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This paper reports experiments on the stereospecificity observed

in the monophenolase and diphenolase activities of mushroom

tyrosinase. Several enantiomorphs of monophenols and o-di-

phenols were assayed: -tyrosine, ,-tyrosine, -tyrosine; -α-

methyltyrosine, ,-α-methyltyrosine; -dopa, ,-dopa, -

dopa; -α-methyldopa, ,-α-methyldopa; -isoprenaline, ,-

isoprenaline and -isoprenaline. The V
max

values obtained for

each series were the same. The electronic densities on the carbon

atoms in the meta (C-3) and the para (C-4) positions of the

benzene ring were determined by NMR assays. This value is

INTRODUCTION

Tyrosinase (monophenol, o-diphenol :oxygen oxidoreductase,

EC 1.14.18.1) is a copper enzyme that is widely distributed

throughout micro-organisms, plants and animals. It is of central

importance in such processes as vertebrate pigmentation and the

browning of fruits and vegetables [1]. Different tyrosinases

obtained from several biological sources have similar structural

and functional characteristics [2].

The active site of tyrosinase consists of two copper atoms and

three states : ‘met ’, ‘deoxy’ and ‘oxy’ [3–8]. Structural models

for the active site of these three forms have been proposed [9–13].

This enzyme catalyses the ortho-hydroxylation of monophenols

(monophenolase activity) and the oxidation of o-diphenols to

o-quinones (diphenolase activity) [2,14]. The monophenolase

activity is coupled to its diphenolase activity and to the non-

enzymic reactions from the corresponding o-quinones [15–30].

Several monophenols and o-diphenols are chiral tyrosinase

substrates (-, ,- and -enantiomers). Some works have

reported the stereoselective action of several tyrosinases on these

enantiomers [31,32], although this phenomenon has not been

systematically characterized. Wilcox et al. [11] reported stereo-

specificity for tyrosinase from Neurospora crassa. -Tyrosine, -

tyrosine, -dopa and -dopa were assayed and their kinetic

constants were obtained. The results did not show a determined

sequence in the K
m

and V
max

values when the different isomers

were compared. Khan and Pomerantz [33] reported the same

V
max

value for -tyrosine and -tyrosine, as well as for -dopa

and -dopa, by using avocado polyphenol oxidase. The same

pattern was obtained for Vibrio tyrosinaticus tyrosinase [34].

Different results were obtained for mammalian [35] and

Pseudomonas tyrosinase [36]. However, all these contradictory

results might simply have arisen from the assay methods used,

which might not have rendered reliable and precise results.

Abbreviations used: δ3, chemical displacement value for C-3 (meta) ; δ4, chemical displacement value for C-4 (para) ; DMF, N,N «-dimethylformamide;
MBTH, 3-methyl-2-benzothiazolinone hydrazone; Vss, steady-state rate.

1 To whom correspondence should be addressed (e-mail canovasf!fcu.um.es).

related to the nucleophilic power of the oxygen atom belonging

to the hydroxy group, which could explain the V
max

values

experimentally obtained for the monophenolase and diphenolase

activities of mushroom tyrosinase. The spatial orientation of the

ring substituents led to lower K
m

values for -isomers than for -

isomers. However, the V
max

values were the same for each series

of isomers because spatial orientation did not affect the NMR

value of C-4. Therefore mushroom tyrosinase showed stereo-

specificity in its affinity towards its substrates (K
m
) but not in the

transformation reaction rate (V
max

) of these substrates.

Catalytic stereospecificity has been reported in other enzymes

such as horseradish peroxidase and lactoperoxidase. This

phenomenon was approached with ESR spin stabilization tech-

niques combined with optical methods by Ferrari et al. [37], with

the substrates -dopa and -dopa. The kinetic parameters, K
m

and V
max

, of these enantiomers were found to differ. The

peroxidase reaction mechanism might justify these results.

In a recent paper [13] the lack of quantitative results on the

monophenolase activity of tyrosinase was reported. The aim of

our paper is the systematic study of the stereospecificity of

mushroom tyrosinase in its action on several chiral monophenolic

and o-diphenolic substrates. Monophenolase and diphenolase

activities of mushroom tyrosinase were determined spectro-

photometrically by using the chromogenic nucleophile 3-methyl-

2-benzothiazolinone hydrazone (MBTH). This nucleophile traps

the enzyme-generated o-quinones to render a stable and soluble

MBTH–o-quinone adduct of high molar absorption coefficient

[21,23–31]. NMR studies on these chiral substrates were also

made, to estimate their nucleophilic power as predictors of their

catalytic efficiency with tyrosinase. The results obtained for the

enzymic activity were compared with the NMR predictions and

were found to fit to a previously proposed reaction mechanism

for tyrosinase from different fruits and vegetables [19,24,26,

28–30,38].

EXPERIMENTAL

Materials

-Tyrosine, ,-tyrosine, -tyrosine, -α-methyltyrosine, ,-α-

methyltyrosine, -dopa, ,-dopa, -dopa, -α-methyldopa, ,-

α-methyldopa, -isoprenaline, ,-isoprenaline, -isoprenaline

and MBTH were purchased from Sigma (Madrid, Spain). All

other chemicals were of analytical grade and supplied by Fluka
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(Madrid, Spain). Stock solutions of the phenolic substrates were

prepared in 0±15 mM phosphoric acid to prevent autoxidation.

The acidic character of MBTH required the use of 50 mM buffer

in the assay medium. To dissolve the MBTH–quinone adducts,

2% (v}v) N,N «-dimethylformamide (DMF) was added to the

assay medium [21,23–31]. Milli-Q system (Millipore Corp.)

ultrapure water was used throughout this research.

Enzyme source

Mushroom tyrosinase (8300 units}mg) was purchased from

Sigma (St. Louis, MO, U.S.A.) and purified by the procedure of

Duckworth and Coleman [39]. Protein concentration was de-

termined by the method of Bradford [40]. The enzyme con-

centration was calculated by assuming a molecular mass of

120 kDa.

Spectrophotometric assays

Kinetic assays were performed by measuring the appearance of

the product in the reaction medium in a UV–visible Perkin Elmer

Lambda-2 spectrophotometer, interfaced on-line with an IBM

PC 486 DX microcomputer. Temperature was controlled at

25 °C by using a Haake D1G circulating-water bath with

a heater}cooler and checked using a Cole-Parmer digital

thermometer with a precision of ³0±1 °C. Reference cuvettes

contained all the components except the substrate in a final

volume of 1 ml.

Monophenolase and diphenolase activities of mushroom tyro-

sine were determined spectrophotometrically by using MBTH, a

potent nucleophile through its amino group, which attacks the

enzyme-generated o-quinone in position 6 [21,23–31], trapping it

to render a soluble and stable MBTH–quinone adduct of high

molar absorption coefficient. The stability of the MBTH–quinone

adducts and the rapid assay times provide a reliable assay

method for determining the monophenolase and diphenolase

activities of tyrosinase from several sources [21,23–30].

Kinetic data analysis

The K
m

and V
max

values for different substrates were calculated

from triplicate measurements of the steady-state rate, V
ss
, for

each initial substrate concentration, [S]
!
. The reciprocals of the

variances of V
ss

were used as weighting factors in the non-linear

regression fitting of V
ss
–[S]

!
data to the Michaelis equation

[41,42]. The fitting was performed by using Marquardt’s al-

gorithm [43] implemented in the SIGMA PLOT 2.01 program

for Windows4 [44]. Initial estimates ofK
m

and V
max

were obtained

from the Hanes–Woolf equation, a linear transformation of the

Michaelis equation [41].

NMR assays

"$C NMR spectra of several substrates were obtained in a Varian

Unity spectrometer at 300 MHz. The spectra were obtained at

the optimum pH of mushroom tyrosinase by using #H
#
O as

solvent for the substrates. Chemical displacement (δ) values were

measured relative to those for tetramethylsilane (δ¯ 0). The

maximum line width accepted in the NMR spectra was 0±06 Hz.

Therefore the maximum error for each peak of the spectrum was

³0±03 p.p.m.

RESULTS AND DISCUSSION

Kinetic assays

V
max

and K
m

values were obtained for each series of isomers.

Whereas V
max

values were the same, the K
m

values were different

for each series of isomers at the same enzyme concentration. The

sequence of K
m

values was: -isomers",-isomers" -iso-

mers, the same sequence of results as that obtained for mono-

phenols and o-diphenols (Tables 1 and 2). It should be noted that

the V
max

values decreased and K
m

values increased when the

molecular mass of the substituent side chain of the monophenols

or o-diphenols increased (Tables 1 and 2).

NMR assays

Because monophenols or o-diphenols with an electron-with-

drawing substituent are poorly oxidized [13], a side chain of high

electron donor capacity will facilitate the hydroxylation and

oxidation of monophenols and o-diphenols respectively. To

study the electron donor capacity of the side chain, the different

isomers for monophenols and o-diphenols were studied by means

of NMR assays. In such a study, the highest electron donor

capacity corresponds to the highest electronic charge and the

lowest δ values for C-4 (para) in monophenols and for C-3 (meta)

and C-4 in o-diphenols. The δ
%

values for monophenols and δ
$

and δ
%

values (where 3 and 4 refer to C-3 and C-4 respectively)

for o-diphenols are shown in Table 3. The δ values were similar

for the series (-, ,- and -isomers) of each monophenol and

o-diphenol.

From the results of the NMR studies (Table 3) it can be seen

that similar δ
%
values for each isomer of monophenol and similar

δ
$
and δ

%
values for each isomer of o-diphenol predicted the same

nucleophilic power of the oxygen from the aromatic hydroxy

group to attack the copper atoms of the enzyme’s active site.

Therefore the V
max

values must be the same (Tables 1 and 2).

These results also indicated that the reactivity of each series of

isomers was the same. This NMR study supported the same

sequence of V
max

values as was obtained spectrophotometrically.

If the electronic density (reactivity) is exactly the same (Table 3),

then the nucleophilic power of the oxygen from the hydroxyl

group to attack the copper atoms of the active site of the enzyme

must be the same. Therefore the transformation rate (V
max

) of the

enzyme on the several isomers of each series of substrates is also

the same (Tables 1 and 2).

The sequence of K
m

values obtained for the different en-

antiomers (-!,-!-) could be explained by the effect of the

spatial orientation of the side chain, which would affect one of

several rate constants in the K
m

expression for the monophenolase

and diphenolase activities of tyrosinase [19,38].

Diphenolase activity

The diphenolase reaction mechanism of tyrosinase (Scheme 1)

involves several rate constants for the analytical expressions of

VD

max
and KD

m
[19,38], where D indicates o-diphenols :
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The transformation steps ruled by k
$
and k

(
could be separated

into two sub-steps : first the nucleophilic attack of the oxygen
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Table 1 Kinetic constants for the monophenolase activity of mushroom tyrosinase on several monophenolic enantiomorphs

Conditions were : 50 mM phosphate buffer, pH 6±8, 2% (v/v) DMF, saturating MBTH concentration, differing monophenol concentrations and 3±8 nM mushroom tyrosinases. Results are

means³S.D. for three separate experiments.

Monophenol V M
max (µM/min) kM

cat (s−
1) K M

m (mM) V M
max/K

M
m (min−1)

L-Tyrosine 1±80³0±05 7±9³0±2 0±27³0±01 6±7¬10−3³4±5¬10−4

D,L-Tyrosine 1±85³0±06 8±1³0±3 0±90³0±01 2±0¬10−3³8±7¬10−5

D-Tyrosine 1±82³0±06 8±0³0±3 1±86³0±02 9±8¬10−4³4±3¬10−5

L-α-Methyltyrosine 0±13³0±01 0±6³0±05 1±20³0±01 1±1¬10−4³9±4¬10−6

D,L-α-Methyltyrosine 0±13³0±01 0±6³0±05 1±45³0±01 9±0¬10−5³7±5¬10−6

Table 2 Kinetic constants for the diphenolase activity of mushroom tyrosinase on several o-diphenolic enantiomorphs

Conditions were the same as described in Table 1. Results are means³S.D. for three separate experiments.

o-Diphenol V D
max (µM/min) k D

cat (s−
1) K D

m (mM) V D
max/K

D
m (min−1)

L-Dopa 24±5³1±0 107±4³4±4 0±8³0±04 3±1¬10−2³2±8¬10−3

D,L-Dopa 24±4³1±0 107±0³4±4 1±4³0±06 1±7¬10−2³1±4¬10−3

D-Dopa 24±5³1±0 107±4³4±4 4±5³0±15 5±4¬10−3³4±0¬10−4

L-α-Methyldopa 10±1³0±5 44±3³2±2 6±8³0±28 1±5¬10−3³1±4¬10−4

D,L-α-Methyldopa 10±1³0±5 44±3³2±2 8±0³0±41 1±3¬10−3³1±3¬10−4

L-Isoprenaline 6±7³0±3 29±4³1±2 6±6³0±31 1±0¬10−3³9±2¬10−5

D,L-Isoprenaline 6±7³0±3 29±4³1±2 9±7³0±61 6±9¬10−4³7±4¬10−5

D-Isoprenaline 6±8³0±3 29±8³1±4 18±1³0±91 3±7¬10−4³3±5¬10−5

Table 3 δ values for C-3 and C-4 of several phenolic compounds at pH 6±8

Conditions were as detailed in the Experimental section.

Substrate δ3 (p.p.m.) δ4 (p.p.m.)

L-α-Methyltyrosine – 159±10
D,L-α-Methyltyrosine – 159±10
L-Tyrosine – 158±88
D,L-Tyrosine – 158±88
D-Tyrosine – 158±89
L-Dopa 146±92 146±05
D,L-Dopa 146±92 146±06
D-Dopa 146±92 146±06
L-α-Methyldopa 146±74 146±18
D,L-α-Methyldopa 146±73 146±18
L-Isoprenaline 146±88 146±83
D,L-Isoprenaline 146±87 146±83
D-Isoprenaline 146±87 146±83

Scheme 1 Kinetic reaction mechanism for the diphenolase activity of
tyrosinase

Abbreviations : Em, met-tyrosinase or oxidized form of tyrosinase with Cu2+–Cu2+ in the active

site ; Ed, reduced form of tyrosinase with Cu+–Cu+ in the active site ; Eo, oxy-tyrosinase (EdO2

or EmO
2−
2 ) ; D, o-diphenol ; Q, o-quinone ; N, nucleophile (MBTH) ; NQH, MBTH–quinone adduct.

Scheme 2 Reaction mechanism for the monophenolase and diphenolase
activities of tyrosinase coupled to non-enzymic reactions from o-quinone

Abbreviations : Em, met-tyrosinase or oxidized form of tyrosinase with Cu2+–Cu2+ in the active

site ; Ed, reduced form of tyrosinase with Cu+–Cu+ in the active site ; Eo, oxy-tyrosinase (EdO2

or EmO
2−
2 ) ; M, monophenol ; D, o-diphenol ; Q, o-quinone ; LC, leucochrome ; AC, aminechrome ;

N, nucleophile (MBTH) ; NQH, MBTH–quinone adduct ; NA, nucleophilic attack ; HR,

hydroxylation reaction [19,23,25,28–30,38].

from the hydroxy group of the aromatic ring on the copper

atoms of the active site, and then oxidoreduction. It is of note

that the δ
%

values increased with the increasing size of the side
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substituent. This implies a decrease in the nucleophilic power and

therefore a decrease in the VD

max
value to be expected (Table 2).

Because the side substituents of the different isomers of each

series assayed were the same, the VD

max
values were also the same

(Table 3).

Moreover, in accordance with eqn. (2), an increase in the size

of the side substituent provoked an increase in the KD

m
values.

This could be explained by a decreased k
#

and k
'

values and

increased k
−#

and k
−'

values. When the different isomers of each

series were assayed, the spatial orientation of the side chain of

-isomers provoked the same effect.

Therefore, as regards the diphenolase activity of mushroom

tyrosinase, these results suggest that this enzyme shows stereo-

specificity in its affinity towards the substrates (KD

m
), but does not

show stereospecificity in the transformation reaction of these

substrates (VD

max
).

Monophenolase activity

In the monophenolase reaction mechanism of tyrosinase (Scheme

2) the analytical expressions for VM

max
and KM

m
(where M indicates

monophenols) involve more rate constants than those for the

diphenolase activity [19,38] :
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The effect of the side substituent is similar to that which occurs

in the diphenolase activity. When δ
%

increased (Table 3), the

nucleophilic power of the oxygen from the hydroxy group on C-

4 decreased.

The step ruled by k
&
could be separated into two sub-steps, a

nucleophilic attack and a hydroxylation reaction. The trans-

formation reaction rate decreased when the side substituent

increased in size (Table 1). However, the size of the side

substituent of different isomers of each series was the same, so

the VM

max
values were the same (Table 1).

The monophenolase reaction mechanism of tyrosinase is

coupled to diphenolase activity (Scheme 2) [19,38]. δ
%
values were

much lower for o-diphenols than for monophenols (Table 3).

This indicated that the limiting step in the reaction mechanism of

tyrosinase could be the step ruled by k
&
. These results agree with

previous findings discussed elsewhere [38].

Regarding the KM

m
values, the behaviour was the same as that

previously found for o-diphenols. It is of note that the hy-

droxylation constant (k
&
) is in direct proportion to VM

max
(eqn. 3).

In the KM

m
expression, the hydroxylation constant is not in direct

proportion (eqn. 4), so it is concluded that the effect of k
&
on KM

m

is not direct. Moreover, the expressions for KM

m
and VM

max
are

complex and variations in k
#
, k

'
, k

%
and K

"
could lead to an

increased KM

m
value.

Furthermore the spectrophotometric recordings of the mono-

phenolase activity of mushroom tyrosinase with -, ,- and -

tyrosine (Figure 1) showed different lag periods (τ). The largest

τ corresponded to the isomer whose KM

m
was the lowest, and the

smallest τ corresponded to the isomer whose KM

m
was the highest

(Table 1). That the substrate with the highest catalytic power

showed a longer lag period might seem contradictory, but the

proposed reaction mechanism [19,38] (Scheme 2) would explain

this. If the KM

m
for the monophenol is low (high affinity of the

enzyme for the substrate), then the E
m

form, which is inactive on

monophenols (Scheme 2), is more saturated by the monophenol

(M) and therefore the step from E
m

to E
d
, which is governed by

k
#
, is delayed because there is less free enzyme, E

m
, and because

there is more enzyme in the dead-end complex E
m

M. This

phenomenon can also be appreciated when the effect of mono-

phenol concentration is studied. In this case, τ increases with

increasing monophenol concentration [19,24,26,28–30,38].

To sum up, previous studies have reported that electron-

withdrawing substituents in the aromatic ring of phenolic com-

pounds cause poor tyrosinase-catalysed oxidation. A high elec-

tron donor capacity of the substituent will increase this tyro-

sinase-catalysed reaction. If the electron donor capacity is the

same (similar δ
%

values for monophenols, and similar δ
$

and δ
%

values for o-diphenols) for several substrates (enantiomers of

monophenols and o-diphenols), the oxidation rate will also be

the same. On the basis of the kinetic (Tables 1 and 2) and NMR

(Table 3) assays, mushroom tyrosinase did not show stereo-

specificity in the transformation reaction rate (V
max

) of several

isomers of monophenols and o-diphenols. From the sequence of

K
m

values obtained, mushroom tyrosinase showed stereo-

specificity in its affinity towards these chiral substrates (Tables 1

and 2). Moreover the decrease in size of the side substituent in

the aromatic ring increased the affinity properties (1}K
m
), velocity

(V
max

) and catalytic power (V
max

}K
m
) of tyrosinase towards

monophenolic and o-diphenolic substrates.

Figure 1 Spectrophotometric recordings of the monophenolase activity of
mushroom tyrosinase : dependence of the lag period on monophenolic
isomers

Conditions were : 50 mM phosphate buffer, pH 6±8, 2% (v/v) DMF, saturating MBTH

concentration, 3±8 nM mushroom tyrosinase and 0±3 mM L-tyrosine (L), 0±3 mM D,L-tyrosine

(DL) or 0±3 mM D-tyrosine (D).
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