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Abstract Pectin methylesterases (PMEs) from two different
orange sources, Valencia and Navel cv., were extracted and
purified using cation exchange, heparin chromatography, and
finally, gel filtration chromatography, yielding a single peak
corresponding to a protein of molecular weight 34 and 35 kDa
for Valencia and Navel PMEs, respectively. Effects of high
pressure (HP) and thermal processing for various treatment
durations on the activity of PMEs in Tris—HCI buffer solution
(pH7.5) were explored. Higher levels of pressure, tempera-
ture, and treatment duration resulted in an analogous reduction
of the PME residual activity. HP-induced inactivation of both
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purified PMEs was described by a first-order kinetic model.
Kinetic parameters were estimated and a multiparameter equa-
tion was developed to predict the PME inactivation rate con-
stant at any combination of pressure and temperature
conditions for both enzymes. The PME from Valencia orange
peel appeared to be more heat- and pressure-sensitive com-
pared to Navel PME. HP-induced conformational changes of
the PME molecules were also investigated using circular
dichroism (CD) spectroscopy. A direct comparison of the
CD results for treated and untreated proteins reveals that
pressure treatment has negligible effects upon far-UV CD
spectra, while significant irreversible changes are depicted in
near UV for both PMEs. It is, thus, evidenced that exposure to
HP may lead to a structurally molten globulelike state, where
the PME maintains a secondary structure of untreated protein
molecules, while a tertiary structure is substantially affected
bearing subsequent impact on substrate—enzyme binding in-
teraction, leading to reduction of enzyme activity.

Keywords Pectin methylesterase - High pressure
inactivation - Circular dichroism - Structural alterations

Introduction

Pectin methylesterase (PME, EC 3.1.1.11) can be found in cell
walls of higher plants or it may be produced by microorganisms
such as fungi. PME hydrolyses Cq methylesters of galacturonic
acid residues in pectins, gradually decreasing their degree of
esterification. The result of this reaction is a demethylated pectin
that interacts with divalent cations, such as calcium, causing a
precipitation of particles and a subsequent clarification of fruit
juices or acts as substrate for other endo-acting enzymes such as
polygalacturonases (PG) and pectate lyases (Van den Broeck et
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al. 2000a). Thus, overall quality of fruit and vegetable products
(such as juice and pulp) is highly correlated to the effect of their
endogenous PME. Control of PME activity is a prerequisite in
food and beverages industry.

Conventional thermal treatment is widely used by the
food and beverage industries for inactivation of PME of
fruit products (Eagerman and Rouse 1976). However, pro-
cessing at elevated temperatures also results in deterioration
of organoleptic and nutritional characteristics and alteration
of texture and color of treated products (Gervilla et al. 2000;
Hendrickx and Knorr 2002). Alternative processing technol-
ogies such as high pressure (HP) processing, pulsed electric
fields (PEF), ultrasounds, and HP carbon dioxide (HPCD)
or combination of these technologies could substitute con-
ventional pasteurization. These processes may inactivate
microorganisms and enzymes (Castro et al. 1993; Katsaros
et al. 2009a; b; Tiwari et al. 2009) while simultaneously
better maintain sensory and nutritional properties and the
overall quality of final products (Hendrickx et al.,1998;
Barbosa-Canovas 1999; Katsaros et al. 2010b).

In literature, there is a significant number of papers describ-
ing the combined effect of HP and temperature on PME
activity from different fruits and vegetables, such as citrus-
based foods, tomato-based foods, peach, strawberry, pepper,
carrot, banana, and papaya. These studies had been carried out
either directly in fruit juices and pieces or in extracted en-
zymes from plant tissues (Ly-Nguyen et al. 2003a; b; Balogh
etal. 2004; Polydera et al. 2004; Guiavarc'h et al. 2005; Sila et
al. 2007; Sampedro et al. 2008; Castro et al. 2008; Boulekou
et al. 2010; Katsaros et al. 2010a). The results found in these
papers show that when processed at same process conditions,
degree of PME inactivation from different sources varies. This
variation can only be partly attributed to intrinsic factors such
as pH, ionic strength, composition of food, and purification
level of enzyme. In general, more intense pressure and tem-
perature process conditions enhance enzyme inactivation. In
most cases, there is a synergistic effect of pressure and tem-
perature (process combining pressure at a certain temperature
results in faster inactivation when compared to enzyme inac-
tivation by only thermal treatment at the same temperature).
However, an antagonistic effect of pressure and temperature
has also been observed. In these cases, the enzyme inactiva-
tion is slower when the enzyme is treated at a certain temper-
ature combined with pressure, compared to the inactivation by
only thermal processing. A synergistic effect of pressure and
temperature may be observed for some enzymes when treated
up to a certain pressure or/and temperature and an antagonistic
effect may be observed for more intense process conditions
and vice versa. Difference in remaining enzyme activity and
resistance in process parameters can be attributed to the orig-
inal enzyme structure and their structural changes when
processed. Knowledge about the HP-induced conformational
alterations in the protein structure of enzymes is of high
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importance, since it can contribute to elucidation of (1) how
structural changes are correlated to residual enzyme activity,
(2) different mechanisms that induce inactivation in thermal
and HP processing, and (3) observed synergistic or antagonis-
tic pressure and temperature effects on enzyme inactivation
after combined processing.

In order to investigate the effect of process parameters on
the structure of enzymes, purification procedure is essential.
More specifically for citrus fruits, the purification and char-
acterization of PMEs from different (citrus) varieties have
been investigated from many researchers (Cameron et al.
2005; Laratta et al. 2008; Savary et al. 2010). The results of
these studies showed that multiple forms of this enzyme are
present in fruit tissues. Each form can be distinguished by its
physical and biochemical characteristics such as molecular
weight, isoelectric points, substrate affinity, and kinetic
properties. Several studies have indicated existence of more
than one form of PME found both in orange juice and
orange peel (Rombouts et al. 1982). Versteeg, Rombouts,
and Pilnik (1978) reported the existence of two enzymes
(PE1 and PE2) in Navel orange peel, while Cameron, Baker,
and Grohmann (1996) reported the existence of four forms
of PME:s in Valencia orange.

Most of the studies on the inactivation by thermal
and HP processing of crude or purified PME from
various plant sources do not investigate structural
changes associated with the processing. The pressure-
induced changes in the rate of enzyme-catalyzed reac-
tions may be attributed to changes in the structure of
PME or/and changes in the reaction mechanism. It has
been proposed that application of HP leads to disruption
of native protein structures due to decrease in volume of
the protein—solvent system upon unfolding, which arises
from existence of voids in the folded state (Mozhaev et al.
1994). In order to understand better the PME structure/function
relationships, the mechanism of HP-induced inactivation
of PME is worth investigating.

Circular dichroism (CD) has been extensively used to
give useful information about protein structure, extent and
rate of structural changes, and ligand binding. CD is an
effective technique for investigation of conformational
changes in proteins that can occur as a result of changes in
experimental parameters such as pH, pressure, temperature,
and binding of ligands. CD analysis has been the subject of
many studies and gives important additional information
about the effect of temperature (Balan et al. 2006;
Thanassoulas et al. 2011), pH (Ramos 2004; Ribeiro-Jr
and Ramos 2004), charge (Ramos et al. 1999; Regis et al.
2005), and ligands (Balan et al. 2006; Ramos et al. 2007) in
the secondary and tertiary structures of proteins and en-
zymes. Menéndez, Schwarzenbolz, and Henle (2006), work-
ing in the pressure range of 0.1-600 MPa with heat
treatment at 40 °C, reported that HP processing at
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600 MPa induced a loss of tertiary structure and a significant
reduction in the alpha-helix content of microbial
transglutaminase. Tedford, Smith, and Schaschke (1999)
examined the structural changes to the milk protein [3-
lactoglobulin that were induced by the combined effects of
pressure and temperature. Results indicated that the pressure
effects were more significant in the tertiary structure than in
the secondary structure of this protein. Similar studies are
cited in the literature using other process technologies such
as PEF (Zhong et al.,2007) and HPCD (Zhou et al.,2009),
but in general, there is a lack of published information in the
literature on the effect of HP treatment at ambient or elevat-
ed temperatures on the structure of PMEs. The main objec-
tive of our research was to comparatively study the effect of
HP on the activity and structure of purified PMEs from two
different sources of commercial significance, i.e., Valencia
and Navel oranges.

Materials and Methods
Orange Peels Samples

Orange fruits (cv. Valencia and Navel) were directly
obtained from the leading Greek citrus industry, a
Greece-based producer-supplier of fruit juice concen-
trates and purees for the international fruit juice indus-
try. Whole ripe oranges (of medium size, approximately
180 g each) were mechanically peeled (0.5 cm in depth)
and the peels were grounded using a blender (Premier
Chef KMC570, Kenwood, UK). No thermal treatment
was applied. The pieces were immediately frozen in a
forced circulation freezer (MDF-U442, Sanyo Electric
Co., Ltd., Japan) and kept at =40 °C until use.

PME Activity Assay

PME activity was measured using a modification of the
method of Rouse and Atkins (1955), as described in
Boulekou et al. (2010). Juice samples of 2 ml adjusted to
pH7.5 with 0.2 N NaOH were added to 50 ml 1 % apple
pectin (70-75 % degree of esterification, Fluka
BioChemika, Buchs, Switzerland) solution containing
0.3 M NaCl that was also previously adjusted to pH7.5 with
0.2 N NaOH at 30 °C. Consumption of NaOH (0.02 N)
(Autotitrator TitraLab TIM 854, Radiometer Analytical,
France) to keep the pH stable was recorded during a period
of 20 min (sufficient time for an autotritator to estimate the
NaOH consumption vs. time). The slope dVy,on/dt was
determined in the linear part of the titration curve. PME
activity of the sample, which is calculated by Eq. 1 and
expressed as microequivalents per minute and milliliter of
sample, is directly proportional to the slope:

A(units per millilter)

(milliliters of NaOH)(N NaOH)10?
V(1 minute)

_ milliliters of NaOH 0.02 - 103
B 2 ml(1 minute)

; (1)

where 4 is the PME activity (units per milliliter), N NaOH is
the normality of NaOH solution used for the titration
(microequivalents per milliliter), and V is the volume of
the sample (milliliters). Dilution of sample during pH ad-
justment was taken into consideration for the determination
of PME activity of each sample.

Extraction and Purification of PME from Orange Peel
(Valencia and Navel cv.)

The purified PME was produced from orange peel using the
purification procedure as described by Cameron et al.
(1996). PMEs were extracted after a number of steps such
as centrifugation, ammonium sulfate fractionation (25—
75 %), and ultrafiltration. The extracts were used for subse-
quent purification experiments. PMEs were purified by a
combination of cation exchange, and heparin and gel filtra-
tion chromatography. The columns were attached to a fast
protein liquid chromatography (FLPC) system (Bio-Rad,
Hercules, CA, USA) and the eluate was spectrophotometri-
cally measured at 280 nm. Chromatographic separation was
performed at ambient temperature and the fractions received
were stored at 4 °C immediately after collection. A 20-ml
volume of enzyme extract was loaded in an UNO S (Bio-
Rad, Hercules, CA, USA) column (2.5%10 ¢cm) while con-
tinuously washed with 20 mM Tris—HCI buffer (pH7.5)
(TBS) until total removal of unbounded proteins. Bound
molecules were eluted off using a gradient of a second
buffer (TBS+0.5 M NaCl) that steadily increases the ionic
strength of the eluent solution. The procedure was repeated at
least two times for more efficient purification. Online spectro-
photometric analysis of the eluted fractions from major peak-
containing PME activity (PE1 for Navel and Valencia peak 2)
was pooled and concentrated at 4 °C with a Centricon
microconcentrator (Amicon, 10-kDa cutoff membrane). Fur-
ther separation of fractions was performed using chromatog-
raphy on heparin Sepharose CL-6B. A 2.5%10-cm column
was used with a 1.5 ml/min flow rate and elution was achieved
using a second buffer (TBS+0.5 M NaCl) that steadily in-
creases the ionic strength of the eluent solution. Two milliliters
of partially purified PME (received after cation exchange and
heparin chromatography) was loaded into Bio-Gel P30 gel
filtration column (Bio-Rad, Hercules, CA, USA). The column
had previously been equilibrated in TBS buffer. The flow rate
was 0.4 ml/min and fractions were collected every 11 min.
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Electrophoresis was performed after chromatography separa-
tion in order to check the purity of obtained PMEs. All
fractions were analyzed for PME activity and protein concen-
tration. The protein concentration was determined spectropho-
tometrically according to Bradford (Bradford 1976), while
PME activity was measured as previously described. All the
steps followed for enzyme extraction and purification are
depicted in a flow diagram (Fig. 1).

Gel Electrophoresis

SDS-PAGE experiments were performed using a 4-20 %
Mini-PROTEAN TGX™ precast polyacrylamide gel (Bio-
Rad, Hercules, CA, USA) attached to a Mini-PROTEAN
Tetra system (Bio-Rad, Hercules, CA, USA). Samples were
boiled for 5 min at 100 °C in a buffer containing SDS (2.5 %)
and (-mercaptoethanol (5 %). Gel staining was performed
with Coomassie brilliant blue staining. An unstained MW
marker (Fermentas, USA) composed of native proteins with
precise molecular weights (beta-galactosidase (116 kDa), bo-
vine serum albumin (66.2 kDa), ovalbumin (45.0 kDa), lactate
dehydrogenase (35.0 kDa), REase Bsp98I (25.0 kDa), (3-
lactoglobulin (18.4 kDa), and lysozyme (14.4 kDa)) was used.

Kinetic Parameters of PME

The effect of substrate concentration was studied by deter-
mination of initial rates (V) of PME activity at different
pectin concentrations. The K, values and maximum rates

Fig. 1 Flow chart of the
Valencia and Navel orange peel
PME extraction and purification

(Vimax) were determined using Lineweaver—Burk double
reciprocal plot, in which the reciprocals of the initial rates of
the PME activity were plotted against the reciprocals of
the pectin concentrations used. Activity assays were
conducted at 30 °C using apple pectin (as described in
PME activity assay) solution ranging from 0.5 to 10 mg/ml
containing 0.3 M NaCl.

Thermal Treatment

The effect of temperature treatment on the activity of PMEs
was examined. Purified enzymes in Tris—HCI buffer solu-
tion (pH=7.5) placed in thin-walled glass test tubes was
immersed in water baths (WB/OB 7-45, MEMMERT
GmbH+Co. KG, Schwabach, Germany) at temperatures in
the range of 50—65 °C for various periods of time. During
thermal treatment, temperature was constantly monitored
and recorded every 2 s by a type T thermocouple placed in
a representative glass test tube filled with the same enzyme
solution (datalogger CR10X, Campbell Scientific, Leices-
tershire, UK). After heating, the samples were quickly
cooled and assayed for their enzymatic activity at 25 °C.
Storage before the assay at 0—5 °C (from 30 min to 48 h) did
not alter the measured activities significantly.

High Hydrostatic Pressure Processing

HP inactivation experiments were conducted at various
combinations of pressure (200-700 MPa) and temperature

Orange peel (Navel & Valencia cv.)

processes
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(30-55 °C) for appropriate processing times. Purified Va-
lencia and Navel PMEs were diluted in 20 mM Tris—HCI
buffer, pH7.5, in a final concentration of 0.025 and
0.038 mg/ml, respectively. The diluted PMEs were placed
into 2-ml polypropylene pouches and placed in
preheated HP vessels for conduction of HP experiments.
Processing time was determined at the planning of the
experiments and was differentiated in each experiment
depending on applied pressure and temperature (ranging
from 5 to 40 min, according to the process conditions).
A laboratory scale high hydrostatic pressure unit was
used (Food Pressure Unit FPU 1.01, Resato Internation-
al BV, Roden, the Netherlands) that consists of a pres-
sure intensifier and a multivessel system (six vessels of
45 ml capacity each), with a maximum operating pres-
sure and temperature of 1,000 MPa and 90 °C, respec-
tively. The pressure-transmitting fluid used was
polyglycol ISO viscosity class VG 15 (Resato Interna-
tional BV, Roden, the Netherlands). Process temperature
in the vessels was achieved by liquid circulation in the
outer jacket of the vessels controlled by a heating—
cooling system. The desired value of pressure was set
and after pressure build up (20 MPa/s), the pressure
vessels were isolated. This point defined the zero time
of the process. Pressure of each vessel was released
(trelease <3 s) after a preset time interval (according to
the experimental design) by opening the pressure valve.
The temperature in the chambers was monitored during
the process. In order to achieve the desired operating
temperature during pressurization, the initial increase of
adiabatic temperature during pressure build up was tak-
en into account.

CD Spectroscopy

Conformational changes leading to differences in the
secondary and tertiary structures of PMEs were deter-
mined with a JASCO J-715 spectropolarimeter (JASCO,
Easton, MD, USA), equipped with a JASCO PTC 348
WI temperature controller. Wavelength scans in the far-
(200 to 260 nm) and the near-UV (260 to 340 nm)
regions were performed in Quartz Suprasil (Hellma,
Germany) precision cells of 0.1 cm and 1-cm path
length, respectively. Each CD spectrum was obtained
by averaging five to eight successive accumulation of
data with a wavelength step of 0.2 nm at a rate of
50 nmmin !, response time 2 s, and a bandwidth of
2 nm. In all cases 0.15-0.4 mg/ml protein concentration
was used in 20 mM Tris—HCI, pH7.5. Buffer spectra,
obtained at identical conditions, have been subtracted
from the raw data. The results in all experiments have
been expressed as mean residue ellipticity in degree
square centimeter per decimole. The CD spectra of all

samples were measured immediately after thermal and
HP treatments.

The far- and near-UV spectra were analyzed by curve-
fitting software Origin 8.0 (OriginLab Corporation, USA)
and for the calculation of secondary structural contents of
the protein, the CDNN software (Institut fiir Biotechnologie,
Martin-Luther Universitidt Halle-Wittenberg) was used.

Tryptophan Fluorescence Spectroscopy

Fluorescence emission spectra were obtained using a
QuantaMaster UV VIS spectrofluorometer (Photon Tech-
nology International, Inc., Birmingham, UK). The experi-
ments were carried out at 25 °C. In all cases, 0.34 mg/ml
protein concentration was used in 20 mM Tris—HCI buffer
(pH7.5) loaded in a 4-ml quartz fluorometer cuvette. Any
background signal (fluorescent or scattered light) from the
buffer has been subtracted. The intrinsic protein fluores-
cence was measured by averaging three successive accumu-
lations of data using the following parameters: excitation of
295 nm, excitation slit width of 0.85 nm, emission slit width
of 1.00 nm, and 14 s integration time.

Kinetic Data Analysis

Values of enzyme activity (average of three different exper-
iments) were plotted with time for various process condi-
tions. The standard error between the three measurements is
represented in the tables with+standard deviation and in the
figures with error bars (each point in a figure represents one
average value of three measurements). The technique of
model-based design of experiments was used for the exper-
imental design in our study.

For statistical fit of the inactivation curves, least
square regression analysis was conducted using
SYSTAT 8.0 (SYSTAT 8.0 Statistics, 1998, SPSS Inc.,
Chicago, IL, USA) software. Dependence of inactivation
rates on process parameters was described with appro-
priate mathematical equations, statistically treated by
nonlinear regression.

PME inactivation rate constants (k, per minute) were esti-
mated at all studied conditions to describe the effect of process
time on their inactivation. The inactivation of PME was de-
scribed by a first-order model for all pressure/temperature
conditions studied (Eq. 2):

In (%) =—k-t (2)

where 4, is PME activity after processing for a time period ¢
(microequivalents of H" per minute per milliliter), 4, is the
initial PME activity (at time zero of processing, in
microequivalents of H" per minute per milliliter), ¢ is the
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processing time (minutes), and & is the inactivation rate con-
stant (per minute). The values of & were calculated from the
negative slope of the regression of A4,/4, vs. time. One-way
ANOVA was applied to data and the differences between the
means were tested by Duncan's test (P<0.05). STATISTICA
7.0 (StatSoft Inc., USA) software was used for the statistical
analysis.

The half-life time of the enzymes, defined as the time
required by the enzyme to lose half of its initial activity,
was also calculated. The calculation was based on Eq.
2, where A/Aq is equal to 0.5. The half-life time deter-
mination allows for easy and direct comparison of the
inactivation of the two studied enzymes. The tempera-
ture dependence of the inactivation rate constant, k, as
given by the Arrhenius equation (Eq. 3), was expressed
in terms of activation energy, E,,:

E, (1 1
k= kr,, - exp [— . (7— - )] ()
Ie

where T..r is the reference temperature, k7, is the
inactivation rate (per minute) at 7T,.r, and R is the
universal gas constant (8.314 Jmol 'K™").

Pressure effect on the reaction rate constant, k, was
expressed through the activation volume, V,, (milliliters
per mole), and can be estimated by linear regression analysis
using the Eyring equation:

Va»,- . (P _Pref)
R T

k= kp

ref

(4)

.exp —

where P, is the reference pressure, kp_, is the inactivation
rate (per minute) at P, and R is the universal gas constant
(8.314 Jmol 'K ™). The effect of the applied pressure on the
E, values was described by an exponential equation (Eq. 5),
while the effect of process temperature on the V, values was
described by a linear equation (Eq. 6) (Polydera et al. 2004):

Ey =Eq, - exp[—b- (P — Pry)] (5)

Vo=a-(T — Twet) + Va, (6)

Based on Egs. 3 and 4 and taking into consideration
the effect of pressure on E, values (Eq. 5) and the
effect of temperature on V, values (Eq.6), the
multiparameter equation (Polydera et al. 2004) was
used to predict the inactivation rate constant at any
combination of pressure and temperature conditions
(Eq. 7). For each studied enzyme, the parameters of
the equation were estimated using nonlinear regression
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routine (SYSTAT 8.0, Statistics 1998, SPCC Inc., Chi-
cago, IL, USA):

k= krefm

E,
— =& exp[—B - (P — Pryt)] -
A(T=Tyep ) +Vay  (P—Pr
- R : T

- exp

Results and Discussion
Purification of Valencia and Navel Orange Peel PMEs

PMEs were purified from two different orange sources
(Valencia and Navel cv.). The steps of purification included
precipitation with ammonium sulfate, cation exchange, and
heparin and gel filtration chromatography.

PMEs from both cultivars bounded strongly to a cation
exchange column (UNOsphere S) media at pH equal to 7.5,
whereas most of the other proteins were eluted. Upon in-
creasing the NaCl gradient, four and two peaks of Valencia
and Navel orange peel PMEs were eluted, respectively. The
major peak of both PMEs (correlated to maximum enzyme
activity) was eluted at 0.1 M NaCl (Fig. 2a, and d). These
samples were rechromatographed on a cation exchange col-
umn at pH=7.5 for further purification. Concentrated and
pooled bounded PMEs containing fractions from cation
exchange chromatography were next loaded onto the hepa-
rin Sepharose CL-6B column. Our decision to choose the
heparin Sepharose for affinity chromatography was based
on the structural similarities that exist between heparin and
pectin. The PME activities that were eluted at 0.1 M NaCl
from the heparin Sepharose for Navel and Valencia PMEs
(Fig. 2b and e) were further purified by gel filtration using a
Bio-Gel P30 column. After all these steps, only one single
peak was finally received for both Valencia and Navel
PMEs corresponding to a protein of molecular mass of
34 kDa and 35 kDa, respectively (Fig. 2¢c and f). As shown
in Table 1, the final purification factors for the Valencia and
Navel PME were estimated as 28.4 and 21.9, respectively.
These values express the high level of purification obtained
via the chromatography procedure. For Valencia oranges,
the PME concentration obtained was 3,900 U/kg of peel,
while for Navel oranges, the corresponding value was 2,250
U/kg of peel.

Effect of Substrate Concentration
The K, (Michaelis constant) values of Navel and Valencia

PMEs were determined after purification by cation ex-
change, and heparin and gel filtration chromatography.
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Table 1 Characteristics of Valencia and Navel PME solutions after two-step purification; ammonium sulfate fractionation (75 %) and chromato-
graphic separation (cation exchange, heparin and gel filtration chromatography)

Protein (mg) Specific activity (U/mg) Purification factor

Sample Volume (ml) Activity (U)
(NH4),SOy4 (25-75 %) (Valencia cv.) 70 18,900+£500
Purified PME® (Valencia cv.) 6 3,500+434
(NH4)>SO4 (25-75 %) (Navel cv.) 90 58,500+3,233
Purified PME® (Navel cv.) 6 5,400+752

229.6+8.6 82.4+3.8 1
1.5+0.1 2,340+286 28.4+3.2
540+22.4 108.5+6.5 1
2.3+0.3 2,375+4395 21.9+3.4

+ denotes standard deviation

*Valencia orange peel PME corresponding to a protein of M, of 34 kDa

°Navel orange peel PME corresponding to a protein of M, of 35 kDa

These values were calculated from Lineweaver—Burk dou-
ble reciprocal (1/V vs. 1/[S]) plots. The K, of Valencia and
Navel PMEs were calculated equal to 1.26+0.09 and 1.39+
0.07 mg/ml, while the V., values were 4.244+0.29 and 5.53
+0.27 mM/min, respectively.

Thermal Inactivation

Thermal inactivation of both PME activity was investigated
for temperatures from 50 to 65 °C. The enzyme inactivation
was described by exponential curves, typical of first-order
kinetics (Eq. 2). The values of k& were calculated from
nonlinear regression of Eq. 2. The exponential fit is illus-
trated in Fig. 3a. The square of the correlation coefficient of
the fit, R%, was above 0.982 for all thermal experiments. No
residual activity was measurable after thermal processing for
sufficiently long time at all studied temperatures.

a 00
-10
12 x-Z.O
=30
40
1 50
0.00000  0.00010  0.00020
08 VT-1Tref (K1)
e
g
<06
04
0.2
0 T T T T T 1
0 10 20 30 40 50 60
time (min)

Fig. 3 a Thermal inactivation of purified PMEs (Valencia and Navel
cv.) at temperatures 50 and 60 °C. Plots of 4/4, vs. time; points are
experimental measurements of the effect of 50 °C on the inactivation of
Navel PME (unfilled square) and Valencia PME (unfilled diamond)
and the effect of 60 °C on Navel PME (filled square) and Valencia
PME (filled diamond), while the solid lines represent the nonlinear fit

@ Springer

For Valencia cv. Orange PME, the inactivation rate con-
stants (k, per minute) obtained at each process temperature
were estimated as 0.023, 0.057, 0.176, and 0.486 min~! for
processing at 50, 55, 60, and 65 °C, respectively. The
corresponding values for Navel cv. Orange PME at the same
process conditions were estimated as 0.011, 0.022, 0.110,
and 0.351 min "', respectively. For both Navel and Valencia
inactivation rate constant values obtained, statistical analysis
showed that each value is significantly different (p<0.05)
from the others. As evidenced by the obtained rates and by
the plotting of the remaining enzyme activity vs. time for
temperatures 50 and 60 °C (Fig. 3), the PME obtained from
Valencia oranges appeared to inactivate faster when com-
pared to Navel PME. The effect of temperature on the
inactivation rate of both enzymes was described adequately
by the Arrhenius equation (Eq. 3), as illustrated in Fig. 3a
(insert). The temperature dependence of the thermal

b
12 4 —PME (Valencia cv.)
'''' PME (Navel cv.)
© .
< LI
<o\l T
e
0 T T T T T 1
0 5 10 15 20 25 30
time (min)

of Eq. 1. Insert The effect of temperature on the inactivation rate
constant of both PMEs (7;.s=65 °C) (Navel PME (filled square) and
Valencia PME (filled diamond)). b High pressure inactivation of puri-
fied PMEs (Valencia and Navel cv.) in 20 mM Tris—HCl buffer solution
(pH=7.5) at 600 MPa and 45 °C
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Table 2 Estimated kinetic parameters & (min~") and #,, (min) for high pressure inactivation of purified PMEs from orange peel (Valencia and

Navel cv.) in the range of temperature from 40 to 55 °C

Purified PME (Valencia cv.)

P (MPa) 200 400 500 600 700
T (°C)

k (min"") ti k (min"") iz k (min ") tiz k (min™") ti2 k (min™") ti2

(min) (min) (min) (min) (min)

40 0.018+0.002"* 38.50  0.037+0.004>* 18.73  0.085+0.011>* 8.15 0.113+0.054>* 6.13 0.169+0.048>*  4.10
45 0.030+0.003'° 23.10  0.082+0.013%° 8.45 0.163+0.062%* 4.25 0.317+0.054*° 2.19  0.524+0.071*® 1.32
50 0.051+0.002"° 13.53  0.096+0.011>° 7.19  0.198+0.018>% 3.48  0.372+0.044*° 1.85 0.582+0.082%° 1.19
55 0.058+0.004"4 11.89  0.128+0.058'" 5.41 0.358+0.062%° 1.93  0.535+0.076>° 1.30 1.050+0.112*¢  0.66
Purified PME
(Navel cv.)
P (MPa) T 200 400 500 600 700
(OC) -1 -1 -1 —1 -1

k (min") tip k (min ") ti k (min ") tin k (min"") tin k (min") tiz
45 0.005+0.001* 138.00 0.012+0.001%>* 57.75  0.018+0.002>* 38.50  0.026+0.004>* 26.65  0.038+0.007** 18.24
50 0.005+0.001% 138.00 0.014+0.002>* 49.50  0.027+0.004>® 25.67  0.052+.009*° 13.33  0.076+0.015*® 9.12
55 0.008+0.002'° 86.25  0.031+£0.012>° 2221  0.061+0.014>° 1134  0.089+0.008>° 7.82  0.242+0.045*° 2.87

Average value+standard error between three measurements. Different superscript letters indicate significantly different means (P<0.05) within a
column (differences between temperatures). Different superscript numbers indicate significantly different means (P<0.05) within a row (differences

between pressures)

inactivation of PMEs expressed by the activation energy
value were 186+8 kJ/mol (R*=0.985) for Valencia PME
and 219+33 kJ/mol (R*=0.989) for Navel PME,
respectively.

Inactivation of PMEs Subjected to HP Treatment

The effect of HP (200-700 MPa) combined with tempera-
ture (40-55 °C) on the inactivation of purified PMEs from
Navel and Valencia orange peels in Tris—HCI buffer (pH7.5)
was studied and the stability of the two different PMEs was
evaluated. The isothermal and HP inactivation of purified
orange peel PMEs can be described by a first-order kinetic
model (Eq. 2). The inactivation rate constants (k) and the
half-life time (¢;,) for purified PMEs were estimated at all
combinations of pressures and temperatures studied.

As shown in Table 2, HP processing resulted in both
enzymes' inactivation. Increased pressure or/and tempera-
ture and treatment duration led to faster inactivation (higher
k values), indicating a synergistic effect of these process
parameters on the inactivation. Statistically significant dif-
ferences (p<0.05) were observed between most of the &
values obtained for the inactivation of Valencia and Navel
PMEs (Table 2), having as variables both temperatures
(differences between temperatures at each pressure) or/and
pressures (differences between pressures at each tempera-
ture). In particular, & values of about 0.026 and 0.317 min '
for inactivation of Navel PME and Valencia PME, respec-
tively, were observed after processing at 600 MPa and 45 °C.
The purified Navel PME appeared to be significantly more

resistant compared to PME obtained from Valencia orange
peel (Fig. 3b). The half-life times for Navel PME range from
four- to 15-fold the corresponding values for Valencia PME
(comparison at the same process conditions).

Comparing these data with those cited in the litera-
ture for pressure inactivation of orange PME in different
matrices, it can be seen that the obtained k values of
our research are significantly lower (Nienaber and
Shellhammer 2001 ; Polydera et al. 2004). It's worth
mentioning that other researchers have also observed
several forms of orange (from Valencia cv. and Navel
cv.) juice PMEs with different pressure stability (Van
den Broeck et al. 2000b). Sampedro et al. (2008) found
that PMEs were more pressure resistant when the puri-
fied enzyme was diluted in a buffer system (pH=7.5)
than in orange juices, showing that pH, matrix

Table 3 Thermal dependence of inactivation rate constants of purified
Valencia and Navel PMEs in 20 mM Tris buffer solution (pH7.5) at
different pressures

P (MPa) E, (kJ/mol)

(Valencia cv.) (Navel cv.)
200 39.7+£8.2 39.9+20.3
400 38.7+13.8 77.5+48.2
500 43.4+14.8 104.4+£32.7
600 53.4+15.1 107.2+23.1
700 58.2+11.3 160.3+37.1

+ denotes standard error of regression
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Table 4 Pressure dependence of inactivation rate constants of purified
Valencia and Navel PMEs in 20 mM Tris buffer solution (pH7.5) at
different temperatures

T (°C) ¥V, (ml/mol)

(Valencia cv.) (Navel cv.)
40 -11.8+2.4 -
45 -15.4+1.8 -10.7£1.2
50 -13.6%1.5 -15.1+1.5
55 —16.2£2.6 —18.0+2.3

+ denotes standard error of regression

composition, and purification level play a significant
role on the stability of PME. Our results are in accor-
dance with the works of Sampedro et al. (2008) and Van den
Broeck et al. (2000b) who kinetically studied the commercial
orange peel PME inactivation in various model systems.

The effect of temperature on the inactivation rate con-
stants of both studied purified PMEs was mathematically
described by the Arrhenius equation (Eq. 3). For both en-
zymes, all the E,, values were estimated (Table 3). Increase
of pressure processing resulted in increased E, values, indi-
cating higher temperature dependence of the enzyme inac-
tivation rate constant at higher pressures.

The effect of pressure on the inactivation rate constants
was described by the Eyring equation (Eq. 4). All the
activation volume values, V,, were also estimated (Table 4)
for each studied temperature. Negative activation volumes
indicate that pressure increase favors PME inactivation at a
given temperature. The effect of pressure on £, values and
the effect of temperature on ¥, values can be expressed by
Egs. 5 and 6, respectively, or combined in Eq. 7, the param-
eters of which were estimated by nonlinear regression on all
experimental data (Table 5). The multiparameter equation
can be used to calculate the inactivation rate constant at any
combination of pressure and temperature conditions. The
experimentally obtained k values were very well correlated
to the predicted values from the model (R-square of

experimental vs. predicted values equal to 0.99 and 0.98
for Valencia and Navel PME, respectively).

Analysis of PME Structure by CD Spectroscopy

HP-induced as well as heat-induced structural changes upon
the purified PME molecules from the two orange sources
were investigated using CD spectroscopy. The CD spectra
for the Valencia-extracted PME are presented in Fig. 4.
Spectra in the far UV (wavelength region 200-260 nm)
are presented in panel a and in the near UV in panel b.
The native PME exhibits a specific minimum for 3 struc-
tures (Chang et al. 1978) at 217 nm. Analysis of the far-UV
spectrum for the native molecule using CDNN software
(Bohm et al. 1992) leads to 20.7 % alpha-helix content
and 39.7 % 3 sheets and turns. These results are different
from what has already been published for the
crystallogarphically solved structure of PME from carrot
(Johansson et al. 2002), where an 11 % alpha-helical content
has been revealed (PDB code 1GQ8). The observed differ-
ences are likely due to the fact that CDNN fails to accurately
characterize protein structures with a high content in f3-
structural elements, especially for analysis contained within
the wavelength range from 200 to 260 nm (B6hm et al.
1992).

It has been shown that the application of pressure ranging
from 400 to 800 MPa may result in the denaturation of
monomeric proteins (Heremans 1982). In general, the
pressure-induced conformational changes of an enzyme de-
pend on its internal packing. The protein volume in solution
contains voids and internal cavities, results of the imperfect
packing of amino acid residues as well as contributions due
to solvation of peptide bonds and amino acid side chains.
For the Valencia PME, the HP-induced spectra in the far-UV
region presented in Fig. 4a reveal negligible differences with
respect to the native, independently of the pressure level
used for the treatment, i.e., for pressures of 200, 400, and
600 MPa. This verifies that HP alone does not cause

Table 5 Estimated parameters of the multiparameter equation (Eq. 7) that describes the inactivation rate constant of Navel and Valencia PMEs at
any combination of pressures and temperatures (7;.;=318 K and P,.;=600 MPa)

Parameter Estimated values (Valencia cv.) 95 % confidence interval Estimated values (Navel cv.) 95 % confidence interval
Lower” Upper® Lower® Upper®

ket p . 7(min"") 0240 0.201 0.280 0.022 0.016 0.027

E,, (kJ/mol) 73.6 53.8 93.5 130.0 103.1 155.8

V4, (ml/mol) -13.9 —-18.4 —9.4 -8.2 -14.6 -1.9

B (MPa ") 0.001 —0.023 0.024 0.004 0.002 0.006

A (ml/molK) —0.144 —5.476 5.188 0.269 -0.776 1.315

R 0.984 0.994

#Upper and lower values were estimated for 95 % confidence intervals by the nonlinear regression routine (SYSTAT 8.0)
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alterations upon the molecule's secondary structure. Instead,
it supports the assumption that pressure bears a minimum
effect upon the hydrogen bonds that are responsible for the
secondary structure network maintenance (Mozhaev et al.
1994 , Messens et al. 1997).

On the other hand, the near-UV CD spectra of Valencia
PME, associated to the molecule's tertiary structure (Woody
1995), reveal significantly altered patterns. These are illus-
trated in Fig. 4b, where the difference of ellipticity (AO)
between the spectrum of the native enzyme and of the HP-
processed molecules is plotted vs. the wavelength. The
application of pressure leads to extensive, irreversible

a

10 v ' v . v

8 * 10” (deg cm’ dmol™)
o w

&

10 L .
200 220 240 260

8 10” (deg cm’ dmol”)

200 220 240 260
A (nm)

Fig. 4 a Far-UV CD spectra for the untreated PME (Valencia cv.) in
Tris—HCI (pH7.5) at 30 °C (solid line); high pressure-treated PME at
30 °C and 200 MPa for 10 min (dashed line); at 30 °C and 400 MPa for
10 min (dotted line); and at 30 °C, 600 MPa for 10 min (dash-dotted
line). b Near-UV CD spectra difference (AB vs. A) between the
untreated PME (Valencia cv.) in Tris—HCI (pH7.5) at 30 °C and high
pressure-treated PME at 30 °C and 200 MPa for 10 min (dashed line);
at 30 °C and 400 MPa for 10 min (dotted line); and at 30 °C, 600 MPa

changes upon the enzyme's tertiary structure. The magnitude
of these structural changes is greater for higher pressure
values and is otherwise independent of the duration of the
treatment for temperatures around 40 °C, well below the
PME's thermal denaturation limits. Pressure is generally
assumed to denature proteins by the destabilization of hy-
drophobic aggregates, thus allowing water molecules to be
forced into the protein interior. This will, in turn, affect the
molecule's tertiary structure (Hummer et al. 1998). Our re-
sults from the near-UV spectroscopy clearly demonstrate
such trends and may well be correlated to the previously
described significant PME activity reduction. Denatured
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for 10 min (dash-dotted line). ¢ Far-UV CD spectra for the untreated
PME (Navel cv.) in Tris—HCI (pH7.5) at 40 °C (solid line); high
pressure-treated PME, at 40 °C and 450 MPa for 10 min (dashed line);
and at 40 °C and 700 MPa for 10 min (dotted line). d Near-UV CD
spectra difference (AD vs. A) between the untreated PME (Navel cv.) in
Tris—HCI (pH7.5) at 40 °C and high pressure-treated PME at 40 °C and
450 MPa for 10 min (dashed line) and at 40 °C, 700 MPa for 10 min
(dotted line)
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Fig. 5 a Far-UV CD spectra for the untreated PME (Valencia cv.) in
Tris—HCI (pH7.5) at 25 °C (solid line); thermal inactivation-treated
PME at 55 °C for 5 min (dashed line), at 60 °C for 5 min (dotted line),
at 65 °C for 5 min (dash-dotted line), and at 70 °C for 5 min (dash-dot-
dotted line). b Near-UV CD spectra difference (A0 vs. A) between the

protein molecules that retain the secondary structure of the
native intact while loosing only the tertiary structure are
generally described as intermediate, molten globule states
(Mozhaev et al. 1996 , Vidugiris and Royer 1998; Foguel
and Silva 1994).

The heat-induced denaturation of Valencia PME reveals a
completely different picture from pressure. Results from CD
spectroscopy are presented in Fig. 5a (far UV) and b (near
UV). As it is clearly depicted, the far-UV spectrum of the
PME at 70 °C, right above the molecule's denaturation
temperature, is significantly altered from the native one,
while all the recorded changes are irreversible. CDNN anal-
ysis reveals an intense, more than 50 %, reduction of the
alpha-helical structural elements within nevertheless retains
some residual alpha-helix content. Moreover, the near-UV
spectra presented in Fig. 5b demonstrate an analogous dra-
matic loss of the PME tertiary structure when the tempera-
ture is raised to 70 °C. It is, thus, important to observe that
while irreversible thermal unfolding leads to a final dena-
tured state where both secondary and tertiary structures are
severely affected, pressure-induced denaturation yields
partially unfolded final states that retain most the sec-
ondary structure characteristics of the native while loos-
ing tertiary structure depending on the applied pressure.
This statement is in accordance with the results of the
studies conducted by Ravindra and Winter (2003) and
Mozhaev et al. (1996), which concluded that the secondary
structure network is maintained after HP treatment.

This, of course, is reflected upon the residual activity
obtained for the various processes: only 15 % for thermal
treatment at 70 °C in atmospheric pressure vs. 88 % for
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untreated PME (Valencia cv.) in Tris—HCI (pH7.5) at 25 °C and
thermal inactivation-treated PME at 55 °C for 5 min (dashed line), at
60 °C for 5 min (dotted line), at 65 °C for 5 min (dash-dotted line), and
at 70 °C for 5 min (dash-dot-dotted line)

treatment at 400 MPa and 30 °C and 80 % for treatment at
600 MPa, 30 °C. This is in agreement with theoretical
assumptions that pressure denaturation only affects the in-
corporation of water molecules into the protein interior,
while heat denaturation corresponds to the transfer of non-
polar groups to the solvent-accessible surface (Hummer et
al. 1998).

Analogous CD spectroscopy results have been obtained
for the Navel PME molecule. They are displayed in Fig. 4c
and d. As in the case of Valencia PME, the native far-UV

Intensity (a.u.)

0 L n 1 L 1 L 1 L 1 L L n 1

320 340 360 380 400 420 440
A (nm)

Fig. 6 Fluorescence emission spectrum for the untreated PME from
Valencia orange peel in Tris—HCI1 (pH7.5) at 30 °C (solid line); high
pressure-treated PME at 30 °C and 200 MPa for 10 min (dashed line),
at 30 °C and 400 MPa for 10 min (dotted line), and at 30 °C, 600 MPa
for 10 min (dash-dotted line)
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spectrum exhibits a minimum at 216 nm, while CDNN
analysis yields a value of 23.6 % in helical content, which
is an overestimation compared to the solved structure for the
carrot PME (Johansson et al. 2002). The far-UV spectra for
Navel PME treated at 450 and 700 MPa are statistically
indistinguishable from the native state. On the other
hand, the trend depicted in Fig. 4d clearly shows that
the higher the pressure of the treatment, the higher the
change in the tertiary structure with respect to the native.
This result once again correlates with the residual activity
obtained, 67 % for processing at 450 MPa and 33 % for
processing at 700 MPa, 40 °C. As for the Valencia
PME, the duration of the treatment did not affect the final
pressure-denatured states.

Taking into consideration all the obtained results with
regards the effect of pressure on the secondary and tertiary
structures of both PMEs, it may be assumed that the
pressure-induced degradation of PME structure is a result
of the alteration of the tertiary structure with subsequent
impact on the substrate—enzyme binding, leading to reduc-
tion of enzyme activity. Pressure-induced denatured states
bear the characteristics of molten globule intermediate
states. In order to further test this observation, we have
performed fluorescent spectroscopy on the three HP-
treated Valencia PME molecules (Fig. 6). A clear reduction
in the intensity of the fluorescence is observed for the 400
and 600 MPa treated molecules, while no shift in the max-
imum wavelength is observed. This has previously been
observed in molten globule intermediate states (Goto and
Fink 1989), although literally in other cases, shifted to
longer wavelength fluorescence emission spectra of
pressure-induced molten globules have been recorded
(Vidugiris and Royer 1998 , Foguel and Silva 1994).

Conclusion

Thermal and high-pressure inactivation of Valencia- and
Navel-extracted PMEs were modeled by first-order kinetics.
The inactivation rate constants of the treated enzyme were
expressed as a function of temperature and pressure en-
abling a proper design of HP treatments. The effect of
pressure on the activation volume, V,, was modeled by
linear function and the effect of temperature on the activa-
tion energy, E,, by an exponential function, respectively. A
synergistic effect of pressure and temperature under HP
processing conditions was found. A developed mathemati-
cal model, which describes the PME inactivation rate as a
function of pressure and temperature conditions, taking into
account the dependence of both activation energy and acti-
vation volume on the applied pressure and temperature,
respectively, allows better quantitative comparison of differ-
ent treatments in the quest for an optimal process design.

Overall, Navel orange peel PME appeared to be more pres-
sure resistant than PME from Valencia orange peel.

HP-induced as well as heat-induced structural changes
upon the purified PME molecules from the two orange
sources have been investigated using CD spectroscopy. A
characteristic for 3 structure (3 sheets and turns) minimum
at ~216 nm was observed for the studied PMEs.

Comparison of the CD spectra for the treated and the
untreated enzymes reveals that exposure to HP may lead to a
structurally molten globulelike state, where the PME main-
tains the secondary structure of the untreated protein mole-
cules while the tertiary structure is significantly affected
with subsequent impact on the substrate—enzyme binding,
possibly leading to reduction of enzyme activity. Whether
this may be attributed to the fact that pressure favors and
strengthens the formation of hydrogen bonds that compose
the secondary structure, but which has a major negative
effect on hydrophobic interactions, which are responsible
for maintaining the tertiary structure of a protein (Ravindra
and Winter 2003), need to be further investigated.
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