Effect of dose and dose rate of gamma radiation on catalytic activity of catalase
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Abstract

Catalytic activity of gamma irradiated catalase from bovine liver was studied for hydrogen peroxide decomposition at constant temperature and pressure. The measurement was performed at temperatures 27, 32, 37, 42 and 47°C. Solutions containing 10-3 and 10-5 g.mL-1 of catalase in phosphate buffer were used for the study. Repeatability of both sample preparation and kinetics measurement was experimentally verified. Rate constants of the reaction were determined for all temperatures and the activation energy was evaluated from Arrhenius plot.
Gamma irradiation was performed using 60Co radionuclide source Gammacell 220 at two different dose rates 5.5 and 70 Gy.h-1, with doses ranging from 10 to 1000 Gy.

The observed reaction of irradiated and non-irradiated catalase with hydrogen peroxide is of the first order. Irradiation significantly decreases catalytic activity of catalase, but the activation energy does not depend markedly on the dose. The effect of irradiation is more significant at higher dose rate.
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1. Introduction

Catalases are enzymes found in nearly all living organisms which are exposed to oxygen. They belong to the most studied enzymes, and currently more than 300 catalase sequences are available [1], divided among monofunctional catalases (> 225), bifunctional catalases-peroxidases (> 50) and manganese-containing catalases (> 25).

Tetrameric ferriheme catalase has significant catalytic and peroxidatic activity. Possible role of catalase in radiation effects on living organisms was discussed [2, 3]; it was observed, that presence of catalase decreases lethality of ionizing radiation (IR) on cells [3] mainly because it catalyses the decomposition of hydrogen peroxide produced during irradiation [4].
Porphyrin heme groups allow catalase to react with the hydrogen peroxide. Although the complete mechanism of catalytic and peroxidatic reactions of the enzyme are still not completely known, following simple partial reactions were proposed [1]. One hydrogen peroxide molecule oxidizes the heme to an oxyferryl species in which one oxidation equivalent is removed from the iron and one from the porphyrin ring to generate a porphyrin cation radical:

Enz (Por-FeIII) + H2O2 → Cpd I (Por+.-FeIV = O) + H2O

Another hydrogen peroxide molecule is utilized as a reductant of compound I to regenerate the resting-state enzyme, water and oxygen:

Cpd I (Por+.-FeIV = O) + H2O2 → Enz (Por-FeIII) + H2O + O2
The peroxidatic reaction involves the use of organic electron donors for the reduction of compound I to the resting state via two one-electron transfers:

Cpd I (Por+.-FeIV = O) + 2AH2 → Enz(Por-FeIII) + 2AH• + H2O
Irradiation strongly affects properties (inclusive activity) of enzymes [5]. For evaluating the direct radiation effects, the enzymes are usually irradiated in solid state at temperatures down to -196 °C [5, 6]. Influence of gamma irradiation at room temperature on various antioxidant enzymes in three species of trigonella was studied [7] with the dose rate of 60Co gamma source 2.3 Gy.min-1 and repression of catalase activity, particularly at higher doses, was observed. Exposure of enzymes in solid state to increasing doses of ionizing radiations results in a first order decay of biological activity [8]. It may be used for in situ estimation of the molecular size of membrane-bound enzymes, receptors, and transport systems, based on the fact, that the decay of biological activity of frozen solutions or lyophilized protein samples is proportional to radiation inactivation size of the protein [9].
The most significant mechanism of catalase (or any other enzyme) decomposition in diluted aqueous solution will be its reaction with reactive intermediates produced during radiolysis of water [10]:
H2O → .OH, H2O2, e-aq, .H, H2, H+
Of those intermediates, .OH, e-aq and .H have fairly high rate constants when reacting with enzymes and most of the radiation damage is usually associated with them [5, 11]. The .OH radicals attack the C-H bond in proteins. Either the proteins main chains or side chains may be attacked, with the yield of main chains degradation being affected by both the amino acid composition and conformational characteristics of the proteins [5]. In the radiolysis of enzymes in aqueous solution the relative amino acids contents and conformations of the proteins are such that a major fraction of the OH radicals are removed through reaction at the more reactive sites, e.g. the aromatic and sulphur containing residues. The reactions of .OH with aromatic amino acids occur mainly at the ring structures [12].

Hydrated electrons react rapidly with aromatic amino acids [12]. Their reaction with peptides is many times faster than with the simple free amino acids due to electrophilicity of peptide bonds. In oxygen-free solutions, the carbonyl groups of the peptide bond represent a major trapping centre for e-aq [5].

It is to be expected that the radicals formed from the reactions of hydrogen atoms with amino acids should be similar to those of the hydrated electrons. But due to difficulties of investigating hydrogen atom reactions, relatively little information is available. However, the rate constants with aromatic amino acids are much higher than that with simple aliphatic amino acids [12].
The rate constant for .OH reaction with catalase was found to be in the range from 8.0 to 8.6.1010 dm3.mol-1.s-1 [13, 14], and the rate constant for .H reaction was determined as 2.6.1011 dm3.mol -1.s-1 [15]. Moreover, it was found that catalase activity is inhibited by action of superoxide radicals, formed during radiolysis of aerated solutions [16, 17]. The changes in the catalase molecule conformation may be the main reason of radiation induced inactivation of dilute enzyme solutions. These conformational changes may be due to attack of the radicals on the side-chain, or due to general damage of the secondary, tertiary or quaternary structure [18].
Effects of gamma irradiation on activity of bovine liver catalase at room temperature was carried out previously both in air and nitrous oxide saturated solutions, using 60Co gamma source with rather high dose rate 1.4 Gy.s-1 [14, 18]. It was observed, that in air saturated solutions, the catalytic activity decreases non-exponentially with the dose and the effect of radiation is greater at lower enzyme concentrations, while the peroxidatic activity decreases exponentially with the dose and the effect of radiation is greater at higher enzyme concentrations. In nitrous oxide saturated solutions, the catalytic activity decreases exponentially with the dose and the radiation effect is greater at higher enzyme concentration.

The aim of presented work was (a) to study the kinetics of hydrogen peroxide decomposition at various temperatures by bovine catalase irradiated with gamma rays in diluted aqueous solution, and (b) to determine the influence of dose and dose rate on rate constants and activation energy of the reaction.
2. Experimental

All experiments were performed with ultrapure deionized water. All used chemicals were of analytical or better grade: Hydrogen peroxide (Penta), potassium dihydrogen phosphate (Lachema), sodium hydrogen phosphate (Lachema), catalase from bovine liver (Sigma Aldrich, 3400 units/mg of protein).
Diluted aqueous solutions with enzyme concentrations 10-3 g.mL-1 and 10-5 g.mL-1 in 0.01 mol.dm-3 phosphate buffer (pH 7.1) were used for the study. They were prepared by dissolving 0.01 g of catalase from bovine liver in 10 mL of buffer. Required enzyme concentrations were then obtained by dilution of original solution. Samples were spent immediately after preparation, and for every new set of experiments, fresh solutions were always prepared.
Samples were irradiated in closed 50 mL polypropylene test tubes at ambient temperature 25°C, using 60Co source Gammacell 220 with two dose rates 5.5 and 70 Gy.h-1. Solutions containing 1.10-5 g.mL-1 catalase were irradiated with doses up to 100 Gy; samples containing 1.10-3 g.mL-1 catalase were irradiated with doses up to 1000 Gy. Dosimetry was ensured by Fricke dosimeter. Non-irradiated standards were prepared and stored under the same conditions as irradiated samples. The longest irradiation time was 20 hours. It should be noted, that no significant change of catalase activity was observed in blank samples stored for this period of time.
Catalytic activity of catalase was measured immediately after stopping the irradiation of samples. The catalytic decomposition of hydrogen peroxide at constant pressure and constant temperatures 27, 32, 37, 42 and 47°C was used for the measurements [19]. Only the activity of solutions containing 10-5 g.mL-1 catalase was measured, i.e. even concentrated solutions (10-3 g.mL-1) were diluted to 10-5 g.mL-1 after irradiation. For the measurement, 10 mL of 0.2 mol.dm-3 hydrogen peroxide was mixed with the same amount of 10-5 g.mL-1 catalase solution in phosphate buffer and the kinetics of the reaction was determined by measuring the volume of released oxygen. The experimental device is schematically shown in Fig.1. The reaction proceeded in thermostatic reactor with magnetic stirrer and thermometer. The reactor was connected to burettes and manometer for measuring the internal pressure in the system relative to the outside pressure. Releasing known amount of water from burette creates underpressure; the time after which the oxygen released during reaction compensates the underpressure was measured. Rate constants of the reaction were obtained as a negative slope of the dependence of hydrogen peroxide concentration on time at semi logarithmic scale. The activation energy was evaluated from the dependence of rate constant on temperature in Arrhenius coordinates. Initial hydrogen peroxide concentration was verified using manganometric titration.
Fig.1

3. Results and Discussion

Independent preliminary experiments were performed to determine repeatability of the kinetics measurement under given conditions, and of the preparation of solutions. The results are shown in Fig.2. From one non-irradiated solution of 10-5 g.mL-1 catalase in phosphate buffer, three times 10 mL was taken, introduced to the reactor, and the catalase activity was measured (Fig.2a). Then, the three solutions of 10-5 g.mL-1 catalase in phosphate buffer were prepared independently, and the catalase activity was measured in each one (Fig.2b). It was verified that the results are consistent within all experiments and the standard deviation was determined to be less than 10%.

Fig.2
It was observed that catalytic decomposition of hydrogen peroxide under given conditions using non-irradiated catalase is the first order reaction in the whole measured interval at all temperatures (Fig.3a). There are only minor differences in kinetic curves at various temperatures, as the catalase kinetics is known to have very small temperature dependence, due to the low energy of activation [20]. Above 30°C a decrease in activity has been observed by some authors, indicating incipient thermal inactivation [21]. With non-irradiated catalase, we found that in studied interval, the degree of hydrogen peroxide decomposition does not depend on the reaction temperature, reaching values ~ 90 %. Even after irradiation, the decomposition still proceeds as the first order reaction (Fig.3b), though the degree of H2O2 decomposition α up to which the first order fit may be applied (coefficient of determination R2 ≥ 0.99) decreases with increasing dose and temperature of the measurement, as is summarized in Tab.1-3. We may assume that the mechanism of hydrogen peroxide decomposition does not change significantly in the first order interval, despite the irradiation or change of temperature.
Fig.3
Tab.1-3
The dependencies of rate constants on the dose for the dose rates 5.5 and 70 Gy.min-1 are shown in Fig.4a and 4b, respectively. Non-exponential decrease of activity with the dose at both dose rates is in agreement with findings of other authors [18] who observed similar behavior in irradiated air saturated solutions, albeit at much higher enzyme concentrations (0.1 and 0.5% solutions) and higher dose rate 1.4 Gy.s-1. This agreement indicates that the mechanism of radiation induced inactivation of catalase, i.e. the type of radiation induced damage, does not change in wide range of concentrations and dose rates.
Fig.4
Fig.5 shows a weak dependence of rate constants on the temperature at all radiation doses obtained at lower dose rate 5.5 Gy.h-1. The data displayed in Arrhenius coordinates indicate that the activation energy of hydrogen peroxide decomposition is roughly independent of the applied dose. The similar results were obtained for higher dose rate 70 Gy.h-1. The average obtained value of activation energy is 9.8 kJ.mol-1, which is in good agreement with other authors [20, 22].
Fig.5
Fig.6 shows, that irradiation of more concentrated 10-3 g.mL-1 catalase solution at higher doses has a lower effect than irradiation of more dilute 10-5 g.mL-1 solution at lower doses, despite of the virtual overabundance of transient products of water radiolysis at both concentrations and all doses. LaVerne [23] detected .OH radical yields from 2.4 to 4.2 radicals per 100 eV during gamma radiolysis of water, depending on conditions. That would mean that in our system (50 mL ampoules) ≈1016 .OH radicals will be formed on the average per 1Gy, which is rather low. This would suggest that the decrease in concentration of transient products due to their reaction with enzyme cannot be neglected.
Fig.6
Kinetic curves shown in Fig.7 indicate that gamma irradiation affects the reaction more significantly at a higher dose rate. One of the reasons may be that during low dose rate irradiation, the remediation processes may occur. The partial repair of radiation damage of catalase kept for 48h at 4°C after irradiation was reported previously, too [18].
Fig.7
4. Conclusions

Irradiation with doses up to 1 kGy significantly decreases catalytic activity of diluted catalase solutions.

The interval at which the hydrogen peroxide decomposition is of the first order process decreases with the dose and temperature.

Rate constants of the hydrogen peroxide decomposition decrease with the dose of radiation, but only weak dependence of rate constants on the reaction temperature in the interval 27-42°C was observed.

In the interval, where the reaction is of the first order, the activation energy does not depend markedly on the dose.
The effect of irradiation is more significant at a higher dose rate.

The effect of irradiation decreases with increasing concentration of catalase in solution.
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Figure captions:

Fig.1 – schematics of apparatus for measurement of catalytic activity [19]. Mn – manometer, Mg – magnetic stirrer, R – reactor, T – thermometer, B – burettes, V – water reservoir
Fig.2 – a: repeatability of measurement - three measurements of one sample; b: repeatability of solution preparation - measurements of three independently prepared samples; catalase concentration 10-5 g.mL-1
Fig.3 – dependence of relative hydrogen peroxide concentration (c/c0) on time in coordinates for the first order reaction; a: non-irradiated samples at temperatures  32, 37, and 47 °C; b: sample irradiated with 50 Gy at dose rate 5.5 Gy.h-1, temperature 32 °C, concentration of irradiated catalase 10-5 g.mL-1
Fig.4 – dependence of rate constants obtained at temperatures 32, 37, 42 and 47 °C on the dose; a: dose rate 5.5 Gy.h-1; b: dose rate 70 Gy.h-1; concentration of irradiated catalase 10-5 g.mL-1
Fig.5 –dependence of rate constants on temperature at various doses in Arrhenius coordinates; dose rate 5.5 Gy.h-1, concentration of irradiated catalase 10-5 g.mL-1
Fig.6 – effect of catalase concentration on radiation inactivation, catalytic activity measured at 37°C; 1: 0 Gy; 2: 50 Gy, concentration of irradiated catalase 10-5 mg.L-1; 3: 250 Gy, concentration of irradiated catalase 10-3 mg.L-1; 4: 500 Gy, concentration of irradiated catalase 10-3 mg.L-1; 5: 1000 Gy, concentration of irradiated catalase 10-3 mg.L-1
Fig.7 – effect of dose rate on radiation inactivation, catalytic activity measured at 37°C; 1: 0 Gy; 2: 25 Gy, 5.5 Gy.h-1; 3: 50 Gy, 5.5 Gy.h-1; 4: 25 Gy, 70 Gy.h-1; 5: 50 Gy, 70 Gy.h-1, concentration of irradiated catalase 10-5 g.mL-1
Tab.1 – effects of dose and temperature on H2O2 decomposition at dose rate 5.5. Gy.h-1; concentration of irradiated catalase 10-5 mg.L-1; D – dose [kGy]; T – temperature [°C]; α – degree of H2O2 decomposition [%], up to which the first order fit may be applied (coefficient of determination for the linear fit of kinetic data in first order coordinates ≥ 0.99);
Tab.2 – as in Tab.1, but at dose rate 70 Gy.h-1
Tab. 3 – as in Tab.2, but for concentration of irradiated catalase 10-3 mg.L-1
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