el JOURNAL OF

] MOLECULAR
: Py 3 CATALYSIS
AR, j! s B: ENZYMATIC

ELSEVIE Journal of Molecular Catalysis B: Enzymatic 19—20 (2002) 451-457

www.elsevier.com/locate/molcatb

Inactivation and reactivation kinetics of horseradish peroxidase in
phosphate buffer and buffer—dimethylformamide solutions

Maria F. Machado, Jorge Saraiva

Department of Chemistry, University of Aveiro, Campus de Santiago, 3810-193 Aveiro, Portugal
Received 15 October 2001; received in revised form 15 May 2002 ; accepted 29 May 2002

Abstract

The influence of the regeneration of horseradish peroxidase activitfCabA both the thermal inactivation and the reactiva-
tion kinetics of the enzyme was studied in phosphate buffer and a mixture of this buffer with 1094, N+d)methylformamide,
at temperatures ranging from 70 to85. A series-type model was fitted to the experimental data that exhibited typical bipha-
sic patterns, which became less pronounced as enzyme activity was regenerated. The kinetic parameters were found to be, ir
general, significantly different in both inactivation media. The magnitude of the activation energies for both the reactions of
formation and inactivation of the intermediate enzyme indicated that conformational changes might play a major role in both
processes when the solvent is added. A logarithmic model, although lacking a theoretical background, was able to predict the
enzyme activity regeneration upon storage of the inactivated samplé€aTHhere was evidence that the rate of reactivation
may be dependent on the amount of intermediate formed in the first reaction or remaining after inactivation, as suggested by
both the inactivation temperatures and extent of heating time relationships verified in this work.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Horseradish peroxidase; Thermal inactivation; Dimethylformamide; Reactivation; Kinetic parameters

1. Introduction processing and thus of food stabilfg—6]. Research
has also focussed on the potential use of peroxidases
Peroxidases (EC 1.11.1.7) are enzymes ubiqui- in waste treatment to remove aromatic compounds
tously found in bacteria, fungi, plants and animals from wastewaters of industri¢g]. Karam and Nicell
that act as oxidoreductases and efficiently catalyse the[7] referred horseradish peroxidase as “undoubtedly
oxidation of a variety of compound4]. Horseradish one of the most studied enzymes in the relatively new
peroxidase is the most studied peroxidase used as aarea of enzymatic waste treatment”.
biocatalyst in the polymerisation of phenol, aniine  The knowledge and understanding of horseradish
and their derivatives, and being shown to be active in peroxidase thermal inactivation and reactivation ki-
a number of organic solvents or agqueous solvent mix- netics and its related mechanisms would offer new
tures[2,3]. Because of its high thermal resistance and possibilities in improving the potential and effective
relative simplicity of the assay method, horseradish use of this enzyme in such diverse and broad areas. In
peroxidase is used to monitor the adequacy of thermal literature, thermal inactivation of horseradish peroxi-
dase has been reported emphasising the analysis of the
" Corresponding author. Tek+351-2-3437-0716: kineti<_:s of the process and covering a Ia_rge range of
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fruits and vegetables may be affected by several
factors, among them the operational conditions of
thermal processinfi 1], the species of vegetables and
also the type of isoenzymé¢s2]. There was some ev-
idence that regain of peroxidase activity after thermal
inactivation could be inherently attributed to the frac-
tion of ionically bound isoperoxidases as reported for
mango[13] or Japanese radigi4]. Earlier studies
had experimentally confirmed that both the inactiva-
tion and reactivation processes could be, in part, re-
lated to the dissociation/reassociation of heme from/to
the protein15]. Dissociation of the prosthetic (heme)
group from the active centre of the enzyme was, how-
ever, found to be pH dependent and occurring more
rapidly at pH values lower than[@A6], with complete
detachment reported at pH 2.4 and°29[17]. Teipel
and Koshland Ji{18] followed the enzyme reactiva-
tion measuring both optical rotation and fluorescence
changes which occurred within 1 min, although the
maximum extent of activity regain was not attained
before 40—750 min. Spectral analysis were also per-
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sodium phosphate buffer, pH 7.0, or in a mixture of this
buffer with N,N-dimethylformamide (DMF; Reagente
Puro Erba, ltaly) to the final concentration of 10%
(v/v). The water-miscible solvent was stored over 3 A
molecular sieves (Riedel de Haén, Germany) prior to
mixing with the buffer solution.

Changes in the pH of the buffered solution upon
addition of the organic solvent were measured at
room temperature using a pH538 Multi®gdH meter
(Weilheim, Germany). The pH value obtained was
within the neutral scale (@34 0.01), which has been
reported to be of most importance to achieve the high-
est thermal stability of horseradish peroxidggg In
order to minimise the temperature dependence of pH,
the range of inactivation temperatures used was kept
sufficiently narrow (within 15C).

2.2. Thermal inactivation of HRP

The thermal inactivation was performed by placing
eppendorf tubes of 15 mm diameter and 50 mm height,

formed during the reactivation process and enabled to In duplicated, filled with 1.5ml of enzyme solutions

found multiple enzyme forms, such as several inter-
mediates as well as the inactivated and native forms.
In the case of horseradish peroxidase thermal inacti-
vation in the presence of organic solvents, no study
was found correlating their presence to the kinetics of
the spontaneous reactivation process of this enzyme.
The main objective of this work was to study
the kinetics of the inactivation and reactivation of
horseradish peroxidase stored &G4 previously ther-
mally inactivated in phosphate buffer and the same
buffer with 10% (v/v) dimethylformamide, over a
wide range of inactivation temperatures (7083,
aiming at a comprehensive mathematical modelling

in a thermostatic water bath, previously equilibrated at
the desired temperatures of inactivation: 70, 75, 80 and
85°C. After heating, for pre-determined time intervals
(ranging from 1.5 to 245 min, with the maximum time
removal depending upon both the temperature and the
reaction medium), 10Ql aliquots were rapidly re-
moved from tubes and immediately diluted and cooled
in 150l sodium phosphate buffer 0.1 mofli, pH 7.0,

in eppendorf tubes immersed in ice water.

2.3. Enzyme reactivation

Horseradish peroxidase thermal inactivated in both

of the processes. In order to achieve this, a systematicthe buffer and the mixture buffer-DMF was shown to

and comparative study of the effect of activity regener-
ation on both the inactivation and reactivation kinetics
of this enzyme in both reaction media was carried out.

2. Materials and methods
2.1. Enzyme solutions
Peroxidase from horseradish (RZ 0.98) was purcha-

sed from Sigma. Aqueous solutions of 0.08 mgl
of horseradish peroxidase were prepared in 0.1 ol |

recover activity after removal from heat and storage at
low temperature (4C). Therefore, to ensure that ex-
perimental data would cover the overall reactivation
process until achieve maximum regeneration of the
enzyme, the activity of each thermal inactivated sam-
ple, kept at £C, was always assayed after 5, 15 and
30-min and 1, 2, 8, 24 and 48-h heat treatment.

2.4. Analysis of the enzyme activity

The activity of both the inactivated and reacti-
vated horseradish peroxidase samples was measured



M.F. Machado, J. Saraiva/Journal of Molecular Catalysis B: Enzymatic 19-20 (2002) 451-457 453

according to the Worthington procedJt®]. The in- according to:

crease in optical density upon addition of an aliquot Ea (1 1

of 50l of the enzyme solution to 1.45ml of sub- & = kref eXP[—E <7 - T_ﬂ (3
strate solution was measured at 510nm and@5 ref

using a Jenway 6405 (Essex, UK) UV-Vis kinetics wherek is the rate parameter at temperatiidses is
spectrophotometer, every second over 1 min. The ini- the rate parameter at a reference temperaffeK),

tial reaction rate 40D min~1) was used to express Eais the activation energy (kJ not) andRis the uni-
enzyme activity and was calculated by linear regres- versal gas constant (8.314 JmbK~1). The use of
sion of the measured values of absorbance increasea finite reference temperature is most important, as it
over 1 min. The substrate solution had a concentra- decreases the correlation between the pre-exponential

tion of hydrogen peroxide of 9.75 mmotl, a phenol
concentration of 0.16 motf and 4-aminoantipyrine
concentration of 2.3mmoft, in a 0.1 molt?! phos-

factor, kef, and the activation energla, thus improv-
ing parameter estimatioj22]. In this work, the ref-
erence temperature chosen was the mean value of the

inactivation temperatures studied, 77((350.65 K).
Usually, the estimation of the kinetic parameters is

carried out by the so-called two-step procedure: firstly,

Eq. (2)is used to obtain the values of the parameters

a, ki andky using non-linear regression and then the

activation energiesHy1 andE,p) are calculated using

a linearised form ofEq. (3) While this approach is

Biphasic and multiphasic patterns of the inactiva- €ssential to assess the adequacy of the model in de-
tion experimental data of different enzymes have been Scribing the experimental data, it leads to higher sta-
reported and adequately described by a series-typetistical uncertainty22,23] Alternatively,Egs. (2) and
model[8,20], which was found to be preferable to the (3) can be combined to obtain directly the values of
most often used two-fraction modgli]. o, Kiref, koref, Ea1 and Ea2 using non-linear regres-

The series-type model considers an homogeneousSion, in a one-step analysis, which provides higher
native enzyme populatiorE(), which inactivates by ~ Precision estimates and avoids the estimation of in-
a mechanism that includes the formation of an inter- termediate parameters. Thus, to increase precision, a
mediate form, partially inactivated(), that can have model imposing the above referred relation between
different thermal resistance and specific activity com- the rate parameters of the series-type model and tem-

pared to the native form, to yield an irreversibly inac- Perature was fitted to the complete set of experimental
tivated form Ep): data, for all the temperatures tested for each inactiva-

tion media. It was verified that the estimated values of
thea parameter were independent of temperafé
and therefore, this restriction was also imposed to the
model regression procedures.

Parameter estimation and model building were
performed by non-linear regression using Stata 5.0
(Computing Research Centre, Santa Monica, USA).

phate buffer, pH 7.0. In preliminary experiments, no
significant differences were found for the initial ac-
tivity of the enzyme in buffer only and in the mixture
buffer—DMF.

2.5. Data analysis

ENﬁ)E]gED Q)

The activity decay is therefore described [B9]:

A (1) exp(kar)
Ao ki — ko pi—h

aky
=g SRR )
wherea is the ratio between the specific activities of 3. Results and discussion
the intermediate and native forms (respectivejyand
£n) andky andk; are, respectively, the reaction rate 3.1. Inactivation kinetics as a function of the
parameters of the native and intermediate forms, as reactivation time
expressed irEq. (1)
Temperature dependence of the rate parameters, A typical biphasic profile was found for all the ex-
in general, follows an Arrhenius-type relationship perimental data as illustrated fig. 1, which was
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Fig. 1. Inactivation kinetics of peroxidase at Q0 in buffer (open symbols) and buffer with 10% (v/v) DMF (closed symbols) after 5min
(A/A), 2h (O/@) and 24 h [J/M) of reactivation at 4C and best fitted curves using the series-type model.

adequately described by the series-type model. Result-stability of the enzyme, in terms of residual activity,
ing residuals proved to yield constancy of variance and due to the different values of, kiref andkores for the

tended to follow a normal distribution, thus showing
the validity of the model. The coefficients of determi-
nation R%) were above 0.99.

The results clearly show that reactivation affected
the estimated parametesis kier and korer (Fig. 2).
The values of ther parameter significantly increased
with the time of reactivation, for both inactivation
media Fig. 29, which thus reflect the change of the
experimental curves profile into a less pronounced
biphasic pattern, as shown fig. 1 In the presence
of dimethylformamide, greater values for thepa-
rameter were found, indicating that the solvent may
afford a protective effect against thermal inactivation
in the first reaction of the inactivation process thus
yielding an intermediate form of the enzyme with
higher catalytic activity.

Both rate parametersge; and koref, appeared to
decrease with increasing time of reactivatiéig( 2b
and ¢ respectively), although, in general, relatively

two inactivation media, resulted in a higher residual
activity with the solvent (seEig. 1). This observation
leads to the conclusion that the organic solvent affords
a protective effect to the enzyme in this case. Different
patterns were verified for some of the other tempera-
tures, clearly indicating that to compare stability in the
two media, one must take into account the combined
effect of the three kinetic parameters. The same holds
true, in general, when comparing stability of enzymes
that show a biphasic profile as in this work.

Although statistical uncertainty associated to the es-
timated values of the activation energies do not allow
defining a systematic tendency, there is some indica-
tion for a decrease dE;; and increase oEg> with
time of reactivation in both media (results not shown).
Nevertheless, sensitivity to temperature was found to
be significantly greater in the presence of the solvent,
which may indicate that conformational changes have
a greater relative importance in both the formation and

large errors were associated to these parameters. Orinactivation of the intermediate in this mediy2b].

the other hand, the reaction for the inactivation of

the intermediate was found to be slower than that of 3.2. Regeneration kinetics as a function of the

its formation Korer Values were one order of magni-
tude smaller thakyef Values) and greater values for

heating time

both rate parameters were obtained in the presence The relationship between the regeneration of en-

of dimethylformamide. The overall effects on thermal

zyme activity after thermal treatment and the time of
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Fig. 2. Dependence of the series-type model parameters on the
time of reactivation, and their 95% confidence intervals, &t 4f
peroxidase thermal inactivated in bufférlY and with DMF @):

(@) «; (b) kirer; and (c) kprer (the logarithmic time scale is used

to enhance the visualization of parameters’ variation at smaller
times).

storage has been reported to follow other kinetics than

first- or second-order: after a steep increase of the ac-

tivity, an equilibrium stage is attained where the values
of the enzyme activity are not significantly increased

with increasing time of storagf26]. These overall
results were similar to those obtained in this work,
although, in the present case, a systematic analysis
of the regeneration process was carried out. Attempts
were made to find an empirical mathematical model
that could adequately describe the activity regenera-
tion with the reactivation time, which was found using
the following logarithmic equation:

A
A_O =a |n tr + b (4)
wherea is the rate parameter arficthe intercept (ac-
tivity at ¢, = 0).

This analysis was performed up to 2h of reac-
tivation after which there was no further activity
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Fig. 3. Variation of the rate of reactivation (paramedgmwith both
the inactivation temperature (7¢ (<), 75°C ([J), 80°C (A)
and 85°C (x)) and the heating time for peroxidase in (a) buffer
and (b) with DMF.
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Fig. 4. Predicted residual activity for peroxidase without reactivation (pararoeterbuffer ((J) and with DMF (@) at 70°C. The smaller
plots represent the relationship between the predicted values of pardnfefclll) and the experimental data obtained for residual enzyme
activity after 5min of reactivation<@,4) in (a) buffer and (b) with DMF.

increase. The parametar which measures the rate and thereafter the rate of reactivation. Interestingly,
of the regeneration process showed no significant after complete formation of the intermediate (after the
differences for both media. A systematic trend was, maximum value ofa), opposite trends are observed
however, found for most of the experiments with the for the dependence of the rate parametarsalues)

a values reaching a maximum value (peak)g( 3). on both the temperature of inactivation and the extent
An interesting occurrence is that the experimental of heating time. All these observations support the
heating times to reach both, the maximum value of reasoning described above for the dependence of the
the parameten in Eq. (4) and the inflection point  rate of reactivationd) on the amount of intermediate
of the curves predicted biqg. (2) discussed in the  present in the inactivation media.

preceding section, by each temperature and reaction The parametdswas also estimated for each temper-
media, were about the same. This inactivation time ature and heating time, yielding the predicted values of
corresponds to the moment when formation of the in- enzyme activity when no reactivation occurs=£ 0),
termediate has been completed and only inactivation as can be seen irig. 4 for buffer and buffer—-DMF at
occurs. Therefore, the rate of reactivation increases 70°C. It is interesting to find that the values were,
throughout the time needed to “accomplish” the re- as expected, always close and smaller than the exper-
action of formation of the intermediate form of the imental data obtained for 5 min of reactivation, as il-
enzyme (before reaching the peak), showing that the lustrated in the smaller plots &fig. 4, supporting the
reactivation process may be determined, at this stage,validity of the model used.

by the amount of enzyme which has been transformed

into the intermediate form. Moreover, the values of

the parameten were found to be greater at higher 4. Conclusions

temperatures, in spite of the relatively larger errors

in the estimation of this parameter, indicating that Inactivation of horseradish peroxidase in phosphate
increasing the temperature increases the rate of thebuffer and a mixture of this buffer containing 10%
reaction for the formation of the modified enzyme (v/v) dimethylformamide showed biphasic profiles,



M.F. Machado, J. Saraiva/Journal of Molecular Catalysis B: Enzymatic 19-20 (2002) 451-457

which were adequately described by the series-type

model. In the mixture, the enzyme intermediate was
formed and inactivated faster than in buffer alone,
although, it retained higher activity, which resulted,

in some cases, in a protective effect on the enzyme

against inactivation in the presence of the solvent.
Enzyme reactivation affected the inactivation pro-

files and their related estimated parameters, yielding

smoother biphasic patterns. A simple logarithmic
equation proved to fit well the enzyme activity regen-
eration as a function of the reactivation time, with a
maximum value for the rate of reactivation found at

the time at which the greatest amount of the interme-
diate is expected to be present. The methodology used

in this study also allowed estimating the residual ac-
tivity of the enzyme after heating, when reactivation
has not yet occurred.
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