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The combined high pressure/thermal (HP/T) inactivation of tomato pectin methyl esterase (PME)
and polygalacturonase (PG) was investigated as a possible alternative to thermal processing
classically used for enzyme inactivation. The temperature and pressure ranges tested were from 60
°C to 105 °C, and from 0.1 to 800 MPa, respectively. PME, a heat-labile enzyme at ambient pressure,
is dramatically stabilized against thermal denaturation at pressures above atmospheric and up to
500-600 MPa. PG, however, is very resistant to thermal denaturation at 0.1 MPa, but quickly and
easily inactivated by combinations of moderate temperatures and pressures. Selective inactivation
of either PME or PG was achieved by choosing proper combinations of P and T. The inactivation
kinetics of these enzymes was measured and described mathematically over the investigated portion
of the P/T plane. Whereas medium composition and salinity had little influence on the inactivation
rates, PME was found less sensitive to both heat and pressure when pH was raised above its
physiological value. PG, on the other hand, became more labile at higher pH values. The results
are discussed in terms of isoenzymes and other physicochemical features of PME and PG.
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INTRODUCTION

Retention of viscosity is one of the most important
quality criteria in the tomato processing industry (1).
The ability of a puree, juice, or concentrate to hold its
solid portion in suspension over the shelf life of the
product is mainly dependent upon the total amount and
quality of pectic material present in the system (2, 3).
Viscosity loss in tomato-based products is the direct
consequence of the degradation of pectic substances by
endogenous enzymes, i.e., pectin methylesterase (PME,
E. C. 3.1.1.11) and endo-polygalacturonase (PG, E.C.
3.2.1.15). PME catalyses the hydrolytic cleavage of the
methylester moieties on pectin molecules, resulting in
the release of methanol and partially de-esterified
pectin. This process per se has no direct impact on the
medium viscosity. However, the lower the degree of
esterification (DE) of the pectin molecule, the better
substrate it becomes for PG (4, 5). On one hand, PME
enhances the action of PG, which hydrolyses the R-1,4-
glycosidic bonds of polygalacturonic acid chains (5). On
the other hand, it is well-known that pectin may, in the
demethylated form, bind Ca2+ ions to form calcium
pectate, which not only forms a gel network but also
shows an increased resistance to polygalacturonase
attack and would thus help preserve if not increase the
product texture (6).

Surprisingly, little attention has been brought to the
inactivation of PG in tomato products as compared to
the large amount of literature published on the behavior
of PME under thermal or hyperbaric denaturing condi-
tions. This is all the more astonishing considering that
PG-induced breakdown of the pectin molecules is the
main cause for texture/viscosity loss, whereas PME
“only” leads to cloud reduction in juices.

Thus, an optimal treatment should completely inac-
tivate PG while preserving PME activity. However, this
result cannot be achieved with the thermal processing
traditionally used to inactivate pectic enzymes. At
present, a thermal treatment, if necessary followed by
partial removal of excess juice through centrifugal
decantation, helps minimize the enzymatic breakdown
of pectin in tomato products (7-9). PG is a very heat-
resistant enzyme though, and combinations of high
temperatures and long treatment times (e.g., 90-95 °C/
30 min) are required to reduce its activity to a satisfac-
tory level. This treatment will then quickly and totally
destroy the PME activity, which is much more heat-
labile. This process is known as “hot-break” (1) and
takes place in the earliest steps of tomato processing.
The major drawback of the thermal treatments lies in
the negative impact generally observed on the treated
product color, flavor, taste, and nutritional value due
to heat-induced degradation processes (1, 10).

In this context, high hydrostatic pressure treatment
(HHPT) could be a valuable alternative to the heating
of tomato products. High pressure, combined if neces-
sary with moderate heating, has shown in many studies
its ability to destroy microbial contaminants (11-13)
and inactivate enzymes (14) while preserving fresh
product characteristics. In addition pressure, unlike
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temperature, is transmitted instantaneously and uni-
formly throughout the sample (Pascal’s principle), mak-
ing its impact independent of sample size and geometry
(15). Also, it responds to a growing demand for high
quality products that are fresh-like, minimally processed
and additive-free. Due to a slow development in western
countries, only a few industrial applications of HHP
technology have appeared on the market in recent years
(16). This situation is probably due in part to the lack
of properly documented inactivation kinetics for food
quality-related enzymes and microorganisms, a key
information in the context of industrial implementation
for high-pressure technology (14, 17). For a more
detailed overview on the subject, the reader is referred
to such papers as those in refs 18-20.

In the present study, the impact of combined HP/T
treatments on tomato PME and PG was investigated
and compared with the heat-induced inactivation of the
same enzymes at atmospheric pressure. Tomato juice,
liquid tomato extracts, as well as buffered enzyme
solutions were treated in order to evaluate the effect of
the surrounding medium on the inactivation process.
A mathematical model was used to describe the behav-
ior of PME and PG over the investigated range of
pressure and temperature.

On-line, in situ measurement techniques under hy-
perbaric conditions such as the diamond anvil cell
described in (21), the stopped-flow apparatus described
in (22) or the HP/HT bioreactor featured in (23) are
extremely valuable sources of information regarding the
changes occurring during high-pressure trials. Unfor-
tunately, they are only suited for optically transparent
media and/or purified enzymes. Hence, they could not
be applied to the present system. The main target of
the present study was, however, to gain more insight
into the overall inactivation effects that could be ob-
tained with the selected HP/T combinations.

MATERIALS AND METHODS

Sample Preparation. Fully ripe tomatoes (Lycopersicon
esculentum) of the variety Nema 1401 were obtained from the
Nestlé R&D Center, Badajoz (Spain). They had a 5.87 ( 0.11%
total- and a 4.25 ( 0.09% soluble solid content, as measured
with a Mettler PM100 weighing scale combined with a LP-16
infrared oven (Mettler Toledo AG, Greifensee-CH). The toma-
toes were washed and wiped dry prior to being crushed in a
household blender. The seeds and the largest pieces of tomato
skin were removed by passing the resulting juice through a
kitchen strainer (mesh size 1 × 1 mm). The mixture was then
homogenized, and the size of the solid particles further reduced
using a benchtop Polytron PT 3000 with a 30 mm head
(Kinematica AG, Littau-CH) at 10 000 min-1 for 2 min. Finally,
the crushed tomatoes were degassed under vacuum. All these
preparation steps were performed at 4 °C.

Samples of juice (ca. 10-15 mL) were then transferred into
heat-sealed polyethylene pouches. These offered an interesting
surface/volume ratio ensuring a quick transfer of heat to and
from the sample. All of the material was kept on ice until they
were processed. All samples were duplicated and processed
together.

Tomato PME and PG interact with cell walls components
by ionic forces. In the tomatoes that were used, less than 10%
of the total PME activity was measured in the supernatant
collected after the 10 min centrifugation at 20 000 g/4 °C of a
tomato juice sample. However, the enzyme can be easily
desorbed by increasing both pH and ionic strength (24). To
evaluate a possible stabilizing effect of the insoluble matrix,
PME-rich liquid extracts were hence produced. The pH of the
juice was adjusted to 7.0 (with 2N NaOH), solid NaCl was
added to a final concentration of 0.5 M, and the mixture was

centrifuged 20 min at 3 000 g. The clear supernatant was then
collected and its pH brought back to the juice initial value of
4.2 (with 2N HCl). To further identify a possible influence of
cosolutes in the liquid fraction of the tomato juice, an aqueous
solution of a purified tomato PME (Product P 6763, Lot #
23H8055 from Sigma Chemie, Buchs, CH) was also used in
some experiments. The enzyme activity in the solution was
adjusted to the same level than in tomato juice.

Thermal Inactivation Treatments. Tomato PME was
inactivated in the samples at 60 °C, 65 °C, 70 °C, and 75 °C,
and the residual enzyme activity measured as a function of
treatment time. Tomato PG was, due to its higher thermal
resistance, treated between 80 and 105 °C. 2.0-2.5 mL
samples of tomato juice were transferred with a syringe into
a coil of stainless steel tubing (2 mm internal diameter, 0.5
mm thick, 750 mm long), which ensured a very quick heating
and cooling of the juice within. Both extremities of the coil
were screwed together tightly, and the sample was kept in an
ice-water bath until treated. At time zero (Tsample ) 0 °C), the
coil was dropped into a water bath set at the appropriate
temperature and kept there for the desired time before it was
taken out and immediately dipped into the ice-water bath
for cooling. Residual enzyme activity was then measured in
the sample.

High-Pressure Treatments. The HHP treatments were
performed using a single vessel ABB QFP-6 unit (ABB,
Västerås, Sweden). The 1 L high pressure chamber was 90
mm in diameter and had a 225 mm usable height (d ) 85 mm
and h ) 190 mm if using a loading basket). The machine used
water as pressure-transmitting medium, and was equipped
with a heating jacket for temperature control. Pressure was
varied between 0 and 800 MPa, for working temperatures
between 30 °C and 80 °C. The rate of pressure build-up was
approximately 300 MPa/min and holding times ranged from
1 to 60 min. The equipment was fitted with pressure- and
temperature-monitoring devices.

The temperature T0 of the pressure-transmitting liquid in
the chamber was adjusted just before pressurization. The
samples were then loaded and immediately treated. Taking
the adiabatic heat of compression into account when setting
T0, the desired combination of pressure and temperature could
thus be obtained directly at the end of the pressure build-up
phase.

After pressurization, the tomato samples were stored on ice
until their residual enzyme activity was measured. When this
was not possible directly after treatment, the samples were
frozen at -25 °C and analyzed later on.

Time zero corresponds to a sample that was brought to the
desired P/T combination and immediately depressurized. It
was observed that PME and PG activity in these samples did
not differ significantly from untreated ones.

Activity Measurements. Pectin Methyl Esterase (PME).
Among the various assays that were developed for PME, which
were reviewed for example by (25), the pH-stat technique is
the most widely used. It consists of the on-line titration of the
carboxylic groups generated by PME during the hydrolysis of
a pectin solution. All measurements were performed at 21 °C.

A 21 mL portion of a pH 7, 0.5% aqueous suspension of apple
pectin (70-76% methylated, USP-grade from Sigma Chemie,
Buchs, CH) was mixed with 7.5 mL of a 0.5 M NaCl solution
in a titration vessel. The volume was adjusted to 30 mL with
distilled water and the tomato juice sample (typically 1.4 mL
water and 100 µL sample). The 200 µL pipet tips that were
used had to be cut at 6-8 mm above the tip, allowing a more
“representative” sampling of the rather thick tomato juice. The
pH was adjusted to 7.5 and maintained at this value during
hydrolysis by use of a titration unit consisting in a Metrohm
691 pH meter, 614 Impulsomat and 665 Dosimat (Metrohm
AG, CH-9100 Herisau). The volume VNaOH of base (0.01 N
sodium hydroxide) was then monitored as a function of time
on a Philips PM 8262 X/t recorder. All samples were measured
in triplicate.

The slope S ) dVNaOH/dt was determined in the linear part
of the titration curve. It is directly proportional to Asp, the
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activity per mL of PME-containing sample, which is obtained
as follows (eq 1):

At pH 7.5 the pKa of the carboxylic groups does not have to
be taken into account and there is a direct relation between
the amounts of sodium hydroxide injected in the medium and
the µmole of [-COO-] groups released.

Residual PME activity Arel was then plotted as a function
of processing time for every P/T combination.

Polygalacturonase (PG). PG was assayed by measuring the
appearance of reducing groups accompanying the cleavage of
a polygalacturonic acid substrate (sodium polypectate from
Sigma Chemie, Buchs, CH).

Instead of time-consuming dialysis steps, an adaptation of
the procedure described in (26) was used prior to the dosage
of PG in order to remove the tomato endogenous sugars: The
tomato juice sample (100 µL) was centrifuged (20 000g, 4 °C,
10 min), the supernatant discarded and the pellet re-
suspended in 100 µL ice-cold distilled water. The tomato PG,
a membrane-bound enzyme, was not solubilized at pH 4.2
(tomato juice natural pH) and such low ionic strength condi-
tions, and remained in the pellet. After three washing cycles,
the pellet was re-suspended in a 50 mM, pH 4.8 succinic acid
buffer up to a volume of 70 µL.

The samples prepared as described above and the substrate
solution (2% polygalacturonic acid in 50 mM, pH 4.8 succinate
buffer) were preheated at 45 °C. The assay was started by
adding 630 µL of substrate solution to the sample and
continuously shaking while maintaining the temperature at
45 °C.

100 µL samples were taken at times 0, 20, 40, and 60 min
and the reaction immediately stopped by mixing them with
an equal amount of 0.3 M NaOH and storing them on ice. The
samples were then centrifuged 2 min at 20 000g/4 °C.

Reducing sugars were detected using 3,5-dinitrosalicylic acid
(DNSA), from Merck. The reagent solution was prepared by
dissolving 1 g DNSA in 20 mL NaOH 2N before adding 30 g
potassium sodium tartrate (tetrahydrate form, Merck) and
completing the volume to 100 mL. Equal volumes of sample
supernatant and reagent solution were mixed, heated for 15
min at 100 °C in a heating block, diluted 10 times with dist.
H2O and finally centrifuged (20 000g, 2 min). The absorbency
of the supernatant was then measured at 540 nm. The reading
was transformed into an equivalent concentration of galactu-
ronic acid using a calibration curve. Each tomato sample was
measured in triplicate.

RESULTS AND DISCUSSION

PME and PG Thermal Inactivation. The inactiva-
tion curves Arel ) f(t) were treated according to a first-
order inactivation model described in eq 2. The latter
can be linearized by plotting ln(Arel) vs t, as shown in
Figure 1 for the tomato juice enzyme. The first-order
inactivation rate constant k [s-1] was then obtained from
the slope of each straight line

The data plots showing PG residual activity as a

function of heating time are shown in Figure 2. Table 1
lists the corresponding values of the first-order inactiva-
tion rate constant, k. All the k values obtained for both
PMEs and for PG at 0.1 MPa were reported on the
Arrhenius plot shown in Figure 3, which clearly dem-
onstrates the much higher heat resistance of PG. Its
inactivation is slower than that of PME at all investi-
gated temperatures and is less strongly influenced by
this parameter, which translates into an activation
energy Ea of 134.5 ( 15.7 kJ‚mol-1.

In the case of PME, the activation energies calculated
for the inactivation of the purified (Sigma tomato PME)
and crude tomato juice enzymes were respectively 267.6
( 22.1 and 350.1 ( 6.0 kJ‚mol-1. For the thermal
inactivation of a commercial tomato PME in distilled
water, the authors of ref 27 obtained 324.1 ( 24.1
kJ‚mol-1, which is in fair agreement with our finding.

Figure 3 also shows that the inactivation rates
measured for the purified and the tomato juice enzymes

Table 1. First Order Inactivation Rate Constants k (s-1) measured for the Thermal Inactivation of PG in a Tomato
Juice As a Function of Temperature (°C)

T (°C) 80 85 85b 90 97 105

k (s-1) 4.52 × 10-4 (
2.13 × 10-5a

1.27 × 10-3 (
8.20 × 10-5

1.12 × 10-3 (
1.07 × 10-4

1.92 × 10-3 (
2.53 × 10-4

3.09 × 10-3 (
6.51 × 10-4

1.31 × 10-2 (
9.03 × 10-4

Asp(µequH+‚min-1‚mL-1) )

S(mL‚min-1)‚
NNaOH(µmol‚mL-1)

Vsample(mL)
(1)

Arel )
A(t)
A0

) exp(-k‚t) (2)

Figure 1. Thermal inactivation (0.1 MPa) of PME in a tomato
juice at (9) 60 °C, (4) 65 °C, ([) 70 °C, and (O) 75 °C. Straight
lines correspond to the linearization of the first-order inactiva-
tion model.

Figure 2. Thermal inactivation (0.1 MPa) of PG in a tomato
juice at (9) 80 °C, (4) 85 °C, (2) 85 °C b, (O) 90 °C, (0) 97 °C,
and (O) 105 °C. Curves were calculated using the correspond-
ing values of k (first-order inactivation rate constant) listed
in Table 1.
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are too similar to allow any conclusion regarding the
impact of medium composition on the inactivation rate.
In fact, the observed disparity could be caused by
differences in tomato variety, fruit maturity or isolation
protocol (in the case of the purified material).

Several authors have, on the other hand, identified
a protective effect of the solid matrix and other
cosolutes present in the medium (28, 29). For instance,
Tajchakavit and Ramaswamy (30) found that PME in
orange juice was stabilized against heat denaturation
by increases in both pH value and total solid content.

Upon studying the thermal resistance of raw or
purified tomato PG and PME at physiological pH, the
authors in ref 31 also observed that a given enzyme in
a “thinner” environment was more heat-labile.

The thermal inactivation of PME in various fruit and
vegetable model systems has been the object of many
accounts in the scientific literature, very often in terms
of D (decimation time) and z (∆T corresponding to a 90%
decrease of D) parameters. The data obtained by various
authors (27, 31-35) were compared, and all the obtained
values of the inactivation rate constant k reported along
with our measurements on the same Arrhenius plot
(data not shown). Despite widely different model sys-
tems and treatment conditions, it clearly appears that
the inactivation rate of PME is more heat-sensitive at
lower temperatures. Roughly in the 55-70 °C domain,
Ea values above 300 kJ‚mol-1 can be evaluated, whereas
they drop down to about 100 kJ‚mol-1 between 70 and
95 °C. This behavior could be partially explained by the
coexistence of a heat-sensitive PME isoenzyme which
inactivation is measured in the low-temperature range,
and a heat-resistant isoform. This observation is not the
mere result of different model systems or enzyme
origins, as such a “biphasic Arrhenius plot” can be
observed for two model systems which were investigated
over a large temperature domain (33, 34). It is also
reported in ref 33 that PME (from various tomato
species) is more stable at higher pH values.

Earlier experiments had shown that tomato PME
could be partially inactivated at 800 MPa and a mild
temperature of 30 °C (36). The same inactivation levels
were obtained for identical, total pressurization times,
independently of the number of pressure cycles (1 × 30
min, 3 × 10 min or 4 × 7.5 min), which indicated a
limited impact of the pressure build-up and release
phases on the enzyme activity. In the case of a purified

B. subtilis R-amylase (15 mg‚mL-1 in 10 mM Tris HCl,
pH 8.6) though, the authors of ref 37 found that the
treatment impact was slightly increased when total
pressurization time was divided into four to five treat-
ment cycles. The observed effect leveled off upon further
division.

This type of high pressure treatment only allows the
observation of effects which can be measured after the
system has been brought back to ambient pressure and
temperature (i.e. slowly reversible or irreversible ef-
fects). Reversible denaturation of proteins is usually
observed below 300 MPa, but examples of renaturation
even after treatments at higher pressures have been
given in ref 38 for Taka-amylase A (60-950 MPa range)
or ref 39 for metmyoglobin (750 MPa). It was checked
several times during the present investigation that the
measured changes in enzymatic activity were indeed of
the irreversible type (data not shown). This was achieved
by measuring residual enzyme activity in the same
pressurized samples at regular time intervals.

Inactivation of PME under Hyperbaric Condi-
tions. Figure 4 shows the inactivation curves for tomato
juice PME at 70 °C and pressures varying between 100
and 800 MPa. The inactivation at atmospheric pressure
(0.1 MPa) was added for reference. The graph shows
also that whereas PME is quickly inactivated at 0.1
MPa/70 °C, the inactivation rate constant k dramatically
decreases as soon as pressure is raised. It reaches a
minimum between 300 and 600 MPa, and then starts
to increase again. However, even at 800 MPa, k is still
inferior to its corresponding value at atmospheric condi-
tions.

These counteracting effects of pressure and temper-
ature were observed at all other investigated temper-
atures, i.e., 75 °C, 65 °C, and 60 °C. However, the
pressure corresponding to maximal stabilization effect
(i.e., minimal value of k) seemed to shift to lower values
as T was decreased. Below 70 °C for instance, the
inactivation measured at 800 MPa became again faster
than the one at 0.1 MPa. This is in agreement with
previous measurements made at lower temperatures,
i.e., 30 °C or 45 °C (36). At such values, the enzyme is
unaffected at 0.1 MPa, but can be partially inactivated
under hyperbaric conditions (data not shown).

Table 2 displays the values of k for PME inactivation,
which correspond to the various P/T combinations that
were investigated.

Figure 3. Arrhenius plot for the thermal inactivation of (O)
purified tomato PME, (b) tomato juice PME, and (2) tomato
juice PG. Straight lines correspond to the Arrhenius model.

Figure 4. Inactivation of tomato juice PME at 70 °C and ([)
0.1 MPa, (9) 100 MPa, (0) 300 MPa, (b) 600 MPa, (4) 800
MPa.
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Due to the nonlinear evolution of ln(k) as a function
of pressure, Eyring equation could not be used to
describe the obtained results. An empirical model,
equations,3-7 was then developed to take into account
the influence of P and T on the inactivation rate
constant k. Figure 5 shows the corresponding surface
in 3D view. The insert graph shows the quality of the
fit obtained with equations3-7 by plotting the predicted
values of k against the measured ones. The correspond-
ing correlation coefficient r2 was 0.9902

We determined a value of ko, A, B, and C for each
investigated temperature. Equations 4-6 were then
developed to describe the evolution of these four pa-
rameters with T.

Although not investigated in so much detail, the purified
tomato PME from Sigma and the enzyme in thin
extracts at pH 4.2 behaved in a very similar way and
showed the same trends regarding stabilization by
pressure against denaturing temperatures (data not
shown).

Many authors have investigated the impact of high-
pressure treatments on PME activity in products such
as tomato or citrus juice (e.g. 10, 29, 40). Most of these
papers show that drastic treatment conditions are
usually required to inactivate PME under hyperbaric
conditions. Counteracting effects of pressure and tem-
perature were also identified in these earlier studies for
tomato PME, and a description of the phenomenon
which corroborates the present findings is given in (27).
It should be noted on the other hand that in the case of
(purified) orange PME, pressure and temperature acted
in synergy (41).

A distinction has to be made at this point between
protein/enzyme stabilization and activation by pressure.
The former was observed above for PME, and the latter
has been reported for instance in the case of pear fruit
polyphenoloxidase (42, 43). Both are linked to pressure-
induced conformational changes of the enzyme mol-
ecules. On the other hand, for cellulases (44) and
proteases (45), the acceleration of the digestion process
seemed to be due mainly to pressure-induced changes
in the substrates conformation, which made them more
prone to enzymatic degradation. Due to the number of
steps involved in enzymatic processes, it is usually
difficult to clearly identify which particular steps or
compounds were most affected by pressure (46), all the
more when substrate is present in the pressurized
medium (27, 46). This requires a different approach/
methodology, but there is nevertheless a growing amount
of evidence suggesting that true activation might be
achieved through P-induced conformational changes of
an enzyme such as R-chymotrypsin (47).

The influence of medium composition and pH was
investigated again for tomato PME, but under hyper-
baric conditions. Experiments were performed at two
different pressures (300 and 800 MPa) and three tem-
peratures (60 °C, 65 °C, and 70 °C). Three types of

Table 2. First Order Inactivation Rate Constants k (s-1) Measured for Tomato Juice PME as a Function of Pressure
(MPa) and Temperature (°C)

1st order inactivation rate constant k (s-1)

P (MPa) 60 °C 65 °C 70 °C 75 °C

0.1 1.61 × 10-04 ( 7.98 × 10-6a 8.72 × 10-04 ( 7.34 × 10-5 6.25 × 10-03 ( 6.80 × 10-4 3.68 × 10-02 ( 1.58 × 10-3

100 7.58 × 10-06 ( 9.08 × 10-7 1.63 × 10-04 ( 1.47 × 10-5 8.83 × 10-04 ( 7.95 × 10-5 5.74 × 10-04 ( 3.56 × 10-5

200 ND ND ND 1.37 × 10-04 ( 1.10 × 10-5

300 9.70 × 10-06 ( 1.26 × 10-6 1.12 × 10-04 ( 1.54 × 10-5 5.14 × 10-05 ( 4.78 × 10-6 1.83 × 10-05 ( 1.48 × 10-6

400 NDb ND ND 3.86 × 10-05 ( 2.70 × 10-6

500 ND ND ND 1.03 × 10-04 ( 9.07 × 10-6

600 4.38 × 10-05 ( 5.26 × 10-6 4.43 × 10-05 ( 3.90 × 10-6 7.02 × 10-05 ( 7.23 × 10-6 5.25 × 10-05 ( 3.57 × 10-6

700 ND ND ND 3.02 × 10-04 ( 2.20 × 10-5

800 1.50 × 10-03 ( 9.27 × 10-5 2.33 × 10-03 ( 1.98 × 10-4 2.92 × 10-03 ( 1.69 × 10-4 2.71 × 10-03 ( 2.49 × 10-4

a Standard errors are given. b ND ) not determined.

Figure 5. Evolution of the first-order inactivation rate
constant k for tomato PME in a juice over the investigated
P/T ranges (eq 3-6). Insert graph: Calculated vs measured
values of k.

k(P) ) ko‚(exp(-A‚P)) + exp(B‚(P - C)) (3)

ko(T) ) 3.067 × 10-12‚exp(3.641 × 10-1‚T) (4)

A(T) ) 3.681 × 10-4‚T2 - 4.898 × 10-2‚T‚ + 1.645
(5)

B(T) ) const. ) 1.900 × 10-2 (6)

C(T) ) 1.714 × 101‚T - 3.531 × 10-2 (7)
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samples were processed: Tomato juice at natural pH
) 4.2 (labeled “TJ4” in Figure 6), liquid tomato extract,
pH 4.2, 0.5 M NaCl (“TX4”) and liquid tomato extract,
pH 7.0, 0.5 M NaCl (“TX7”). Figure 6 shows the results
that were obtained at 60 °C, but the same trends were
observed at 65 and 70 °C: The enzyme is completely
barostable in all media at 300 MPa, and no difference
in the behavior were hence noticed at this pressure. The
removal of the juice solid fraction and the addition of
0.5 M NaCl had no effect on the inactivation pattern.
Increasing pH to 7.0, on the other hand, even stabilizes
the enzyme against pressure-induced denaturation. In
ref 48 for example, upon measuring the high-pressure
inactivation of PME in orange juice, it was also observed
that the enzyme was stabilized against denaturation by
increased pH values (as well as solid content).

The pressure-induced stabilization of proteins against
heat denaturation is not something new and has been
described for a variety of model systems, some of which
have been reviewed by Mozhaev et al. (47). The authors
of ref 23 studied two different â-glucosidases. They
observed counteracting effects of P and T in the case of
the almond enzyme, and activation under hyperbaric
conditions for the â-glucosidase of S. solfataricus. The
authors of refs 28 and 49 also observed a pressure-
induced stabilization against heat denaturation with
three different â-galactosidases (A. oryzae, K. lactis, and
E. coli). The case of tomato PME seems however to be
one of the most spectacular encountered so far.

This type of behavior can be explained by the char-
acteristic, elliptical shape of the stability phase diagram
that many proteins exhibit over the P/T plane. For
instance, Hawley (50) constructed such a diagram for
the reversible denaturation of chymotrypsinogen. This
author proposed an equation of state for this model
system, which is discussed in some detail in ref 46.
Enzymes in an ongoing process of denaturation are by
definition not at thermodynamic equilibrium, but sev-
eral authors have nevertheless obtained similar re-
entrant “kinetic phase diagrams” when plotting the
inactivation rate constant over the P/T plane. A good
example can be found in ref 51 for butyrylcholinesterase.

Inactivation of PG under Hyperbaric Condi-
tions. As shown above in Figure 2 and Table 1, tomato
PG has demonstrated a strong resistance to heat-
induced denaturation at atmospheric pressure. Figures

7 and 8 show on the other hand that its stability is
dramatically reduced as soon as pressure is raised.
Contrary to PME, pressure and temperature increases
both contribute to an acceleration of the inactivation
rate. At the relatively “mild” pressure of 400 MPa, a
50% inactivation can be obtained in less than 30 min
at 45 °C (Figure 7). Raising pressure to 500 MPa leads
to a drastic enhancement of the inactivation rate and
already at 30 °C, PG is inactivated below detection limit
in about 20 min. Table 3 displays the values of k for
PG inactivation, which correspond to the various P/T
combinations that were investigated (values at 0.1 MPa
are already listed in Table 1).

This type of behavior, where pressure and tempera-
ture act in synergy, can be described with a model such
as the one used in ref 52 for the combined HP/T
inactivation of B. subtilis R-amylase

Where k is expressed in s-1, T in °C and P in MPa. The
following values of A, B, and C were fitted to the
experimental data and found to be

Figure 9 shows the calculated evolution of k over the

Figure 6. Residual PME activity in samples of various
complexity and pH pressurized at 60 °C. (4) 300 MPaA/TJ,
(0) 300 MPa/TX4, (O) 300 MPa/TX7, (2) 800 MPa/TJ, (9) 800
MPa/TX4, (b) 800 MPa/TX7.

Figure 7. Inactivation of tomato PG in a juice at 45 °C and
(2) 200 MPa, (0) 300 MPa, (b) 400 MPa.

Figure 8. Inactivation of tomato PG in a juice at (0) 400 MPa/
30 °C, (9) 400 MPa/50 °C, (4) 500 MPa/30 °C, (O) 600 MPa/30
°C.

k ) A‚exp(-B
T)‚exp(C‚P) (8)

A ) 1.403 × 1010[s-1] B ) 1.055 ×
104[K] C ) 6.049 × 103 [MPa-1]
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investigated portions of the P/T plane, the inserted
graph displaying the quality of the fit obtained with the
above model (predicted vs measured values of k). One
can see that the discrepancies between calculated and
measured values are larger for PG than for PME. This
is due mostly to the larger uncertainty linked to PG
activity measurements, but also to a poorer adequacy
of the model (r2 ) 0.7592).

The influence of the solid content and pH of the
medium on the inactivation rate of tomato PG was also
investigated (Figure 10). Conditions such as 300 MPa/
45 °C do not have much impact on the enzyme at the
acidic physiological pH of 4.2, whether measured in the
presence of tomato solids (TJ) or in a “thin” extract
(TX4). On the other hand and contrary to PME, the
enzyme is destabilized at higher pH values (TX7). This
sensitivity could be due in part to the particular
structure of tomato polygalacturonase, which is known
to exist under two different forms described as PGII and
PGI. PGII (45 kDa) is the heat-sensitive form of the

enzyme, which is dramatically stabilized against ther-
mal denaturation after combination with a 38 kDa
protein known as â subunit, a process which results in
the formation of the PGI species. The relative amounts
of both isoforms depend strongly on the ripeness stage
of the tomato fruit (53). Furthermore, the extraction
conditions also influence the relative amounts of PGI
and PGII in the resulting solution; at the physiological
pH of 4.2, PGII is preferentially extracted at 0.5 M
NaCl, whereas PGI prevails when sodium chloride
concentration is raised to 1.25 M (53). At pH 11 in a
0.2 M glycine buffer, Pressey (54) observed that PGI was
dissociated into PGII and â subunit. Raising the pH in
the tomato extract has possibly altered the ratio of the
different forms of the enzyme, thus resulting in a
greater sensitivity to the high-pressure treatment. It is
mentioned in refs 54 and 55 that PGI and PGII are basic
proteins with pIs of 8.6 and 9.4 respectively (5.1 for the
â-subunit). In addition to the effect of pH, it is thus
likely that pressure promotes the dissociation of the
â-subunit-PGII complex, a process which leads to larger
amounts of PGI (the more labile enzyme) in the medium.
Indeed, several studies have shown that multimeric
enzymes are dissociated already under moderately
hyperbaric conditions (100 MPa), this process being
usually accompanied by an overall decrease in volume.
A great variety of pressure impacts on enzymatic
systems has been reported, but there is nevertheless a
large consensus about the dissociation of many oligo-
meric protein systems already in the 100-250 MPa
range. This hypothesis would certainly explain the
overall greater sensitivity of PG to high-pressure as
compared to heat.

Table 3. First Order Inactivation Rate Constants k (s-1) Measured for Tomato Juice PME as a Function of Pressure
(MPa) and Temperature (°C)

1st order inactivation rate constant k (s-1)P
(MPa) 30 °C 40 °C 45 °C 50 °C 60 °C

100 NDa ND ND ND 5.26 × 10-05 ( 8.93 × 10-6b

200 ND ND ND ND 8.09 × 10-05 ( 9.71 × 10-6

300 ND ND 9.39 × 10-05 ( 1.17 × 10-5 ND 3.09 × 10-4 ( 2.81 × 10-5

400 1.93 × 10-04 ( 2.89 × 10-5 3.51 × 10-04 ( 3.86 × 10-5 4.43 × 10-04 ( 4.12 × 10-5 7.01 × 10-04 ( 4.31 × 10-5 2.51 × 10-03 ( 2.16 × 10-4

500 3.89 × 10-03 ( 5.82 × 10-4 4.09 × 10-03 ( 4.29 × 10-4 ND 3.62 × 10-03 ( 3.15 × 10-4 7.02 × 10-03 ( 6.39 × 10-4

600 ND 1.72 × 10-03 ( 2.24 × 10-4 ND 4.81 × 10-03 ( 3.90 × 10-4 7.53 × 10-03 ( 7.01 × 10-4

a ND ) not determined. b Standard errors are given.

Figure 9. Evolution of the first-order inactivation rate
constant k for tomato PG in a juice over the investigated P/T
ranges (eq 7-8). Insert graph: Calculated vs measured values
of k.

Figure 10. Residual PG activity in samples of various
complexity and pH treated at (O) 300 MPa/45 °C/TJ, (0)
300MPa/45 °C/TX4, (4) 300 MPa/45 °C/TX7, (b) 400 MPa/30
°C/TX7.
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CONCLUSION

The above examples of tomato PME and PG confirm
an earlier remark that no a priori statement can be
made about the pressure lability of an enzyme on the
sole basis of its thermal resistance (and vice versa):
PME is heat-labile at 0.1 MPa and dramatically stabi-
lized under pressure, whereas the heat-resistant PG is
quickly inactivated even at moderate temperatures as
soon as pressure is raised. Hence, the above-presented
results are somehow in contradiction with the observa-
tion made by Clark et al (56) that thermophilic enzymes
are stabilized by pressure and heat-labile enzymes are
not. These latter conclusions were however reached in
a different context and for pressures not exceeding 50
MPa, a range that was not explored in this work.

The peculiar behavior of tomato PME and PG, i.e.,
the complete reversal of their heat-resistance under
hyperbaric conditions, offers extremely interesting pos-
sibilities for the treatment of tomato-based products.
With suitable combinations of pressure and tempera-
ture, it is possible to selectively inactivate PME or PG.
For example, this would help avoid the addition of
exogenous, purified PME to heat-treated tomato juice
in order to promote texture intensification through
pectin demethylation and subsequent gelification with
Ca2+ ions.

Medium composition and salinity had little influence
on the inactivation rate of PME, but this enzyme was
found less sensitive to both heat and pressure when the
pH was raised above its physiological value of 4.2. PG,
on the other hand, became more labile at higher pH.

It is known that pressure- and heat-induced dena-
turation of proteins follow different patterns and thus
have different impacts on protein structure, as clearly
shown by Gomes et al (57) in the case of papain (DSC
thermograms of untreated, pressurized and heated
samples). Keeping in mind that the unfolding pattern
can also be affected by such parameters as pH, quater-
nary structure, ionic strength, presence, and type of
cosolutes, one ends up with a very wide and complex
field of investigation. Some of these aspects are ad-
dressed by the authors of ref 58 in their review. The
choice of a 1st order inactivation model is to some extent
a simplification when considering the number of isoen-
zymes identified for tomato PME and PG and their
sometimes widely diverging heat and pressure resis-
tance characteristics. However, the model was meant
to be purely descriptive and without any mechanistic
implication because only overall inactivation effects
could be measured in the present system. In this
respect, the exponential decay seemed to fit the experi-
mental data reasonably well.

The suggested pressure-induced dissociation of PGII
could probably be evidenced by performing electro-
phoretic analyses under hyperbaric conditions, in a
high-pressure “bomb” such as the one described in ref
22. Such an equipment was not available for this study,
but would be very valuable for the investigation of the
aggregation patterns that generally accompany the
denaturation of proteins.

Pressure clearly adds a new dimension to the field of
(food) enzyme investigation or activity control, and some
of the underlying opportunities have been reviewed
here. However, the impact of the treatments is at
present still difficult to predict. Progress in the under-
standing of the stabilization mechanisms at molecular
level will thus be extremely helpful in the future.

ABBREVIATIONS USED

A, enzyme activity at time t; Arel, relative enzyme
activity at time t [-]; A0, enzyme activity at time zero
(Ar0 ) 1); DT, decimation time at temperature T [min],
[s]; Ea, activation energy [kJ‚mol-1]; HHPT, high hy-
drostatic pressure treatment; HP/T, high pressure and
temperature; k, first-order inactivation rate constant
[s-1]; k0, preexponential factor in the Arrhenius equation
[s-1]; P, pressure [MPa]; PG, polygalacturonase; PME,
pectin methyl esterase; s, slope of the titration curve
(mL‚min-1); T, temperature [°C], [K]; TJ, tomato juice
(pH 4.2); TX(4), clear tomato extract pH 4.2, 0.5 M NaCl;
TX(7), clear tomato extract pH 7.0, 0.5 M NaCl; t, time
[min], [s]; V, volume [cm3], [L]; z, temperature increase
resulting in 90% reduction of D [°C].
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