure captions

Figure 1.

Microphotographs of olive fruit sections after the in situ assay for b-glucosidase
(E.C. 3.2.1.21). The insoluble products of the X-Glc precipitated in the cells of
the whole mesocarp (). The sites of reaction were identified as blue spots inside
the nuclei and chloroplasts in the mesocarp immediately below the epidermis (b);
40 x (a); 150 x (b).

Figure2

Microphotographs of olive fruit sections following the in situ assay for b-
glucosidase activity, at different times from the mimed fly attack. The
mechanical injury was made by the micro needle 200 nm in diameter and
processed for the b-glucosidase in situ assay a, b) immediately after injury; c, d)
10 minutes later; e, f) 3 hours later. The bars indicate the distances from the edge
of injury to the onset of dyed cells. The arrows indicate the inactive cells. 40 x (a,
C, €); 100 x (b, d); 150 x (f).

Figure3

Details of cellular localizations of b-glucosidase activity in the fruit sections
immediately after the injury. (a) Cells at the edge of the injury show dense blue
colour in nuclei, but not inside the chloroplasts (see arrows). (b) The colour
diffuse very rapidly from the nuclel to the cytoplasm. 150 x

Figure4

B-glucosidase activity in olive fruits extracts of the two cultivars Carolea (a) and
Cassanese (b) at different times after the mimed injury. Enzyme activity was
evaluated toward the synthetic substrate pNPGIc at pH 4.6. Values are the mean
of four independent replicates. The dotted lines indicated the mean enzyme
activity valuesin the sound fruit populations, of both cultivars, prior to performe
the biomimed attack.

Figure5

Oleuropein amount in the olive fruit extracts at the different times after the injury
in Carolea (grey bars) and in Cassanese (white bars) cultivars. Values are the
mean of four independent replicates.

Figure6

Microphotographs of olive fruit sections following the combined in situ assay for
b-glucos dase/peroxidase activity (POX, EC.1.11.1.7), at different timesfrom the
mimed fly attack. The mechanical injury was made by the micro needle 200 nm
in diameter and processed for the POX in situ assay a) 10 min after injury; b) 60
minutes later; ¢) 3 hours later. As a substrate for peroxidase, 3,3-
diaminobenzidine tetra hydrochloride (DAB) was used. It can form an insoluble



brown polymeric non-droplet precipitate in the sites of reactions. Simultaneous
localization of b-glucosidase/POX activities was obtained by processing the
DAB-treated sections with the in situ assay for b-glucosidase. 100 x.
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Abstract: The B-glucosidase from olive fruit is of particular interest compared to the ones from other sources because
it has shown to have high specifity to convert the oleuropein into dialdehydes, which have antibacterial activity and are of
high interest for their application in the food and pharmaceutical fields. The enzyme is not yet commercially available and
advanced clean and safe technologies for its purification able to maintain the functional stability are foreseen. The purifica-
tion of this protein from fruit extracts has been already tempted by electrophoresis but either enzyme deactivation or high
background with unclear profiles occurred. In this work, fruit extracts obtained from the ripening stage that showed the
highest enzyme activity have been processed by diafiltration and ultrafiltration. Asymmetric membranes made of polyamide
or polysulphone having 50 and 30 kDa molecular weight cut-off, respectively, were tested for the diafiltration process.
Ultrafiltration membranes made of polyethersulfone with 4 kDa molecular weight cut-off were used to concentrate the dia-
filtered permeate solutions. The efficiency of the separation processes was evaluated byenzyme activity tests using the hy-
drolysis of p-D-nitrophenyl-p-D-glucopyranoside (pNPGlc) as reaction model. Qualitative and quantitative electrophoresis
were applied to analyze the composition of protein solution before and after the membrane separation; in addition dot blot
and western blot analyses were applied to verify the presence of B-glucosidase in the processed fractions. The overall re-
sults showed that the B-glucosidase functional stability was preserved during the membrane operations and the removal of
20 kDa proteins allowed to increase the specific activity of the enzyme of about 52% compared to the one present in the
initial fruit extract. |

Keywords: didfiltration, ultrafiltration, diavolume, olea europaea, p-glucosidase, enzyme specific activity

1. Introduction As a general rule, this enzyme family catalyzes the hy-
drolysis of glycosidic linkages in aryl and alkyl B

In the Oleaceae family a B-D-glucoside glucohy- -glucosides and cellobiose as natural substrates[7].
drolase EC 3.2.1.21 referred to as B-glucosidase, is a However, the assay of activity of p-glucosidase toward
key enzyme in many processes such as the defense the synthetic substrate p-D-nitrophenyl-B-D-glucopyr-
against pathogens[1], the physiological role during fruit anoside (pNPGle) was widely employed in higher
ripening[2,3] and, restricted to olive tree, the influence plants[8,9]. In the olive tree the pNPGlcsubstrate was
in the foodstuff quality resulting from industrial proc- employed to identify P-glucosidase behavior during
essing of fruits[4,5]. In addition, the products of enzy- fruit ripening[10] and in response to the injury[11].
matic hydrolysis of natural substrate oleuropein are Drupe tissues exhibit higher activity respect those in
well known as a pharmacologically active molecule[6]. leaf tissues (data not shown) and for this reason, meso-

carp tissues of fruit wererevealed as the eligible mate-

T D—— rials to get a move on olive protein purification meth-

(e-mail : l.giorno@itm.cnr.it) ods that will preserve biological activity.
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On the basis of authors records, the p-glucosidase
enzyme in Olea europaea has been characterized by in
situ activity studies[12], but it has not yet been puri-
fied and it is not commercially available.

Notoriously leaf and fruit tissues of olive tree (Olea
europaea L.) are recalcitrant to the common methods
for protein extraction due to the presence, at cellular
level, of non protein compounds that severely interfere
with the extraction in aqueous buffers. When proteins
are extracted by directly homogenizing olive leaf in
aqueous buffers and then precipitated by organic sol-
vents, polyphenols and other contaminants are co-puri-
fiedwith the proteins, consequently the resultant brown-
ish pellet, due to polyphenols oxidation, is hard to be
dissolved[13]. These contaminants interfere also with
electrophoresis separation of proteins and subsequent
process of purification of class of proteins. High qual-
ity protein preparation from olive leaf was obtained by
means of a non aqueous extraction that allowed good
electrophoresis profiles of proteins[14,15]; on the other
hand it caused the irreversible loss of biological
activities. By contrast, extracts of leaf proteins using
an aqueous sodium borate buffer (pH 9.0) showed high
biological activities for the enzymes[10] but poor pro-
files on SDS-PAGE gels, revealing several bands with
high background|[16].

To our knowledge, procedures for the high purifica-
tion of P-glucosidase extract from olive tissues preserv-
ing the biological activities are still not reported.

The use of membrane operations to separate complex
mixtures of labile macromolecules offers an attractive
alternative since they are able to preserve thebiological
stability.

In the last decade, there has been considerable inter-
est in developing membrane systemsfor the purification
of complex protein mixtures for biotechnological, food
and biomedical application[17]. The reliability of using
affinity-ultrafiltration[ 18] and diafiltration for high reso-
lution protein fractionation has been largely demon-
strated[19-29]. The configurations that have mainly
been used for protein fractionation are ultrafiltration
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with total recycle, batch or discontinuous diafiltration,
continuous single-stage ultrafiltration[27].

Traditionally, ultrafiltration has been employed for
size based separation of protein mixtures where the ra-
tio of the protein molecular mass is at least around 7
~10[28]. To achieve better purification of similarly
sized biomolecules, considerable research has taken
place focusing on the operating and physicochemical
conditions to attain higher selectivity[20,21,23,30].

Diafiltration allows removing effectively small com-
ponents from the retained species by washing them
out. In this process, water or buffer solution is added
to the retentate during the filtration, with the mem-
brane- permeating species being removed from the feed
as this excess fluid is filtered through the membrane.
The diavolume coefficient, which is equal to the total
volume of the wash buffer divided by the initial feed
volume, is a suitable parameter used to evaluate diafil-
tration process[31,32].

A major challenge in the protein purification process
is to verify the protein stability before and after each
separation step the enzyme activity has been revealed
as a fine quality tester to evaluate this parameter[33].
A purification step that would reduce the initial activ-
ity to lower than 80% will not be considered suitable,
since it will dramatically influence the overall costs of
the process.

The aim of this work was to identify appropriate
membrane operations and process conditions able to
improve the purity of B-glucosidase present in fruit ex-
tracts as well as to save its catalytic properties.

To achieve this goal, the best ripening period that
produced high concentration of p-glucosidase in the se-
lected olive orchard, the preparation of fruit extracts
containing P-glucosidase and their processing by diafil-
tration and ultrafiltration were investigated.

The diafiltration of olive fruit extracts was carried
out through polyamide 50 kDa and polysulphone 30 kDa.
The diafiltered permeate solutions were concentrated
using 4 kDa polyethersulfone ultrafiltration membrane.

The processing by membrane technology allowed to

Korean Membrane ]. Vol. 8, No. 1, 2006
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improve the B-glucosidase purity in the fruit extracts
by improving also its specific activity.

2. Materials and Methods

2.1, Plant Materials

The Italian cultivar Carolea of O. europaea, was
chosen for the experiments. During two consecutive
harvest seasons (2003 and 2004) olive fruits, grown in
the Calabria region, were randomly picked by hand
from the established groves at the following different
stages of fruit ripening: i) green immature fruit with
woody endocarp, i) green mature fruit, iii) green-
brown fruit.

2.2. Preparation of p-glucosidase Fruit Extract
Olives at different stage of ripening were collected
from a selected orchard in two consecutive harvesting
seasons. Fruits (n=5) were washed with distilled water
and immediately frozen in liquid N> and then destoned
using a mortar and pestle. Typically, 1 g fresh pulp
(n = 6 different sample for each sampling time) was
ground in liquid N; using a mortar and pestle. The ob-
tained frozen powder was further ground to a fine
powder by the aid of quartz sand and then transferred
on ice in 10 mL tubes and resuspended in 12.5 mL
0.1 M borate buffer, pH 9.0, 6% (w/v) PVP (poly-vinil
pirrolidone), 1% (w/v) b-mercaptoethanol, 1.0 mM PMSF
(phenylmethylsulfonylfluoride) according with the pro-
cedures described by Briante er al.[10] The suspension
was shaken gently for I h at 4°C and centrifuged in a
minifugue at 27000 g for 1 h. The upper oil phase was
carefully removed and the aqueous phase, representing
a protein extract and the enzyme enriched phase, was fil-
tered on paper and stored at -80°C for further analyses.

2.3. p-glucosidase Assay and Protein Con-
tent in the Fruit Extracts, Permeate and
Retentate Solutions

The p-glucosidase activity toward pNPGle (p-D-ni-
trophenyl-f-D-glucopyranoside) was evaluated in the
fruit extracts and in processed solutions (permeate and

Korean Membrane |. Vol. 8, No. 1, 2006
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Fig. 1. Schematic draw of membrane diafiltration system.

retentate) at 37°C by measuring the increase in absorb-
ance at 405 nm of the reaction medium composed by
200 mM Na-phosphate buffer adjusted to pH 4.6. The
linear coefficient to calculate the concentration of the
reaction product was measured by calibration curve
made with standard solutions of p-nitrophenol (Sigma-
Aldrich) and corresponded to 14.0 M'em™. The en-
zyme specific activity was expressed as mmoles of
p-nitrophenol produced per minute at 25°C per mg of
proteins (mmol/min-mg).

Protein content in the various solutions was de-
termined by Bradford spectrophotometric assay|[34].

Membranes before experiments were rinsedwith ul-
trapure water to eliminate additives used tO preserve
the membrane.

The variability, reported in all the figures, for f-
glucosidase activity and mass protein content is due to
the variability present in the different assayed frac-

tionation.

2.4. Membrane Egquipment

A schematic draw of the membrane diafiltration
equipment is shown in Fig. 1. Polyamide capillary mem-
branes of 50 kDa nominal molecular weight cut-off
(NMWCOQ) (PA 50 kDa) and polysulphone of 30 kDa
(PS 30 kDa) were used. The structure of this kind of
membranes is asymmetric with the selective layer on
the lumen side and the sponge layer on the shell side.
The lab-made membrane modules were prepared by as-
sembling the capillary membranes inside a pirex glass
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cylinder. The PA 50 kDa were assembled in modules
of 1.2 em L.D., 22 cm long, while the PS 30 kDa were
assembled in modules of 1.2 cm I.D and 5.5 cm long.
The internal membrane surface area was 6.9 + 10° m’
for PA 50 kDa and 4.60 - 10* m®> for PS 30 kDa. A
Masterflex pump (Cole Parmer) was used to supply the
feed solution to the module and to recirculate the re-
tentate solution along the lumen circuit, during diafil-
tration with PA 50 kDa membranes, while an Ismatec
multichannel pump (Cole-Parmer) was used during dia-
filtration with PS 30 kDa membrane. The experiments
were carried out by mantaining the permeate solution
and the membrane module at 4(=1)°C while the feed
solution was mantained at 6(x1)°C. The permeate was
collected from the shell side. The wash buffer used for
diafiltration of protein extract from Olea europaea was
0.1 M borate buffer pH 9.

Experiments were carried out at flow rate ofabout 55
mL/min (0.09 m/sec) during diafiltration with 50 kDa
PA membranes and 0.96 mL/min (0.005 m/sec) during
diafiltration with 30 kDa PS membranes.

Depending on the diafiltration coefficient, the con-
centration of proteins permeated through the membrane
and collected in the permeate can be very low. In or-
der to be able to detect proteins in these samples by
electrophoresis the permeate solution was concentrated
by flat membranes made of polyethersulphone having 4
kDa NMWCO (NADIR, Germany). The permeate con-
centration was carried out in a dead-end cell.

2.5. Electrophoresis

Proteins present in the collected samples (feed, per-
meate and retentate) were analyzed by one-dimensional
SDS-PAGE according to Laemmli[35] in two different
apparatus: Bio-Rad mini-Protean II apparatus and a 10
~15% PhastGel™ gradient using buffer strips. For the
first procedure, Laemmli buffer system was used to
cast 6% stacking and 12,5% resolving gel, except that
the resolving gel contained 12,5% glycerol and the fi-
nal concentration of the resolving gel buffer (Tris-HCI,
pH 8,8) was 0.75 M rather than original 0.0375 M.
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After denaturation at 95°C for 3 min, proteins were re-
solved at 200 mV.

For the second procedure, an 8/1 pl sample applica-
tor was used (Amersham Biosciences, UK). The gel
has a continuous 10 to 15% gradient gel zone with 2%
crosslinking. The buffer system in PhastGel SDS Strip
is composed of 0.20 M Tris-glicine, 0.20 M Tris and
0.55% SDS, pH 8.1.

Sample preparation: to final volume, 2.5% SDS
(Sigma-Aldrich) and 5% [-mercaptoethanol (Sigma-
Aldrich) were added and heated at 100°C and then
0.01% of bromophenol blue (Sigma-Aldrich) was
added. Each sample was loaded onto separate lane of
the gel containing 1 pL of sample. The gels were
stained with silver and then distained with 3.7%
Tris-HCI, and 1.6% sodium tiosulphate. The solution
for preserving the gels contained 10% glycerol.

The gel images captured by scanner were analysed
by Image Quant TL Software (Amersham Biosciences,
UK), which permitted to identify band molecular
weights (MW) and concentration.

2.6. Western Blotting

Western blot analysis of feed, permeate and retentate
after SDS-PAGE electrophoresis was performed using
a polyclonal anti-f-glucosidase as the primary antibody,
kindly supplied by Dr Y. Minami[36]. The proteins
electroblotted on membrane were blocked overnight at
room temperature with 3% BSA in TBST (20 mM
Tris-HCI, pH7.5; 0.8% mM NaCl; 0.1% Tween 20)
and then incubated with the primary antibody for 1 h
at room temperature at a dilution of 1:2000. Afier
washing in TBST, membranes were incubated with
secondary antibody (anti rabbit alkaline phosphatase,
AP, conjugate) at a dilution of 1:3000 for 1 h at room
temperature. The detection was performed using the al-
kaline phosphatase detection system with the anti-biotin
NBT/BCIP (4-nitro blue tetrazolium chloride/5-bro-
mo-4-chloro-3-indolyl-phosphate) reagent kit (Roche).
The antibody recognized a protein band at 65 kDa mo-
lecular weight as a putative olive B-glucosidase[36].

Korean Membrane J. Vol. 8 No. 1, 2006
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The p-glucosidase from almond (Sigma, St Louis,
USA) was used as standard purified enzyme.

2.7. Dot Blot

The protein samples of feed, permeate and retentate
samples are spotted through circular templates directly
onto the nitrocellulose membrane (Hybond ECL, Am-
ersham) and allowed to dry. Then, the membrane is in-
cubated with 3% BSA in TBST (20 mM Tris-HCI, pH
7.5; 0.8% mM NaCl; 0.1% Tween 20) for 30 minutes.
The membrane is incubated with the primary antibody
(polyclonal anti-B-glucosidase) for 1 h at room temper-
ature at a dilution of 1:2000. After washing in TBST,
membrane was incubated with secondary antibody (anti
rabbit alkaline phosphatase, AP, conjugate) at a dilu-
tion of 1:3000 for 1 h. The detection was performed
following the procedures described for western blot.
The pB-glucosidase from almond (Sigma, St Louis,
USA) was used as standard purified enzyme.

3. Results and Discussion

In this section, the results of the experiments carried
outto identify the maturation stage at which p-glucosi-
dase showed the maximum activity in the olive fruit
and the processing ofextracts from this stage by diafil-
tration and nanofiltration will be presented and di-

scussed.

3.1. Optimal Ripening Stage Expressing High B~
glucosidase Activity in Olive Fruit

Results from enzyme activity assay during fruit rip-
ening are consistent with a gradually increase of en-
zyme activity in green maturation phase, corresponding
approximately from 60 to 180 days after anthesis (Fig.
2). In fact, the enzyme activity found in fruit having
not wooded endocarp was very low, while it increased
in the pulp of stoned immature green fruits and
reached the maximum at green maturation phase.
Subsequently, a significant decrease of enzyme activity
was detected in fruits undergone to black maturation.
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Fig. 2. B-glucosidase activity in olivefruits extracts at dif-
ferent ripening stages during two different harvest sea-
sons: 2003 ([J), 2004 (B). Enzyme activity was eval-
uated toward the synthetic substrate pNPGlc at pH 4.6.

Considering the long sampling intervals (from July
2003 to November 2004) and consequent fruit growth
differences and the variation of environmental con-
ditions, the reproducibility of B-glucosidase activity re-
sulted very good (Fig. 2). In other olive cultivars,
Briante et al.[10] showed an equivalent trend of f
-glucosidase activity levels during ripening, suggesting
that, in general, in olive the green maturation is the
stage of ripening at which the enzyme expression
reaches its maximum. However, we found mean activ-
ity values for each sampling time higher (e.g. 1.4 units
per g of fresh weight) than those reported for the other
cultivars (e.g. 0.8 units of fresh weight)[10]. Recently,
evidences that these significant differences might be due
to different enzyme isoforms have been reported[12].
On the basis of these results, fruit extracts from
green maturation stagewere produced and downstream

purified by membrane processes.

3.2. Processing of Fruit Extracts by Diafiltration
3.2.1. Diafiltration Through Polyamide 50 kDa
Membrane and Permeate Concentration
by Ultrafiltration
60 mL of initial extract solution were diafiltered
through PA 50 kDa using 0.1 M borate buffer pH 9.
Afterwards, the enzyme activity of the collected frac-
tions and qualitative analysis by electrophoresis (feed,
retentate and permeate) were measured versus diafiltra-

tion volume (diavolume: total wash buffer volume/ini-
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Fig. 3. Protein mass (a) and PB-glucosidase activity (b) in
solutions from diafiltration through PA 50 kDa membrane
of fruit extract from Olea europaea.

tial feed volume). The amount of protein in the initial
solution and in the processed fractions was determined
by Bradford assay. As shown in Fig. 3a, the mass in
the initial solution was 22.09 (£ 0.2 mg) while in the
final permeate and retentate solutions was 4.78 (+ 0.4
mg) and 17.96 (£ 0.4 mg), respectively.

The p-glucosidase activity as a function of dia-
volume coefficient was also investigated. As shown in
Fig. 3b, the specific activity of initial solution was
0.380 (+ 0.03) mmol/min * m@poein, While in the final
permeate and retentate solutions were 0.003 mmol/min

* Mprotein and 0.580 (= 0.020) mmol/min * Mgprotein, re-
spectively. The specific activity present in the retentate
solution increased as a function of diavolume. After di-
afiltration of 4.5 diavolumes the specific activity in the
retentate solution increased of about 52% compared to
the initial one. On the other hand, the protein present
in the permeate solution did not show any activity.

A qualitative analysis in the initial solutions and in
the collected samples was carried out by dot blot and
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Fig. 4. (a) Dot blots performed by the antibody against
b-glucosidase: 1. and 2. crude protein extract from Olea
europaea 3. and 4. permeate and retentate, respectively
after 0.42 diavolumes; 5. and 6. permeate and retentate
after 0.83 diavolumes; 7 and 8 permeate and retentate af-
ter 1.25 diavolumes; 9. and 10. permeate and retentate af-
ter 1.50 diavolumes. 11 B-glucosidase from almond; b)
SDS-PAGE : lane 1. protein extract from Olea europaea

~

lane 2. retentate after 0.42 diavolumes; lane 3. retentate
after 0.83 diavolumes; lane 4. marker BioRad; lane 5. re-
tentate after 1.25 diavolumes; lane 6. retentate after 1.50
diavolumes; c) after concentration by nanofiltration mem-
brane d) Western blots: lane 1. crude protein extract from
Olea europaea lane 2. permeate after 0.42 diavolumes;
lane 3. retentate after 0.42 diavolumes; lane 4. retentate
after 0.83 diavolumes; lane 5. permeate after 1.25 dia-
volumes; lane 6. retentate after 1.25 diavolumes.

electrophoresis (Fig. 4a and 4b). In order to detect the
protein in the permeate solutions, it was necessary to
concentrate them. The solutions were concentrated us-
ing 4 kDa poliethersulfone ultrafiltration membranes.
The suitable concentration factor was about 7, ie. a
volume of 20 mL was reduced to 3 mL. In no one
permeate solution the band of the p-glucosidase (65
kDa) was present, as demonstrated by the dot blot tests
carried out with a specific antibody for B-glucosidase
(Fig. 4a). These results confirmed that B-glucosidase
did not pass through the membrane of 50 kDa. In fact,
as can be seen in Fig 4¢ only a protein of 20 kDa, as
a major representative band, was detected in the per-
meate solution after concentration. The intensity of f
-glucosidase (65 kDa) in the retentate solutions re-
mained constant, in addition the profile of background
became more clear during diafiltration process, (Fig. 4b,
compare line: 1 initial solution and lanes 2, 3, 5, 6: re-
tentate solutions after 0.42, 0.83, 1.25, 1.50 diavolumes).

Korean Membrane J. Vol. 8, No. 1, 2006
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In all the solutions analyzed the main band was p
-glucosidase asconfirmed by western analysis carried
out with a specific antibody for f-glucosidase (Fig.
4d). The antibody recognizesa single protein band of
65 kDa. Since at least two different B-glucosidases
were foundin the cells of fruit tissues[12], our results
seem to be consistent with the purification of one of
the two isoforms. Although we have yet no evidences
to identify which isoform is or whether the band corre-
sponded to both enzymes having an equivalent molec-
ular weight, in our view the extraction buffer used,
with low ionic strength and without detergents, could
be able to extract only the cytoplasmic isoform, since
itcould be not effective in breaking the chloroplasts
and removing the isoform inside them[1].

The processed f-glucosidase extract increased the
specific activity not only due to removal of non cata-
lytic protein, but also because of removal of inhibitors.
In fact, the specific activity (0.580 mmol/min * mguoein)
obtained considering only the mass present in the re-
tentate was higher than the one (0.460 mmol/min *
Mgpotein) evaluated considering the total protein pres-
ent in the retentate and permeate and it was also high-
er compared to the specific activity (0.380 mmol/min *

Mgpaein) Of the initial extract solution.

3.2.2. Diafiltration Through Polysulphone 30
kDa Membrane

In order to identify other intermediate molecular
weight fractions, diafiltration through membranes with
different membrane cut-off was carried out. Preliminary
water permeability tests confirmed that no significant
adsorption occurred on the polysulfone membrane.

2 mL of initial extract solution were diafiltered
through PS 30 kDa using borate buffer pH 9. Also in
this series of experiments diavolume was 4.5. After di-
afiltration, quantitative analysis for measuring protein
mass (by Bradford test) and catalytic activity were car-
ried out. Also in this case, electrophoresis analysis al-
lowed the qualitative identification of protein content.
As illustrated in Fig. 5, the amount of protein in the
fruit extract (feed) and in the retentate solution were
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Protein mass (mg)
Activity (mmol/min. g)
o
£=)

(=1

0,20

0,00

Retentate

Fruit extract
Fig. 5. Protein mass () and p-glucosidase activity ([])
in solutions from diafiltration through PS 30 kDa poly-
sulphone membrane of fruit extract from Olea europaea.
a) SDS-page assay: lane 1. marquer; lane 2 protein extract
from Olea europaea lane 3 permeate lane 4. retentate.

0.90 (= 0.30) mg and 0.84 (£ 0.30) mg, respectively.
The p-glucosidase specific activities related to these
samples were 0.16 (£ 0.03) mmol/min * mgyowin for the
feed and 0.11 (+ 0.02) mmol/min * mgyoein for the
retentate. The electrophoresis tests of fruit extract, per-
meate and retentate (Fig. 5a) confirmed these results;
in fact, the composition of fruit extract and retentate
was not changed. The background in this case re-
mainedconstant and for this reason it was not possi-
ble to carry out analysis of western and dot blot.

These results indicated that, although the same dia-
volume was practised, the protein extract was not puri-
fied through PS 30 kDa. This was due to the fact that
inhibitors have a molecular weight larger than 30 kDa
therefore the 20 kDa proteins detected in the previous
experiments must be present as complexes in the na-
tive fruit extract.

4. Conclusions

The Olea europaea maturation stage, in which f-
glucosidase is largely expressed in tissues, was identi-
fied in the mature green phase of ripening, according
with previous findings. Fruits extract from this stage
were prepared and processed by diafiltration and ultra-
filtration. The process allowedto separate and to identi-
fy a major enzyme form with molecular weight of 65
kDa identified as a putative p-glucosidase by a western
blot analysis and enzyme activity assayand a 20 kDa
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monomeric protein that in the native extract is com-
bined to form higher molecular weight complexes. The
diafiltration resulted a methodology able to guarantee
the protein stability. In fact, the purification allowed to
increase the specific activity of pB-glucosidase from
Olea europaea extracts during diafiltration with 50
kDa PA membranes up to 52% compared to the initial
activity for the measured range of diavolume values in

addition better electrophoresis profiles were obtained.
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Ahstract

A new combined method is reported to localize the sites of enzyme immobilization and to determine its catalytic activity on a polymeric
capillary membrane reactor. The useful new method resulted from the merging of the classic in siw enzyme activity assay and western blot
technique whose both results are easily detectable either at low than at high magnification in light microscopy. B-Glucosidase from olive fruit
was selected as enzyme model because of its suitable relevance in the industrial processing of foods, in biotechnology and in pharmaceuticals
and for its activity against the synthetic substrate 5-brome-4-chloro-3-indolyl-B-p-glucopyranosyde which develops an insoluble dyed product.
The enzyme was physically immobilized within 30 kDa cut-off capillary polysulphong membranes and results obtained by means of a polyclonal
antibody against R-glucosidase and the synthetic substrate clearly showed a coherent localization of the immobilization enzyme sites and its

activity.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Polysulphone capillary membrane: Enzyme immobilization; Enzyme activity i sitw, Immunolocalization én sinu: Light microscopy

1. Introduction

Immobilized biocatalysts have widespread applications in
areas like organic synthesis, pollution control and diagnostics,
Enzymes can be immobilized on different supports like poly-
meric beads, gels and membranes. Hybrid systems using immo-
bilized enzymes, such as biocatalytic membrane reactors are
well described in the open literature.

Membranes possess the distinct advantage of very high sur-
face area for enhanced enzyme loading and can sustain convec-
tive flow mode. Immobilization eliminates the need to separate
anenzyme from the product solution and allows these expensive
compounds to be reused. In addition, the thermal and storage
stability of an enzyme may be increased as a result of immo-
bilization [1.2]. These advantages are in addition to those that
enzymes possess over conventional catalysts such as high effi-
ciency and regiofstereospecificity [3]. Common immobilization
techniques may be grouped in two classes: physical entrapment

* Comesponding author, Tel.: +39 0984 4920500 2] 34; fax: +39 (984 402103,
E-mail addvess: | giorno@itm.cnrit (L. Giorno).

03T6-T385% — see front matter © 2006 Elsevier BV, All rights reserved.
doi: 100016/ . memszi. 20060801 8
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[4] and chemical immobilization [5]. Chemical immobiliza-
tion include non-covalent linkage (e.g. adsorption) [6-8] and
covalent attachment. While the physical immobilization often
helps to preserve the properties of an enzyme and facilitate
regeneration, covalent attachment generally contributes a greater
degree of immobilization stability [9]. The amount of biccat-
alyst loaded. its distribution and activity through the support
and its lifetime are very important parameters to properly ori-
entate the development of such systems. Usually the amount
of immobilized protein is known by mass balance between the
initial solution (feed) and the solutions after immobilization pro-
cess (e.z. retentate and permeate) [10]. The catalytic properties
are then measured as observed reaction rate on the basis of the
reaction product in the bulk solution as a function of time. The
possibility to visualize the enzyme in sifu and detect its activ-
ity in sitw has not yet fully explored. The use of fluorescence
labelling of proteins was used [11] to monitor protein fraction-
ation by ultrafiltration and to control membrane fouling. Sousa
et al. [12] evaluated the distribution along hollow fibres mem-
branes of the amount of enzyme immobilized on microporous
nylon membrane. The procedure was based on measuring the
protein content in membranes pleces sectioned after enzyme
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immobilization, along the module length, Le. initial, middle
and end of the membrane module, by Lowry assay. Liu et al.
[13] proposed a method for the localization of active peroxi-
dase immobilized on microfiltration flat membranes by the use
of 3,3'-diaminobenzidine tertahydrochloride (DAB). It can form
an insoluble brown polymeric non-droplet precipitate which is
strongly osmivm-philic when oxidized in presence of HaOs.
After the reaction with DAB, the membranes pieces, embedded
in Epon resin, were cut by ultra-microtome and observed by
electron microscopy.

In the present work a new combined method revealing the
sites where the enzyme is immobilized within the thickness of
ultrafiltration polysulphone membranes and the assessment of
its activity in site has been developed.

This method is based on the merged procedures of in situ
assay developed for histochemistry detection of glucohydro-
lase activity and the western blotting for immunodetection of
target proteins on nitrocellulose membranes [14,15]. The his-
tochemical detection of glycohydrolase enzymes was devel-
oped and extensively applied in the i sitw detection of the
expressions of GUS reported gene constructs in the trans-
formed tissues [16-18]. Based on the same procedural condi-
tions the enzyme family | of B-D-glucoside glucohydrolase,
E.C. 3.2.1.21, which specifically hydrolyzes the synthetic sub-
strate ( 5-brome-4-chlore-3-indolyl-B-p-glucopyrancsyde ), it is
routinely applied as marker of endoplasmic reticulum and use-
ful as bacterial differentiation [19-21]. In fact following the
hydrolysis, the synthetic substrate develops a blue dyed prod-
uct that precipitates in the site of the reaction; consequently it
1s possible to visualized the localization of B-glucosidases in
the cells by means of the light microscope observation still at
low magnifications. Actually, no evidences exist at our knowl-
edge of the performances of the assay on enzyme loaded on the
artificial moieties as polymernic membranes, except for its analo-
gous synthetic substrate used for the glucohydrolases detection
on acrylamide gels [22]. On the other hand, besides no evi-
dences exist on the classic western blot analysis applied on
capillary polysulphone membrane loaded with the target pro-
teins, practically, no significant challenges are expected respect
to the nitrocellulose membrane performances toward the effec-
tiveness on the epitope-antibody recognition. For this purpose
the native B-glucosidase from olive fruit (Olea europea) was
chosen as enzyme to immobilize onto the membrane because
the well known catalytic activity towards the synthetic substrate
able to develop the insoluble dyed products that precipitates on
the sites of reaction. In addition the B-glucosidase was selected
among other enzymes because of its suitable target for protein
engineering to address the food processing and quality enhance-
ment [23,24], biomass conversion in biotechnology [25], as well
as substrate processing in pharmaceutical [26]. In particular,
olive B-glucosidase activity is linked to many processes such as
the defense against pests and pathogens [27], the loss of bitter
taste of ripens fruit pulp [28.29] and influence foodstuff qual-
ity resulting from industrial processing of olive fruits [30-32].
In addition, the products of enzymatic hydrolysis of its natural
substrate oleuropein are well known as pharmacologically active
molecules [33].
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2. Materials and methods
2.1, Enzyme extraction

Olive green fruits showing high PB-glucosidase activity
(1.5 0.4 Ufmg of proteins) were washed with distilled water
and immediately frozen in liquid N2 and then destoned using
a mortar and pestle. Typically, 1 g fresh pulp (n=6 different
sample for each sampling time) was ground in liquid N using
a mortar and pestle. The obtained frozen powder was further
ground to a fine powder by the aid of quartz sand and then trans-
ferred on ice in 10ml twhbes and resuspended in 12.5 ml 0.1 M
borate butfer, pH 9.0, 6% (w/v) PVP 10 kDa (poly-viny] pyrroli-
done), 1% (w/v) B-mercaptoethanol, 1.0mM PMSF (phenyl-
methylsulfonylfluoride) according to Briante et al. [34]. The
suspension was shaken gently for 1h at 4°C and centrifuged
in a minifugue at 27,000 % g for 1 h. The upper cil phase was
carefully removed and the aqueous phase, representing a protein
extract and the enzyme enriched phase, was filtered on paper
and stored at —807C. Western blot analysis of enzyme extract
after SDS-PAGE electrophoresis was performed using a 1:2000
polyclonal anti-p-glucosidase as the primary antibody, kindly
supplied by Minami et al. [35]. The secondary antibody was
a 1:3000 anti-rabbit AP conjugate antibody. The detection was
made by the alkaline phosphatase detection system with the anti-
biotin MBT/BCIP {4-nitro blue tetrazoliom chloride/5-bromo-4-
chloro-3-indolyl-phosphate) reagent kit {Roche). The antibody
recognized a protein band at 65 kDa molecular weight as a puta-
tive olive B-glucosidase (Fig. 1). This result is not surprising,
because the enzyme monomers of GHI family have molecular
weights between 35 and 65 kDa [22]. The vsed method allowed
to recognize only the monomer of the enzyme, since the SDS-
PAGE electrophoresis does not preserve the aggregates forms.
Mative enzymes in most plants are monomers or dimmers, as

Fig. 1. Western blot of olive tissues extracts after SDS-PAGE in which the
polyclonal anti-R-glucosidase antibody recognized a protein band at 65 kDa as
aputative olive P-glucozidase (lanes | and 2), lane 3: 20014 kDa markers, lane
4 B-glucosidase from almond (Sigma, St Loais, USA) was used as standard
purified enzyme.
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almond B-glucosidase that has a molecular weight of 130 kDa.
In analogy. we can suppose that olive B-glucosidase could exist
as monomers or higher aggregates forms.

The B-glucosidase from almond (Sigma, St. Louis, USA ) was
used as standard purified enzyme.

2.2, Structure of polysulphone membrane and module
assembling

For enzyme immobilization, commercial polysulphone
capillary membranes with nominal molecular weight cut-
off (NMWCO) of 30kDa, having innerfouter diameter of
1.08/1.75 mm, were used. The membranes were kindly provided
by Romicon Inc. The structure of this kind of membranes is
asymmetric with the selective layer on the lumen side and the
spongelayeron the shell side. The lab-made membrane modules
were prepared by assembling three capillary membranes inside
a pirex glass cylinder of 1.2em i.d.. 5.5em long. The internal
membrane surface area was 4.25 x 1074 m?. Before permeail-
ity tests, the membranes were first washed with ultra pure water
to remove the water-soluble residues. After this step immobi-
lization procedure with fruit extract was carried out.

2.3, Immobilization of B-glucosidase from olive fruit by
cross-flow ultrafiltration

Five millilitres of fruit extract solution was recirculated along
the shell side at a flow rate of 1.45ml/min (axial velocity
of 0.028m's) and a transmembrane pressure of 0.10bar. The
enzyme solution permeated from shell to lumen. In this way
the B-glucosidase present in the extract (65 kDa monomers or
higher molecular weight aggregates), entered the spongy layer
but could not pass through the thin layer (cut-off 30kDa). After
the cross-flow ultrafiltration was completed the membrane was
rinsed in order to remove the amount of the enzyme reversibly
adsorbed on the membrane. Rinsing cycles of 5min each with
0.1 M borate buffer pH 9 were carried out, with a flow rate of
238 mlmin, axial velocity of 0.046m/s and a transmembrane
pressure of 0.15 bar. The removal of non-immobilized enzyme
was monitored by spectrophotometer analysis in the UV—vis
range.

The same immobilization procedures was carried out using
pure B-glucosidase from almond.

An [smatec peristaltic pump (Cole-Parmer) was used to sup-
ply the feed solution to the module and to recirculate the retentate
stream along the shell circuit. The experiments were carried out
by maintaining the feed solution and the permeate at 4°C and
the membrane module at room temperature. The fractions col-
lected after immeobilization procedure were 0.8 ml of permeate
and 4.2 ml of retentate. Protein content in the various solutions
was determined by Bradford spectrophotometric assay [36]. The
amount of immobilized protein was calculated by mass balance:

Massimmobilized protein
= Massfeed — (Masserentate + Massparmeate

+ Mﬂ-"ﬁ"ﬂ.\-‘ashing solution )
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2.4, In situ assay activity of B-glucosidase

The three fibers loaded with the enzyme were disassem-
bled from the modules and freshly sectioned at 4 °C by using a
vibrotome (Leica), along fibers length (initial, middle and end
of the fibers) obtaining the serial sections each of 80pm in
thickness. Longitudinal and cross-sections were immediately
placed in the minivials containing 1ml of detection buffer,
adapted for B-glucosidase from Jefferson et al. [16], containing
60 wM of the synthetic substrate (5-brome-4-chloro-3-indolyl-
B-D-glucopyranosyde, Sigma, St. Louis), 50mM phosphate
buffer pH 6.5, L.5mM potassium ferricyanide, 1.5mM potas-
sium ferrocyanide. 10mM EDTA pH 8.0. After enzymatic
hydrolysis by immobilized B-glucosidase, the synthetic sub-
strate develops an insoluble blue product that precipitates on
the site of reaction thus localizing the active enzyme in the
membrane. For each sampling three membrane sections, initial,
middle and end of the fibers, were placed in the vials contained
the detection buffer without the synthetic substrate as the con-
trols. Sections were incubated in a wet chamber at 37°C in the
dark for 30min, 1, 2 and 3 h. The reaction was stopped in cold
phosphate buffer and the sections were mounted with glycerol
on slides for optical microscopy and digitalized by Leitz Dialux
EB microscope equipped with a CCD camera. Image analysis
on three sections for each membrane replicate (n="19) was per-
formed by QWin™ Image System Software (Leica).

2.5, Immunoblotting on B-glucosidase loaded membrane

Subsequent to the in sitw detection of P-glucosidase activity
the enzyme-loaded membrane sections were processed using a
modified protocol drawn from conventional western blot anal-
yses [4]. The membrane sections were embedded in a drop of
blocking buffer (pH 7.6, 0.025% Tween, 5% normal serum).
After washes the primary polyclonal anti-B-glucosidase anti-
body was added in blocking buffer for 1 h at room temperature.
The antibody dilutions were from 1:2000 to 1:5000. Secondary
anti-rabbit antibody gold conjugated (Inalco spa) at the dilution
1:6000 in TBST with 2% normal serum was added and incubated
for 1 h at room temperature. For light microscopy analyses, sec-
ondary antibodies linkages were visualized on membrane by
silver enhancing kit (Sigma, St. Paclo, MO, USA). As control,
for each antibody dilution, membranes were processed exclud-
ing the incubation with primary anti-B-glucosidase antibody.
Same membrane sections were processed for immunoblotting,
immediately after cuttings, without to perform the in situ activ-
ity in order to ascertain the alterations on enzyme distribution
within the membrane due to the assay conditions.

3. Resulits and discussion

3. Physical immobilization of f-glucosidase from olive

Jruit

The immobilization of B-glucosidase was achieved by cross-
flow ultrafiltration from shell to lumen through a polysulphone
membranes which initial pure water permeability was 263.62
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Tahle |

Example of samples collected from protein extract ultrafiltration

Sample Concentration Wolume Mlass (mg)
(mg/ml) (ml)

Feed (01,400 { £0.060) 5.000 2000 (££0.300)

Permeats 0,020 £0.003) 0.800 0,024 (£0.004)

Retentate 0,380 (£0.057) 4.200 1.630 (£0.240)

Washing solution | 0,090 £0.013) 4.000 0.024 (£0.004)

Washing solution 2 0.000 4.000 01,000

{£43.81)1hm” har. During the protein extract filtration the
permeability dropped to 9.41 (£2.81)hm? bar. This severe
decrease was due to the high concentration polarization cavsed
by the low axial velocity 0,028 m/s used in order to preserve the
biological activity of the enzyme.

As described in Section 2. the total protein content of the col-
lected samples after ultrafiltration was determinated by Bradford
assay.

The amount of immobilized protein for fruit extract was
about 0,32 (£0.05) mg and was calculated as mass balance from
values shown in Table 1. During immobilization with pure B-
glucosidase from almond the amount of immebilized enzyme
was (103 (£0.002) mg,

In the case of fruit extract immobilization, the mass immo-
bilized does not represent the effective B-glucosidase content
but the total protein content remained entrapped in the mem-
brane. Furthermore this information does not indicate where the
enzyme is located and how it is distributed through the mem-
brane thickness and along the module length.

3.2 In situ assay activity of B-glucosidase

The vibrotome cut is useful for certain difficult materials such
as very soft biological specimens or in the case of investiga-
tion of some specific activities or molecules that are inactivated
and destroyed by fixatives or embedding procedures. The sec-
tions obtained can be relatively thick (50-100 pum). howeverthis
method is suitable for light microscopy analyses. The enzyme
loaded membrane appeared to be easily sectioned and handily
manipulated by means of this technique. even though it was
not possible to obtain good cutting accuracy of longitudinal and
cross-sections of less than 70 pm in thickness. Cutting took place
in the physiclogical buffer thus minimizing damage to loaded
enzyme and maintaining the bath temperature of 4 °C. Also, the
operating vibrating blade was kept constant with a vibration fre-
quency of 25 Hz (value 2 of the vibration scale of the vibrotome
Leica). As shown in Fig. 2ia) and (b} cross and longitudinal
vibrotome membrane sections, observed in light stereoscopy,
preserved a good structure. The typical structure of this kind of
membranes, with the selective layer on the lumen side and the
sponge layer on the shell side resulted to be not damaged or
deformed in the texture by cutting. The asymmetric membrane
structure at electron microscopy level is illustrated in the part
() of Fig. 2.

After enzyme immobilization, the activity in site was mea-
sured by using the synthetic substrate 5-brome-4-chloro-3-
indolyl-B-p-glucopyranosyde.

InFig. 3, cross-sections of fibers at middle level of the module
are reported. Similar results were obtained along the fiker length
at the beginning and end of the module.

Fig. 2. Eighty-micrometer membranes section obtained by vibrotome and observed in light sterenscopy: (a) cross-section (40, (h) longitudinal section (60 ) and
() scanning electron microscopic picture of cross-section of 30 kDa polysulphone capillary membrane 30,
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Fig. 3. Microphoicgraphs of B-glucosidass loaded membrans ooss-ssctions {a'c) afier the immunclocalization with ihe aotibody against B-glucosidass; ()
aftar the combired methads of immunclscalization and i sits aciivity assay. (a) 105 of sample on te lumen side; () and (o) 400 of samples on the lumen side
and shell side, respectively: (d) 100 of sample on the lumen side; (2 ) and £ 4005 of ;amples on e lumen side and shell side, raspectively.

From micmsoope pichres in Fig, 3(d—(f) it can cleady be
seen the uniform spreading of the insoluble blue colour of the
product obtained by enzymatic hydrolbysis of the synthetic sub-
strate which can be supposed the representative site of active
B-glucosidass immobilized in the membrane. In order to min-
imize the product diffuzion within the membrane, the detec-
ticn buffer for B-glucosidase activity assoy contained an higher
concentration of ferricyanide and ferrocyanide (up to 20%)
respect to those in the biclogy standard assay [16]. The results
showed the enzyme was distributed through the membrane
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thickness along the all module langth. Therefore the cmss-Aow
ultrafiltration in the vsed operating conditions it is confirmed
a useful method to immobilize enzyme through the overall
membrane.

A3, Immunoblofiing on B-glucosidase loaded membrane
A preliminary analyzis of polyclonal antibody against B-

glucosidase is peformed in the westem blot caried out on
the electrophoresss proteins under denaturant conditions. The
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Fig. 4. Microphotagraph of membrane after the immunoblotting contrel tast.

antibody recognizes both B-glucosidase from olive extract and
commenzial purified almond B-glucosidase, os o single protein
band of 65kDa (Fig. 1. as previously repored in Section 2.
The anti-B-glucosidase is specifically against the chlomplas-
tic P-glucosidase from leaves of Polvgonum snctorinm [35]
and, in this case, demonstrated o have high specificity for B-
glucosidase from different plant sources. On these bases the
immunoblotting on B-glucosidasz loaded polyaulphone mem-
brane i= performed using a protocol drewn from traditional
westarmn blot for immunccalization on nitrocellulose membran:
[14]. The major modifications made consist in the decreass
of detergent concentration (up to 300 of the blotting solu-
tions and in the employ of Aoating membrane sections on the
drops of solutions which minimized the amount of antibodies
required. Immunoblottings from R-glucosidese loaded mem-
branes wer performed prior Fig, Ma-(c) and after (d)—1)
the ir sifw mesay. The microscope observations showed that
the antibody recognized the immobilized B-glucosidase singe
the black spots are localized inside the membrane. The spols
gize and number, in fact, develop from the amount of the link-
ages of gold-conjugated secondary antibodies which ar sil-
ver enhancad o allow the observation of the linkage in light
microgcopy [15]. A control test was performed by camying out
the immunoblotting procedure cn membranes without incu ba-
ticn with primary antibody, in this case no spots were obzerved
(Fig. 4).

The spots appear o be distibuted through the thickness,
gither within the selactive layer on the lumen side than in the
sponge layer on the shell side. Protein density is higher in the
layer mext to the lumen since there the polymerdensity is higher.
The im sifu a==ay appears o do not influence the spots distri-
buticn along the membrane thickness and does not affect the
efficiency of epitope-antibody meognition in the membrane sec-
tion as indicatzd by the equal amount of spots numbsr and
spot size between the two treatrments (Fig, 3 versur (d3), The
enzyme localization and its activity is sifw are considered the
results from a combined method of the immunoblotting in site
sy, they clearly showed a correlation between the catalytic
activity and the sites of enzyme immobilization, confirming that
the calour distribution is not due to product diffusion inside the
membrane. but corresponded to the presence of the immobilized
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Fig. 5. Cross-section of pure P-glucosidae from almond laaded-membrans,
after combined metheds of immunalocali mtion and ée sifractiviiy assay (40:).

active enzyme in the site of reaction. These results pointed that
the physical immobilization can provide high membrane suface
for the enzyme o be immobilized and showed that the biocat-
alysts can be distributed through all the membrane thickness.
The combined method was also verified on membrane loaded
with pure Prglucosidase from almond os standard, esults ame
reported in Fig. 5. Alzo in this case the maults showed that the
enzyme was immobilized through all the membrane thickness
with major presence on the thin layer.

4. Conclusion

A new combined method merged from the classical i sin
detection of enzyme activity and westem blot analysis was
applied for the Arst tme o the capillary ssymmetric poly-
sulphone membrane reactor o determine simultneonsly the
enzyme spatial distribution through the membrane thickness and
along the membrane modube ard its activity after the immobi-
lization throngh the obsarvation in the Tght micmscopy both at
low and high magnifications. Results revealed a coherent local-
izationof enzyme and its insoluble product of hydrolysis throngh
the all membrane which evidenced that physical entrapment by
cmss-fow ultrafiliration allowed the enzyme macromolecules o
penatrate through the membrane module preserving the catalytic
activity. The described approach can be usaful o clarify crcial
informations for the optimisation of the engyme immaobilization
techniques, for estimating the enzyme content over o non-pur
protein starting solution, for measuring intrinsic kinetic proper-
tize of immobilized enzymes, for the modelling of membran:
reactors and their development at lange scalz.
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1. Introduction

[(-Glucosidase from olive fruit tissues is a key
enzyme in fruit ripening and defence response
[1-3]. The purification of olive fi-glucosidase is
of high interest for its application in the food
and pharmaceutical fields. In this work, the use
of membrane technology to fractionate and
purify protein extract from Olea ewropaea fruit
containing [-glucosidase was investigated. The
enriched enzymatic fraction was immobilized on
polvmeric membranes to develop biocatalytic
membrane reactors for the hydrolvsis of oleuro-
pein, whose products have shown antibacterial
activity.

2. Results and discussion

(lea europaea fruit extracts from optimal
ripening stage were processed by diafiltration.
Asymmetric membranes made of polyamide or
polysulfone having 50 and 30 kDa nominal molec-

ular weight cut-off (NMWCO), respectively,

*Corresponding author.

were used. The effects of membrane material
and cut-off on the separation performance and
[-glucosidase stability were studied. Qualitative
and quantitative electrophoresis was applied to
analyse the composition of protein solution before
and after membrane separation process. In general,
the membrane treatment allowed improving the
purity of the protein extract giving better electro-
phoretic profile (Fig. ). The B-glucosidase stabil-
ity was analysed by catalytic activity tests before
and after fractionation, using the hydrolysis of
p-D-nitrophenyl-[-D-glucopyranoside  (pNPGlc)
as reaction model. As shown in Fig. 2, the specific
activity (mmeol min™ mg!) of the enzyme in the
retentate was slightly improved after diafiltration
compared to the initial fruit extract solution.

The purified fraction was immobilized on
hollow fibre membrane bioreactors. The alterna-
tive approach of carrying out the purification
and the immobilization in a single step has been
explored.

The enzyme-loaded membranes were used
to carry out the hvdrolysis of oleuropein into
glucose and dialdehydes o-f-unsaturated that
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Fig. 1. SDS-page assay: lane 1, protein extract from
Hea ewropaca (total volume 2 mL); lane 2, permeate;
lane 3, retentate (total volume 2 mL); lane 4, f-glucosi-
dase from almond.
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Fig. 2. Protein mass (M) and [-glucosidase activity (O)
in solution from diafiltration through polvmeric mem-
brane of fruit extract from Olea enropaca.

show a strong antibacterial, antitumoral and
antioxidant activity.

The influence of amount and distribution of
immobilized enzyme on the reactor performance
have been investigated. A comparison between
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activity and stability of immobilized and free
enzyme has been studied.

3. Conclusions

Preliminary results showed that the purity of
fruit extracts was improved by diafiltration. The
process allowed obtaining better electrophoresis
profiles and slightly improving enzyme activity
in retentate solution.

Immobilization of the [-glucosidase from
purified solutions as well as from unpurified
extracts has been performed. In the latter case,
the immobilization permitted to load the enzyme
and purify it at the same time.
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1. Introduction

Biocatalytic membrane reactors using
immobilized enzymes is a well-documented
technology located at an emerging step in a
graph of research efforts vs technology devel-
opment. The immobilization of enzymes has
proven to increase their stability and it has
recently been shown that the widely observed
inverse relationship between stability and
activity is not a general rule.

Various methods are used to immobilize
enzymes in membranes and usually the amount
of immobilized enzyme is calculated by mass
balance between the initial solution (feed) and
final solutions (retentate and permeate). The
catalytic properties are then measured as observed
reaction rate on the basis of the reaction product

*Corresponding author.

in the bulk solution. At authors’ knowledge,
there is not yet published information on where
the enzyme is immobilized within the polymeric
membrane matrix.

2. Results and discussion

In this study, a new combined method
revealing enzyme activity in situ all together the
immunolocalization of the sites of immaobilization
on polvmeric membrane has been developed.
For this purpose S-glucosidase (from almond and
olive fruit) was selected among other enzymes
because of its suitable target for protein engineering
to address the problems of biomass production
in agriculture and forestry, biomass conversion in
biotechnology, as well as substrate processing
in pharmaceutical. A-glucosidases were immohi-
lized by physical method in asymmetric capillary
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membranes made of polvamide having 50 kDa
molecular weight cut-off. The membranes were
assembled in a tube-and-shell module in Pyrex
of about 3cm length. The immobilization was
carried out by cross-flow ultrafiltration of the
enzyme solution from shell to lumen. After the
permeate flux reached a steady state value,
the system was rinsed with buffer to remove the
reversibly adsorbed enzyme. The membranes
were disassembled from the module and sec-
tioned by means of a vibrotome (Leica) without
any fixing procedure. Longitudinal and cross-
section of about 70 um thickness were prepared.
The sections were incubated with a reaction
mixture containing 60 pM X-Glc (5-brome-
4-chloro-3-indolyl-3D-glucopyranosvde, Sigma,
5t Louis) as the synthetic substrate for b-glu-
cosidase, ferricyanide and ferricyanate in the
presence of EDTA [1,2]. The blue colour exhib-
ited by the insoluble reaction product, observed
in light microscopy, allows evidencing the active
enzyme immobilized through the membrane.
Results showed a uniform staining of cross and
longitudinal membrane sections, which means
a distribution of the enzvme in the all membrane.
In order to verifv the colour distribution was
not due to product diffusion, but corresponded
to the presence of the immobilized enzvme,
an immunolocalization method to specifically
localize the b-glucosidase was developed.
Enzyme-loaded membrane sections were pro-
cessed using an adapted protocol drawn from
traditional western blot for immunocalization
[3]. Polyelonal antibody against A-glucosidase
was used. The detection of secondary antibody
gold-conjugated was made by a silver enhanced
kit for light microscopy [4]. As a result of
antibody recognition, black spots were localized
inside the membrane. The combined method of
in situ activity and immunolocalization clearly
showed a coherent correlation between the
catalytic activity and the sites of enzyme immo-
bilization (Fig. 1).
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Fig. I. Combined detection of m situ activity (blue
colour) and immunclocalization of -glucosidase (black
spots) within the polysulfone membrane.

3. Conclusions

The method allows identifving the active
S~glucosidase distribution within the membrane,
which is of crucial importance for the optimisa-
tion of 1mmobilization methodologies, the
modelling of membrane reactors and their
development at large scale. This simple method
can be applied to all the enzymes of which is
available a substrate able to develop a dyed prod-
uct and a specific antibody against the enzyme.
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Protein extraction for two-dimensional
electrophoresis from olive leaf, a plant tissue
containing high levels of interfering compounds

The purpose of this research is to establish a routine procedure for the application of
proteamic analysis to olive tree. Olive leaf tissue is notoriously recalcitrant to common
protein extraction methods due to high levels of interfering compounds. We developed
a protocol for isolating proteins suitable for two-dimensional electrophoresis (2-DE)
from olive leaf. The remarkable characteristics of the protocol include: (i) additional
grinding dry acetone powder of leaf tissue to a finer extent, (i) after extensive organic
solvent washes to remove pigments, lipids etc., using aqueous tricholoroacetic acid
washes to remove water-soeluble contaminants, and (iii) phenol extraction of proteins
in the presence of sodium dodecyl sulfate. The final protein preparation is free of inter-
fering compounds based on its well-resolved 2-DE patterns. The protocol can be com-
pleted within 3 h, and protein yield is approximately 2.49 mg-g~" of aged leaf. We also
evaluated the protocol by immunoblotting with anti-tyrosinate «-tubulin antibody. To
our knowledge, this is the first time that a protocol for protein extraction from olive
leaf appears to give satisfactory and reproducible results. The protocol is expected to
be applicable to other recalcitrant plant tissues and could be of interast to laboratories
involved in plant proteomics.

Keywords: Contaminants / Electrophoresis / Immunoblot / Olive leaf / Plant protein extraction

1 Introduction

2-DE is one of the most efficient and powerful methods to
study complex patterns of gene expression at the level of
proteins [1, 2]. However, the electrophoretic separation of
proteins from plant tissue extracts is often complicated
by other nonprotein contaminants indigencus to the
plant, such as crganic acids, lipids, polyphenols, pig-
ments, terpenes, etc. [3]. In our research, high quality pro-
tein preparation from olive {Olea europea L.) leaf is
required for proteomics. Olive leaf tissue is notariously
recalcitrant to common protein extraction methods due
to high levels of interfering compounds. When proteins
are extracted by directly homogenizing olive leaf in aque-
ous buffers and then precipitated by organic solvents,
polyphenolic and other contaminants will copurify with
the proteins, consequently the resultant brownish pellat,
due to polyphenclic oxidation, is hard to be dissolved
and is not suitable for 2-DE (our observations). To our
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knowledge, there are no reports on successful 2-DE
separation of olive leaf proteins to date. Recently, Garcia
et al. [4] characterized possible juvenile-related proteins
in olive leaf by SDS-PAGE. They extracted leaf proteins
using an aqueous sodium borate buffer (pH 9.0}, followed
by cold methanclic ammonium acetate precipitation.
Mevertheless, the leaf protein profiles on SDS-PAGE gels
they presented revealed only several bands with a high
background, indicating the presence of substantial inter-
fering substances. We tried their protocol but found it did
not give good results for protein analysis by 2-DE.

Although many protocols are reported defining optimal
conditions for sample preparation from plant tissues prior
to |EF [3, 5-9], in the case of clive leaf, the resultant pro-
teins are still contaminated to a degree that interferes with
2-DE. To overcome this problem, we developed a new
protocol that attempts to minimize the prasence of such
compounds as pigments, polyphenols, lipids, polysac-
charides, nucleic acids, etc. The protocol produces high
quality proteins suitable for 1-DE and 2-DE from alive leaf.
In this paper, we demonstrate well-separated patterns of
olive leaf proteins by 1-DE and 2-DE. In addition, as an
example we demonstrate immunoblots of olive leaf
extracts probed with anti-tyrosinate «-tubulin antibody.

0173-0835/03/1407-2369 $17.50+.50/0
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2 Materials and methods

2.1 Preparation of dry tissue powder

Olive leaf was ground in liquid N, using a mortar and pes-
tle. The powdered tissue was placed in microtubes (0.1-
0.2 g tissue powder per 1.5 or 2.0 mL microtubes) and
then resuspended in 1.0-2.0 mL cold acetone. After vor-
texing thoroughly for 30 s, the tubes were centrifuged
at 10000 g for 3 min (4°C). The resultant pellet was
washed once more with cold acetone. After the initial
two washes, the pellet was transferred into a mortar and
allowed to dry at room temperature (ca. 20 min). The dried
powder was further ground to a finer powder by the aid of
quartz sand and then transferred into new microtubes.
The fine powder was sequentially rinsed with cold 10%
TCA in acetone 3-4 times or until the supernatant was
colorless, then with cold aqueous 10% TCA twice, and
finally with cold 80% acetone twice. Each time the pellet
was resuspended completely by vortexing and then cen-
trifuged as above. The final pellet was dried at room tem-
perature and used for protein extraction, or stored at
—80°C for future use. The protocol described above can
be scaled up to use with 10-30 mL centrifuge tubes.

2.2 Protein extraction

Phenol extraction of prateins is based on the protocol
described before [8], but we carried out it in the presence
of SDS (designated as phenol/SDS extraction). About
0.05-0.1 g of the dry powder of leaf tissue was resus-
pended in 0.8 mL phenol (Tris-buffered, pH 8.0; Sigma
St. Louis, MO, USA) and 0.8 mL dense SDS buffer (30%
sucrose, 2% SDS, 0.1 m Tris-HCI, pH 8.0, 5% 2-mercap-
toethanol) in a 2.0 mL microtube. The mixture was vor-
texed thoroughly for 30 s and the phenol phase was sepa-
rated by centrifugation at 10 000 x g for 3 min. The upper
phenol phase was pipetted to fresh microtubes (0.2 mL
for 1.5 mL tube, 0.4 mL for 2.0 mL tube). After phase
separation, white SDS complex often appears at the inter-
phase. Be careful not to disturb the interphase by pipet-
ting. If the recovered phenol phase is not clear, pool phe-
nol phase together and centrifuge again. At least 5
volumes of cold mathanol plus 0.1 m ammonium acetate
was added to the phenol phase and the mixture was
stored at —20°C for 30 min. Precipitated proteins were
racoverad at 10000x g for 5 min, and then washed with
cold methanolic ammonium acetate twice and cold 80%
acetone twice. The final pellet was dried and dissalved in
a buffer of choice, such as Laemmli buffer [10] or 2-DE
rehydration solution (8 m urea, 4% CHAPS, 2% IPG buffer,
20 mm dithiothreitol). For comparison, the dry powder of
leaf tissue was extracted with 2-DE rehydration solution,
phenol, and dense SDS buffer, respectively. The SDS or
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phenol extracts were subjected to methanacl precipitation
as above, and the recovered proteins were dissolved in
2-DE rehydration solution. Protein was quantified by the
Bio-Rad protein assay (Hercules, CA, USA) [11] with
bovine serum albumin as standard. After protein quantifi-
cation, protein extracts were supplemented with trace
bromophenol blue and resolved by 2-DE.

2.3 Electrophoresis and electroblotting

For SDS-PAGE, the Laemmli buffer system [10] was used
to cast 4.75% stacking and 12.5% resolving gel, except
that the gel contained 12.5% glycercl and the final con-
centration of the resolving gel buffer (Tris-HCI, pH 8.8)
was 0.75 m rather than original 0.375 m. After denaturation
at 95°C for 3 min, proteins were resolved under constant
200 Vin a Bio-Rad mini-Protean Il apparatus until bromao-
phenol blue reached the bottom of the gel. For mini-2-DE,
protein samples were applied in 125 L of 2-DE rehydra-
tion solution by reswelling 7 cm Immobiline DryStrip
(pH 3-10 or 6-11, Amersham, Piscataway, NJ, USA) over-
night. IEF was performed in Multiphor Il system (Pharma-
cia Biotech) at 10°C, applying 200 V for 1 Vh, 200 to
3500 V for 2800 Vh, and then 3500 V until reaching 8000
or 10000 Vh. Focused strips were equilibrated using
dithiothreitol and iodoacetamide solutions [12] and then
positioned on a 12.5% minigel (1 mm thick, cast as
described above). Secondary SDS-PAGE was carried
out exactly as above. After electrophoresis, proteins
were visualized with colloidal CBB G [13], or electro-
blotted onto polyvinylidene  difluoride  membrane
(Hybond-P; Amersham) [14]. The 1-DE and 2-DE images
were processed using Quantity One and PDQUEST soft-
ware (Bio-Rad), respectively.

2.4 Immunoblotting

The protein blots were blocked with 3% bovine serum
albumin in TBST huffer (20 mm Tris-HCI, pH 7.6, 0.8%
NaCl, 0.1% Tween 20) and incubated with monoclonal
anti-tyrosinate a-tubulin  antibody (Sigma, dilution
1:2000) for 2 h at room temperature. A peroxidase-
labelled anti-mouse antibody (Amersham, dilution
1:8000) was used as a secondary antibody. The detection
system is ECL Plus Wastern Blotting Reagents (Amers-
ham).

3 Results

Proteins isolated from aged olive leaf by our protocol
show less contamination as determined by 1-DE and
2-DE. In 1-DE gel (Fig. 1) about 50 sharp bands of poly-
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Figure 1. SDS-PAGE separation of clive leaf proteins.
About 15 or 25 pg (as indicated) proteins extracted from
dry powder of aged olive leaf are resolved using 12.5%
polyacrylamide gel and visualized with CBB. The arrow
indicates the preminent polypeptide Rubisco (large sub-
unit), characteristic of leaf tissue extracts. The sizes of
protein standards are indicated on the left.

peptides ranging from 6.5-200 kDa, estimated by Quan-
tity One software (Bio-Rad), are excellently resolved with
a low background; the prominent band of approximately
55 kDa is characteristic of leaf protein fractions of many
plant species and represents the large subunit of ribu-
lose-1,5-bisphosphate carboxylase (Rubisco) [4, 8, 15,
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16]. The protocol also presents a high resolution of olive
leaf protein separation in 2-D gel. The pH 3-10 Immaobiline
DryStrip pattern of olive leaf extract reveals well-resolved
polypeptide spots throughout the gel with little streaking,
even basic polypeptides appear as round-shaped spots
up to pH 9.0 (Fig. 2a). Approximately 160 spots (esti-
mated by PDQUEST software, Bio-Rad) in diversity of pis
and molecular masses are visualized by colloidal CBB G
staining, which provides approximately a 10-fold increase
in sensitivity (with fixation) over methanol/acetic acid
based CBB G and R [14], and the prominent spot,
Rubisco, is a good land marker on 2-D image (Fig. 2, see
arrow). Besides, well-resolved 2-D patterns of olive leaf
proteins can also be obtained with pH 6-11 Immobiline
DryStrip (Fig. 2b).

We further compare the 2-DE patterns of olive leaf pro-
teins extracted by different procedures on the basis of
equal amounts of starting materials. In fact, proteins di-
rectly extracted from aged olive leaf in 2-D rehydration
solution are not possibly to be resolved by 2-DE, due to
the high background resulting from the CBB-staining of
interfering compounds (Fig. 3a). With the extensively
washed dry powder of leaf tissue, 2-DE patterns of phe-
nal/SDS, phenol and dense SDS buffer extracts look simi-
lar (Fig. 3b-d). The phenol/SDS extraction displays a
good resolution and gives more spots (156 spots, Fig. 3b)
than phencl extraction (145 spots, Fig. 3c) and dense
SDS buffer extraction (89 spots, Fig. 3d), whereas the
SDS extraction produces considerable horizontal streak-
ing (Fig. 3d). Overall, spot intensities are increased with
phenol extraction in the presence of SDS (compare
Figs. 3b and c). Besides, spot-to-spot comparison be-
tween Figs. 2a and Fig. 3b reveals a reproducibility of
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Figure 2. Representative 2-DE patterns of olive leaf proteins. About 100 pg of proteins from dry
powder of olive leaf, extracted by phenol/SDS buffer mixture, are resolved by 2-DE (a) with pH 3-10
or (b) pH 6-11 (b) Immobiline DryStrip. The gels were visualized with collcidal CBB G. The arrow
indicates Rubisco, the most abundant polypeptide in olive leaf extracts. The sizes of protein stan-

dards are indicated on the left.
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Figure 3. Comparison of 2-DE patterns of olive leaf proteins extracted by different procedures on
the basis of equal amounts of starting materials. (a) Proteins are directly extracted from fresh aged
olive leaf with 2-D rehydration solution and resolved by 2-DE. Proteins in dry powder of olive leaf are
extracted by (b) phenol/SDS buffer, (c) phenol, (d) dense SDS buffer, {g) phenol/SDS buffer, but
omitting 10% TCA washes, and (f) 2-DE rehydration solution, respectively.

74% (matched spots/total spots ratio). Considering the
long sampling interval (3 months from mid January to
mid April) and consequent leaf growth difference, this re-
producibility may be acceptable. Furthernore, 2-D rehy-
dration solution extraction of dry tissue powder (Fig. 3e)
and omitting 10% TCA washes (Fig. 3f) all result in a poor
resalution. Protein yields are maximized with phenol/SDS
extraction, followed by dense SDS buffer extraction and
phenol extraction (Fig. 4). The above results indicate the
efficient remaval of interfering compounds prior to elec-
trophoresis by the protocol described here. The protocol
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can be completed within 3 h. By this protocol, 1.0 g of
fresh aged olive leaf typically yields 0.20-0.25 g of dry
tissue powder and approximately 2.49 mg protein (with
phenol/SDS extraction).

In addition, we evaluate the protocol using immunoblot-
ting. As an example, olive leaf extracts are immunc-
probed with anti-tyrosinate =-tubulin monoclonal anti-
body. Consequently, the tyrosinate s-tubulin in olive leaf
appears as a single band of about 55 kDa in 1-DE blot
(Fig. 5a), the same size as those from other plants and
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Figure 4. Protein yields of olive leaf from different extrac-
tion methods. Proteins in dry powder of aged olive leaf
tissue are extracted by phencl/SDS buffer, phenal and
dense SDS buffer, respectively. Protein is quantified by
the Bio-Rad protein assay. Results (mg protein/g fresh
leaf) are the mean values from three independent experi-
ments.
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Figure 5. Immunchblotting tyrosinate s-tubulin in olive leaf
extracts. Proteins in dry powder of olive leaf are extracted
by phenol/SDS buffer mixture, separated with1-DE (a,
10 pg) or 2-DE (b, 25 pg), electroblotted, and probed with
anti-tyrosinated «-tubulin. The arrow indicates the band
or the isotypes of tyrosinate =-tubulin.

animals [17]; 2-DE immunoblot reveals the presence of at
least four isotypes of tyrosinate =-tubulin in olive leaf tis-
sue, with various pls from 5.0-6.0 (Fig. 5b).

4 Discussion

4.1 Removal of nonprotein contaminants

Sample preparation is one of the most crucial, yet prob-
lematic, steps for high-quality resclution of proteins in
2-DE. Most problems can be traced to coextraction of
nonprotein cellular components that can affect protein
migrations [18]. Plant tissues are rich in compounds that
interfere with 2-DE. These interfering compounds, e.g.,
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polyphenols, terpenes, and organic acids, mainly accu-
mulate in vacuole in various soluble forms, and are more
abundant in green tissues than in young seedlings or etio-
lated material [3]. Usually, two main strategies exist for
removing these contaminants: (i) removal before protein
extraction and (jij removal after protein extraction. Olive
leaf contains high levels of interfering compounds. Direct
homogenization of clive leaf tissue in various extraction
buffer, followed by organic solvent precipitation, always
results in a brownish pellet difficult for further processing.
Therefore, in the case of olive leaf, it is necessary to
remove thoroughly the contaminants from leaf tissue prior
to protein extraction.

Conventional removal of nonprotein contaminants in-
volves the use of organic solvents (e.g., acetone, 10%
TCA in acetone) to wash contaminants out of tissue pow-
der [6]. To a great extent the removal efficiency depends
on the fineness of tissue powder. Based on our experi-
ence, the finer the powder, the more thoroughly the con-
taminant removal. Thus, rather than conventionally grind-
ing plant tissue in liquid N, once, we further grind the dry
acetone powder a second time. After the initial two ace-
tone washes, the resultant air-dried tissue powder
bacomes quite fragile and thereby is easy to be ground
to a finer powder. Another remarkable modification of our
protocol is that, following 10% TCA/acetone washes, we
utilize agqueous 10% TCA to remove water-soluble con-
taminants, otherwise which would copurify with proteins
until the final step and could not be removed by phenal
extraction afterwards. In our hands, the additional grind-
ing and the aqueous TCA wash are proven to be very
effective in removal of contaminants. After extensive
organic solvent washes, the leaf tissue powder can be di-
rectly extracted in Laemmli buffer [10] for SDS-PAGE, but
at this stage it still contains residual contaminants that
would interfere with 2-DE (Fig. 3e). Therefore, phenal
extraction is carried out to further minimize the presence
of these contaminants in protein extracts.

4.2 Protein extraction

We extract proteins from dry powder of olive leaf with a
mixture of phenol and dense SDS buffer. With 30%
sucrose, the SDS extraction buffer is heavier than Tris-
buffered phenol, so during phase separation the phenol
phase is ‘pushed’ on top, which facilitates to take out the
phenol phase. Phenol dissolves proteins (including mem-
brane proteins) and lipids leaving water-scluble sub-
stances (carbohydrates, nucleic acids, efc.) in the aque-
ous phase, thus proteins in phencl phase are purified and
concentrated together with subsequent methanol pracip-
itation. Another advantage of phencl extraction is that it
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minimizes protein degradation often encountered during
sample preparation, due to endogenous proteoclytic activ-
ity [19]. As shown in Fig. 5, anti-tyrosinate =-tubulin anti-
body detects a major band on 1-DE blot or four major
spots on 2-DE blot around 55 kDa, and no degraded
products from =-tubulin are detected, indicating that this
protocol can effectively inhibit protein degradation in
vitro. After phenol extraction, we prefer to precipitate pro-
teins with cold methanolic ammonium acetate at —20°C
for 30 min to shorten the protocol, since no significant dif-
ferences in the protein yield and in the electrophoretic
profiles are found among 30 min, 2 h and overnight incu-
bation at —20°C (not shown).

SDS is an excellent solubilizing agent, which allows the
recovery of membrane-bound proteins. We found that
the phenol/SDS extraction is more powerful than dense
SDS buffer and only phenol. Besides, the behavior of
phase separation of the phenol/SDS mixture depends
greatly on the SDS concentration. Under 5% SDS, the
mixture separates approximately equal volume of phenal
phase and agqueous phase after centrifugation; from 5-
7% SDS, the volume of the phenol phase increases, and
no phase separation occurs above 8% SDS. In addition,
protein losses can be minimized during wash steps when
the supernatant is pipetted out of microtubes instead of
decanting the supernatant in the case of large centrifuge
tubes. Therefore, though a number of wash steps are
invalved in this protocal, the final protein yield is relatively
high {2.49 mg-g~'fresh aged leaf). Unfortunately, the pro-
tein concentration in fresh aged leaf is not possibly deter-
mined due to the presence of interfering compounds.

4.3 Electrophoresis and immunaoblotting

By the protocol described here we always obtained simi-
lar results in different batches of olive leaf protein extrac-
tion, with the 55 kDa polypeptide (Rubisco) being the
most abundant component in 1-DE and 2-DE gels. Phe-
nol/SDS extraction displays a high spot-to-spot match
between different 2-DE gels of olive leaf proteins from
two independent extractions (Fig. 2a and Fig. 3h). It is
needed to note that the changes in spot intensities be-
tween Fig. 2a and Fig. 3b probably result form the differ-
ent leaf growth because the leaves used were collected in
mid January and mid April, respectively. Besides, the pro-
tocol allows us to present much more numbers of well-
resalved polypeptide bands on 1-DE gel than previously
reported by Garcia et al. [4]. We also noticed that the pro-
minent polypeptide Rubisco is not always available in
their leaf extracts [4], although this discrepancy could be
due to different extraction methods and different geno-
types used.
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In the present study, we prefer to run mini-2-DE, with the
first-dimensional IEF using 7 cm Immaobiline DryStrip
resolved in Multiphor Il system and the second-dimen-
sional SDS-PAGE using minigel run in a Bio-Rad mini-
Protean Il apparatus. The advantages of this combination
include (i) rapid (3 h IEF, 1 h SDS-PAGE), (i) convenient
for downstream application (e.g., gel stain and transfer),
(iii) comparable patterns of gels and blots with 1-DE due
to the same size, (iv) less protein loads but without signif-
icant loss of resolution, and finally (v) low cost compared
to 2-DE using 11 or 18 cm Immohbiline DryStrips.

Tubulin exists in all cells as a heterodimer of two similar
but nenidentical polypeptides (ca. 55 kDa), designated
as = and [3, and functions as the major building block of
microtubules. Both =~ and [i-tubulins consist of various
isotypes and undergo post-translational modifications,
including acetylation, tyrosination, detyrosination, poly-
glycylation, and polyglutamylation [20]. Therefore, we
chose =-tubulin as an indicator to evaluate the immuno-
blots of olive leaf extracts prepared by our protocol. As in
tobacco [21] and maize (paper in preparation), in olive leaf
tissue a-tubulin is highly post-translationally modified
with tyrosination and at least four isotypes of tyrosinate
s-tubulin with similar pls can be resclved on 2-D blot
(Fig. Sh).

In summary, by the protocol described here we succeed
inisolating high-quality proteins from aged and young leaf
(data not shown) of clive trees. The resultant 1-DE and
2-DE gels and immunoblots have a high quality, free of
smearing and streaking. The present study shows for the
first time the well-resolved 1-DE and 2-DE protein pat-
terns of olive leaf. The major drawback of the protocol is
its relatively time-consuming (3 h). It is expected that our
protocol could also be applied for other recalcitrant plant
tissues, despite that different plant can vary considerably
in the amounts and types of interfering compounds they
produce.

Received March 11, 2003
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Summary (in italian)

Introduzione

Considerata I'importanza economica che riveste nella nostra regione la
coltivazione dell’ ulivo, sia per quanto riguarda la produzione di olive da tavola
sia per la produzione di olio, la presente tesi di dottorato € volta a caratterizzare
I attivita di una b-glucosidasi endogena, che converte I’ oleuropeina, un biofenolo
largamente accumulato nel tessuti del frutto, in residui agliconici e glucosio. Tali
residui intervengono come diretti responsabili nel meccanismi di difesa contro
agenti patogeni ed erbivori ed influenzano le caratteristiche organolettiche e
sensoridi del prodotto agroalimentare.

La conoscenza delle dinamiche chimiche e temporali di queste molecole
offrira, quindi, interessanti informazioni da utilizzare nel miglioramento della
gualita e della produttivita del prodotto agroalimentare, rappresentando per la
Calabria un elemento di traino nel settore delle esportazioni di materie prime
agricole e dei prodotti derivati.

Le p-glucosidas (EC 3.2.1.21), appartenenti alla famiglia 1 delle
glucoidrolass (GH 1, http://www.cazy.org/fam/GH1.html), sono enzimi

ampiamente diffusi nel regno del viventi procarioti ed eucarioti. Esse calatizzano
I"idrolisi di aril e alchil-b-D-glucosidi come anche di glucosidi in solo mezzo
carboidratico, come il cellobiosio. Dal momento che i b-glucosidi e le b-
glucosidasi esistono dappertutto nel regno dei viventi ci Si aspetta che ci Sia una
similitudine fra tutte le b-glucosidasi diverse per quel che riguarda la loro
struttura e le loro proprieta catalitiche. Infatti, dalla letteratura si sa che quasi
tutte le B-glucosidasi hanno pit 0 meno lo stesso peso molecolare compreso fra
55 e 65 kDa, un optimum di pH acido (pH 5-6) ed una assoluta richiesta di b-

glucosidi come substrato [1]. Le B-glucosidasi di ordini e regni diversi s
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differenziano per la loro specificita all’aglicone che e legato con il gruppo
glucosi de tramite un legame b-glicosidico.

Le attuali ricerche sulle b-glucosidasi hanno assunto sempre piu rilevante
Interesse scientifico, medico ed economico.

Ad esempio, una b-glucosidasi acida umana (glucocerebrosidasi) ha
attualmente acquistato un potenziale terapeutico nel trattamento della sindrome
di Gaucher e nel disordini ereditari causati dalla deficienza di questa b-
glucosidasi acida localizzata nei lisosomi; una b-glucosidasi citosolica umana e
implicata nel metabolismo della piridossina-5'-b-D-glucoside, cosi come
nell’idrolisi del b-glucosidi ingeriti con alimenti di origine animale e vegetae;
applicazioni di sistemi b-glucosidasi/glucosidi cianogenici trovano positivo
riscontro nellaterapia antitumorale [2].

Tali enzimi hanno un grande interesse in campo economico sia perché le -
glucosidasi di funghi e batteri appaiono come candidati naturali per creare una -
glucosidasi ideale da utilizzare nella conversione della cellulosa in glucosio su
scala industriale sia perché risultano coinvolte nella modulazione delle qualita
organolettiche e sensoriali di prodotti agroalimentari.

Le b-glucosidas delle piante sono conosciute da oltre 170 anni dalla
descrizione dell’azione dell’emulsina  (b-glucosidas di mandorlo)
sull’amigdalina, una b-D-gentiobiside cianogenica, da parte di Liebig e Wohler
nel 1837 [3]. Solo negli ultimi vent anni, pero, e stato fatto un progresso
considerevole nella biologia molecolare e nella biochimica di tali enzimi.

Nelle piante, le b-glucosidasi sono coinvolte in una varieta di eventi chiave
del metabolismo ed in risposte relative alla crescita. S passa dall’idrolisi di
fitormoni coniugati e, quindi, all’attivazione degli ormoni stess (ad esempio,
glucosidi di gibberelline, auxine, acido abscissico e citochinine) al
coinvolgimento nel processi di lignificazione fino ala difesa contro alcuni
patogeni ed erbivori attraverso il rilascio di sostanze tossiche (quali cumarine,

tiocianati, terpeni e cianidi) ed al processi di maturazione del frutto.
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In particolare, nella famiglia delle Oleaceae una b-glucosidasi endogena
specifica per un fenolo secoiridoideo attiva un complesso meccanismo di difesa
multichimico i cui prodotti mostrano una spiccata attivita antiossidante e
antibatterica. La validita dell’ applicazione di queste nuove molecole bioattive in
campo medico e farmacologico e testimoniata dai tentativi sempre pit frequenti
di purificare e stabilizzare i prodotti della reazione enzimatica attraverso
bioreattori  catalitici che utilizzano b-glucosidass di  mandorlo e
dall’ archeobatterio Sulfolobus solfataricus over-espresso in E. coli. Questi
enzimi, pur dimostrando una buona specificita per il substrato oleuropeina,
limitano la produzione dei suoi derivati aldeidici insaturi, gli unici che hanno
dimostrato una forte azione antibatterica in vitro. Da qui la necessita di disporre
dell’enzima b-glucosidasi nativo che troverebbe applicazioni biotecnologiche
nella produzione di piante transgeniche resistenti e nella produzione delle
molecole ad elevata attivita biologica con vaste applicazioni in campo industriale

nella produzione degli agroalimenti ed in applicazioni farmaceutiche.

|| sistema b-glucosidasi/oleur opeina nelle Oleaceae

L'ulivo rappresenta una delle colture piu importanti, in termini di
produzione alimentare, nel paes mediterranel. La notevole diffusione dell'ulivo
dall'antichita ad oggi dimostra |'importanza assunta da questa coltura
nell'alimentazione; la ragione di questo successo € dovuta al’individuazione
degli effetti positivi sulla salute umana delle olive e, specialmente, dell’olio di
oliva. Molti studi hanno mostrato che la dieta integrata quotidianamente con olio
di oliva favorisce un abbassamento del colesterolo "cattivo" (LDL) ed un
contestuale innalzamento di quello "buono" (HDL) aiutando a prevenire le
malattie cardiovascolari; offre, inoltre, benefici in termini di prevenzione di
alcune forme tumorali, stimola la mineralizzazione delle ossa e I'assimilazione
del sai minerali di primaria importanza, limita gli effetti dell’invecchiamento

cellulare e mostra attivita antinfiammatorie [4]. Comunque, tutti questi effetti
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sono il risultato di livelli piu alti dei composti antiossidanti dell’ ulivo,
particolarmente fenoli, nel sangue [5-7]. Sfortunatamente molti problemi
influenzano la coltivazione dell’ulivo con conseguenze sulla quaita e sulla
guantita della produzione. Le avversita dell’ulivo comprendono sia malattie
causate da parassiti, quali funghi, batteri, virus e fitoplasmi, che danni provocati
dafitofagi (prevalentemente insetti).

L’infestazione di Bactrocera oleae, ritenuto il fitofago piu pericoloso e
dannoso tratutti i parassiti dell’ ulivo, per esempio, causa grossi danni nei frutti e
alteralaqualita dei parametri dell’olio di oliva, inducendo una diminuzione della
frazione fenolica e dell’ attivita antiossidante ed arrivando, quindi, a condizionare
sensibilmente I'entita e la qualita della produzione. Comungue, le cultivars di
ulivo hanno mostrato un differente grado di suscettibilita al’infestazione il cui
range va da alta suscettibilita (piu del 10% di frutti infestati), bassa suscettibilita
(3% di frutti infestati) e resistenza (meno dello 0.25% di frutti infestati), che non
e influenzato dalle condizioni di coltura, suggerendo in questo modo che la
suscettibilita o la resistenza hanno una fonte genetica determinata [8].

Malgrado le numerose ricerche sul controllo degli agenti infestanti, poche
informazioni sono disponibili sul pattern di difesa costitutivo in Olea europaea.
Le molecole di difesa nell’ulivo sono i fenoli sintetizzati ed accumulati nel
tessuti dei frutti durante la crescita e la maturazione [9].

Molti generi presenti nella famiglia delle Oleaceae sono caratterizzati,
infatti, dall’accumulo di metaboliti secondari contenuti nelle cellule e concentrati
soprattutto nel tessuti delle foglie e dei frutti in maturazione. Queste molecole
sono caratterizzate da gruppi funzionali orto-difenolici. Il principale componente
fenolico € il glicoside secoiridoideo, cumarino-simile, conosciuto come
oleuropeina. L’oleuropeina € prodotta come composto secondario del
metabolismo dei terpeni come precursore di vari indol-alcaloidi. | composti
secoiridoidel sono derivati da glucosidi del tipo oleoside che sono caratterizzati
dalla funzionalita 8,9-olefinica, una combinazione di residui di acido enolico e

residui glucosidici. L’ oleuropeina € presente in alte quantita (60-90 mg/g peso
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secco) nelle foglie dell’ulivo [10], anche se e stata trovata in tutto I’ albero,
incluso i frutti [11]. Al momento sia la qualita che la quantita di composti
fenolici e secoiridoidel e dei loro derivati risulta essere ben documentata in O.
europaea [12-14] come anche la variazione dipendente dalla varieta, dala
stagione, dallo stadio di maturazione del frutto e dall’ eta della foglia [9, 15, 16,
17]. L’ oleuropeina & la molecola responsabile del tipico sapore amaro e pungente
che caratterizza frutti e foglie delle Oleaceae [18]. Tale principio amaro
diminuisce significativamente durante la maturazione del frutto e nella
senescenza foliare e deve essere attenuato o eliminato nei prodotti agroalimentari
derivanti da essa. Percio, recentemente |’ interesse dell’ industria agro-alimentare
s erivolto alla chimica del composti biofenolici della drupa attraverso lo studio
della trasformazione molecolare dell’ oleuropeina.

Analogamente ad atri b-glucosidi vegetali, |’ oleuropeina € una molecola
chiave nel meccanismo di difesa attuato dalle Oleaceae in seguito ad attacco da
fitofago o da agente patogeno [19, 20]; tale molecola, inoltre, € responsabile
dell’ attivita antiossidante ed antimicrobica [21]. La molecola originale fenolica
di oleuropeina non € efficace contro S. cervisiae, B. subtilis ed E. coli, eccetto in
presenza di b-glucosidas a pH 7. Infatti, nelle olive verdi e attuato un
meccanismo di difesa multichimico in seguito all’ attivazione enzimatica da parte
di una b-glucosidasi specifica della porzione secoiridoidea dell’ oleuropeina che
possiede una forte attivita alchilante e cross-linking proteico. In particolare,
guando i tessuti dell’ ulivo sono colpiti da patogeni o da danno meccanico, la -
glucosidasi, idrolizza in maniera specifica |’ oleuropeina producendo molecole
atamente reattive [22]. Bianco ha identificato come nuovi derivati bioattivi
dell’oleuropeina un emiacetale agliconico e due aldeidi epimeriche. Queste
molecole mostrano una forte azione antibatterica verso un numero di colonie
batteriche agenti causali di malattie intestinali e respiratorie umane. | derivati
bioattivi dell’ oleuropeina sono stati identificati in vivo come fitoal essine prodotte

In seguito ad attacco patogeno.



In normali condizioni fisiologiche deve attuarsi, quindi, nei tessuti del frutto
la regolazione della degradazione dell’ oleuropeina. Da diversi studi condotti in
numerose piante superiori lab-glucosidas e statalocalizzatain comparti cellulari
differenti da quello del suo substrato [23-26] incluse specie appartenenti alle
Oleaceae [27] con diversi modelli di compartimentalizzazione. In queste piante il
sistema b-glucosidasi/substrati glicosidici € finalizzato alla risposta di difesa
dall’ attacco di erbivori e agenti patogeni e la loro diversa localizzazione sembra
essere fisiologicamente importante, in quanto la maggior parte dei prodotti di

idrolisi risultatossica anche per le cellule.

Scopo della tesi

In tale contesto, scopo del presente lavoro di dottorato € quello di studiare,
attraverso saggio in situ dell’ attivita b-glucosidasica e analisi biochimiche
iii. il meccanismo che regola I’espressione dell’enzima e la sua attivita nel
confronti dell’ oleuropeinain relazione allo stadio di sviluppo e maturazione
del frutto;
iv. il pattern dell’ attivita della b-glucosidasi ed il contenuto di oleuropeina nei
tessuti del frutto in risposta ad un attacco patogeno simulato in due cultivars
che presentano una diversa suscettibilita alla mosca [8].
| dati ottenuti sono stati necessari per determinare a quale stadio di
maturazione gli estratti dei frutti presentavano la piu alta attivita enzimatica, in
modo da frazionare e purificare gli estratti in cui |I'enzima risultava
maggiormente espresso mediante tecnologia a membrana.
In questo contesto I’ enzima purificato e stato utilizzato per sviluppare un
reattore a membrana biocatalitico cosi da consentire I'idrolisi dell’ oleuropeinain

grado di produrre molecole bioattive.
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Risultati e discussione

L ocalizzazione della b-glucosidas durante la maturazione del frutto di ulivo

(Olea europaea) attraver so saggio in situ dell’attivita

La localizzazione in situ dell’attivita b-glucosidasica € eseguita tramite
I"idrolisi dell’ X-Glc, un substrato cromogenico specifico per la famiglia GH 1.
Un'intensa reazione e stata rilevata nel nucleo, nei cloroplasti e nelle goccioline
lipidiche del citoplasma. Gli enzimi che s trovano nei cloroplasti e nelle
goccioline lipidiche hanno mostrato un’ alta specificita per |’ oleuropeina esogena
rispetto a quella mostrata verso I’ X-Glc nel saggio competitivo in situ, indicando
che in questi compartimenti cellulari sono presenti due diverse b-glucosidasi che
degradano I'oleuropeina. |l saggio € stato realizzato a divers stadi di
maturazione del frutto durante i quali sono state osservate significative variazioni
nel numero e nella distribuzione delle cellule reattive nei tessuti del mesocarpo.
Infatti, nei frutti immaturi (50 giorni dopo I’ antesi) I’ attivita enzimatica non é
stata rilevata nelle cellule del mesocarpo esterno, mentre alcuni nuclei del
mesocarpo interno hanno mostrato reazione positiva a saggio. Nei frutti verdi
maturi (80-120 giorni dopo I’ antesi), invece, € stato rilevato un gran numero di
cellule reattive distribuite nell’intero mesocarpo, anche se l'attivita f-
glucosidasica € stata localizzata preferenzialmente nelle cellule del mesocarpo
esterno. Infine, nel frutti invaiati (dopo circa 160 giorni dall’antesi) sono state
localizzate numerose cellule reattive solo nel mesocarpo interno in prossimita
dell’endocarpo legnoso, mentre I'attivita non e stata rilevabile nelle cellule del
mesocarpo esterno, deputate all’ accumulo di antocianine.

Questi risultati hanno mostrato che le variazioni dell’attivita delle b-

glucosidasi che degradano I’ oleuropeina durante la maturazione sono dovute a
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cambiamenti nella competenza delle singole cellule del mesocarpo a sintetizzare
le isoforme enzimatiche.

Dato che I’ oleuropeina € contenuta nei vacuoli delle cellule del mesocarpo
di ulivo [28], la scoperta dell'attivita B-glucosidasica nei cloroplasti delle cellule
del mesocarpo, indica che enzima e substrato sono tenuti in compartimenti
cellulari divers. Il danneggiamento di cellule e tessuti attraverso la puntura degli
insetti mette in contatto la B-glucosidasi con |’ oleuropeina con il conseguente
rilascio di agliconi tossici, che agiscono da deterrenti per gli erbivori o inibiscono
I'ingresso, la crescita e la diffusione di fitopatogeni [1, 27, 29].

Tali risultati indicano che nelle drupe verdi |la deamarizzazione, dovuta
al'idrolisi dell’ oleuropeina, non avviene perché enzima e substrato non entrano
In contatto, in quanto S trovano in compartimenti separati delle cellule,
nonostante le rispettive concentrazioni nei tessuti siano molto alte. Al contrario,
nelle drupe verdi-invaiate, la deamarizzazione é causata dal danneggiamento

delle strutture cellulari, che consente il contatto tra B-glucosidasi e oleuropeina.

Attivita B-glucosidasica oleuropeina specifica in frutti di ulivo (Olea

europaea) in seguito ad attacco mimato di insetto

Il saggio €& stato eseguito in due cultivars che mostrano una diversa
suscettibilitd all’infestazione di Bactrocera olaea: Carolea, caratterizzata da
un'alta suscettibilita (10.25% di infestazione, 12.87% punture sterili) e
Cassanese, che mostra una bassa suscettibilita (3.62% di infestazione, 13.75%
punture sterili). In entrambe le cultivars, il saggio in situ ha mostrato che, nel
primi 20 min dal danno, una forte attivita enzimatica pud essere osservata nei
tessuti danneggiati. In seguito S e avuta una progressiva disattivazione
dell’ enzima a partire dai tessuti intorno al limite del danno e I’ attivita enzimatica
scompare 60 min dopo il danneggiamento. La perdita di attivita s e arrestata

dopo 3 h, mentre il limite delle cellule attive ha raggiunto la distanza di 300+£50
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mm dal limite del danno. Analisi biochimiche hanno mostrato che negli estratti
dei frutti danneggiati I’attivita B-glucosidasica aumenta nei primi 20 min dal
danno, successivamente diminuisce, raggiungendo valori comparabili con quelli
del frutti non danneggiati. In seguito a danno di B. oleae, il contenuto di
oleuropeina non ha subito cambiamenti significativi nelle cultivars ad alta
suscettibilitad, mentre € diminuito rapidamente nelle cultivars che mostrano bassa
suscettibilitd. Tali risultati suggeriscono che la suscettibilita verso I’infestazione
della mosca potrebbe essere correlata al’ abilita della p-glucosidasi che degrada
I’ oleuropeina a produrre molecole altamente reattive nel tessuti danneggiati.
Come conseguenza del danno € stata rivelata anche una forte attivita
perossidasica suggerendo che anche questo enzima potrebbe giocare un ruolo

chiave nellarisposta di difesa.

Purificazione della p-glucosidasica dagli estratti di frutto di Olea europaea

attraver so tecnologia a membrana

La purificazione della b-glucosidasi da ulivo e di notevole interesse per le
sue applicazioni in campo aimentare e farmaceutico. La purificazione di tae
proteina & stata gia sperimentata ricorrendo all’ utilizzo dell’ elettroforesi, ma
senza ottenere grossi successi. L’uso della tecnologia a membrana per separare
molecole labili da estratti complessi offre un’ attrattiva alternativa visto che tali
metodi consentono di preservare I'attivita enzimatica;, percio s € deciso di
ricorrere a tale tecnologia per frazionare e purificare gli estratti proteici dei frutti
di Olea europaea in modo da migliorare la purezza della b-glucosidas e
preservare le sue proprieta catalitiche.

Gli estratti proteici utilizzati per la diafiltrazione sono stati ottenuti da frutti
provenienti dallo stadio di maturazione nel quale la b-glucosidasi é
maggiormente espressa. Sono state usate membrane asimmetriche costituite da

poliammide o polisulfone aventi cut-off rispettivamente di 50 e 30 kDa. Le
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membrane per |’ ultrafiltrazione sono costituite di polietersulfone con cut-off di 4
kDa. L’efficienza dei process di separazione e stata valutata tramite test
dell’attivita usando il p-D-nitrofenil-b-D-glucopiranoside (pNPGIc) come
modello di reazione. Sono state eseguite elettroforesi qualitative e quantitative
per analizzare la composizione della soluzione proteica prima e dopo il processo
di separazione, inoltre sono state effettuate analisi di dot blot e western blot per
verificare la presenza della b-glucosidasi nelle frazioni trattate.

Tale processo ha permesso di separare ed identificare una forma enzimatica
con peso molecolare di 65 kDa individuata come b-glucosidas putativa tramite
analisi western blot e saggio dell’ attivita enzimatica e una proteina monomerica
che negli estratti nativi si presenta sotto forma di compless di peso molecolare
piu ato. La didfiltrazione e risultata una metodologia capace di garantire la
stabilita proteica. Infatti, la purificazione ha permesso di preservare la stabilita
dell’enzima e di aumentare la sua attivita specifica piu del 52% durante la
diafiltrazione con membrane di PA di 50 kDa confrontata all'attivitainiziale.

Le membrane di 30 kDa di PS non sono risultate adatte per la purificazione
degli estratti.

I mmunolocalizzazione della B-glucosidas immobilizzata su una membrana

capillare di polisulfone e valutazione della sua attivitain situ

E stato messo a punto un nuovo metodo combinato per locaizzare i siti
dove & immobilizzato I'enzima e determinare simultaneamente la distribuzione
spaziale dell'enzima attraverso la membrana e la sua attivita dopo
I'immobilizzazione. determinare la sua attivita catalitica su un reattore a
membrana capillare. 11 nuovo utile metodo € risultato dalla fusione del classico
saggio in situ dell’ attivita enzimatica e della tecnica del western blot, in cui i
risultati sono facilmente rilevabili in microscopia ottica. La B-glucosidasi € stata

Immobilizzata tramite metodi fisici su membrane capillari di polisulfone aventi
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cut-off di 30 kDa. Le sezioni di membrane, processate per il saggio in situ con il
substrato  sintetico  5-bromo-4-cloro-3-indolil-B-D-glucopiranoside,  hanno
mostrato una colorazione uniforme dovuta ai prodotti di reazione. Per verificare
che la distribuzione del colore non fosse dovuta ala diffusione del prodotto, ma
corrispondeva alla presenza dell’enzima immobilizzato, e stato sviluppato un
metodo per localizzare specificatamente la -glucosidasi utilizzando un anticorpo
policlonale.

| risultati hanno rivelato una coerente localizzazione enzimatica e del suo
prodotto insolubile di idrolisi attraverso tutta la membrana che indica che
I"intrappolamento ~ fisico, tramite ultrafiltrazione, ha consentito alle
macromolecole dell'enzima di penetrare attraverso il modulo della membrana
preservando |'attivita catalitica. Questo semplice metodo puod essere applicato a
tutti gli enzimi che hanno a disposizione un substrato capace di sviluppare
prodotti colorati e che hanno uno specifico anticorpo.

Tale approccio pud essere utile per ottimizzare le tecniche di
Immobilizzazione enzimatica, per valutare il contenuto di enzima in una

soluzione proteica non pura, per sviluppare reattori a membrana su larga scala.

Bibliografia

1. A. Esen (1993). b-Glucosidases: Biochemistry and Molecular Biology.
Edited by A. Esen. American Chemical Society, Washington, 1-14.

2. G. Grabowski, A. Berg-Fussman, M. Grace (1993). Molecular biology
and enzymology of human acid b-glucosidase. In b-Glucosidases:
Biochemistry and Molecular Biology. Edited by A. Esen, American
Chemical Society, Washington, 66-77.

3. J Liebig, F. Wohler (1837). Annalen, 22: 11-14.

90



10.

11.

12.

13.

14.

H.K. Hamdi, R. Castellon (2005). Oleuropein, a non-toxic olive iridoid,
IS an anti-tumor agent and cytoskeleton disruptor. Biochemical and
Biophysical Research Communications, 334 (3): 769-778.

A. Keys, A. Menotti, M.J. Karvonen (1986). The diet and 15-year death
rate in the Seven Countries Study. American Journal of Epidemiology,
124: 903-915.

W.C. Willett (1990). Diet and coronary heart disease. Monographs in
Epidemiology and Biostatistics, 15: 341-379.

World Health Organization (1990). Diet, nutrition, and the prevention of
chronic diseases. Report of a WHO Study Group. WHO Technical
Report Series, 797.

N. lannotta, L. Perri, C. Tocci, F. Zaffina (1999). The behaviour of
different olive cultivars following attacks by Bactrocera oleae (Gmel.)
Acta Horticulturae, 474: 545-548.

M.J. Amiot, A. Fleuriet, JJ. Macheix (1989). Accumulation of
oleuropein derivatives during olive maturation. Phytochemistry, 28: 67-
69.

B. Le Tutour, D. Guedon (1992). Antioxidative activities of Olea
europaea leaves and related phenolic compounds. Phytochem, 31 (4):
1173-1178.

M. Servili, M. Badiali, R. Selvaggini, A. Macchioni, G.F. Montedoro
(1999). Phenolic compounds of olive fruit: one- and two-dimensional
nuclear magnetic resonance characterization of nizhenide and its
distribution in the constitutive parts of fruit. J. Agric. Food Chem., 47:
12-19.

P. Ficarra, R. Ficarra, A. De Pasquale, M.T. Monforte, M.L. Calabro
(1991). HPLC analysis of oleuropein and some flavonoids in leaf and
bud of Olea europaea L. Farmaco, 46 (6): 803-15.

A.D. Bianco, I. Muzzalupo, A. Piperno, G. Romeo, N. Uccella (1999).
Bioactive derivatives of oleuropein from olive fruits. J. Agric. Food
Chem., 47: 3531-3534.

C. Savourin, B. Baghdikian, R. Elias, F. Dargouth-Kesraoui, K. Boukef,
G. Baansard (2001). Rapid high-performance liquid chromatography

91



15.

16.

17.

18.

19.

20.

21.

22.

23.

anaysis for the quantitative determination of oleuropein in Olea
europaea leaves. J. Agric. Food Chem., 49 (2): 618-21.

D. Ryan, P.D. Prenzler, S. Lavee, M. Antolovich, K. Robards (2003).
Quantitative changes in phenolic content during physiological
development of the olive (Olea europaea) cultivar Hardy's Mammoth. J.
Agric. Food Chem., 51 (9): 2532-2538.

R. Briante, M. Patumi, S. Limongelli, F.C. Febbraio, A. Vaccaio, F. Di
Sdle, R. La Cara, M. Nucci (2002). Changes in phenolic and enzymatic
activities content during fruit ripening in two Italian cultivars of Olea
europaea L. Plant Sci., 162: 791-798.

M. Esti, L. Cinquanta, E. La Notte (1998). Phenolic Compounds in
Different Olive Varieties. J. Agric. Food Chem., 46 (1): 32-35.

C. Soler-Rivas, J.C. Espin, H.J. Wichers (2000). Oleuropein and related
compound. J. Sci. Food Agric., 80: 1013-1023.

A.G. Badez, P. Gomez, JA. De Rio, A. Ortufio (2007).
Dysfunctionality of the xylem in Olea europaea L. plants associated with
the infection process by Verticillium dahliae Kleb. Role of phenolic
compounds in plant defense mechanism. Journal of Agriculture Food
Chemistry, 55: 3373-3377.

A. Kubo, C.S. Lunde, |. Kubo (1995). A multichemical defence
mechanism of bitter olive Olea europaea (Oleaceae). Is oleuropein a
phytoalexin precursor? J. Chem. Ecol., 11: 251-263.

G. Bisignano, M.G. Lagana, D. Trombetta, S. Arena, A. Nostro, N.
Uccella, G. Mazzanti, A. Saijia (2001). In vitro antibacterial activity of
some aliphatic aldehydes from Olea europaea L. FEM S Microbiol. Lett.,
198: 9-13.

A.D. Bianco, A. Piperno, G. Romeo, N. Uccella (1999). NNMR
experiments of oleuropein biomimetic hydrolysis. J. Agric. Food Chem.
47: 3665-3668.

P. Kakes (1993). Function and variation of the b-glucosidase linamarase in

natural population of Trifolium repens. In b-glucosidases. Biochemistry
and Molecular Biology. Edited by A. Esen, American Chemical Society,
Washington, 143-152.

92



24,

25.

26.

27.

28.

29.

M. Kojina, JE. Poulton, S.S. Thayer, E.E. Conn (1979). Tissue
distribution and enzyme involved in its metabolism in leaves of Sorghum
bicolour. Plant Physiol., 63: 1022-1028.

Y. Minami, H. Takao, T. Kanafuji, K. Miura, M. Kondo, |. Hara
Nishimura, M. Nishimura, H. Matsubara (1997). b-glucosidase in the
indigo plant: intracellular localization and tissue specific expression in
leaves. Plant Cell Physiol. 38: 1069.

S.S. Thayer, E.E. Conn (1981). Subcellular localization of dhurrin b-
Glucosidase and hydroxynitrile lyase in the mesophyll cells of Sorghum
leaf blades. Plant Physiol. 67(4): 617-622.

K. Konno, C. Hirayama, H. Yasui, M. Nakamura (1999). Enzymatic
activation of oleuropein: a protein crosslinker used as a chemical defence
in the privet tree. Proc. Natl. Acad. Sci. U.SA., 96: 9159-9164.

M.B. Bitonti, A. Chiappetta, A.M. Innocenti, I. Muzzalupo, N. Uccella
(1999). Funzionaita' e distribuzione dei biofenoli nella drupa di Olea
europaeal. OLIVO OLIO %2 20-29.

S. Mazzuca, N. Uccella (2002). b-glucosidase releasing of phytoalexin
derivatives from secobiophenols as defence mechanism against
pathogenic elicitorsin olive drupes. Acta Hort. 586: 529-531.

93



94

ALLEGATI



OTHER PUBLICATIONSFROM 2004 TO 2007

S. Mazzuca, A. Spadafora, D. Filadoro, M. Marsoni, C. Vannoni, M. Bracale,
A.M Innocenti (2007). Differential protein expression in Posidonia oceanica
leaves acclimated to low light. Journal of Experimental Marine Biology and

Ecology. Resubmitted after revision.

A. Spadafora, D. Filadoro, S. Mazzuca, M. Bracae, M. Marsoni, A.M.
Innocenti (2007). 2-DE polypeptides mapping of Posidonia oceanica leaf, a

molecular tool for marine environment analyses. Plant Biosystems. 142, XXX.

R. Cozza, A. Chiappetta, S. Mazzuca, M. Petrarulo, F. Rende, A. Salimonti, A.
Spadafora, M.B. Bitonti, A.M. Innocenti (2005). Approccio multifattoriale per
la valutazione dello stato di conservazione della praterie di Posidonia oceanica.
Informatore Botanico Italiano vol 37, 706-708.

95



ATTENDANCE AT CONGRESS FROM 2004 TO 2007

S. Mazzuca, A. Spadafora, D. Filadoro, M. Bracale, M. Marsoni, A.M
Innocenti. Proteasome as biomarker for acclimation to light stress in Posidonia
oceanica. 102° Congresso Societa Botanica Italiana, 26-29 settembre 2007,
Palermo (coauthor in oral communication).

S. Mazzuca, A. Spadafora, D. Filadoro, M. Bracale, M. Marsoni, A.M
Innocenti. The Proteomic approach in Posidonia oceanica population: which
protein biomarkers for light stress acclimation? 3°° Mediterranean symposium on
marine vegetation. 27-29 March 2007, Marseilles (coauthor in ord

communication).

A. Spadafora, D. Filadoro, A. M. Innocenti, E. Perri, S. Mazzuca
Caratterizzazione della B-glucosidasi, un enzima chiave nei meccanismi di difesa
contro agenti patogeni ed erbivori in Olea europaea. Convegno nazionale
“Ricerca ed innovazione per |’ olivocoltura meridionale (RIOM)”, 30 novembre-1
dicembre 2006, CRA - Istituto Sperimentale per I’ Olivicoltura - Rende (CS).

S. Mazzuca, A. Spadafora, D. Filadoro, A. Parise, E. Perri, A. M. Innocenti.
Localizzazione cellulare e tissutale della b-glucosidasi nella maturazione delle
drupe e nel danno meccanico. Convegno nazionale “Ricerca ed innovazione per
I’ olivocoltura meridionale (RIOM)”, 30 novembre-1 dicembre 2006, CRA -
Istituto Sperimentale per I’ Olivicoltura - Rende (CS).

S. Mazzuca, A. Spadafora, D. Filadoro, M. Bracale, M. Marsoni, A.M
Innocenti. Protein pattern and 2-DE polypeptides mapping in Posidonia oceanica
subjected to different environment condition. Marine Genomics an internetional

conference, 28 ottobre-1 novembre 2006, Sorrento.

S. Mazzuca, A. Spadafora, D. Filadoro, M. Bracale, M. Marsoni, F. Rende,
A.M. Innocenti (2005). Proteins extraction from different tissues and organs of

Posidonia oceanica and polypeptide mapping by two-dimensiona

96



electrophoresis. Mediterranean Seagrass Workshop, 29th May to 3th June 2006,
Malta.

A. De Nino, L. Di Donna, S. Mazzuca, R. Dapozzo, A. Sgjjad, G. Sindona, A.
Spadafora (2005). Determinazione e caratterizzazione di proteine e peptidi in
olio extravergine d oliva mediante elettroforesi su gel e spettrometria di massa
MALDI-TOF. X1X Congresso Nazionale di Chimica Analitica. 11-15 Settembre,
Polaris, Parco Scientifico e Tecnologico della Sardegna Pula, Cagliari, Sardegna.

S. Mazzuca, A. Spadafora, M. Bracale, M. Marsoni, R. Cozza, F. Rende, A.
Chiappetta, A.M. Innocenti (2004). Analisi proteomica e morfocitologica in
popolazioni di Posidonia oceanica in relazione a disturbo ambientale. Convegno

Conisma-Aiol, 18-22 ottobre, Terrasini.

S. Mazzuca, A. Spadafora, V. Pignataro (2004). Variazione del pattern proteico
in popolazioni di Posidonia oceanica. Riunione Congiunta Gruppi di Lavoro
Biologia Cellulare e Molecolare e Biotecnologie e Differenziamento, 23-25

giugno, Belgirate..

A. Spadafora, W. Wang, S. Mazzuca (2004). Espressione tessuto-specifica e
localizzazione sub-cellulare dell’enzima b-glucosidasi in foglie e frutti di Olea
europaea. Riunione Congiunta Gruppi di Lavoro Biologia Cellulare e

Molecolare e Biotecnologie e Differenziamento, 23-25 giugno, Belgirate .

97



