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Heat Inactivation and Reactivation of Broccoli Peroxidase
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Heat inactivation characteristics differed for acidic (A), neutral (N), and basic (B) broccoli peroxidase.
At 65 °C, A was the most heat stable followed by N and B. The activation energies for denaturation
were 388, 189, and 269 kJ/mol for A, N, and B, respectively. Reactivation of N occurred rapidly,
within 10 min after the heated enzyme was cooled and incubated at room temperature. The extent
of reactivation varied from 0 to 50% depending on the isoenzyme and heating conditions (temperature
and time). The denaturation temperature allowing the maximum reactivation was 90 °C for A and
horseradish peroxidase (HRP) and 70 and 80 °C for B and N, respectively. In all cases, heat treatment
at low temperatures for long times prevented reactivation of the heated enzymes. Calcium (5 mM)
increased the thermal stability of N and B but had no effect on reactivation. The presence of 0.05%
bovine serum albumin decreased thermal stability but increased the extent of reactivation of A..
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1. INTRODUCTION 76°C and pH 4.5 or below, and there was no measurable regain
in activity. However, the rate of reactivation increased from none
t pH 5.0 to a maximum at pH 9.®) Studies have also
indicated that CH is important for both the activity and
maintenance of the protein structufe), The presence of Ca

Peroxidase (POD) is an enzyme found in many plant-based
foods. The enzyme concerns food processors because of its hig
thermostability and its involvement in the oxidation of many
gi\%arr]]ﬁtr?t(i)g?lz?L(]:]Zi?i’tf?rokl:gget%S ;Eg;i?,r: tg;% éljvhoar\,/ec (E:g;’n during reactivation affects the extent of react'ivation. In corn
found to occur particularly in canned and frozen fruits and steep water, a byprodgct .Of thg c'orn-steepmg. pracess, the
vegetables during storage (1—4). POD is also used as an indexX©COVery of POD following inactivation for 60 min at 7%

h : . d incubation for 20 h at 4C increases nearly 80% when
of the adequacy of fruit and vegetable blanching due to its an 4 .
presence in most plant tissues, its high thermal stability, and Ca" is added to the heated enzyme solution compared to 42.2%

the simplicity of its measurement (6). for the sample without addition of €a(14).

Heat treatment is commonly used to inactivate an active Most of the published work on the reactivation of peroxidase
enzyme. However, it is well-known that POD can recover its Nas been done on horseradish, which has high POD activity
activity after heat treatment (3). Many studies have revealed Put is not of consequence as a vegetable consumed in great
that residual or reactivated POD can cause significant deteriora-duantities. There has been much less study of PODs in more
tion in the quality of various high-temperaturshort-time economically important vegetable crops, such as broccoli.
(HTST) processed food$(7—9). Reactivation of the enzyme Although the reactivation of POD hr_als been commonly observed
is suggested to be a complex process and is influenced by severd heat-treated plant-based foods, little work has been attempted
factors. In horseradish peroxidase (HRP), reactivation has beerfO investigate the detailed mechanisms involved in the heat
reported to take place after partial inactivation at 70, 90, or 110 inactivation and reactivation of this enzyme. Knowledge of the
°C (10). One factor affecting its reactivation is the time taken Mechanism of POD reactivation in vegetables important to the
to reach the desired treatment temperature. If this time is short,food industry may be used to prevent enzyme reactivation,
reactivation occurs more easily (3-9). This fact poses a which would help prolong the shelf life of processed vegetable
problem in HTST treatment of acid and low-acid vegetables Products.
that are subsequently frozen or cannbyl ( Three peroxidase isoenzymes were previously purified from

The ability of POD to regain activity after being denatured the soluble extract of broccoli stems (15). The acidic and neutral
by heat varies with the species of vegetable and may even differPODs were purified to homogeneity with ion exchange and
between isoenzymes of the same spe@e8,(11, 12). As with hydrophobic chromatography. The basic POD was purified by
heat inactivation, reactivation is pH dependéitl(). Previous cation exchange and gel filtration chromatography. The three
investigators found that HRP was inactivated very rapidly at isoenzymes differ in their molecular weight, pl, and reaction
with various substrates. The objective of this work was to study

* Corresponding author [telephone (530) 752-4800; fax (530) 754-7677; (1€ room temperature reactivation of these three POD isoen-
e-mail dmbarrett@ucdavis.edu). zymes following thermal inactivation in Trisacetate buffer (pH
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7.0) over a wide range of temperatures {380 °C). Effects  Table 1. Some Properties of Acidic, Neutral, and Basic Broccoli PODs
of additional calcium ion, calcium chelator, and bovine serum (15)
albumin (BSA) on the rate and extent of reactivation of POD

isoenzymes from broccoli and commercial HRP were also acidic neutral basic
studied. molecular weight (kDa) 48 43 43
p! <4 5 8

2 MATERIALS AND METHODS K (guaiacol) (mM) 0.305 0.711 8.789
2.1. Enzyme Purification. Acidic (A), neutral (N), and basic (B)

peroxidases were prepared from soluble extracts of broccoli stems andp.0005 to 0.75%. Acidic POD from broccoli was prepared in 0.05%

purified according to the procedure described previously (15). BSA in 0.05 M Tris-acetate buffer, pH 7.0. Heat treatment and
2.2. Peroxidase Activity Determination.Activity was determined reactivation of the enzymes were again performed as previously

by monitoring the time course of the change in absorbance at 420 nm described.

upon oxidation of the substrates catalyzed by the enzyme. Guaiacol

(Sigma, St. Louis, MO) was used as substrate. The final reaction mixture

contained 50 mM guaiacol, 5L of enzyme, 10 mM HO,, and 50 3. RESULTS AND DISCUSSION

mM Tris—acetate buffer, pH 6.0, in a volume of 1.5 nf).(The assay

was performed at 25C using a UV+-vis scanning spectrophotometer _T_he ISoenzymes _obtalned from broccoli Ste.“?s are e_aS|Iy
(UV-2101PC Shimadzu) connected to a temperature controller. Ab- distinguished by their pand are referred to as acidic (anionic),

sorbance increase at 420 nm was monitored for up to 3 min with the Neutral, and basic (cationic) (Table 1).
slope of the linear portion of the curve used to determine activity. One  3.1. Selection of Conditions for Enzyme AssayReaction
unit of enzyme was defined as the amount of substrate (micrograms) mixtures with various guaiacol and,8, concentrations were
consumed in 1 min. prepared, and the initial reaction rates for each condition were
2.3. Thermal Inactivation. Thermal inactivation of the purified determined. For neutral POD, it was observed that the initial
enzymes was performed in capillary tubes (1 mm id., 200otal reaction rates were constant when guaiacol concentrations were
volume). Samples were heated in a circulating water bath (model 20B, between 20 and 40 mM atJ8, concentrations between 1 and
| All PA he indi . o
Julabo, Allentown, PA) to the indicated temperatures (between 50 and 10 mM. At H,0, concentrations of 0.5 and 15 mM, the initial

100°C depending on the enzyme) for the times specified. The come- e .

up time for the capillary tubes was determined to#0 s §). Heated rates were significantly lower than _th_ose with®3 concentra-
samp|es were cooled |mmed|ate|y in 1'f)ﬁater7 and the residual tions betWeen 1 and 10 mM. For a.C|d|C POD, the |n|t|al reaction
enzymatic activity was evaluated as described previously. Rate constantdates increased as the guaiacol concentration increased, and the
were calculated for POD inactivation in samples treated at specified rates were constant as guaiacol concentrations reached 20 mM.
temperatures and times. The rate constant for inactivakdrwas H»O, concentrations from 1 to 15 mM had no effect on the
obtained from the slope of a plot of the natural log of residual activity reaction rate, whereas low 8, concentrations (0.5 mM)
versus time of heat exposure. The values of activation energy for |owered the reaction rate. Because neutral POD is sensitive to
inactivation of the enzymes were calculated from the slope of the extreme levels of bD,, the KO, concentration used for the

straight lines obtained using Arrhenius plots of the logarithm of the 0 oo rement of enzyme activity in the next experiments was
first-order rate constant for inactivation (Idg versus the reciprocal limited to 10 mM

of absolute temperature (1/T).
2.4. Reactivation of PeroxidaseReactivation of acidic, neutral, and 3.2. Thermal Inactivation. Semilog plots of residual activity

basic PODs from broccoli and HRP (Sigma) was studied. Aliquots of versus heating time were linear over the first:8%5% loss in

purified enzymes in 0.05 M Tris—acetate buffer, pH 7.0, were filled activity, indicating that inactivation is first order over this range

in capillary tubes (1 mm i.d., 200L total volume) and heated in a  (Figure 1). After this, a trace of activity remained during

circulating water bath. Concentration of purified enzymes used was at prolonged heat treatment. The heat treatment was performed to

the level that produced a constant reaction rate (e.g., straight line) for - g5os |oss of activity, but the data are not shown. Deviation

2 min with the POD assay using guaiacol as a substrate. Heat treatment, o first-order kinetics has been reported for HRP and purified

for the times specified was performed in a circulating water bath for POD from other sourcess). This nonlinear heat inactivation

the temperature range from 50 to 8C and in an oil bath for the : .

temperature range from 80 to 10C. After heating, the tubes were _Of P_OD ”_‘aY occur because there ar_e two steps involved, that

rapidly cooled in an ice—water bath. Residual activity was determined 1S, dissociation of heme from the active enzyme and a confor-

immediately. The enzyme solution was then transferred to an Eppendorfmational change in the apoenzyme (16). Plant extracts contain

tube and incubated at room temperature or in water at the desireda mixture of POD isoenzymes with various heat stabilities and

temperature. Residual activity was determined after different periods often give a nonlinear heat inactivation plot. A nonlinear heat

of time. inactivation plot has also been reported for the thermostable
2.5. Effect of Calcium lon on Reactivation.Enzyme solutions were isoenzyme A purified from cauliflower (17).

prepared as described above and treated at the temperature and time .
specified. The heat-treated enzyme solution was cooled immediately The rate constant was calculated from the slope of the linear

in ice—water and then divided into two portions. The first part was Se_Ction of the inactivatipn line and plotted in_an Arrhenius plot
mixed with CaC} in 0.05 M Tris—acetate buffer, pH 7.0, to give a  (Figure 2). The Arrhenius plots of all three isoenzymes gave
final concentration of 0.005 M CagIThe second part was mixed with ~ Straight lines. The activation energids, were calculated by
buffer solution without CaGl This step was performed at low least-squares analysis to be 388, 189, and 269 kJ/mol for the
temperature (4C). The mixtures were incubated for 30 min at room acidic, neutral, and basic forms, respectively.
temperature before enzyme activities were determined. Published data on POD heat inactivation have shown a wide
Reig}vgt]cifgr?.t Aogi d?éh);:zzfra?%%ﬂ Jaegfasgtgs?fé?n (ESICAO)” c\)/Cere variation in heat inactivation characteristics, depending on the
prepared in 0.005 M EGTA in 0.05 M Tris—acetate buffer, pH 7.0. Plat%t source czf tpeéjeniyme, 3”? ampng iﬂetlsczfymes_gresent.
Heat treatment and reactivation of the enzyme were performed as n the present study, it was aetermine a a_65 aciaic
previously described. POD was the most heat stable witl;a of 17.3 min. Neutral
2.7. Effect of Bovine Serum Albumin on Reactivation. HRP POD was the second most heat stable with,at 65°C of 8.1
(Sigma, RZ= 3.1) was prepared in 0.05 M Triscetate buffer, pH min, and basic POD was relatively heat labile withyaat 65
7.0, in the presence of various concentrations of BSA, ranging from °C of 0.5 min.
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0 "egt"‘g time (;'(‘)i") s various times for the neutral POD after heat treatment at 75 °C for 0.5,
. , 1, 3, or 5 min. Values are described by percent of initial activity before
\ heat treatment.
675°C treatment for 1 min at 70C inactivated all of the isoenzymes

with pl values in the range of-56, whereas the acidic group
(pl 3.5—5) proved to be much more stable, showing traces of
activity even at 70°C.

Neutral POD Turnip POD isoenzymes C1, C2, and C3 (all basic) were
25 found to be heat labiletf;, for C1 at 50°C was 3 min), ande,
values were 113, 130, and 172 kJ/mol, respectivéB).(The

E, values for PODs from various plant sources have been found
to be HRP, 114 kJ/mol5); asparagus, 140 kJ/md4); heat-

Heating time (min)
5 10 15

0 resistant cauliflower, 193 kJ/mal7); and Brussels sprouts, A1,
05 172 kJ/mol @5). In the present study, th& of neutral broccoli
1 POD was 189 kJ/mol, which is in the same range as the above
Q18 values, but the other forms were higher than this range, for
% -2 example, 388 kJ/mol for acidic POD and 269 kJ/mol for basic
Y POD. E, values of crude extracts have been found to be higher
3 e oD than those of the purified enzymes. Crude preparations from
35 carrot and tomatoes, for example, haglvalues of 480 and

478 kJ/mol, respectively, probably due to differences in the
surrounding environment (6).

Variability in the heat inactivation of different isoenzymes
can be attributed largely to the particular enzyme structure. Non-
covalent electrostatic and hydrophobic interactions of individual

isoenzymes determine enzyme folding and stability. Extra ion
°2'°°28° 000285 000260 00025 000300 0.00305 pairs and hydrogen bonds contribute significantly to the enzyme
Basioc stability (26). Glycosylation of POD has also been found to
1 Ea=269 kJfmol play a role in the enzyme stability. Tams and Welind2r)(
showed that fully glycosylated HRP was-3-fold more stable
than deglycosylated HRP. Distirgf values, therefore, are likely
to be affected by the differential stability of individual enzymes.
A ol 3.3. Reactivation.Reactivation of peroxidase in a broccoli
homogenate during storage at room temperature after heating
at 75°C for 1 and 5 min was noted in preliminary studies to be
4 about 20 and 10%, respectively. Purified PODs from broccoli
Figure 2. Arrhenius plot showing the effect of temperature on the rate also reactivate during storage after heat inactivation.
constant for the thermal inactivation of acidic, neutral, and basic broccoli The neutral POD regained activity rapidly, within 10 min
PODs. after the heated enzyme was cooled and incubated at room
temperature. The increase in activity was very slow and

For Brassicaspecies, the soluble POD activity (containing remained almost unchanged during prolonged incubaBar (
mainly the acidic isoenzyme) has generally been shown to beure 3). For basic POD treated at 7C for 30 or 40 s, activity
more heat stable than that associated with the basic isoenzymesvas recovered rapidly, within 10 min of the cooling to room
extracted from ionically bound fraction&&). Similarly, extracts temperature. However, unlike the neutral form, the activity
containing mainly basic isoenzymes such as those from applestended to decline when the incubation time was extended,
(19), pears (20), and grapes (21) were heat labile. The cationicindicating lower stability of the reactivated enzyme (data not
(basic) POD isoenzyme, which accounted for 94% of the total shown).

POD activity in cauliflower, was found to be very heat labile, Lu and Whitaker %) found that, following heat treatment of
having ati/» at 50°C of 3 min compared to the anionic (acidic) HRP (pH 7.0, RZ= 0.59) at 75°C for various times, there was
isoenzyme, which had ta,; at the same temperature of 30 min  regeneration to 80% of original activity within-8.0 min. This
(17). Similar observations were discussed by Vamos-Vigyazo reactivation was not first or second order. The rate of recovery
(22). In experiments carried out with winter spinach, heat was similar for incubation temperatures ranging from 20 to

Figure 1. Rate of heat inactivation of acidic broccoli POD (A), neutral
POD (B), and basic POD (C). The ordinate represents the natural log of
relative activity, the ratio of the activity (A) to the original activity (Ag)
before heat treatment.

Neutral
Ea=189 kJ/mol
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Figure 4. Difference in POD activity following heat treatment at various times and temperatures (O) and activity recovered after 30 min of incubation
at room temperature (M): (A-C) neutral POD treated at 60, 75, and 90 °C; (D—F) basic POD treated at 55, 62.5, and 70 °C; (G-l) acidic POD treated
at 67.5, 75, and 90 °C; (J—-L) HRP treated at 75, 90, and 100 °C.

35°C, and no regeneration was found & A similar finding occurred when residual activities after heat treatment were below
was noted by Adams (8). 50%. Similar to neutral POD, reactivation seemed to reach a
Because recovery of activity did not increase after 30 min of certain final value, independent of the treatment temperature.
incubation, in the next part of the experiment, reactivation was  Reactivation of acidic POD after heat treatments from 65 to
studied by measuring changes in residual activity after 30 min 100 °C and heat treatments of HRP from 70 to 1D for
of incubation at room temperature following a heat treatment. various times varied from 0 to 20%; these forms reactivated to
Results clearly show that the extent of reactivation largely a somewhat lower extent than the neutral and basic PODs.
depends on two major factors: the specific isoenzyme studied Heat-treated PODs from several plant sources have shown
and treatment (time/temperature) conditioRigure 4 shows an ability to recover their activity while being stored at ambient
changes in recovered activity after 30 min of incubation at room temperature after heat treatment. The ability of POD to reactivate
temperature following heat treatment at various temperaturesafter it is denatured by heat varies with treatment conditions
and times for the three purified broccoli POD isoenzymes and and the species of vegetable, and may differ between isoenzymes
HRP. of the same species. A reactivation to 16% of the original
For neutral POD from broccoli, the extent of reactivation after activity was observed in green asparagus ext@cirfd Brussels
heat treatment from 60 to 90C for various times varied  sprouts and cabbage (11) after 2.5 h of incubation at@0
approximately from 10 to 50%, depending on the heating following heating at 7SC. Reactivation has also been observed
conditions. Examples are shownHigure 4A—C. The extent in purified POD. A 15-30% restoration of original POD activity
of reactivation increased as heating time increased for all was noted for the cationic isoenzyme (p9) of green peas
temperatures studied. At each heating temperature, samples wittafter several hours of incubation at 26 following a 50—60
50% loss of activity after the heat treatment reactivated to a °C heat treatment, but there was no regain after 4G ®eat
significantly greater extent than those with50% loss of  treatment (12).
activity. The extent of reactivation after heating from 55to 72.5  Rodrigo et al. 28) showed that HRP (RZ 3.1) treated at
°C for various times varied from 0 to 40%, depending on the high temperature (115 and 13Q) for short times (585 s)
heating conditions for basic POPBifjure 4D—F). Reactivation can recover up to 22% of its activity during incubation at
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Figure 5. Recovered activity of heat-treated POD after 30 min of incubation at room temperature. Enzymes were treated at temperatures indicated on
the x-axis for the times that resulted in 75% (a), 50% (®), and 25% loss of original activity (H).

25 °C. An early study on reactivation of POD was performed the peroxidases studied was that reactivation following heat
with highly purified HRP (RZ= 3.02), and the authors observed treatment did not occur or did so only to a very low degree
a significant amount of reactivation. The temperatures used in when treatments were at low temperatures for long times. The
this study were high, for example, 12050°C (29). However, extent of reactivation increased as enzymes were treated at high
in the present study we found that HRP (RZ3.1) did not temperatures for short times. This is in agreement with previous
reactivate after heat treatment at %® for 30 s-5 min (data observations that reactivated POD has been found to cause
not shown). Several other studies have found no appreciablesignificant deterioration in the quality of various HTST-
recovery of activity in purified PODs derived from spring processed foods.
cabbage and Brussels sprouBO) or green peasl®). The The inactivation temperature giving the maximum reactivation
variation in the outcomes can be explained by our results differed among the PODs. Highest reactivation was af@0
(Figure 5), which show that treatment conditions, the source for acidic POD and HRP, whereas it was approximately 70 and
of the enzyme, and isoenzyme type all play a major role in 80 °C for basic and neutral PODs, respectively. This is in the
determining the degree of reversible inactivation. same trend as observed for the stability toward heat inactivation

In neutral POD, the extent of reactivation was found to of the enzyme, with acidic POD being the most heat stable
increase as heating temperature was increased from 60 to 8Gollowed by neutral and basic PODs.
°C. Reactivation decreased slightly as heating temperature Reactivation has also been observed in other thermally
increased to 90C, with the exception of samples with 25% resistant enzymes. Alkaline phosphatases, naturally occurring
loss of activity, where the reactivation continued to increase. enzymes in milk, have been reported to reactivate under certain
After a heat treatment at 6@, there was only 5% recovery in  conditions following ultrahigh-temperature—short-time pro-
activity, which is fairly low compared to 4045% recovery after cesses. The effect of processing temperature was studied, and
heating at 8C°C. Due to the rapid decrease in activity of the the optimum temperature for maximum reactivation was in the
basic POD during heat treatment, it was only possible to collect range of 104.4—110C for 20% cream. With whole milk, the
data for samples with 50 and 75% loss of original activity curve relating activity to pasteurization temperature was broader
(Figure 5). In general, the extent of reactivation of the basic and flatter than the curve for cream, and the optimum temper-
isoenzyme continued to increase as heating temperature in-ature appeared to be 104.4—121 (31, 32). The conditions
creased, in the range of 552.5°C. It was not feasible to carry  studied were milk heated to 87%815.6°C for 1.6+ 0.07 s.
out experiments at temperature32.5°C due to rapid decreases Machado and Saraiv83) studied reactivation kinetics of HRP
in the enzyme activity. (RZ = 0.98) and found that the rate of reactivation reached a

This increase in the extent of reactivation was also observed maximum value at a certain treatment time for heating temper-
in the acidic POD, yet to a lower percentage as compared to atures studied from 70 to 8%. From the previous discussion,
the neutral and basic POD. The highest extent of reactivation we expect that under certain conditions any peroxidase will
was found when the enzyme was treated af@0The extent reactivate after heat treatment. The degree of reactivation will
of reactivation also increased with increases in heating temper-depend on treatment condition and the enzyme itself.
ature and reached a maximum level when the enzyme was Teipel and Koshland (34) followed the renaturation of
treated at 90C, particularly in the samples with 50% loss of denatured proteins by measuring both optical rotation and
activity. The sample with 25% loss of activity did not reactivate fluorescence changes. Spectral analysis enabled them to observe
at any heating temperature, and reactivation occurred in the 50multiple enzyme forms, such as several intermediates as well
and 75% loss samples only at heating temperateré3 °C. as the inactivated and native forms. Entropy changes¥,

The broccoli POD isoenzymes showed variations in their during reactivation of milk alkaline phosphatase were calculated
reactivation behavior. However, a common characteristic of all to be positive, which was suggested to indicate conformational
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Machado and Saraiv838) used a series-type model to describe g 401
the heat inactivation of HRP (RZ 0.98). The model considers 20 T/./.
a homogeneous native enzyme populatiog) (E/hich becomes 0 ,
inactivated as it forms an intermediate form, partially inactivated 0 50 100 150
population (E), that can have different thermal resistance and incubation time at 25°C(min)

specific activity compared to the native form, to yield an Figure 7. Changes in recovered activity during incubation at 25 °C after
irreversibly inactivated form (f). In this work there was  heat treatment of acidic POD at 75 °C for various times in the presence
evidence that the rate of reactivation may be dependent on the(A) and absence (B) of 0.05% BSA.
amount of intermediate formed in the first reaction or remaining
after inactivation. The heating time corresponding to the  To study the effect of Cd on the reactivation of the heat-
maximum rate of reactivation was when formation of the inactivated enzyme, Cagin Tris—acetate buffer, pH 7.0, was
intermediate has been completed and only inactivation occurs.added to the enzyme solution after heat treatment at specific
Studies have suggested the presence of intermediates during thiemperatures and times. The heating temperatures and times that
reactivation process, and the formations of these intermediatesgave the lowest and highest extents of reactivation from the
were influenced by the heating process. Still, more study is previous study were chosen for this study. The neutral POD
needed to elucidate mechanisms involved in the reactivation of was treated at 60C for 20 min and at 80C for 1 min, the
peroxidase. basic POD was treated at 36 for 10 min and at 70C for 15

3.4. Effect of C&" on Inactivation and Reactivation. s, and the acidic POD was treated at"fDand 20 min and at

Peroxidases originating from plant sources, such as horseradisiﬁ% °C forbl min. 'rr‘] all sarr:wp(;%;_theqzecwads hno S|g_nk|]f|cant
and peanuts, have been shown to bind two calcium igas ( derence between those with additionaFCand those without

+ L " .
36). Calcium is important for both activity and maintenance of Cee™. These results indicate that additionaPCenay not assist

the protein structure around the heme pocKeX){( therefore, ?n increasi_ng the extent of reactivation. Endogenou@(ﬂaat
the involvement of C# in heat inactivation and reactivation > Presentin th(_a_enzyme was not removed during heat treatment;
was investigated therefore, additional Ga may have no effect on re-forming

he . N the enzyme structure and the return of enzyme activity.
The addition of calcium had no significant effect on the

o ! . T 3.5. Effect of EGTA on Reactivation.The effect of EGTA,
activity of native POD but did have a significant effect on the 5 efficient chelator of G4, on reactivation was also investi-

thermal stability of the enzyme. The presence of 5 mM'Ca gated. For the basic POD, addition of EGTA (5 mM) signifi-
stabilized both the neutral and basic broccoli PODs to heat cantly decreased the stability of the enzyme toward heat
inactivation. The rate of heat inactivation of the neutral POD jnactivation and reduced the extent of reactivatiig(re 6).

at 75 and 80°C decreased 2.3 and 3.7 times, respectively, EGTA was reported to increase the rate of heat inactivation
compared to when Gawas absent. The thermal stability effect gpserved in manganese peroxidad®)(and lignin POD 40).
was much more pronounced with the basic POD. The rate of Thjs result supports the importance of2Can the recovery of
heat inactivation at 70C decreased 200 times when?Cavas enzyme activity following heat inactivation.

present. Previous investigations have found that calcium-  However, the presence of EGTA in neutral broccoli POD
depleted cationic peanut and horseradish C PODs had substantigleduced the activity of the enzyme by 5 times even before a
reductions in activity relative to untreated peroxidase and also heat treatment was performed. Different PODs require different
had reduced heat sensitivitid5( 37). Studies have shown that  |evels of treatment to remove &a Other inverstigations have
the loss of calcium corresponds to the loss of heme and thatfound that more rigorous treatment (6 M guanidine HCI and/or
the loss of heme accounts for the loss of activity. This is the 50 mM EGTA) was required to remove &afrom HRP and
likely explanation for the protection of neutral and basic PODs. peanut POD compared to manganese POR 87, 39). This
The protection against thermal denaturation has been observedbservation suggests differences in binding affinity of the ion
for other PODs such as soybed8], corn steep water derived  to the enzyme. It is likely that Cé in neutral POD may not be
POD (14), manganese peroxidase frefhanerochaete chry-  tightly bound or may be located in the exterior part of the
sosporium(39), and lignin POD 40). Unlike the neutral and  enzyme; hence, it is more readily removed compared to the basic
basic forms, the presence of 5 mMalid not stabilize the POD.

acidic POD to heat inactivation. The rate of heat inactivation  3.6. Effect of Bovine Serum Albumin on ReactivationThe

at 75°C was not significantly different in either case. presence of 0.05% BSA significantly increased the extent of
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reactivation but decreased the heat stability of acidic broccoli
POD treated at 78C for various times (Figure 7). There was
a rapid increase in activity within 30 min when the enzyme

J. Agric. Food Chem., Vol. 53, No. 8, 2005 3221

(17) Lee, C.Y.; Pennesi, A. P. Isolation and further characterization
of a heat-resistant peroxidase isoenzyme from caulifloder.
Food Sci.1984,49, 1616—1617.

was incubated at room temperature regardless the heating (18) Robinson, D. S.; Eskin, N. A. MDxidative Enzymes in Foods

conditions. Activity remained constant as the incubation was
prolonged. In a study with HRP (unpublished data), 0.05% BSA
was found to be an optimum level of BSA, showing a significant
increase in the extent of reactivation. The inhibitory effect of
BSA was also reported for acid deoxyribonuclease from the
small intestinal mucosa of ratdX). The effect of BSA on 80%
recovery of the original activity of denatur&hcillus acidop-
ullulyticus has been reportedd2). The mechanism of BSA-
assisted refolding is unclear, and further investigation into the
effect of BSA on reactivation will help to verify its mechanism.
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