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Abstract-Hydrogen peroxrde (H202) inactivates mushroom tyrosinase m a biphasic manner, with the rate being faster 
in the first phase than in the second one. The inactivation of the enzyme is dependent on H202 concentration (in the 
range of 0.05-5.0 mM), but independent of the pH (in the range of 458.0). The rate of inactivation of mushroom 
tyrosinase by Hz02 is faster under anaerobic conditions (nitrogen) than under aerobic ones (air). Substrate analogues 
such as L-mimosine, L-phenylalamne, p-fluorophenylalanine and sodium benzoate protect the enzyme against 
inactivation by H202. Copper chelators such as tropolone and sodium azide also protect the enzyme. Under identical 
conditions, apotyrosinase is not inactivated by Hz02, unlike holotyrosinase. The inactivation of mushroom tyrosinase 
is not accelerated by an OH L generating system (Fe ‘+--EDTA-H,Or) nor is it protected by OH’ scavengers such as 
mannitol, urate, sodium formate and histidine. Exhaustive dialysis or incubation with catalase does not restore the 
activity of HIOz-mactivated enzyme. The data suggest that Cuz + at the active site of mushroom tyrosinase is essential 
for the inactivation by H202. The inactivation does not occur via the OH’ radical in the bulk phase but probably via an 
enzyme-bound OH’. 

INTRODUCTION vation occurs. It was shown recently [8] that H,Or has a 

Tyrosinase (monophenol, dihydroxyphenylalamne: 
multiple effect on avocado polyphenoloxidase: at low 

oxygen oxrdo-reductase, EC 1.14.18.1) is a copper- 
concentrations it shortened the lag period of tyrosme 

containing enzyme which catalyses two reactions in which 
hydroxylation, and at higher concentratrons tt inactivated 

molecular oxygen is the hydrogen acceptor and phenol is 
the enzyme. 

the hydrogen donor: 
The present study was undertaken in order to describe 

A. monophenol + O2 + AH2 + o-dihydroxyphenol + HZ0 + A 

--I B. o-dihydroxyphenol + * O2 -* o-quinone + H20, 

where AH2 represents a hydrogen donor [I]. 
H202 is known as an mactivator of several copper- 

containing enzymes [2-71, such as dopamine /J- 
monooxygenase [6], Cu ‘+--SOD [2, 3, 51 and mush- 
room tyrosmase [4]. The inactivation of dopamine 
f?-monooxygenase by H,02 was shown to be dependent 
on the presence of enzyme-bound Cu’+ [6], and that of 
Cu’+-SOD was attributed to the production of OH’ 
bound to the enzyme, which oxidrzed an imidazole residue 
at the active site [2,3,5]. 

Jolley et al. [4] mentioned that exposure of mushroom 
tyrosinase to high concentrations of Hz02 resulted in 
loss of both monohydroxyphenolase and o-dihydroxy- 
phenolase activities and to an eventual inactrvation of the 
enzyme, but they did not describe the conditions or 
attempt to explant the mechanism by which this inacti- 

*Thus paper incorporates part of the doctoral thesis of 
A. Andrawrs to be subtrutted to The Hebrew University of 
Jerusalem, Israel. Contribution from the Agrrcultural Research 
Organtzatton, The Volcam Center, Bet Dagan, Israel, No. 1035 
E, 1984 serves. 

the H202 inactivation phenomenon in detail, using 
mushroom tyrosmase as the enzyme source. 

RRZXJLT8 AND DISCUSSION 

Exposure of mushroom tyrosinase to H20, for dif- 
ferent periods of time resulted in a gradual loss of enzyme 
activity. We shall refer to this as a phenomenon of enzyme 
inactivation. 

The rate of inactivation of mushroom tyrosinase by 
different concentrations of H202 was determined and a 
plot of the percent remaining activity as a function of 
preincubation time is shown m Fig. 1. Biphasic curves 
were obtained (Fig. 1) with the rate of inactivation of 
mushroom tyrosinase being linear and fast during the first 
few minutes of exposure of the enzyme to H202 and non- 
linear and slow thereafter. The data in Fig. 1 illustrates 
that the rate of inactivation of mushroom tyrosinase was 
dependent on H202 concentration. Fifty percent inactr- 
vation occurred after 30, 8 and 1.5 min preincubatron, 
with 0.05, 0.5 and 5.0 mM Hz02, respectively. 

Attempts to find out whether the inactivation of 
mushroom tyrosinase by Hz02 was reversible or not 
showed that exhaustive dialysis of the inactivated enzyme 
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Fig. 1. Effect of different concentrations of H202 on the rate of 
mushroom tyrosinase inactivation. The premcubation mixture 
contained, in a total volume of 26 ml, 70 mM NaPi @H 64, 
65Olg mushroom tyrosinase (added last), and the indicated 
concentrations of H20t. Aliquots (2ml) were withdrawn at 
various times and odihydroxyphenolase activity was assayed 
immediately, in a total volume of 3 ml, by adding DL-DOPA at 

time zero so that the final concentration of DL-DOPA was 
6.7 mM. o_Dihydroxyphenolase activity of the control (no H202) 
at time zero was 0.61 AA 475 nm/mm, while activities at time zero 
in the presenceofO.OS,O.lO, 0.50,1.0,2.0and 5.0 mM H102 were 
0.73,0.76,0.82,0.95,0.90 and 0.83 AA 475 nm/min, respectively, 

and were taken as 100%. 

against 0.05 MNaPi buffer (pH 6.5) did not restore the 
activity. 

Effect of pH on the degree of inactivation of mushroom 
tyrosinase by Hz02 

The effect of dye-sensitized photooxidation of tyro- 
sinase was studied by several investigators [9, lo]. 
Gutteridge et al. [9] have shown that mushroom tyro- 
smase and Neurospora tyrosinase were inactivated by dye- 
sensitized photooxidation and that the rate of inactivation 
was faster in the presence of cyanide and was pH- 
dependent (between pH 5.5 and 8.0). PfSner and Lerch 
[lo] reported that the Neurospora holo-tyrosinase was 
not affected by dye-sensitized photooxidation but that the 
apotyrosinase was inactivated by this treatment and that 
the rate of inactivation was pH-dependent. In view of the 
above, the effect of pH on the rate of inactivation of 
mushroom tyrosinase by Hz02 was also studied. We 
found that the rate of inactivation of the enzyme was 
independent of the pH in the range of 4.5-8.0 (data not 
shown). 

Is the catalytic site of the enzyme nwdjfied by Hz02? 

Mitsuda et al. [ 1 l] found that soybean lipoxygenase is 
inactivated by Hz02 or by cysteine. For 50% inactivation 
of the enzyme, 6 x 10m6 M HzOl or 7 x 10m6 M cysteine 
was required. Mltsuda et al. [ll] used the competitive 
inhibitor of lipoxygenase, hnolelaidic acid, to prove that 
the catalytic site of the enzyme was the site which was 
modified by H202 or by cysteine. 

The inactivation of mushroom tyrosmase by HzOz may 
also be due to modification at the catalytic site of the 
enzyme. The effect of Hz02 on mushroom tyrosinase was 

therefore tested in the presence and absence of competi- 
tive inhibitors (substrate analogues), which, by occupying 
the catalytic site, can afford a protection against the 
inactivation, provided that H202 acts specifically on the 
catalytic site. Sodium benzoate, L-mimosine, L-phenyk 
alanine and p-fluorophenylalanine are known as typical 
competitive inhibitors for tyrosinase [12-141. Prelimi- 
nary data showed, as expected, that sodium benzoate, 
L-mimosine, L-phenylalanine and p-fluorophenylalanine 
each inhibited o-dihydroxyphenolase activity of mush- 
room tyrosinase. The data in Table 1 demonstrate that 
L-mimosine was the most effective inhibitor (I,, = 1.6 
x 10T4 M), while L-phenylalanine was the least effective 

(I,, = 5.3 x lo-* M). The inhibition exhibited by the 
several substrate analogues was taken into account when 
studying the possibility that these substrate analogues 
protect the enzyme against HzO, inactivation. The ac- 
tivity in the presence of the substrate analogue was taken 
as 100%. 

It was found that L-mnnosine, sodium benzoate, 
pfluorophenylalanine and L-phenylalanine, in decreasing 
order, each protected the enzyme agamst inactivation by 
Hz02 in a similar pattern. The protection provided by 
L-mimosine against inactivation of the enzyme by Hz02 is 
illustrated in Fig. 2. Controls consisting of preincubation 
of mushroom tyrosinase with each one of the four 
substrate analogues (in the absence of H,O,) for a period 
of 30 min did not show any inactivation of the enzyme. 

It is interesting to note that the extent of protection 
afforded by each of the substrate analogues against HzOz 
inactivation seems to be directly correlated with the extent 
of inhibition exhibited by each substrate analogue on the 
enzyme as shown above in Table 1. 

Better protection against HzOz inactivation of mush- 
room tyrosinase was observed when preincubation of the 
enzyme with any of the above substrate analogues was 
done for 10 min prior to the addition of H202 than when 
both the substrate analogue and HzOz were added at the 
same time to the enzyme. The better protection afforded 
by prior preincubation of the enzyme with the substrate 
analogue was probably due to the binding of the latter to 
the active site of the enzyme, thereby preventing HIOz 
from getting there. The fact that substrate analogues 
protected mushroom tyrosinase against H202 inacti- 

Table 1 Inhibition of odihydroxyphe- 
nolase activity of mushroom tyrosinase by 

substrate analogues 

Substrate analogue I,, (M) 

L-Mimosme 
Sodium benzoate 
p-Fluorophenylalanine 
L-Phenylalamne 

1.6 x 1O-4 
3.0 x 10-S 
1.5 x 10-Z 
5.3 x lo-’ 

The reaction mixture contained, in a 
total volume of 3 ml, 6.7 mM DL-DOPA, 
47 mM NaPi buffer (pH 6.5), SO pg mush- 
room tyrosinase (added last), and different 
concentrations of each substrate analogue. 
I,, = the concentration of the substrate 
analogue that caused 50 % inhibition of o- 
dlhydroxyphenolase activity of mushroom 
tyrosinase. 
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Fig. 2. L-Mimosme as a protector against inactivation of mush- 
room tyrosinase by HIOt. The preincubation nuxture contamed, 
in a total volume of 20 ml, 70 mM NaPi buffer (pH 6.5), 500 pg 
mushroom tyrosinase (added last), and L-mimosine 
@H 6.5) as mdicated. Control flasks (----) had no H202, 
while experimental lIasks (-) contained 0.5 mMHzO,. 
Abquots (2ml) were withdrawn at various times and 
o-dihydroxyphenolase activity was assayed immediately, in a 
toial volume of 3 ml, by adding DL-JBOPA at time zero so that the 
final concentration of DL-DcWA was 6.7 mM. The activity of the 
control samples (without H,O,) was 0.49, 0.27, 0.23 and 0.20 
AA 475 nm/min in the presence of 0,0.25,0.37 and 0.50 mM L- 

mimosine, respectively, and taken as 100%. The activity at time 
zero in the presence of 0.5 mM HZO, (but wtthout L-mimosine) 
was 0.72 AA 475 nm/min, and that in the presence of 
0.5 mM HIOz plus 0.25,0.37 or 0.50 mM of L-mimosine was 0.48, 
0.52 and 0.45 AA 475 nm/min, respectively, and also taken as 

100%. 

vation strongly suggests that Hz02 attacks the active site 
of the enzyme. 

Is the inactivation of mushroom tyrosinase by HzOz via 
copper bound CO the enzyme? 

Dopamine /I-monooxygenase is a copper enzyme that is 
inactivated by H202 [6]. Skotland and Ljones [6] found 
that under comparable conditions, the holodopamine /I- 
monooxygenase was inactivated by 0.25 mM H,O1, while 
the apoenzyme was not. The apoenzyme was inactivated 
only when exposed to 0.25 mM H202 in the presence of 
C&O4 (2 PM). On the basis of this and additional 
experiments, Skotland and Ljones [6] concluded that the 
inactivation of dopamine /?-monooxygenase by HzOz was 
dependent on the presence of enzyme-bound copper. 

In view of the above it was interesting to test whether 
the presence of copper bound to the enzyme is also 
essential for the inactivation of mushroom tyrosinase by 
H202. To test this, apotyrosinase was prepared as de- 
scribed in the Experimental section. Apotyrosinase and 
holotyrosinase were each preincubated with HzOl for 
different times and were then exhaustively dialysed to 

remove excess H20P The HZOt-treated apotyrosinase 
was then incubated with Cu2+ (added as CuSO,) m order 
to test if the enzyme will regain its activtty. Cu2+ was 
added also to the H202-treated holotyrosmase to serve as 
control. The data in Table 2 show that the activity of the 
H,O,-treated apotyrosinase was regained by incubation 
with Cu’+, while this was not the case with the H,Oz- 
treated holotyrosinase. The fact that the activity of the 
H,O,-treated apotyrosinase was regained by Cu2+ while 
the H202-treated holotyrosinase was not, strongly m- 
dicates that Cu2 + must be present on the enzyme in order 
for H202 to inactivate the enzyme. 

Additional experiments designed to show that Cu2+ 
at the active site of the enzyme was necessary for 
the inactivation by H202 to occur, were performed with 
the use of Cu2+ chelators as follows: Sodium azide, 
sodium fluoride, tropolone and sodium thiosulphate are 
effective Cu2+ chelators [15-17 The data in Table 3 
show that each of these Cu I; chelators Inhibited 
o-dihydroxyphenolase activity of mushroom tyrosinase 
Mushroom tyrosinase activity was mhtbited by 50 % with 
8.0 x lo-* M tropolone and with 8.0 x 10e4 M sodmm 
azide. The ability of these Cu2+ chelators to protect the 
enzyme against H202 inactivation is depicted in Figs 3 
and 4. The data show that sodium azide and tropolone 
each protected mushroom tyrosinase against H202 in- 
activation. Sodium fluoride gave a little protection while 
sodium thiosulphate did not give any (data not shown). If 
we compare the data in Figs 3 and 4 with that in Table 3, it 
is seen that the ability of each Cu2+ chelator to protect the 
enzyme against H202 inactivation was related to its 
ability to inhibit o-dihydroxyphenolase activity of the 
enzyme. Sodium azide is a poor inhibitor (compared with 
tropolone; Table 3) and a poor protector of the enzyme 
against H202 inactivation, while the reverse is true for 
tropolone. 

It must be pointed out again that the values of 100% 
activity of mushroom tyrosinase in the presence or 
absence of each Cu2+ chelator were not the same, due to 
the inhibitory action of each one. The fact that the 
holotyrosinase was inactivated by H202, while the apo- 
tyrosinase was not, and the fact that Cu2+ chelators 
protected the enzyme agamst H202 inactivation, indicate 
that the inactivation of mushroom tyrosinase by H202 1s 
dependent on the presence of Cu2+ on the enzyme. 

is the inactivation ofmushroom tyrosinase by H202 due to 
generation of OH’ radicals? 

During the inactivation of Neurospora tyrosinase by 
dye-sensitized photo-oxidation [lo] and during the 
suicide-type inactivation of the same enzyme [ 181, it was 
shown that histidine at the active site of the enzyme was 
destroyed and therefore the Cu2+ was released. OH’ 
radicals can attack amino acids such as tyrosine, phenyl- 
alanine, tryptophan, histidine, cysteine and methionine, 
and oxidize them [19-211. Free OH’ radicals have been 
shown to inactivate several enzymes such as papam 
[22,23], trypsin [24] and lactate dehydrogenase [25]. 
OH’ radicals can be generated non-enzymatically from 
H202 by two mam pathways [26] as shown below: 

Fe3+ +OH’+OH- (the Fenton reaction) [27] 

(1B) Cu++H202-+Cu2++OH.+OH- [28] 

(2) 0; + H202 -+ O2 + OH’ + OH- (the Haber-Weiss reaction) [29]. 



400 A. ANDRAWS and V. KAHN 

Table 2. Compartson between the abrhty of HsO, to inacttvate apotyrosmase 
vs. holotyrosinase 

Preincubatton Reconstttutron 

H,Oz ttme cuso‘$ 
Part (mM) (mm) (mM) Acttvny 

(A-l) apotyrosmase 5 0 0 0.030 
5 0 033 0.090 
5 30 0 0.033 
5 30 0.33 0.091 

(A-2) apotyrosmase none 0 0 0.040 
none 0 0.33 0125 
none 30 0 0.016 
none 30 0.33 0110 

(B-l) holotyrosmase 1 0 0 0.080 
1 0 0.33 0096 
1 30 0 0.030 
1 30 033 0.040 

(B-2) holotyrosmase none 0 0 0.530 
none 0 0.33 0 570 

Apotyrosmase (5000 pg) was preincubated with 60 mM NaPt buffer (pH 6.5) 
m the presence (A-l) or the absence (A-2) of 5 mM H202 m a total volume of 
10ml. At the mdtcated time, 3 ml ahquots were wtthdrawn and thoroughly 
dialysed against 5 mM NaPt buffer (pH 6.5). Holotyrosinase (2000 pg) was 
preincubated with 60 mM NaPt buffer (pH 6.5) in the presence (B-l) or the 
absence. (B-2) of 1 mM H202 m a total volume of 4 ml. Aliquots of 2 ml were 
withdrawn at the mdtcated time and thoroughly dialysed against 5 mM NaPi 
buffer (pH 6.5) The reconstitution conditions were as follows: 200 pg of each 
sample (0.4 ml) was incubated m 0.33 mM CuS04 for 30 min in a total volume 
of 0.6 ml. o-Dihydroxyphenolase acttvtty of 0.3 ml (100 pg of each sample) of 
the reconstituted mtxture was then assayed m the presence of 6.7 mM 
DL-DOPA and 47 mM NaPr buffer (pH 6.5) m a total volume of 3 ml 

Table 3. Inhtbttion of odihydroxyphe- 
nolase activity of mushroom tyrosmase by 

Cu2+ chelators 

Cu2+ chelator added I,, (M) 

Tropolone 
Sodium axide 
Sodium thiosulfate 
Sodium fluoride 

8.0 x lo-* 
8.0 x lo-.’ 
1.2 x 10-s 

12.0 x 10-Z 

The reaction mixture included, m a total 
volume of 3 ml, 47 mM NaPi buffer (pH 
6.5), 6.7 mM DL-DOPA, 50 Pg mushroom 
tyrosinase (added last), and dtfferent con- 
centrations of each Cuz+ chelator. Is, 
= the concentratton of the Cu2+ chelator 
that caused 50% inhtbition of o-dihydroxy- 
phenolase activity of mushroom tyrosmase. 

In view of the above, it was important to establish 
whether OH’ radicals are the active species responsible 
for the inactivation of mushroom tyrosinase by H202. 
This was tested on the basis of the following rationale: 
(a) addition of a factor known to accelerate OH’ gener- 
ation from HzOz should accelerate the rate of mactivation 
of the enzyme by H202; (b) addition of OH’ scavengers 

should slow down the rate of inactivation of the enzyme 
by HlOz. 

(a) F..ct ofOH’ generating system. OH’ radicalscan be 
generated in a system consisting of H202, Fe’+ and 
EDTA (the Fenton-type system described by Walling 
et al. [27], or by Cohen and Cederbaum [30]). To produce 
OH’ radicals from H202, a complex of Fez+ with an 
excess of EDTA was prepared in order to prevent the 
oxidation of Fe’+ by air. The Fe’+-EDTA complex can 
react with HzOz and produce OH’ in the same way that 
Fez+ alone reacts with H202 in a Fenton reaction. 

It is theoretically possible that in our experiments H202 
reacts with contaminant Fe ‘+ that may be present m the 
reactton mixtures (traces in NaPi buffer), or with 0: 
(generated by oxidation of H202 [31]) to yield OH’ 
(reactions 1 and 2). Such OH’ can attack amino acid(s) at 
the active site of the enzyme and oxidize it, causing 
irreversible inactivation of the enzyme. 

It was reasoned that tf the mactivation of mushroom 
tyrosmase by Hz02 was by OH’, then exposure of the 
enzyme to HzOz plus Fe *+-EDTA should accelerate the 
inactivation relative to that obtained in the presence of 
Hz02 alone. DTPA (diethylene triammepentaacetic acid) 
can also complex with Fe’+ but, compared with 
Fe*+--EDTA, Fe’+-DTPA does not generate OH’ rad- 
icals from HzO, [32]. It was therefore important to 
compare the effect of Fe 2+-EDTA-H202 (OH’ generat- 
ing system) with that of Fe 2+-DTPA-H202 (OH’ non- 
generating system) as to the rate of mactivation of 
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Fg 3. Tropolone as a protector against macttvation of mush- 
room tyrosmase by HaOs. The preincubation mtxture contained, 
in a total volume of 20 ml, 70 mM NaPi butfer (pH 6.5),500 pg 
mushroom tyrosinase (added last), and tropolone 
@H 6.9, as indicated. Control flasks (----) had no H202, 
while experimental flasks (-) contained 0.5 mMHr0,. 
Aliquots (2 ml) were withdrawn at various times and 
odihydroxyphenolase activtty was assayed immediately, in a 
total volume of 3 ml, by adding DL-DOPA at time zero so that the 
final concentration of DL-DOPA was 6.7 mM. The activity of the 
control samples (without addition of H202) was 0.48,0.30,0.25 
and 0.05 AA 475 nm/min in the presence. of 0,0.2,0.4 and 3.0 pM 
tropolone, respectively, and taken as 100 %. The activity at time 
zero in the presence of 0.5 mM H20, (but without tropolone) 
was 0.72 AA 475 nm/min and that m the presence of 0.5 mM 
Ht02 plus 0.20.4 and 3.0 PM of tropolone was 0.46,0.38 and 

0.17 AA 475 nm/min, respectively, and also taken as 100%. 

mushroom tyrosinase. While Fe’+-EDTA was expected 
to accelerate the inactivation of the enzyme by H202, 
Fez+-DTPA was expected to have no effect at all. 

The data in Fig. 5 show that addition of the 
Fe’+--EDTA complex to a reaction mixture consisting of 
DOPA, NaPi buffer (pH 6.5), mushroom tyrosinase and 
H,Or did not increase the rate of inactivation of the 
enzyme compared with the rate of inactivation of the 
enzyme in the presence of HIOl alone. Instead, the 
addition of Fe*+-EDTA to the reaction mixture offered 
protection against H202 inactivation. The protection by 
Fe*+-EDTA is probably due to the decomposition of 
H202 by the Fe*+ -EDTA complex (via the Fenton 
reaction) resulting in a lower concentration of H202 in the 
system. 

Similar results were obtained by the use of 
Fe*+-DTPA complex instead of the Fe*+-EDTA (data 
not shown); addition of Fe*+ -DTPA to the preincubation 
mixture (containing mushroom tyrosmase, H202 and 
buffer) offered protection agamst H202 inactivation 
probably also due to the decomposition of H202 by 
Fe*+-DTPA 

(b) Additidn ofOH’ scauengers. Of the various known 
OH’ scavengers [19], mannitol, formate, urate and his- 
tidine are particularly suitable ones for our study, since 
they do not interact with H202 and they have low M,s 
which make them easily accessible to the active site of the 
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Fig 4. Sodium axtde as a protector against inactivation of 
mushroom tyrosmase by H202. The preincubation mixture 
contained, in a total volume of 20ml, 70 mMNaPi buffer 
@H 6.5), 500 pg mushroom tyrosinase (added last) and sodium 
azide @H 6.5) as indicated. Control flasks (----) had no HaOa, 
while experimental flasks (-) contained 0.5mM H202. 
Aliquots (2 ml) were withdrawn at various times and 
o-dihydroxyphenolase activity was assayed immediately, m a 
total volume of 3 ml, by adding DL-DOPA at time zero so that the 
final concentration of DL-DOPA was 6.7 mM. The activity of the 
control samples (without addition of H,O,) was 0.53,0.45 and 
0.09 AA 475 nm/min m the presence of 0,0.5 and 10 mM sodium 
axide, respectively, and taken as 100 %. The activity at time zero m 
the presence of 0.5 mM HzOz (but without sodium azide) was 
0.77 AA 475 nm/min and that m the presence of 0.5 mM H202 
and 0.5 mM or 1.0 mM of sodmm azide was 0.51 and 

0.16 AA 475 nm/min, respectively, and also taken as 100 %. 

enzyme. Preincubation of mushroom tyrosinase with 
H202 in the presence of the above OH’ scavengers did not 
offer any protection against H202 inactivation compared 
with preincubation of the enzyme with H202 alone 
(Table 4). A total preincubation time of 45 min resulted 
in no difference from the control. The data shown in 
Table 4 are the remaining activity after 10 min of 
preincubation. 

The fact that addition of Fe*+-EDTA to H202 as a 
means of accelerating OH’ production did not enhance 
the inactivation of the enzyme, and that addition of OH’ 
scavengers did not protect the enzyme against inactivation 
by H202, indicate the unlikelihood that the inactivation 
of mushroom tyrosinase by H202 is due to an attack of 
the enzyme by free OH’ produced in the bulk phase. 

Is the inactiuation ojmushroom tyrosinase by H202 due to 
the formation of a dead-end product (oxy-oxytyrosinase)? 

According to Jolley et al. [4], addition of a very low 
concentration of H202 (15 PM) to mushroom tyrosinase 
(4 FM) produces oxytyrosmase which can be destroyed by 
the addition of catalase. 

According to Eickman et al. [33], Lerch [18], Solomon 
[34] and Winkler et al. [35], the mechanism of action of 
tyrosinase is as follows: mettyrosinase ([Cu(II)Cu(II)]; 
also referred to as T resting) is reduced by an endogenous 
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Fig. 5. EffeotoftheFe * ‘-EDTA complex on the mactivatton of 
mushroom tyrosutase by H20> The preincubation mixture 
contained, m a total volume of 20 ml, 70 mM NaPi buffer 
(pH 6.5), 500 pg mushroom tyrosinase (added last), and FeSO, 
(pH 6.5), as indicated. FeS04 was added as the Fe-EDTA com- 
plex, which was prepared fresh by mixing 0.01 mM FeSO, 
and 0.03 mM EDTA (pH 6.5). Control tlasks (----) had no 
H,02, while experimental flasks (--) contained 0.5 mM 
H202. Aliquots (2 ml) were withdrawn at various times and 
odihydroxyphenolase activity was assayed immediately, in a 
total volume of 3.0 ml, by adding DL-DOPAat time zero so that 
the final concentration of DL-DOPA was 6.7 mM. The activity of 
the control samples (without H202) was 0.44, 0.45 and 
0.44 AA 475 nm/mm m the presence of 0, 0.5, 1.0 and 1.5 mM 
Fe*+-EDTA, respectively, and taken as 100%. The activity at 
time zero in the presence of 0.5 mMH202 (but without 
Fe*+-EDTA) was 0.67 AA 475 nm/nun and that in the presence 
of 0.5 mM H202 plus 0 5,l .O and 15 mM Fe*+-EDTA was 0.62, 
0.47 and 0.38 AA 475 nm/min, respecttvely, and also taken as 

100%. The possibility that an oxy-oxytyrosinase is formed by 
an interaction of the enzyme with H20, was tested as 
follows: 

o-drhydroxyphenol (or by exogenously added reductants (a) Mushroom tyrosinase was preincubated with 
such as ascorbate or NH,OH) to deoxytyrosinase HrOz, aliquots were withdrawn at different time intervals, 
[Cu(I)Cu(I)]. Deoxytyrosinase binds to molecular and o-dihydroxyphenolase activity was then assayed with 
oxygen, forming oxytyrosrnase which exists as a peroxide DL-DOPA as the substrate, in the presence or absence of 
form [Cu(II)Cu(II)02] [33]. Oxytyrosinase (thought to catalase. The data in Fig. 6 show that the first phase of 
be the active species) interacts with the substrate (either a HrOr-inactivation of mushroom tyrosinase was identtcal 
monohydroxy- or o-dihydroxyphenol) to form a ternary in the presence or absence of catalase, while the second 
complex [34]. The ternary complex formed between phase was not. In the second phase, catalase offered some 
oxytyrosmase and o-dihydroxyphenol is pictured as fol- protection against HrO, inactivation, probably due to the 
lows [34]: destruction of H20z in the reaction mixture by catalase. 

(b) Mushroom tyrosinase was premcubated with 
0.5 mM H202 for 0,15 and 30 mm. The resultant H,Oz- 
inactivated enzyme was dtalysed exhaustively overnight to 
remove HrOr. The dialysed HrO,-inactivated enzyme 
was then incubated with catalase for 10min and its o- 
dihydroxyphenolase activity was assayed wtth DL-DOPA 
as the substrate. The data in Table 5 illustrate that the 
HrO,-inactivated enzyme did not regain activity as a 
result of 10 mm incubation with catalase. In our experiments (Fig. i), the concentratton of H202 

ts very high relative to the concentration of the enzyme 
(0 5 mM H202 to 0.2 PM mushroom tyrosinase). It 
ts conceivable that tn the presence of relatively high con- 
centrations of Hz02, tyrosinase is converted to an 

Table 4. Effect of addition of OH radical scavengers on the 
inactivation of mushroom tyrosinase by H,O, 

Radical scavenger 
added 

Potassium mate 

Mannitol 

Sodium formate 

L-Histidine 

Remaining activity 
Concentration (%) after 10 min 

(mM) preincubation 

0 41 
3.75 37 
0 34 

75.0 31 
150.0 25 

0 35 
25.0 27 
50.0 27 
0 38 
5.0 35 . 

15.0 28 

The preincubation mixture included, in a total volume of 
26 ml, 70 mM NaPi buffer @H 6.5), 650 pg mu&room tyrosinase 
(added last), 0.5 mM H,O,, and various OH radical scavengers, 
as indicated. Aliquots (2 ml) were withdrawn at various times and 
odihydroxyphenolase activity was assayed immediately, in a 
total volume of 3 ml, by adding DL-DOPA at time zero so that the 
hnal concentration of DL-DOPA was 6.7 mM. 

oxy-oxytyrosinase. The oxy-oxytyrosinase 7 O-O 7 
CL(I1) &II) 

being a hypothetical intermediate analogous to the 
ternary complex formed between oxytyrosinase and 
o-dihydroxyphenol. Oxy-oxytyrosinase is probably a 
“dead-end” form of tyrosinase that cannot bind mono- 
hydroxy- or o-dihydroxyphenols and can therefore be 
considered as an inactivated form of the enzyme. If this 
were the case, then catalase might be expected to destroy 
oxy-oxytyrosinase (if it has access to the complex), and 
consequently the enzyme might regain its activity. 

These results indicate one of the following possibilities: 
(i) that the inactivation of mushroom tyrosinase by H202 
1s not likely to be due to oxy-oxytyrosinase formation; 
(u) that catalase does not have access to the active site of 



Inactlvatlon of mushroom tyrosinase by hydrogen peroxide 403 

100 

2 
p 80 
2 

B 60 
; 

g 40 

h 
20 

Catalase 
(mg) I 

I 1 I I I I 
0 6 12 I8 24 30 

Prelncubatlon time (mm) 

Fig. 6. Eff‘ect of catalase on H,O,-mactlvated mushroom tyro- 
sinase.. The preincubation mixture contained, ma total volume of 
20 ml, 70 mMNaPi buffer (pH 6.5) and 500 pg mushroom 
tyrosmase (added last). Control Basks (----) had no H202, 
while experimental flasks (p) contamed OSmM Hz02. 
Aliquots (2ml) were wrthdrawn at various times and 
odihydroxyphenolase activity was assayed, in a total volume of 
3 ml, by addmg DL-DOPA at time zero, so that the final 
concentration of DL-DOPA was 6.7mM, m the presence or 
absence of 8.6 mg catalase. The actiwty of the control samples 
(without H202) was 0.65 and 0.69AA 475nm/min in the 
presence of 0 or 8.6 mg catalase, respectively, and taken as 100%. 
The activity at time zero in the presence of 0.5 mM Hz02 (but 
without catalase) was 1.09AA 475 nm/mm, and that in the 
presence of 0.5 mMH,O, and 8.6 mg of catalase was 

0.66 AA 475 nm/mm, respectively, and also taken as 100 %. 

mushroom tyrosinase; and (iii) that oxy-oxytyrosinase 
cannot be acted upon by catalase. 

Comparison between the rate of inactivation of mushroom 
tyrosinase under aerobic vs. anaerobic conditions 

As mentioned above, oxytyrosinase is thought to 
be the active species of mushroom tyrosmase to which 
either a monohydroxy- or dihydroxyphenol binds [18]. 
Interaction of oxytyrosinase with o-dihydroxyphenols 
results in the formation of o-quinones and the concomi- 
tant reduction of oxytyrosinase to mettyrosinase [18]. 
The conversion of oxytyrosinase to mettyrosinase occurs 
either directly or via a hypothetical intermediate 
[Cu(I)Cu(I)O’] [18]. 

When one molecule of tyrosmase acts on its phenolic 
substrates, the enzyme undergoes rapld inactivation every 
5 x 10’ turnovers, a Dhenomenon referred to as suicide- 
type inactivation. [ li]. Lerch [ 181 suggested that the 
suicide&be inactivation of tvrosinase is caused bv OH’ 
bound to the enzyme (enzy&-@+-OH.). The litter is 
thought to be generated from an incomplete reduction of 
the hypothetlcal intermediate [Cu(I) Cu(I)O’]. In the case 
of Neurospora tyrosinase, the enzyme-bound OH’ then 
attacks histidine-306 at the active site of the enzyme, 
leading to loss of activity [18]. 

According to Jolley et al. [4], mettyrosinase can interact 
directly with HzO, in the presence of oxygen to form 
oxytyrosinase. Oxytyrosinase [Cu(II) Cu(II)02] is in 
equilibrium with deoxytyrosinase [Cu(I)Cu(I)] and 
oxygen [4]. Deoxytyrosmase is also obtamed by an 

Table 5. Effect of catalase on the inactivation of mush- 
room tyrosmase by H202 

Activity after dialysis 
Preincubation before treatment after treatment 

Hz% time with catalase with catalase 

(mM) (min) (AA 475 run/mm) 

None 0 0.47 0.50 
None 15 0.47 0.50 
None 30 0.47 0.50 
0.5 0 0.080 0.085 
0.5 15 0.035 0.035 
0.5 30 0.015 0.020 

The preincubation rmxture contained, in a total volume 
of 20 ml, 47 mM NaPi buffer @H 6.5) and 500 pg mush- 
room tyrosinase (added last), in the presence or absence of 
0.5 mM H202. At the indicated time, 4 ml aliquots were 
withdrawn and dialysed overnight agamst 0.05 MNaPi 
buffer (pH 6.5) to remove H202. Samples of the tiysed 
rmxtures were then incubated urlth Smg catalase for 
10 min and assayed by adding DL-DOPA at time zero so 
that the final concentration of DL-DOPA was 6.7 mM. 
Other samples were assayed in the absence of catalase. m 
the same way. 

interaction of mettyrosmase wtth H202 under anaerobic 
conditions [4]. 

Hodgson and Frldovich [3] reported that the rate of 
Hz02 inactivation of CuZn-SOD was twice as fast under 
nitrogen as under 100% oxygen and explained this 
phenomenon by suggestirig that oxygen protects the 
enzyme against H202 inactivation by competmg with 
H202. 

A comparison was made between the rate of inacti- 
vation of mushroom tyrosinase by H202 under aerobic 
vs. anaerobic conditions. The data in Fig. 7 show that the 
rate of inactivation of mushroom tyrosinase by H202 is 
faster under anaerobic conditions (nitrogen) than under 
aerobic ones (air). Controls without H202 were not 
affected by nitrogen (Fig. 7). Fifty percent inactivation of 
the enzyme by H202 occurred after 9 min in the presence 
of iilr, but after only one min under nitrogen (Fig. 7). The 
rapid rate of inactivation of mushroom tyrosinase by 
H202 by nitrogen was irreversible,Judged by the observa- 
tion that bubbling air through a mixture containing the 
enzyme, H202 and NaPl buffer, which had been pre- 
incubated previously under nitrogen, did not restore any 
of the activity. 

We would like to suggest that the inactivatlon of 
mushroom tyrosinase by H202 may be due to the 
formation of tyrosinase Cu(II)-OH’. The latter can be 
produced by interaction of H20z with Cu+ present m 
deoxytyrosinase, yielding OH’ bound to the enzyme in a 
Fenton-type reaction [28] as follows: 

(3) Cu(I)Cu(I)+ H202 --, Cu(II)Cu(II)-GH’ 
deoxytyrosinase tyrosinase Cu(II)-OH’ 

Tyrosinase Cu(II)-OH’ could oxidize histidme at the 
active site of the enzyme, causing the enzyme’s inactl- 
vation, since histidines are known to be the Cu2+ ligands 
of the enzyme [18]. It is likely that as a result of the 



404 A. ANDRAWIS and V. KAHN 

(A) Aor “202 
ImM) 

Ol’ 
0 5 IO 15 20 25 30 35 

Preincubatlon time (min) 

(8) Nitrogen 
“202 
(mM) 

0 5 IO I5 20 25 30 35 

Praincubotion twne (min) 

Fig. 7. Comparison between the rate of mushroom tyrosmase 
inactivation by Hz02 in air and under mtrogen. (A) The reaction 
nuxture included, m a total volume of 26 ml, 70 mM NaPi buffer 
@H 6.5), m the presence or absence of 0.5 mM Hz02 as indicated. 
(B) The reaction mixture included, m a total volume of 26 ml, 
70mMNaPl buffer (pH 6.5), in the presence or absence of 
0.5 mM H202 as indcated. Air was bubbled through the reaction 
mixture (A) for 60 min and purified nitrogen (99.99 %), passed 
through an oxygen trap, was bubbled through the reaction 
mixture (B) for 60 mm, after which 260 pg mushroom tyrosmase 
was added to each. The reactions were kept under nitrogen 
(without bubblmg) for an additIona 40 min Incubation permd. 
In both (A) and (B), 2 ml ahquots were withdrawn at various 
times and o-dlhydroxyphenolase activity was assayed im- 
mediately In a total volume of 3 ml by adding DL-DOPA at time 
zero, so that the final concentration of DL-DOPA was 6.7 mM. 

destruction of histidine, Cu2 + would be released from the 
active site of the enzyme. 

The differences in the rate of inactivation of mushroom 
tyrosinase by H,02 under aerobic vs. anaerobic con- 
ditions (Fig. 7) can be explained as follows: under aerobic 
conditions, H20z interacts with mettyrosinase to form 
oxytyrosinase, and the latter 1s in equilibrium with 
deoxytyrosmase [4] which can then interact with excess 
H202 to produce. tyrosinase Cu(II)-OH’. Oxygen can 
compete with H20z for deoxytyrosinase, converting it to 
oxytyrosinase. Under such conditions, the relative con- 
centration of deoxytyrosinase would be low. This 1s 
shown in the following scheme: 

Aerobic 
(4) cu(II)cu(II) Hzo, ,cu(II)cu(II)O2 

mettyrosinase oxytyrosinase 

Cu(I1) Cu(II)--OH’< H,01 C;(i) Cu(1) 

tyrosinase Cu(II)-OH’ deoxytyrosinase 

Under anaerobic conditions mettyrosinase can interact 
with H202 to produce deoxytyrosinase [4] and the latter 
can then interact with excess H202 to produce tyrosinase 
Cu(II)-OH’. Under such conditions, the relative concen- 
tration ofdeoxytyrosinase would be high. This is shown in 
the following scheme: 

Anaerobic 
(5) Cu(I1) Cu(II)H101- Cu(1) Cu(1) 

mettyrosinase deoxytyrosinase 

1 H202 

Cu(II)Cu(II)--OH’ 

tyrosinase Cu(IIwH’ 

The presence of a relatively high concentration of 
deoxytyrosmase under anaerobic compared with aerobic 
conditions would lead to a high production of tyrosmase 
Cu(II)-OH’, as shown in scheme (3). This would explain 
our finding that the rate of H202-inactivation of mush- 
room tyrosinase is faster under anaerobic conditions than 
under aerobic ones (Fig. 7). 

EXPERIMENTAL 

Mushroom ryrosinuse. Unless otherwIse indicated, o-&- 
hydroxyphenolase activity was assayed in a reaction mixture that 
mcluded, in a total vol. of 3 ml, 47 mM NaPi buffer (pH 6.5), 
6.7 mM freshly prepared DL-DOPA and mushroom tyrosmase 
(added last). The formation of dopachrome was followed 
spectrophotometrically at 475 nm (using a Varian 635 spectro- 
photometer eqlupped with a recorder) as a function of time. The 
reaction was linear for about 90 set and activity (AA 475 nm/mm) 
was estimated from the imtial linear portlons of the curves. 

Preparation of apotyrosmase. Apotyrosmase was prepared 
accordmg to the method of ref. [36], by exhaustwe dialysis of 
mushroom tyrosmase against 10 mM KCN (pH 7) for 24 hr, 
followed by five exchanges against 50 mM NaPl buffer (pH 6.5) 
for another 24 hr. Partial reconstitution of apotyrosinase was 
aclneved by Incubating apotyrosmase with 100-fold excess of 
C&O, for 30 mm. 

HzO, concn was determmed spectrophotometrtcally at 
240 nm using Em (240 nm) of 43.6 M-’ cm-‘. 

Materials Mushroom tyroslhase (grade III), catalase (C-100) 
from bovine liver, DL-DOPA, DTPA, K urate, tropolone, NaN,, 
Na2S203, t-mimosme, L-phenylalanine and pfluorophenyl- 
alanine were obtained from the Sigma; EDTA, mannitol, 
HCOONa, L-histldme, NaF and C,H&OONa were obtained 
from BDH; H202 was purchased from Merck. 
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