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ABSTRACT 

Vaccinium mirtyllus peroxidase solubilized in reversed micelles 
was used for the oxidation of guaiacol. Some relevant parameters for 
the enzymatic activity, such as pH, Wo (molar ratio water/surfactant), 
surfactant type and concentration, and cosurfactant concentration, 
were investigated. The peroxidase showed higher activities in reversed 
micelles than in aqueous solution. The stability of the peroxidase in 
reversed micelles was also studied, namely, the effect of Wo and tem- 
perature on enzyme deactivation. The peroxidase displayed higher 
stabilities in CTAB/hexanol in isooctane reversed micelles, with half- 
life times higher than 500 h. 

Index Entries: Vaccinium mirtyllus peroxidase; reversed micelles; 
superactivity; stability. 

INTRODUCTION 

Peroxidase (EC 1.11.1.7) catalyzes the oxidation of a wide variety of 
compounds, such as phenols, aromatic amines, reduced aromatic sulfides, 
and other reducing equivalents, including highly substituted methoxy- 
benzenes (1,2) and nonaromatic compounds (3). Usually, the reaction 
mechanism of peroxidase is characterized by an initial two-electron oxida- 
tion of the native ferric enzyme to an oxidized intermediate in the presence 
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of hydrogen peroxide. The regeneration of the native peroxidase is accom- 
plished by two sequential one-electron reductions through a partially oxi- 
dized intermediate (4). 

When solubilized in nonaqueous medium, enzymes alter their native, 
aqueous-based structure and function (5) usually with a concomitant 
reduction of their catalytic activity. In reversed micellar systems, enzymes 
are stabilized in the organic solvent by a surfactant layer and thus pro- 
tected from the denaturing effect of the organic phase. These systems 
allow an easy control of the water concentration, and make possible the 
solubilization of both hydrophilic and hydrophobic substrates or products. 

Some authors have studied the behavior of peroxidase in reversed 
micelles founding significant increase of the activity of this enzyme, when 
compared with aqueous activity (6-8). This superactivity has been attri- 
buted to the increased conformational rigidity of the enzyme (9), the reduc- 
tion of substrate inhibition (10), and the decrease of polarity in the enzyme 
catalytic site (11,12). 

In this article, the activity and stability of an extracellular peroxidase 
from Vaccinium mirtyllus cell suspension cultures solubilized in reversed 
micelles were studied. Three surfactants differing in their net charge, 
sodium dioctylsulfosuccinate (AOT) (anionic), hexadecyltrimethylammo- 
nium bromide (CTAB) (cationic), and phosphatidylcoline (PHDC) (non- 
ionic) were used to form reversed micelles in isooctane. In the case of 
CTAB, a cosurfactant (hexanol) essential for the stabilization of reversed 
micelles was introduced. The effect of the surfactant charge on the activity 
and stability of the peroxidase was evaluated. Other parameters, such as 
the cosurfactant concentration, the amount of solubilized water, and pH, 
were also studied. 

MATERIALS AND METHODS 

Enzyme 

The peroxidase used was obtained from the culture medium of V. 
mirtyllus suspension cell cultures. This peroxidase has a tool wt of 35,000 
Dalton. The production and partial characterization of this enzyme were 
described by Melo et al. (13). 

Chemicals 

Sodium dioctylsulfosuccinate (AOT) (99% pure), hexadecyltrimethyl- 
ammonium bromide (CTAB) (99% pure), and L<~-Phosphatidylcholine 
(Type XII-E) (PHDC) (64% pure) was purchased from Sigma (St. Louis, 
MO). Isooctane (99.5% pure) was from Riedel-de Haen, and guaiacol 
(> 99% pure) and hydrogen peroxide (30.0% w/v) were from BDH Chem- 
icals (Poole, England). 1-Hexanol (98% pure) and salts (analytical reagent 
grade) were from Merck (Darmstadt, West Germany). 

Applied Biochemistry and Biotechnology Vol. 55, 1995 



Peroxidase in Reversed Micelles 209 

Peroxidase Activity Assays 
Peroxidase Activity in Aqueous Solution 

Peroxidase activity was assayed using a modification of the method 
described by Chance and Machly (14). Ten microliters of a stock enzyme 
solution (30 mg/L) and 50 #L of guaiacol solution (500 mM in ethanol) 
were added to a test tube containing 5 mL of buffer solution (25 mM phos- 
phate buffer, pH 6.5). After vortex mixing for I rain, I mL of this solution 
was then added into a 1-mL cuvet and the reaction was started with the 
addition of 2 #L of hydrogen peroxide solution (250 raM). The reactions 
were followed for I rain by reading the increase in absorbance at 470 nm. 
The extinction molar coefficient of the oxidation product, ~ = 26.6/cm raM, 
was used for calculation of the activities, in aqueous and reversed micellar 
solutions. 

Peroxidase Activity in AOT and CTAB Reversed Micelles 
Reversed micelles of AOT and CTAB containing the peroxidase (6 x 

10 -2 mg/L) were obtained by injecting appropriate amounts of a peroxidase 
solution in aqueous buffer (25 mM phosphate buffer, pH 6.5) into 5 mL of 
AOT (100 mM) in isooctane, or CTAB (100 mM)/11% (v/v) hexanol in iso- 
octane. After vortex mixing for few seconds, clear micellar solutions were 
obtained. Two hundred micro liters of guaiacol solution (500 mM in iso- 
octane) were then added to the reversed micelles. After waiting for 5 min, 
I mL of this solution was added into a 1-mL curet, and the reaction was 
started with the addition of 2 #L of hydrogen peroxide solution (250 mM). 
The hydrogen peroxide concentrations in the water pool of reversed 
micelles are between 3.5 and 34.7 mM, depending on the water content of 
the micellar solutions. The reactions were followed for I rain by reading 
the increase in absorbance at 470 nm. The water content of the micellar 
solutions was quantified using a Mettler DL18 Karl Fisher titrator; Wo was 
defined as the molar ratio [water]/[surfactant]. 

Peroxidase Activity in PHDC Reversed Micelles 
Reversed micelles of PHDC containing the peroxidase (6 x 10 -2 mg/L) 

were obtained by injecting appropriate amounts of a solution of peroxidase 
in 25 mM phosphate buffer, pH 6.5, into 5 mL of PHDC/hexanol (3% v/v) 
in isooctane. After vortex mixing, 10 #L of hydrogen peroxide solution 
(250 mM) were added to the mixture. To obtain a clear solution, the mix- 
ture was sonicated for 15 s (frequency 20 kHz). One milliliter of this solu- 
tion was then added into a 1-mL curet, and the reaction was started with 
the addition of 40 mL of guaiacol solution (500 mM in isooctane). The 
reactions were followed for 1 rain by reading the increase in absorbance 
at 470 nm. 

Peroxidase Stability Assays 
Peroxidase (6 • 10 -2 mg/L) solubilized in reversed micelles was in- 

cubated in capped test tubes in a thermostated bath, without stirring, at 
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Fig. 1. Effect of Wo on the catalytic constant (kcat) of peroxidase solubilized 
in AOT (100 mM)/isooctane (,) ,  CTAB (100 mM)/hexanol (11% v/v)/isooctane 
(V), and PHDC (39 mM)/hexanol (3% v/v)/isooctane (e) reversed micelles and 
in aqueous solution, at 25~ and pH 6.5 (~). 

25, 35, and 50~ for AOT (100 raM) and CTAB (100 mM)/hexanol (11% 
v/v) and 20~ for PHDC (39 mM)/hexanol (3% v/v). Independent reaction 
systems were prepared for the different incubation times using Wo = 10, 
16, and 25 for AOT and CTAB and Wo = 10, 15, and 30 for PHDC. In AOT 
and CTAB systems, the peroxidase was incubated in the presence of the 
guaiacol and in PHDC with the hydrogen peroxide. Peroxidase activity 
was measured as described above. 

RESULTS AND DISCUSSION 

Effect of the Type of Surfactant and Amount of Water 
on Peroxidase Activity 

The catalytic activity of peroxidase in aqueous solution and in AOT, 
CTAB and PHDC reversed micelles for different Wo values is shown in Fig. 
1. The value of the catalytic constant, kcat, was calculated from the maxi- 
mum rate of the process (V = kcat [E]o) corresponding to the conditions of 
saturation, for both substrates, guaiacol and hydrogen peroxide. 

A superactivity at the optimum Wo value was observed for the three 
tested systems. Catalytic constants of 1.5 to 4.5-fold higher than the value 
found for the free enzyme in aqueous solution were obtained. The highest 
kcat values were obtained for the peroxidase solubilized in reverse micelles 
of AOT/isooctane. 
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Fig. 2. Effect of pH on the specific activity of peroxidase solubilized in 
AOT (100 mM)/isooctane (�9 CTAB (100 mM)/hexanol (11% v/v)/isooctane (A), 
and PHDC (39 mM)/hexanol (3% v/v)/isooctane (D) reversed micelles and in 
aqueous solution (m), at 25~ and Wo = 16. 

The superactivity of peroxidase in the AOT system was also described 
by Martinek and coworkers (15). The superactivity was attributed to a 
more rigid conformation of the enzyme into the micelle (9), and to the 
reduction of substrate and product inhibitions (15). 

The optimum of kcat in AOT/isooctane reversed micelles was found at 
wo = 14, which is in accordance with the value reported by Martinek et al. 
(16). At this Wo, the diameter of the inner cavity of the reversed micelle is 
approximately equal to 50 ,~ (17), which is near the calculated value for 
the diameter of the peroxidase molecule (18). The optimum ofkc,t shifts to 
higher values of Wo for CTAB and PHDC reversed micelles, being Wo = 25 
and Wo = 30, respectively. 

Effect of pH on Peroxidase Activity 

In an aqueous system, the optimum pH value for the oxidation of 
guaiacol by peroxidase is 6.2 (Fig. 2). For the solubilized peroxidase (wo = 
16), three different behaviors were observed. In the AOT/isooctane sys- 
tem, a slight shift of the optimum pH to a lower value was found, whereas 
in CTAB/hexanol/isooctane system, the optimum pH was shifted in the 
opposite direction. In the PHDC/hexanol/isooctane system, the optimum 
pH is similar to that obtained in aqueous solution (Fig. 2). 

The results obtained can be explained by a proton gradient in the water 
pool of reversed micelles induced by the surfactant charge. Experimental 
results showed complete inactivation of this enzyme in the presence of 
isooctane. The catalytic site of most studied peroxidases is buried inside 
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Fig. 3. Effect of the molar ratio hexanol/CTAB on the catalytic constant (% 
of kcat relatively to kcat for a ratio hexanol/CTAB of 8.8) of peroxidase solubilized 
in CTAB (100 mM)/hexanol/isooctane at Wo --- 10 ( . ) ,  Wo = 16 (o), and Wo = 25 
(A), at 25~ and pH 6.5. 

the peptide molecule (19) and is, therefore, away from the inner micelle 
surface when  entrapped in reversed micelles. Under  this condition, a shift 
of the op t imum pH to lower values is expected for anionic surfactants, 
owing to a decrease in proton concentration in the inner core of the water 
pool; a shift in the opposite direction should also be observed for cationic 
surfactants. For nonionic surfactants, the opt imum pH should be identical 
to that in the bulk water, since there is no gradient of protons inside the 
water pool. 

Effect of Cosurfactant Concentration on Peroxidase Activity 

Figure 3 shows the effect of the molar ratio [hexanol]/[surfactant] on 
the activity of the peroxidase in CTAB (100 mM)/hexanol/isooctane reverse 
micelles. An increase in the kcat w a s  observed when  the ratio [hexanol]/ 
[surfactant] was increased, with a maximum around [hexanol]i[surfac- 
tant] = 9, at the Wo values studied. The highest kcat was obtained at Wo = 25. 
Under  this condition, the value obtained for the kcat (136 x 102 min -1) was 
near the op t imum observed for the AOThsooctane system (156 x 102 
min-1 at Wo = 10). Increasing the alcohol concentration in a microemulsion 
of cationic surfactant leads to an increase in interface elasticity and micelle 
dimension (20), which can explain the increase in kcat found for ratios 
slightly above the standard ratio used (8.8 = 11% v/v hexanol). However ,  
when  the interface elasticity is too high, a decrease in the micelle dimen- 
sion was observed (20), which may explain the reduction in kcat at higher 
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Fig. 4. Effect of AOT (O), CTAB (V), and PHDC (e) concentration on the 
catalytic constant of peroxidase at 25~ pH 6.5, and Wo = 16. 

ratio values. In PHDC reversed micelles, no appreciable effect on the 
peroxidase catalytic activity was observed by changing the hexanol/sur- 
factant ratio. 

Effect of Surfactant Concentration on Peroxidase Activity 

The kcat of solubilized peroxidase in reversed micelles depends strongly 
of the surfactant concentration as shown in Fig. 4. Martinek et al. (15,16) 
observed the same behavior and suggest that this was the result of the 
presence of anchoring groups of a different nature capable of interacting 
with micellar membranes.  

A linear correlation between kcat and surfactant concentration was 
found, for the three different systems studied, at a constant enzyme con- 
centration and Wo = 16 (Fig. 4). The following equation was obtained: 

1 { kcat = 1 ] kcat (0) + B x [surfactant] (1) 

in which 1/kcat (0) represents, at the limit, the kcat without interaction effects 
between the surfactant and the enzyme, and B is a constant characteristic 
of the kind of surfactant used. 

The kcat (0) values obtained for the three surfactants were: kcat (0)AOT = 
217; kcat'(0)CTAB = 116; and kcat (0)PHDC = 1850 rain -1. The values obtained 
for kcat (0) probably reflect the properties of the water pool that are differ- 
ent for the three surfactants tested. The B values obtained were BAOT = 
1.57 X 10-5; BCTAB = 8.13 X 10-5; and BpHDc = 6.54 X 10 -4 min/mM, 
showing that the PHDC system is the most affected by the surfactant con- 
centration, followed by CTAB and AOT systems. This suggests a higher 
degree of interaction between the PHDC and the peroxidase. 
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Fig. 5. Experimental deactivation data and deactivation profiles (continuous 
curves) obtained from the application of Henley and Sadana model of peroxidase 
in AOT (100 mM)/isooctane reversed miceUes: (1) T = 25~ Wo = 30; (2) T = 25~ 
Wo = 16; (3) T = 25~ Wo = 8; (4) T = 35~ Wo = 30; (5) T = 35~ Wo = 16; (6) 
T = 35~ Wo = 8; (7) T = 50~ Wo = 30; (8) T = 50~ Wo = 16; (9) T = 50~ 
Wo = 8. 

Stability Studies 
Stability studies of the peroxidase in reversed micelles of AOT, CTAB, 

and PHDC, were carried out at different temperatures and Wo values. The 
model  of Henley and Sadana (21) was applied to the experimental values 
obtained for the enzyme deactivation. This model  incorporates a series- 
type enzyme activation with two steps: the first involving an active en- 
zyme precursor and a final enzyme state with possible nonzero activity. 

The fit of the curves obtained is shown in Figs. 5, 6, 7, and 8. This 
model fits reasonably well with the deactivation data found for the enzyme 
activity in reversed micelles and in the aqueous solution. The half-life 
times were  calculated from the deactivation profiles (Table 1). 

The peroxidase stability decreased with increasing temperature for 
reversed micellar systems and aqueous solution. In the AOT and PHDC 
systems, the half-life times obtained were  much lower than in aqueous 
solution, for all the tested temperatures. The peroxidase stability obtained 
in these two systems depends  on the Wo used. A decrease in the half-life 
times was obtained for lower Wo values (Table 1). 

Higher stabilities were obtained in the CTAB reversed micelles system. 
At the temperature of 25~ and Wo of 16 and 25, the stability was higher 
than in aqueous solution. After 500 h, the peroxidase activity was 180% 
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Fig. 6. Experimental deactivation data and deactivation profiles (continuous 
curves) obtained from the application of Henley and Sadana model of peroxidase 
in CTAB (100 mM)/hexanol (11% v/v)/isooctane reversed micelles: (1) T = 25~ 
Wo = 25; (2) T = 25~ Wo = 16; (3) T = 25~ Wo = 10; (4) T = 35~ Wo = 25; (5) 
Y=35~ wo= 16; (6) T = 3 5 ~  wo= 10; (7) T = 5 0 ~  wo=25; (8)  T = 5 0 ~  
Wo = 16; (9) T = 50~ Wo = 10. 
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Fig. 7. Experimental deactivation data and deactivation profiles (continuous 
curves) obtained from the application of Henley and Sadana model of peroxidase 
in PHDC (39 mM)/hexanol (3% v/v)/isooctane reversed micelles: (1) T = 20~ 
Wo = 30; (2) T = 20~ Wo = 15; (3) T -- 20~ Wo = 10. 
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Fig. 8. Experimental deactivation data and deactivation profiles (continuous 
curves) obtained from the application of Henley and Sadana model of peroxi- 
dase in aqueous solution: (1) T --- 25~ (2) T -- 35~ (3) T = 50~ 

for Wo = 25 and 100% for wo = 16 (referred to the initial activity), whereas 
the half-life time in aqueous solution was 633 h. At 25~ a decrease in 
the Wo from 25 to 10 led to a lower stability, with a half-life time of 345 h. 
At 35 and 50~ the stability was less affected by the Wo. 

The low stability of peroxidase solubilized in PHDC reversed micelles 
is probably owing to the oxidation of the phospholipid molecules by the 
hydrogen peroxide, since the peroxidase was incubated in the presence of 
this substrate. The oxidation of the surfactant layer could lead to peroxi- 
dase denaturation because of the contact with the organic solvent. 

The stability of peroxidases in AOT systems was also low, decreasing 
for lower Wo values, which suggests an inhibitory effect of the surfactant. 
As the peroxidase is solubilized in the water pool, the decreased stability 
for lower Wo values is probably the result of the proximity of the enzyme 
to the micellar interface. 

Among the systems studied, CTAB was shown to be the most appro- 
priate to stabilize the peroxidase activity, namely at 50~ where an in- 
crease in the half-life time (tl/2 = 20 h) of eightfold was obtained when  
compared with aqueous solution (hn = 2.5 h). 

CONCLUSIONS 

V. mirtyllus peroxidase showed a superactivity against guaiacol when  
solubilized in reversed micelles of ionic and neutral surfactants, with 
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Table 1 
Half-Life Times (tl/2) for Peroxidase in Aqueous Solution 
and Solubilized in Reversed Micelles of AOT (100 mM), 

CTAB (100 mM)/hexanol (11%), and PHDC (39 mM)/hexanol (3%) a 

Temperature, tl/2, h, tl/2, h 
~ Aqueous solution Wo AOT CTAB PHDC 

20 
10 
15 
30 

2.5 
2.6 
5.4 

25 633 

8 0.4 - -  
10 -- 345 
16 2.4 > 500 
25 -- > 500 
30 6.1 -- 

35 240 

8 0.05 -- 
10 -- 339 
16 0.32 292 
25 -- 381 
30 0.71 -- 

50 2.5 

8 0.03 -- 
10 -- 3.3 
16 0.03 20 
25 -- 10 
30 0.03 -- 

a Data obtained from deactivation profiles of Figs. 5, 6, 7, and 8. 

activities 1.5-fold to fourfo ld  h igher  than  in a q u e o u s  solut ion.  The h ighes t  
activity was  ob ta ined  wi th  the  e n z y m e  solubil ized in reversed  micelles of 
AOT. H o w e v e r ,  a low stability was  f o u n d  for this sys tem,  wi th  half-life 
t imes b e t w e e n  20 min  and  6 h. 

Higher  stabilities were  ob ta ined  for the  peroxidase  solubil ized in 
CTAB/hexanol/ isooctane reversed  micelles. By changing the ratio hexanol/  
CTAB, the Wo, and  the surfactant  concentra t ion,  it was  poss ib le  to obtain  
peroxidase  activities near  those  f o u n d  wi th  the  AOT  sys tem.  At these  
condi t ions  (hexanol/CTAB = 9.0, Wo = 25, and  [surfactant] = 50 mM),  the 
CTAB/hexanol  sys t em is a g o o d  al ternat ive for guaiacol oxidat ion b y  per- 
oxidase solubil ized in reversed  micelles. 
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