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Both isothermal and isobaric-isothermal inactivation of soybean lipoxygenase (LOX) could be
accurately described by a first-order kinetic model. Thermal inactivation of LOX at atmospheric
pressure proceeded in the temperature range 60-70 °C, whereas pressure-temperature inactivation
occurred in the pressure range 50-650 MPa at temperatures between 10 and 64 °C. With increasing
pressure at constant temperature, a consistent increase in inactivation rate constants was noted,
pointing out a negative activation volume. At constant elevated pressure, on the other hand, a
temperature of maximum stability was observed, generally situated somewhat above room
temperature, indicating the Arrhenius law not to be valid over the entire temperature range. Finally,
the influence of some food-relevant intrinsic factors on thermal and pressure-temperature stability
of LOX was screened. Where enzyme concentration only slightly affected thermal and pressure
stability of LOX, both pH and flushing with CO2 effected significant stability changes.
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INTRODUCTION

Most raw vegetables can be stored for only a short
period of time, because several enzymes are still active
after harvest. These enzymatic actions can result in
changes in texture, flavor, color, and nutrient content.
For lipoxygenase (LOX), which catalyzes the oxygen-
ation of fatty acids containing methyl-interrupted double
bonds into the corresponding hydroperoxides (Eskin et
al., 1977; Galliard and Chan, 1980), at least three
detrimental effects in foods are known (Whitaker,
1972): (i) There is a destruction of the essential fatty
acids linoleic, linolenic, and arachidonic acid. (ii) Fur-
ther degradation of the primarily formed hydroperoxides
results in the formation of volatile compounds such as
aldehydes, ketones, and alcohols (Hugues et al., 1994).
This causes the development of off-flavor, which has
been characterized as a haylike flavor in beans and
peas. This is a particularly serious problem in un-
blanched frozen peas and beans, because LOX can
continue its action even at low temperature. In some
cases, LOX also contributes to the development of
bitterness (Baur et al., 1977). (iii) The free radicals
produced can damage other compounds, including vi-
tamins and proteins. Also pigments such as chlorophyll
and carotenoids are damaged, resulting in color changes
(Eskin et al., 1977). Hitherto in vegetable processing,
blanching was pre-eminently the method to inactivate
enzymes and hence increase the shelf life of frozen
vegetables. The term blanching (70-105 °C) most often
designates heat treatments that prevent deteriorative
changes during frozen storage; that is, blanching en-
sures the reduction of enzyme activity. Nevertheless,
there are some disadvantages linked to blanching.

These include loss in texture and nutritional quality by
the heating process, formation of a cooked taste, change
in color, and loss of soluble solids (Williams et al., 1986).
Because of the consumer demand for fresh foods with
little heat-induced degradation of nutritional and orga-
noleptic properties, research for new nonthermal and
combined processes has been stimulated (Hoover et al.,
1989; Mertens, 1995). In this framework, the use of
high pressure can be investigated as an alternative for
traditional water blanching. High pressure has been
shown to inactivate vegetative microorganisms and
some spoilage enzymes while leaving most quality
carriers such as color, flavor, and nutrient/vitamin
content unaffected (Hoover, 1993; Mozhaev et al., 1994).

Nevertheless, application of high-pressure technology
in the food industry is awaiting a generic scientific basis
to assess quantitatively the impact of combined pres-
sure-temperature processes. From this viewpoint,
kinetic studies on the effects of pressure and tempera-
ture on food quality related aspects, including enzymes,
are indispensable.

In the present paper, the kinetics of inactivation of
soybean LOX by combined pressure and temperature
are investigated. Moreover, as it is well established that
kinetics largely depend on both extrinsic (temperature,
pressure) and intrinsic (state of the enzyme, properties
of the surrounding medium) factors, a case study was
performed concerning the influence of enzyme concen-
tration, type of buffer, and pH on the inactivation
kinetics of soybean LOX.

MATERIALS AND METHODS

Enzyme and Activity Measurement. Lipoxygenase type
IB from soybean was purchased as a lyophilized powder,
containing 60% protein and 1.8 × 105 units/mg of protein
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(Sigma, product L7395) as well as NaCl and stabilizers. The
commercial sample was used without further purification. One
unit of enzyme causes an increase in A234 of 0.001/min at pH
9 and 25 °C, when linoleic acid is used as substrate in a volume
of 3 mL. One A234 unit is equivalent to the oxidation of 0.12
µmol of linoleic acid. The enzyme was dissolved in a 0.01 M
Tris-HCl buffer at pH 9 at a concentration of 0.4 mg/mL, unless
the influence of enzyme concentration or pH was examined.

The activity of LOX was measured spectrophotometrically
at 234 nm (LKB UV-visible spectrophotometer, Biochrom
4060) using sodium linoleate as substrate. The latter was
prepared as follows: 280 mg of linoleic acid and 280 mg of the
solubilizer Tween 20 were added to 4 mL of O2-free water.
After homogenization, 0.5 N NaOH was added to clear the
solution. Finally, the solution was made up with distilled
water to a total volume of 25 mL. The solution was flushed
with N2, divided in small portions (1.5 mL), and stored frozen
until used. The reaction was carried out at 25 °C in a quartz
cuvette. The assay mixture contained 45 µL of enzyme
solution, 25 µL of substrate solution, and 2.9 mL of 0.0125 M
borate buffer at pH 9. The absorption at 234 nm was recorded
as a function of reaction time (3 min), and the activity was
determined from the slope of the linear portion of the curve.
The linear relationship between measured activity and enzyme
concentration was verified in a preliminary test.

Isothermal Treatment. Isothermal inactivation experi-
ments were performed in a thermostatic water bath at
constant temperature. To ensure direct heating and direct
cooling, the enzyme solution was filled in capillary tubes
(Hirschmann labogeräte; diameter ) 15 mm, length ) 15 cm).
After filling, the tubes were placed in the water bath and the
heating time was exactly measured using a stopwatch. Im-
mediately after withdrawal from the hot water bath, the
samples were transferred to a water bath at 25 °C and stored
for 0.5 h before activity measurement, allowing slight reactiva-
tion (∼10%) to be completed.

Isobaric-Isothermal Treatment. Isobaric-isothermal
inactivation treatments were performed in a laboratory pilot
scale, multivessel high-pressure equipment (HPIU-10000, 95/
1994, Resato). High pressure (up to 1000 MPa) is generated
using a pressure intensifier in the central pressure circuit.
Eight individual vessels (volume ) 8 mL, diameter ) 10 mm,
length ) 100 mm), surrounded by a thermostatic mantle
linked to a cryostat, are connected to the central pressure
circuit using T-joints and valves. The pressure transferring
liquid is a glycol/oil mixture (TR15, Resato).

This equipment allows performance of kinetic experiments
because eight samples can be submitted simultaneously to
treatments at the same pressure and temperature but for
different preset treatment times. After the samples are
enclosed in the vessels (filled in 0.25 mL microtubes, Elkay),
only the central valve is closed and pressure is built up slowly
(100 MPa/min) until the desired value is reached. Once the
maximum pressure is reached, the individual vessels are
isolated from the central pressure tubing and the central valve
is opened. As a function of time, pressure can now be released
in the individual vessels. To ensure treatment of the samples
at constant pressure and temperature, the activity of the
sample from the first vessel, where pressure is released the
moment the central valve is opened (after 4 min), is considered
as the reference (A0, blank activity).

Data Analysis. On the basis of literature data (Kermasha
et al., 1993; Heinisch et al., 1995; Lopez and Burgos, 1995),
both isothermal and isobaric-isothermal inactivations of
soybean LOX were assumed to follow first-order kinetics.

For constant extrinsic/intrinsic factors, integration of this
differential equation between initial and final conditions leads
to the following expression of enzyme activity as a function of
treatment time:

To verify the validity of this first-order kinetic model,
semilogarithmic plots of residual activity as a function of time
at constant pressure and temperature were drawn. As a
measure for linearity, regression coefficients were calculated
and the residual plots were analyzed on their randomness, that
is, the absence of eventual systematic errors.

Temperature and pressure dependence of the inactivation
rate constants were calculated according to the Arrhenius and
Eyring equations, respectively.

The kinetic parameters (k, Ea, Va) were calculated using a
two-step linear regression approach on the linearized (loga-
rithmic) data. Linear regression procedures were performed
in the statistical software package from SAS Institute (1982).

In a second phase, the influence of some intrinsic factors
on the thermal stability of soybean LOX at atmospheric and
elevated pressure was kinetically investigated. The systems
were ranked according to their k values. When Ea values of
the system under various conditions are different, specification
to temperature is required because an isokinetic point exists
at which the stability ranking is reversed (Weemaes et al.,
1997).

RESULTS AND DISCUSSION

Isothermal Inactivation Kinetics of Soybean
LOX. Thermal stability of soybean LOX at atmospheric
pressure was studied in the temperature range 62-68
°C. In this temperature range, isothermal inactivation
of LOX followed first-order kinetics, allowing inactiva-
tion rate constants to be determined from semilogarith-
mic plots of the activity retention as a function of time
(Figure 1). The kinetic parameters describing isother-
mal inactivation of soybean LOX, together with stan-
dard errors and regression coefficients, are presented
in Table 1.

Formerly, first-order kinetics for thermal inactivation
of soybean LOX have been frequently reported in the
literature (Kermasha et al., 1993; Lopez and Burgos,
1995; Srinivasulu and Appu Rao, 1995). However,
somewhat contradictory results were obtained as to the

dA/dt ) -kA (1)

ln(A/A0) ) -kt (2)

Figure 1. Inactivation of LOX, 0.4 mg/mL in 0.01 M Tris-
HCl at pH 9, at atmospheric and elevated pressure: (*) 20
°C/525 MPa; (O) 62 °C/200 MPa; (4) 66 °C/0.1 MPa.

ln(k) ) ln(krefT) -
Ea

R (1
T

- 1
Tref

) (3)

ln(k) ) ln(krefP) -
Va

RT
(P - Pref) (4)

Pressure−Temperature Inactivation Kinetics of Soybean Lipoxygenase J. Agric. Food Chem., Vol. 46, No. 10, 1998 4075



thermal stability and temperature dependence of the
inactivation rate. Srinivasulu and Appu Rao (1995)
reported the midpoint of thermal inactivation to be 44
( 1 °C, referring to a low thermal stability, whereas
Kermasha et al. (1993) reported high thermostability
as inactivation was achieved in the temperature range
60-90 °C. The latter authors derived an activation
energy of 119 kJ/mol, pointing to low temperature
sensitivity of the k values. On the other hand, Lopez
and Burgos (1995) observed high temperature sensitiv-
ity for inactivation of soybean LOX at temperatures
between 69 and 74 °C, as indicated by an activation
energy value exceeding 500 kJ/mol. Likewise, inactiva-
tion of LOX from many different sources such a green
peas, green beans, potatoes, asparagus, wheat germ,
and germinated barley could be described either by a
simple first-order model or by a two-fraction first-order
model (Svensson and Eriksson, 1972; Park et al., 1988;
Ganthavorn et al., 1991; Henderson et al., 1991; Zhang
et al., 1991; Bhirud and Sosulski, 1993; Günes and
Bayindirli, 1993; Hugues et al., 1994). The latter model
refers to the existence of two fractions (isozymes) with
different thermal stability. However, temperature ranges
for inactivation of LOX from different sources (40-100
°C) as well as activation energy values (65-655 kJ/mol)
varied significantly.

Isobaric-Isothermal Inactivation Kinetics of
Soybean LOX. Isobaric-isothermal inactivation of
LOX was studied in the pressure range 50-650 MPa
at temperatures between 10 and 64 °C. By analogy with
isothermal inactivation, first-order inactivation kinetics
were assumed to analyze isobaric-isothermal inactiva-
tion of LOX and verified on semilogarithmic plots of the
activity retention as a function of time (Figure 1).
Regression coefficients varied between 0.930 and 0.998.
First-order rate constants for isobaric-isothermal in-
activation of LOX together with standard errors are
summarized in Table 2, showing the latter to be situated
between 1 and 10%.

This table immediately indicates an antagonistic
effect at low temperature (T < 40 °C) and high pressure
(P > 475 MPa). In this low-temperature region, tem-
perature increase causes the inactivation rate constant
to decrease. Minimal inactivation rate constants are
observed in the temperature range 30-40 °C, showing
LOX to exhibit maximal pressure stability at temper-
atures slightly higher than room temperature. Hence,
both heat and cold denaturations of LOX are feasible
at elevated pressure. This antagonistic effect is likewise
apparent from the shape of the pressure-temperature
kinetic diagram for inactivation of soybean LOX (Figure
2). Though antagonistic effects of pressure and tem-
perature have been frequently reported in the literature
(Johnson and Campbell, 1945; Suzuki and Kitamura,
1960; Heremans, 1993; Mozhaev et al., 1996; Weemaes
et al., 1998), mainly retardation of thermal inactivation

Table 1. Kinetic Parameters Describing Isothermal
Inactivation of Soybean LOX, 0.4 mg/mL in 0.01 M
Tris-HCl at pH 9

temp (°C) k value (min-1) r2

62 (2.02 ( 0.09a) × 10-2 0.987
64 (4.94 ( 0.16) × 10-2 0.993
66 (9.18 ( 0.32) × 10-2 0.992
68 (15.5 ( 0.52) × 10-2 0.992

Ea ) 319.8 ( 27.3 kJ/mol 0.986
a Standard error.
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by low pressure is involved, a phenomenon that is not
observed for LOX. At all temperatures studied, inac-
tivation was enhanced by pressure increase. In this
respect, our results are somewhat conflicting with those
published by Heinisch et al. (1995), who investigated
inactivation of soybean LOX in the pressure range 0.1-
650 MPa at temperatures varying from 0 to 65 °C and
revealed low pressure to exert a slightly thermostabi-
lizing effect at high temperature.

Pressure dependence of the inactivation rate constant
could be analyzed using the Eyring equation (eq 4).
Activation volumes together with standard errors and
regression coefficients are presented in Table 3, denot-
ing the Eyring equation to be valid in the entire
temperature range. At all temperatures studied, the
activation volume was negative, as expected from Table
2. The absolute value of the activation volume seemed
rather constant up to 35 °C but decreased with further
increase in temperature, pointing to reduced pressure
sensitivity at high temperature. Similar results were
reported for egg albumin, carbonylhemoglobin, chymo-
trypsin, Taka amylase A, and PPO (Suzuki et al., 1958;
Suzuki and Kitamura, 1960; Miyagawa and Suzuki,
1963b, 1964; Taniguchi and Suzuki, 1983; Weemaes et
al., 1998), whereas for trypsin the opposite results, that
is, an increase in absolute activation volume with higher
temperature, were noted (Miyagawa and Suzuki, 1963a).

Obviously, the Arrhenius equation (eq 3) could not

be applied to describe the temperature dependence of
the inactivation rate constant over the entire temper-
ature region. Therefore, it was investigated whether
activation energies could be calculated for distinguish-
able low- and high-temperature regions. An additional
problem arose because these regions could not be
demarcated unambiguously as the temperature of maxi-
mal stability varied with pressure. The results are
presented in Table 4. Activation energies are negative
in the low-temperature area but positive at high tem-
perature. In addition, on a qualitative basis, a tendency
for the temperature sensitivity to decrease with increas-
ing pressure was observed, both in the low- and high-
temperature areas. The poor statistical results (r2 )
0.800-0.982, errors ) 7-30%), however, indicate that
quantitative interpretation of these results could lead
to erroneous conclusions.

Influence of Food-Relevant Intrinsic Factors on
Thermal and Pressure Inactivation Kinetics of
Soybean LOX. It is well established that kinetics
largely depend on intrinsic factors (e.g., state of the food
component, properties of the surrounding medium).
Therefore, a case study was performed concerning the
influence of some food-relevant intrinsic factors (enzyme
concentration, type of buffer, pH) on the kinetics of
thermally induced and pressure-induced inactivation of
LOX. Because the interest in the use of high pressure
to inactivate LOX mainly arises from the possibility of
avoiding detrimental effects caused by heat, the influ-
ence of these factors on pressure inactivation was
studied at low temperature (10-25 °C) and a constant
pressure of 525 MPa. Former results on the inactiva-
tion of LOX, 0.4 mg/mL in 0.01 M Tris-HCl at pH 9,
were used as reference.

Influence of Enzyme Concentration. The influence of
a reduced enzyme concentration (0.1 mg/mL) on thermal
and pressure inactivation kinetics of LOX was investi-
gated. Under all conditions studied, first-order kinetics
could analyze the inactivation of LOX at a concentration
of 0.1 mg/mL. Whereas the thermal stability of LOX
was slightly enhanced at higher enzyme concentration,
no such effect was noted with respect to pressure
stability, the k values being not significantly different
in the latter case. Activation energies for thermal and
pressure inactivation were respectively calculated as
300.4 ( 35.5 and -51.4 ( 7.1 kJ/mol, indicating that
temperature sensitivity of the inactivation rate con-
stants at atmospheric and elevated pressure is not
affected by enzyme concentration. According to Putman
(1953), proteins are known to be more resistant against
heat and other denaturing agents in concentrate than
in dilute solutions. Generally this protective effect is
considered to be nonspecific and ascribed to various
causes. Lopez and Burgos (1995), however, reported
heat stability of soybean LOX to be independent of the
enzyme concentration in the range 0-6 mg/mL.

Figure 2. Pressure-temperature kinetic diagram for inac-
tivation of LOX, 0.4 mg/mL in 0.01 M Tris-HCl at pH 9: (upper
line) k ) 0.07 min-1; (lower line) k ) 0.01 min-1.

Table 3. Activation Volume for Isobaric-Isothermal
Inactivation of LOX, 0.4 mg/mL in 0.01 M Tris-HCl at pH
9, at Different Constant Temperature Levels

temp (°C) Va (cm3/mol) r2

10 -62.6 ( 3.1a 0.995
15 -67.7 ( 12.1 0.935
20 -66.5 ( 2.8 0.995
25 -67.2 ( 5.9 0.970
30 -67.9 ( 7.5 0.955
35 -65.3 ( 2.5 0.997
40 -48.9 ( 4.4 0.963
45 -45.6 ( 4.5 0.961
50 -22.7 ( 3.3 0.941
55 -9.9 ( 0.4 0.998
62 -8.6 ( 1.4 0.944
64 -7.1 ( 0.5 0.976

a Standard error.

Table 4. Activation Energy for Isobaric-Isothermal
Inactivation of LOX, 0.4 mg/mL in 0.01 M Tris-HCl at pH
9, at Different Constant Pressure Levels

low-temperature area high-temperature area

P (MPa) Ea (kJ/mol) r2 Ea (kJ/mol) r2

525 -53.9 ( 3.1a 0.990 48.8 ( 3.8 0.982
550 -55.2 ( 6.6 0.956 42.9 ( 12.3 0.802
575 -34.1 ( 5.7 0.879 11.5 ( 3.4 0.916
600 -36.4 ( 7.4 0.889
625 -24.4 ( 3.7 0.956

a Standard error.
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Influence of Type of Buffer and pH. The influence of
pH was investigated in the range 4.2-9. Because of
restrictions set to buffering capacity of Tris-HCl, a
McIlvaine buffer was used in the low-pH range (4.2-
6.6). As solubility problems were encountered at pH 4.2,
this pH value was not considered in further experi-
ments. For each of the pH values studied (5.4, 6.6, 8,
and 9), thermal as well as pressure inactivation could
be accurately described by a first-order kinetic model
(Figure 3; Figure 4).

Both thermal and pressure stabilities were largely
affected by the type of buffer. LOX seemed to be much
more stable in Tris buffer as compared to McIlvaine
buffer. Inactivation rate constants for isothermal in-
activation at pH 6.6 were quadrupled on switching from
Tris to McIlvaine buffer (Figure 3). The type of buffer,
on the other hand, did not affect the activation energy.

Pressure stability in McIlvaine buffer was reduced to
such an extent that inactivation could not be studied
at the preset pressure (525 MPa), because after pressure
buildup, the blank activity became too low to investigate
sufficiently accurately the progressive decrease in activ-
ity with time. Therefore, the influence of pH in McIl-
vaine buffer was investigated at 400 MPa (Figure 4).
These results are somewhat conflicting with the ones
published by Heinisch et al. (1995), who observed a
similar pressure-dependent decrease of LOX activity in
both Tris and borate buffer.

For both buffer systems used, thermostability in-
creased with decreasing pH, although this effect became
less pronounced at pH 5.4. Thermostability of LOX
seems maximal at a pH value corresponding to its
isoelectric point (Ludikhuyze et al., 1998). Although the
temperature sensitivity of the inactivation rate constant
seemed lowest in Tris buffer at pH 9, no significant
differences in Ea values for the enzyme solutions in
McIlvaine or Tris buffer at different pH values could
be detected, on the basis of the 95% confidence interval
(Table 5). The same findings, that is, enhanced ther-
mostability of LOX at lower pH, were often reported in
the literature. The susceptibility to heat of LOX in
whole soybeans was greatly enhanced as pH was
increased from 6.8 to 8 (Borhan and Snyder, 1979).
Furthermore, thermal and manothermosonication re-
sistances of soybean LOX were intensified with decreas-
ing pH in the range 8 to 5.2, but more for thermal than
for manothermosonication treatment. The fact that
thermal stability keeps growing as the pH of the
medium moves away from the optimum (pH 9) toward
more acidic values seems a rather unusual phenomenon.
It could be explained by the fact that electrostatic
interactions between amino acid residues located in
parts of the molecule away from the active site play an
important role in protecting the native structure against
heat (Lopez and Burgos, 1995). For pea LOX, inactiva-
tion was studied in the pH range 4-8 and maximal
thermal stability was observed at pH 6 (Svensson and
Eriksson, 1972). The two isozymes of germinated barley
showed opposite behavior in the pH range 7 to 4.65: the
thermostability of LOX1 decreased, whereas that of
LOX2 increased (Hugues et al., 1994).

As opposed to thermal stability, pressure stability
increased with increasing pH. Although the inactiva-

Figure 3. Influence of pH and type of buffer on isothermal
inactivation kinetics of soybean LOX, 0.4 mg/mL: (*) Tris
buffer, pH 9, flushed with CO2; (b) McIlvaine buffer, pH 5.4;
(O) McIlvaine buffer, pH 6.6; (4) Tris buffer, pH 6.6; (#) Tris
buffer, pH 8; (0) Tris buffer, pH 9.

Figure 4. Influence of pH and type of buffer on isobaric-
isothermal inactivation kinetics of soybean LOX, 0.4 mg/mL:
(*) Tris buffer, pH 9, flushed with CO2 at 400 MPa; (b)
McIlvaine buffer, pH 5.4, at 400 MPa; (O) McIlvaine buffer,
pH 6.6, at 400 MPa; (4) Tris buffer, pH 6.6, at 525 MPa; (#)
Tris buffer, pH 8, at 525 MPa; (0) Tris buffer, pH 9, at 525
MPa.

Table 5. Ea Values for Thermal and Pressure
Inactivation of LOX, 0.4 mg/mL, in Different Buffers with
Different pH Values

system
P/T range for
inactivation Ea (kJ/mol)

Isothermal Inactivation
Tris-HCl buffer, pH 9 0.1 MPa, 62-68 °C 319.8 ( 27.3a

Tris-HCl buffer, pH 8 0.1 MPa, 64-70 °C 419.5 ( 36.7
Tris-HCl buffer, pH 6.6 0.1 MPa, 66-72 °C 428.7 ( 7.7
McIlvaine buffer, pH 6.6 0.1 MPa, 66-72 °C 439.8 ( 57.6
McIlvaine buffer, pH 5.4 0.1 MPa, 66-72 °C 383.8 ( 77.1
Tris-HCl buffer, pH 9,

flushed with CO2

0.1 MPa, 66-72 °C 486.7 ( 25.7

Isobaric-Isothermal Inactivation
Tris-HCl buffer, pH 9 525 MPa, 10-25 °C -50.9 ( 4.4
Tris-HCl buffer, pH 8 525 MPa, 10-25 °C -67.8 ( 10.6
Tris-HCl buffer, pH 6.6 525 MPa, 10-25 °C -55.5 ( 5.4
McIlvaine buffer, pH 6.6 400 MPa, 10-25 °C -101.7 ( 11.5
McIlvaine buffer, pH 5.4 400 MPa, 20-25 °C -129.5
Tris-HCl buffer, pH 9,

flushed with CO2

400 MPa, 10-25 °C -112.4 ( 7.9

a Standard error.
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tion rates of LOX in Tris buffer at pH 9 and 8 were very
similar, lowering the pH to 6.6 could accelerate inacti-
vation (Figure 4). In McIlvaine buffers, this pH effect
was even more pronounced. For both buffer systems,
no significant influence of pH on the activation energy
value was noted (Table 5). These results could possibly
indicate mechanistic differences between thermal and
pressure inactivation because at elevated pressure the
enzyme is no longer protected against inactivation by
pH values near the isoelectric point. Whereas the
existence of such mechanistic differences has previously
been postulated on the basis of FTIR studies on heat-
and pressure-denatured LOX, it could not be confirmed
by gel electrophoretic studies (Goossens et al., 1992;
Ludikhuyze et al., 1998)

Finally, the pH effect caused by flushing with CO2
was examined. The enzyme solution (0.4 mg/mL LOX
in 0.01 M Tris-HCl at pH 9) was flushed with CO2 for 5
min at 25 °C and afterward allowed to stand for 10 min
to avoid supersaturation. Dissolution of CO2 in water
results in the formation of H2CO3 that lowers the pH
to ∼6.8. Indeed, thermostability was on the same order
of magnitude as for LOX in Tris-HCl at pH 6.6 (Figure
3). Pressure stability, on the other hand, was largely
reduced as compared to LOX in Tris-HCl at pH 6.6.
After building up pressure to 525 MPa, activity was
reduced below the detection limit. Therefore, experi-
ments were carried out at 400 MPa, in agreement with
those in McIlvaine buffer. Even at this lower pressure
level, k values were ∼2-10 times higher as compared
to those for LOX in Tris-HCl at pH 6.6. The activation
energy for pressure inactivation was on the same order
of magnitude as that for pressure inactivation in McIl-
vaine buffer (Figure 4; Table 5). This may be explained
by taking into account the distinct dissociation volumes
of the buffers used. A Tris-HCl buffer is known to be
very insensitive to pressure variations as it is charac-
terized by a dissociation volume (∆VD) of ∼1 cm3/mol
(Morild, 1981). For McIlvaine buffer and H2CO3, ∆VD

values in the range -25 to -30 cm3/mol were derived
(Morild, 1981; Kitamura and Itoh, 1987). Therefore,
strong pH changes under pressure must be expected
using the latter buffers. This way, the extreme sensi-
tization when using McIlvaine buffer or CO2-bubbled
Tris buffer, as well as the close agreement between the
results of pressure inactivation in the respective buffers,
may be explained.

Conclusions. The advantage of performing isobaric-
isothermal inactivation experiments on simple enzy-
matic model systems is twofold. First, contributions of
pressure and temperature to changes in the inactivation
rate constant can be separated, allowing temperature
and pressure dependence of the inactivation rate con-
stant to be expressed by individual mathematical mod-
els. Second, the use of simple model systems to study
pressure inactivation of enzymes allows changes in the
kinetic parameters to be attributed to specific and
controlled variations in experimental conditions. When
one is working with complex food components, varia-
tions in the sample, which are not readily known, can
interfere. A disadvantage, however, is that the kinetic
models and concomitant parameters are strongly re-
stricted to the specific model system (i.e., the enzyme
in its surrounding medium) as kinetic parameters seem
to be influenced by extrinsic and intrinsic factors.
Otherwise, it can be stated that kinetic models, estab-
lished for simple systems, can be refined using synthetic

media simulating the conditions of real food products
by adjustment of food-relevant intrinsic factors such as
pH, enzyme concentration, ionic strength, macromol-
ecules, and oxygen concentration while still reducing the
analytical difficulties linked to working with real food
products. Moreover, knowledge about how medium
properties influence the kinetics of enzyme inactivation
may be useful in regard to destabilization, allowing
required pressure and temperature to be reduced with-
out affecting the global impact of the process. In view
of pressure application as an alternative to blanching,
sensitization of LOX toward pressure may be important.
Whereas enzyme concentration induces only minor
changes in the stability of LOX, promising results have
been obtained with respect to the extreme sensitization
of LOX toward pressure treatment by lowering the pH,
including flushing with CO2.

ABBREVIATIONS USED

A, activity at time t; A0, activity at time zero; Ea,
activation energy (kJ/mol); k, inactivation rate constant
(min-1); krefT, inactivation rate constant at reference
temperature (min-1); krefP, inactivation rate constant at
reference pressure (min-1); LOX, lipoxygenase; P, pres-
sure (MPa); Pref, reference pressure (500 MPa); R,
universal gas constant (8.314 J/mol‚K); T, absolute
temperature (K); Tref, absolute reference temperature
(323 K); t, time (min); Tris, tris(hydroxymethyl)ami-
nomethane; Va, activation volume (cm3/mol).
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