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Tyrosinase is a copper enzyme with broad substrate specifity toward a lot of phenols with different
biotechnological applications. The availability of quick and reliable measurement methods of the
enzymatic activity of tyrosinase is of outstanding interest. A series of spectrophotometric methods
for determining the monophenolase and diphenolase activities of tyrosinase are discussed. The
product of both reactions is the o-quinone of the corresponding monophenol/diphenol. According
to the stability and properties of the o-quinone, the substrate is classified as four substrate types.
For each of these substrate types, we indicate the best method for measuring diphenolase activity
(among eight methods) and, when applicable, for measuring monophenolase activity (among
four methods). The analytical and numerical solutions to the system of differential equations
corresponding to the reaction mechanism of each case confirm the underlying validity of the
different spectrophotometric methods proposed for the kinetic characterization of tyrosinase in
its action on different substrates.
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INTRODUCTION

Tyrosinase or polyphenol oxidase (PPO) (monophenol, o-
diphenol: O2 oxidoreductase, EC 1.14.18.1), is an enzyme with
a binuclear copper center that catalyzes two different reactions,
in both of which it uses molecular oxygen. These reactions are
the orthohydroxylation of monophenols (M) to o-diphenols (D)
(monophenolase activity) and the oxidation of o-diphenols to
their o-quinones (Q) (diphenolase activity) (1, 2).

The active site of the enzyme contains a pair of antiferro-
magnetically coupled copper(II) ions or T3 center. Three forms
exist in the catalytic cycle: “met”, “deoxy”, and “oxy” (2). The
structure of mushroom tyrosinase is not known, but evolutionary
correlations and spectroscopic similarities (3, 4) with two related
proteins containing the same type-3 copper that have been
structurally characterized, namely, hemocyanin (5, 6) and
catechol oxidase (7), suggest a common active site, in which
six histidine ligands are bound to the pair of copper ions (8).

The crystal structure of a tyrosinase from Streptomyces bound
to a “caddie protein” has been resolved (9).

Several reviews on PPO have recently been published,
including plant PPO (10) and mushroom PPO with inhibitors
(11, 12), and another on potential applications in bioengineering
and biotechnology (13). Indeed, since 1994 hundreds of papers
dealing with plant and fungal PPO have been published. Many
methods have been used to measure enzyme activity, although
many pitfalls exist in this respect, basically, we think, because
of the reactions that the product of the enzymatic action (o-
quinone) undergo with the original substrate or with nucleophilic
reagents (14).

PPO is an enzyme with a wide range of substrate specificity,
which has led to many methods being proposed to measure its
activity: radiometric (15, 16), electrometric (17, 18), chrono-
metric (19, 20) and, especially spectrophotometric (21–44),
which are fast and affordable by most laboratories. A review
about some of the methods used to measure the different
enzymes involved in melanogenesis has been published (45).

PPO uses molecular oxygen to hydroxylate monophenols to
o-diphenols, which are then oxidized to their corresponding
o-quinone. This o-quinone, in turn, takes part in a series of
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chemical reactions and finally polymerizes (40). Although most
quinones are unstable, if some colored intermediary accumulates
in the medium, that is, if it evolves slowly, it can be measured
spectrophotometrically. Moreover, quinones can react with
nucleophilic reagents (N), which is useful for directing them
toward a chromophoric product, nucleophile-quinone (NQ) with
a given stoichiometry (22, 24, 31–33, 35–39).

The fact that PPO catalyzes the oxidation of its monophenol/
o-diphenol substrates, giving rise to unstable o-quinones, has
led some authors to propose that the best way to measure the
enzymatic activity is to measure the disappearance of the
monophenol or o-diphenol (43). This stems from the fact that
most spectrophotometric methods proposed in the literature are
based on measuring the product of the o-quinone as it evolves
or the product of its reaction with a reagent (21–44). The
methods used to measure the disappearance of substrate are no
better than those used to measure the appearance of product in
an enzymatic reaction (46). Furthermore, when substrate disap-
pearance is measured at ultraviolet wavelengths, the molar
absorptivity coefficients are usually high and the concentration
cannot be increased much to reach PPO saturation because the
phototube will not respond.

The aim of this review is to identify the best spectrophoto-
metric method for measuring each particular type of tyrosinase
substrate, which we shall group into four types. Eight methods
will be proposed to measure diphenolase activities and four for
measuring monophenolase activity. The kinetic basis of each
method will be described, and an example of its application to
a characteristic substrate of tyrosinase from each group will be
given. The simulated values of the reaction rates obtained by
the theoretical detection of several species will be compared
with the experimental procedures described in the bibliography.

KINETIC REACTION MECHANISM OF PPO ACTIVITY

Diphenolase Activity. The kinetic mechanism of Scheme 1
describes the turnover of the diphenolase activity of tyrosinase,
based on structural and kinetic studies (2, 37, 40, 47–49). The
native form of the enzyme is mainly as Em, with the copper
oxidized. This form binds to an o-diphenol molecule, forming
the complex EmD; the oxidized form of the o-diphenol is
released in the form of o-quinone and the enzyme is reduced to
the deoxy form Ed, which binds to an oxygen molecule to give

the species Eox, which reacts again with another o-diphenol
molecule producing the complex EoxD. The o-diphenol is then
oxidized to o-quinone, and the enzyme returns to its Em form.
The o-quinones formed evolve in different ways depending on
their stability, and it is the way in which they evolve that is
useful in the different spectrophotometric measurement methods
indicated in Scheme 2 (26, 50).

Monophenolase Activity. PPO turnover in monophenolase
activity is more complex (Scheme 3). In reactions that reach
the steady state, the o-quinone generated must evolve chemically
in such a way that a given quantity of o-diphenol is accumulated
in the medium (Scheme 4). The turnover of PPO acting on
monophenols (if the steady state is reached) involves (according
to Scheme 3) a hydroxylase cycle, an oxidase cycle, and a dead
end, which coincide with the sequence of chemical reactions
that originate from the o-quinone (Scheme 4).

Briefly, Eox would start the turnover by acting on M, which
is hydroxylated to generate EmD. At this point the enzyme
may oxidize D to Q, generating Ed, or release D producing
Em, which would bind with M to produce the inactive form
EmM. If o-quinone is unstable, as occurs in the case of
o-dopaquinone, D is recycled to the reaction medium through
intramolecular cyclization and further redox steps (40, 50).
This would involve the transformation of Em (which is
inactive toward M) into the Eox (which is active toward M)
and give rise to the lag period which is a characteristic of
this activity (Schemes 3 and 4). Another way in which
o-diphenol can be accumulated in the reaction medium is to
attack it with a nucleophilic reagent (N) generating a
nucleophile-quinone (NQ) (Schemes 3 and 4B) (35–37). In
both cases the system reaches the steady state. However, if
the o-quinone is very stable or if it is reduced continuously
with a reductant such as ascorbic acid (Schemes 3 and 4C)
(51), the system will never reach the steady state. All this
must be borne in mind when developing methods for
measuring the monophenolase activity (see below).

SUGGESTED CLASSIFICATION OF THE SUBSTRATES OF
TYROSINASE

Due to the wide specificity of PPO, several types of substrate
can be considered according to the stability of the corresponding
quinone:

SA: Substrates Yielding Stable o-Quinone. The clearest
example is 4-tert-butylcatechol (TBC) whose o-quinone (o-
TBQ) is very stable. In this case, the o-quinone can be measured
and V0 can be calculated accurately (44). The diphenolase
activity can be determined, but not the monophenolase activity
(52) (see below).

SB: Substrates Yielding a Stable Coupling Product. This
is a substrate that produces a very unstable o-quinone but
that evolves to a stable product through a first-order reaction.
An example is 3,4-dihydroxymandelic acid (DOMA) whose
o-quinone evolves to 3,4-dihydroxybenzaldehyde (DOBA)
(34). Other examples of a type SB substrate are L-dopa (26),
dopamine (27), L-R-methylnoradrenaline (28), isoproterenol
(29), epinine (31), and L-dopa methyl ester (53), whose
o-quinone evolves to aminochrome. A kinetic analysis shows
that the experimentally measurable velocity is directly related
with the real enzymatic activity, V0 in the first case (DOMA)
and V0/2 in all other cases. The diphenolase activity can be
monitored in either of the above cases by measuring the
accumulation of stable product generated. The monopheno-
lase activity can be obtained through measuring the formation

Scheme 1. Basic Reaction Mechanism of PPO on o-Diphenolsa

a Q evolves through the reactions indicated in Scheme 2.
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of product in the case of the monophenols corresponding to
L-dopa, dopamine, and L-dopa methyl ester (L-tyrosine,
tyramine, and tyrosine methyl ester, respectively) (40, 53).

SC: Substrates Yielding a Stable Nucleophile Adduct. The
oxidation of this type of substrate gives rise to an unstable
o-quinone which suffers the attack of a potent nucleophilic
reagent (N) and produces a chromophoric adduct (NQ) with
a clear stoichiometry. Among the nucleophilic reagents used
are L-proline (Pro) (32), MBTH (22, 24, 33, 35–38), and
L-cysteine (Cys) (39). Kinetic analyses in the cases of Pro
and MBTH show that the accumulation rate of the colored
chromophore corresponds to V0/2. In the case of L-cysteine,
the rate is exactly that of the enzyme V0 (see below (39)).
When Pro or MBTH is used, the accumulation of the
chromophoric product permits us to characterize the monophe-
nolase and diphenolase activities (L-tyrosine, tyramine,
4-hydroxyphenylacetic acid, 4-hydroxyphenylpropionic acid,
L-dopa, dopamine, 3,4-dihydroxyphenylacetic acid, 3,4-
dihydroxyphenylpropionic acid) (37).

SD: Substrates Measured through Ascorbic Acid. This is
a substrate that gives rise to a very unstable o-quinone that
evolves with no clear stoichiometry, even through MBTH
attack. It can only be characterized through reduction by
ascorbic acid (AH2), either by direct means and spectropho-

tometrically following the disappearance of ascorbic acid (21,44)
or by using chronometric methods that measure the time
necessary for the ascorbic acid to be consumed due to the
reaction with o-quinone (19, 20, 23, 44). In this case,
measurement by reference to the reduction of the o-quinone
by ascorbic acid makes it possible to characterize the
diphenolase but not the monophenolase activity (19, 20, 44, 51).

This review will look at a total of 12 spectrophotometric
methods for kinetically characterizing the activity of PPO
on different types of substrate (Table 1) because of the
interest this holds for mechanistic and comparative studies
and for establishing possible structure/function relationships.

Scheme 2. Reaction Mechanism of PPO on o-Diphenols, Considering the Chemical Evolution of the o-Quinonea

a Mechanism 2A, stable Q. Mechanism 2B, Q evolves toward P with a first-order reaction mechanism. Mechanism 2C, Q evolves by means of a deprotonation
reaction, cyclization, and oxidation–reduction toward DC. Mechanism 2D, Q is submitted to a nucleophilic attack by N, forming NQ. Mechanism 2E, Q is attacked
by L-cysteine as nucleophile, giving rise to adduct A. Mechanism 2F, Q is reduced by AH2.

Scheme 3. Basic Mechanism of PPO Acting on Monophenolsa

a Q evolves through the reactions indicated in Scheme 4.

Scheme 4. Mechanism of PPO Acting on M, Considering the Evolution
of Qa

a Mechanism 4A, Q evolves by a deprotonation reaction, cyclization, and
oxidation/reduction toward DC. Mechanism 4B, Q evolves through nucleophilic
attack of N toward NQ. Mechanism 4C, Q is reduced by AH2.
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MEASUREMENT METHODS

We shall look at the diphenolase activity of PPO first and then
the monophenolase activity, taking into account the different types
of substrate described above and following a series of steps to check
the measurement methods proposed.

Step 1. Each of the spectrophotometric methods described is
represented by a kinetic scheme.

Step 2. A simple kinetic analysis is carried out which describes
analytically how the experimental measurement is related with the
enzyme activity (V0).

Step 3. Some of the references in which the method considered has
been used experimentally are described.

Step 4. Simulated progress curves corresponding to the mechanism
being studied are obtained. In each case, we obtain the initial
disappearance rate of the substrates and the appearance rate of the
spectrophotometrically measurable compound, showing their equiva-
lence. The values of the corresponding rate constants used for the
simulation assays are detailed in the Supporting Information.

Below, we outline the different methods proposed for characterizing
the diphenolase and monophenolase activities of PPO (Table 1).

Diphenolase Activity. The action of PPO on o-diphenols is described
by Scheme 1 (49, 50, 53, 54). Henceforth, Scheme 1 will be represented
in simplified form in the different schemes of Scheme 2. Then we shall
consider the different types of o-quinone that are generated after the
action of PPO according to the type of substrate.

Method 1: SA. Step 1. The kinetic scheme is described by Scheme 2A.
The experimental measurement is made spectrophotometrically at the
wavelength corresponding to the maximum absorbance of the o-quinone.

Step 2. The kinetic analysis of the mechanism indicated in Scheme
1 provides the analytical expression for the kinetic parameter,V0

D,Q,
the initial rate of the enzyme action measuring the formation of Q is
(48)

V0
D,Q )

Vmax
D,Q[D]0[O2]0

Ks
O2Km

D +Km
D[O2]0 +Km

O2,D[D
0 + [O2]0[D]0 (1)

where

Vmax
D,Q ) 2kcat

D [E]0 (2)

kcat
D )

k3k7

k3 + k7
(3)

Ks
O2 )

k-8

k8
(4)

Km
D )

kcat
D

k6
(5)

Km
O2,D )

kcat
D

k8
(6)

In the case of mushroom PPO, Km
O2,D , [O2]0 (48), so that eq 1 is

simplified to:

V0
D,Q )

Vmax
D,Q[D]0

Km
D + [D]0

(7)

Step 3. The V0
D,Q determined can be analyzed according to eq 7,

providing the kinetic constants for the enzyme acting on D. To the

best of our knowledge, TBC is the only substrate of PPO that gives
rise to a stable Q. The slope of the straight line obtained by measuring
the absorbance at 410 nm versus t provides the value of V0

D,Q, (37, 44).
Step 4. The simulated progress curves corresponding to the mech-

anism shown in Schemes 1 and 2A, and taking into account the values
of the kinetic constants provided in the literature (37, 48), provide a
straight line for the accumulation of Q, Figure 1 (trace a) from which
V0

D,Q, can be obtained. Moreover, the simulation provides the values
of V0

D (initial rate obtained measuring the disappearance of D) and
V0

D,O2 (initial rate measuring the disappearance of O2). Note the
concordance with the values given in Table 2, which reflects the
stoichiometry V0

D ) 2V0
D,O2 ) V0

D,Q. Below, we shall show how
method 1 cannot kinetically characterize the action of PPO on 4-tert-
butylphenol (TBF) (52).

Method 2: SB. The o-quinone generated by the action of PPO on
this type of substrate is stabilized in a first-order reaction.

Step 1. The kinetic scheme corresponding to this method is described
in Scheme 2B.

Step 2. The parameter measured is the initial velocity of the enzyme
acting on the substrate (V0). If the o-quinone is unstable and becomes
a stable product, the quantity of matter entering the system at time t
will be V0t.

This matter is distributed between o-quinone (Q) and product (P) in
such a way that

V0t) [Q]+[P] (8)

Thus, the accumulation of P with time in the steady state is

[P])V0t- [Q]ss (9)

An experimental measurement of [P] versus t gives to a straight
line with a slope V0, which is the parameter to be measured and
which we call V0

D,P. However, the product P accumulates in the
medium with a lag, τ, that depends on the value of the first-order
rate constant k.

When [P] ) 0, extrapolation to intercept the time axis according to
eq 9 gives

τ)
[Q]ss

V0
(10)

where τ is the lag period. As Q reaches the steady state, the following
is fulfilled

d[Q]

dt
)V0 - k[Q]ss (11)

and so

[Q]ss )
V0

k
(12)

Substituting in eq 10 gives

τ) 1
k

(13)

Step 3. This case would correspond exactly to the measurement
method based on the oxidation of DOMA by PPO, in which the
corresponding o-quinone spontaneously decarboxylates to DOBA (34).

Step 4. The simulated progress curves corresponding to the mech-
anism depicted in Schemes 1 and 2B (Figure 1 trace b), using the
values of the kinetic constants described in the bibliography (34, 37),
show how the rate at which DOBA, V0

D,P, accumulates matches the
rate of disappearance of the substrates V0

D and 2V0
D,O2 (Table 2).

Method 3: SB. Step 1. Along the same lines as the mechanism of
Scheme 2B, although with slight variations, Scheme 2C represents
the kinetics of catecholamine oxidation by PPO.

Step 2. Scheme 2C describes the oxidation of substrate o-diphenol,
which gives rise to a quinone (QH), which undergoes a process of
deprotonation, passing to Q. This, in turn, is cyclized to leucoami-
nochrome, L, which is oxidized by QH, regenerating D and forming
aminochrome, DC.

Table 1. Spectrophotometric Methods Proposed for Measuring the
Diphenolase and Monophenolase Activities of Tyrosinase

type SA

substrates
type SB

substrates
type SC

substrates
type SD

substrates

diphenolase
activity

method 1 methods 2, 3 methods 4, 5 methods 6–8

monophenolase
activity

method 9 method 10 method 11 method 12
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The quantity of matter that enters the system in time t is V0t, which
is distributed in accordance with

V0t) [QH] + [Q] + [DC] + [D]R (14)

where [D]R indicates the D generated from QH, which is equivalent to
[DC], and so in the steady state

[DC])
V0

2
t-

[QH]ss + [Q]ss

2
(15)

From eq 15, it can be affirmed that DC is accumulated in the steady
state at a velocity corresponding to half the initial velocity of the
enzyme’s action.

Step 3. In this case, we should consider the oxidation of the
catecholamines: L-dopa (26), dopamine (27), L-R-methylnoradrenaline
(28), L-isoproterenol (29), and L-dopa methyl ester (53).

Step 4. The simulation of the reaction according to Schemes 1 and
2C according to the rate constants described in the bibliography (48)
is reflected in Figure 1 (trace c). According to eq 9, DC accumulates
with a velocity of V0/2. Therefore, with this method, the measurable
velocity V0

D,DC is V0/2. Note that the lag period depends on the rate
constants of the different chemical steps (26). It is easy to demonstrate
that the lag period follows the expression (26)

τ) 1
2kapp

(16)

where

kapp )
k+dkc

k-d[H
+]+ kc

(17)

The values obtained for the accumulation rate of DC (V0
D,DC) and

disappearance of D and O2 (V0
D and V0

D,O2) are equal (see Table 2).
This analysis shows how spectrophotometric methods that measure the
stable final product produced through the evolution of Q are suitable
for obtaining reliable values of V0. Furthermore, as we shall see below,
the method permits us to characterize the monophenolase activity of
PPO on the monophenols corresponding to these o-diphenols.

Method 4: SB and SC. Step 1. A variation of the mechanism shown
in Scheme 2C consists of adding a nucleophile (N) to the medium to
attack the Q generated by the enzyme, forming an adduct (A), which
is oxidized by a molecule of Q originating the chromophore nucleophile-
quinone (NQ) and regenerating D (Scheme 2D).

Step 2. The mass balance is equivalent to that of Scheme 2C and
fulfills

[NQ])
V0

2
t-

[Q]ss + [A]ss

2
(18)

In agreement with eq 18, the accumulation of [NQ] versus t gives
a straight line with a slope V0/2. This method has been used to
characterize different substrates of PPO from several vegetal sources,
melanoma, mushroom, and apple (33, 35–38). The nucleophile used
was MBTH, which gives rise to a nucleophile-quinone with a high
molar absorptivity (37).

Step 3. This method has been applied to study the oxidation of L-dopa
by PPO. The recording was made at the wavelength of the isosbestic
point (λi) corresponding to the evolution to NQ with its molar
absorptivity of 22300 ( 500 M-1 cm-1 (37).

Step 4. The simulation of the mechanism of Schemes 1 and 2D
shows that the accumulation of NQ, Figure 1 (trace d), occurs at a
velocity of V0/2, and, in agreement with eq 18, V0/2 V0

D,NQ ) V0/2.
This value V0

D,NQ is equivalent to the disappearance rate of the
substrates V0

D and V0
D,O2 (Table 2). This method therefore can be

considered rigorous and capable of obtaining correct values of V0. Other
authors have used L-proline as nucleophile (32).

Method 5: SA, SB, SC, and SD. Another possibility that has been used
to obtain values of the diphenolase activity of PPO consists of attacking
the o-quinone with L-cysteine (L-Cys), generating an adduct, 5-cysteinyl-
diphenol (5-CysD) (39).

Table 2. Diphenolase Activity: Proposed Spectrophotometric Measurement Methods

method substrate
coupled
reagent

measurable
species λ (nm) ε (M-1 cm-1) V0

D (nM s-1) V0
D,O2 (nM s-1) V0

D,P (nM s-1) refs

1 TBC (SA) none Q 400 1200 -604 -302 604 37
2 DOMA (SB) none DOBA 350 10500 -771 -385 771 34
3 L-dopa (SB) none DC 475 3600 -233 -233 233 26, 50, 58
4 L-dopa (SC) MBTH NQ 484 22300 -233 -233 233 37
5 TBC (SA) Cys 5-Cys-TBC 300 1598 -935 -467 935 39
6 CAT (SD) AH2 AH2 262 11170 ≈0 -522 -1043 44
7 CAT (SD) AH2 Q 400 1200 ≈0 -515 1050 44
8 CAT (SD) AH2 AH2 + Q 250 ≈0 -515 1050 44

Figure 1. Action of PPO on different o-diphenols, types SA, SB, and SC,
methods 1–5. Curves obtained by simulation of a set of differential
equations corresponding to each mechanism for the accumulation of each
experimentally measurable species. Method 1 (Schemes 1 and 2A):
substrate, TBC; measurable species, o-quinone (Q); trace a, the
concentrations were [O2]0 ) 0.26 mM, [S]0 ) 2 mM, [E]0 ) 1 nM. Method
2 (Schemes 1 and 2B): substrate, DOMA; measurable species, DOBA
(P); trace b, the concentrations were [O2]0 ) 0.26 mM, [S]0 ) 5 mM,
[E]0 ) 1 nM. Method 3 (Schemes 1 and 2C): substrate, L-dopa;
measurable species, dopachrome (DC); trace c, the concentrations were
[O2]0 ) 0.26 mM, [S]0 ) 2 mM, [E]0 ) 2 nM. Method 4 (Schemes 1 and
2D), substrate, L-dopa in the presence of MBTH; measurable species,
nucleophile-quinone (NQ). Trace (d). The concentrations were [O2]0) 0.26
mM, [S]0 ) 2 mM, [E]0 ) 2 nM. Method 5 (Schemes 1 and 2E): substrate,
TBC in the presence of L-cysteine (N); measurable species, adduct (A);
trace e, the concentrations were [O2]0 ) 0.26 mM, [S]0 ) 12 mM, [E]0 )
1 nM, [N]0 ) 1.5 mM.
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Step 1. The kinetic mechanism corresponding to this method is
expressed in Scheme 2E.

Step 2. In this case the mass balance will be

V0t) [Q]+ [5-CysD] (19)

and so in the steady state

[5-CysD])V0t- [Q]ss (20)

i.e., the accumulation of [5-CysD] versus t occurs with a velocity of
V0.

Step 3. This method has been applied experimentally with mushroom
and apple tyrosinase (39).

Step 4. The simulation of Scheme 2E provides the curve shown in
Figure 1 (trace e), and in agreement with eq 20, its slope is V0 ) V0

D,A.
Note the closeness to the disappearance rate of D, V0

D, and V0
D,A (Table

2) and thus V0 ) V0
D,A ) V0

D ) 2V0
D,O2. However, the molar absorptivity

of 5-CysD does not represent an improvement over other methods (39).
This method has the inconvenience that Cys inhibits many PPO, while
the data obtained with apple PPO indicate that this enzyme is not inhibited
by L-Cys at the concentrations used in the experiment (39).

Method 6: SA, SB, SC, and SD. This method, as well as methods 7
and 8 can be applied to all o-diphenols corresponding to substrates
types SA, SB, SC, and SD. Spectrophotometric measurements can be
made using ascorbic acid (AH2), which reduces the o-quinones back
to o-diphenols. Other authors have used NADH (55), which has a lower
reduction potential than AH2. The reaction can be followed in two ways,
depending on whether the AH2 spectrum is superimposed or not on
that of the substrate.

For method 6, if the spectrum of the substrate is not superimposed
on that of the AH2, the disappearance of the ascorbic acid can be
measured.

Step 1. The kinetic mechanism is the same as that described in
Scheme 2F.

Step 2. According to the mass balance, the kinetic analysis
indicates that the quantity of matter entering the system V0t is
distributed as follows

V0t) [Q] + [D]R (21)

The regenerated diphenol is [D]R and is equivalent to the amount of
consumed [AH2], so that

V0t) [Q]+ ([AH]0 – [AH]t) (22)

The concentration of Q in the steady state is constant, so that the
following is fulfilled:

d[Q]

dt
)V0 - k[Q]ss[AH2]) 0 (23)

[Q]ss )
V0

k[AH2]
(24)

The concentration of AH2 varies very little so that Q disappears with
a pseudo-first-order constant k [AH2], which is very high, so that [Q]
f 0. In this way, according to eq 22

[AH2]0 – [AH2]t )V0t (25)

so that by measuring the disappearance of AH2 the initial velocity of
the enzyme activity, V0, can be determined. Note that in this method
the disappearance of the coupled reagent and not of the substrate is
followed. The method is applicable to any diphenol that does not show
a spectrum overlapping that of the AH2.

Step 3. This method has been applied to the oxidation of the catechol
by tyrosinase. The slope corresponds to V0 (21, 44).

Step 4. Numerical integration of the system of differential equations
that correspond to the mechanism described in Schemes 1 and 2E
provides the curve shown in Figure 2 (trace a), the slope giving the
value V0 ) V0

D,AH2. Note that no substrate (D) disappears until the
AH2 is consumed and V0

D,O2 is half V0
D,AH2 (Table 2).

Method 7: SA, SB, SC, and SD. If the spectra of the substrate and AH2

overlap, another approach must be used. We call this the chronometric

method since it consists of determining, by means of spectrophotometric
recordings, the time that the enzyme acting on o-diphenols takes to
consume a known quantity of AH2.

Step 1. The kinetic scheme is that of Scheme 2E, but in this case
the AH2 is used up.

Step 2. The mass balance is

V0t) [Q] + [AH2] (26)

that is, the matter entering the system in the form of Q, V0 t, consumes
the AH2 and, when no more AH2 remains, Q is accumulated in the
medium. A spectrophotometric record at the wavelength at which Q is
absorbed shows that there is a lag period (τ) since Q is reduced to D.
The prolongation of the accumulation of Q intercepts the time axis at
t ) τ and, according to eq 26, if [Q] ) 0, then

V0τ) [AH2]0 (27)

and therefore

V0 )
[AH2]0

τ
(28)

Step 3. This method has been applied experimentally to the kinetic
characterization of several PPO substrates (44).

Step 4. Simulation of the set of differential equations defining
Schemes 1 and 2E provides the recording, Figure 2 (trace b) with its
lag period, τ, from which V0 can be obtained. The disappearance rate
of the substrate V0

D is zero and V0 ) V0
D,AH2 and V0

D,O2 is half, in
agreement with the stoichiometry (Table 2) (48).

Method 8: SA, SB, SC, and SD. This method is based on the
consumption of a given quantity of AH2, measuring its disappearance
from the spectrophotometric signal. As the AH2 is being consumed,
the signal diminishes, and when the AH2 has been totally used up, the
signal begins to rise as a result of the increased absorbance of the
o-quinone, so that there is an inflection in the signal. The critical point
of the change in direction of the spectrophotometric signal corresponds

Figure 2. Action of PPO on a o-diphenol type SD in presence of AH2.
Methods 6–8 (Schemes 1 and 2F): substrate CAT, curves obtained by
simulation of a set of differential equations corresponding to mechanism
of Schemes 1 and 2F. The concentrations were [O2]0 ) 0.26 mM, [S]0
) 0.3 mM, [AH2]0 ) 50 µM (methods 7 and 8), [AH2]0 ) 100 µM (method
6), and [E]0 ) 1 nM. Method 6: measurable species, ascorbic acid (AH2)
(trace a). Method 7: measurable species, Q (trace b). Method 8: the
detectable signal is due to two measurable species, AH2 + Q (trace c).
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to the time, τ, that AH2 takes to be consumed. We call this method the
alternative chronometric method (44).

Step 1. The mechanism is described by Scheme 2E.
Step 2. The kinetic analysis is the same as that of method 7.
Step 3. This method has recently been applied to studying the reaction

of catechol with mushroom PPO (44).
Step 4. The simulation of the mechanism of Schemes 1 and 2E in

which [AH2] + [Q] is represented shows a curve as described in Figure
2 (trace c). The value of V0, obtained from τ, is shown in Table 2 and
agrees with the substrate disappearance rate,V0

D,O2 (see Table 2).
In conclusion, for the diphenolase activity of PPO, we have analyzed

a series of spectrophotometric methods (methods 1–8) that measure
(i) the direct product of the action of the enzyme, the o-quinone (method
1), (ii) some compound derived from its evolution (methods 2–5), or
(iii) the reduction of o-quinone by AH2 (methods 6–8). In all cases, it
is shown that the short time measurements made in the steady state
are valid and equivalent to measuring the disappearance of substrate,
in agreement with the stoichometry of the reaction (Table 2).

Monophenolase Activity. The action mechanism of PPO
on monophenols is depicted in Scheme 3 (50). Note that the
monophenolase activity is coupled to the diphenolase activity and the
series of chemical reactions that occurs after the formation of o-quinone
and which generates o-diphenol in the medium (Schemes 4A, 4B, and
4C). Thus for monophenolase activity to occur, the reactions of Scheme
3 must be fulfilled. For the measurement of monophenolase activity to
be correct, regardless of the method used, the system must have reached
the steady state. This steady state is reached if (a) the substrates
monophenol and O2 hardly vary and (b) the evolution of o-quinone to
the chromophoric product is fast and with a clear stoichiometry,
generating o-diphenol in the medium.

If these conditions are fulfilled, the quantity of matter entering the
system will be the same as that leaving it and so

V0 )-d[M]

dt
) d[DC]

dt
(29)

As regards Scheme 3, the analytical expression of the steady-state
rate is

V0
M,DC )

Vmax
M,DC[M]0[O2]0

Km
MKs

O2 +Km
O2(M)[M]0 +Km

M[O2]0 + [M]0[O2]0

(30)

with

Vmax
M,DC ) kcat

M [E]0 )
k51

k52

k51
+ k52

[E]0 (31)

kcat
M )

k51
k52

k51
+ k52

(32)

Km
M )

kcat
M

k4
(33)

Km
O2(M) )

3kcat

2k8
(34)

Below we shall consider the four types of substrates, SA, SB, SC,
and SD.

Method 9: SA. Step 1. The mechanism with stable o-quinone can be
represented as in Scheme 3 (56).

Step 2. The kinetic analysis of this mechanism shows that the system
never reaches the steady state and therefore V0 cannot be determined
correctly (52).

Step 3. When the oxidation of TBF by PPO was studied (52), it was
seen that the rate diminished as substrate concentration increased, which
agrees with what was said about step 2, and so eq 30 is not fulfilled (52).

Step 4. The numerical integration of the system of differential
equations corresponding to the mechanism of Scheme 3 is shown in

Figure 3. Note how, the apparent steady-state rate decreases as the
substrate concentration increases (52, 56).

The above results lead us to conclude that these monophenols cannot
be characterized and so measurement method 9 is not valid. As will
be shown below, in the case of 4-hydroxyanisole, 4HA, the evolution
of the o-quinone observed is provoked with a nucleophile-like MBTH
(57), although, this is not possible in the case of TBF because the
o-quinone is less reactive.

Method 10: SB. Among this group are L-tyrosine (40), tyramine, and
L-tyrosine methyl ester (53), for which we propose the following
measurement method.

Step 1. The kinetic mechanism reflecting this method is described
in Scheme 4A. The enzyme attacks monophenol, converting it to
o-diphenol. This gives rise to QH, which is deprotonated. It cyclized
to leukodopachrome, L, and it is oxidized by QH, forming D and
DC (40, 53, 58).

Step 2. The mass balance for the mechanism of Scheme 3B in the
steady state establishes

V0
M,DCt) [DC] + [I]ss (35)

where V0
M,DC is the initial rate of tyrosinase action on monophenol,

DC represents aminochrome, and [I]ss indicates the intermediate
products that accumulate in the steady state.

Rearranging eq 35, it becomes

[DC])V0
M,DCt- [I]ss (36)

The slope of the straight line in the steady state is V0
M,DC.

Step 3. This method has been used experimentally to characterize
several catecholamines (26–29, 31, 40, 53).

Step 4. Simulation of the set of differential equations that represent
the mechanism of Schemes 3 and 4A gives the initial rate of DC
accumulation in the steady state, Figure 4 (trace a). Table 3 shows

Figure 3. Action of PPO on type SA monophenols that originate stable
o-quinones. Method 9 (measurable species, o-quinone) and method 11
in presence of MBTH (measurable species, nucleophile-quinone). Curves
obtained by simulation of set of differential equations corresponding to
each mechanism. method 9: substrate TBF (Scheme 3 with D ) 0),
measurable species, o-quinone (Q). The concentrations were [O2]0 )
0.26 mM, [S]0, (a) 0.5 mM, (b) 0.6 mM, (c) 0.7 mM, (d) 0.8 mM, [E]0 )
10 nM. Method 11: substrate 4-HA, in the presence of MBTH (Schemes
3 and 4B), measurable species, nucleophile-quinone (QN). The concentra-
tions were [O2]0 ) 0.26 mM, [S]0, (a) 0.5 mM, (b) 0.6 mM, (c) 0.7 mM,
(d) 0.8 mM, [E]0 ) 20 nM.
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the value V0
M,DC, which agrees with the disappearance rate of

monophenol and O2, V0
M and V0

M,O2, according to the reaction
stoichiometry in (50).

Method 11: SB and SC. Step 1. The mechanism is that of Scheme
4B.

Step 2. The kinetic analysis of the mechanism of Scheme 4B is
similar to that of Scheme 4A, the following mass balance being fulfilled
in the steady state:

V0
M,NQt) [NQ]+[I]ss (37)

Rearranging eq 37 gives the straight line representing NQ accumula-
tion, according to

[NQ])V0
M,NQt- [I]ss (38)

The slope of this line gives V0
M,NQ, the steady-state rate.

Step 3. This method has been applied experimentally to the kinetic
characterization of several PPO substrates from different sources
(32, 33, 35–38, 59).

Step 4. A numerical integration of the system of differential equations
that represents the mechanism of Schemes 3 and 4B, taking into account
the values of the kinetic constants available in the bibliography (37),
gives the curve of Figure 4 (trace b). The values of the appearance
rate of NQ, V0

M,NQ, and the disappearance rate of M and O2, V0
M and

V0
M,O2, respectively, are shown in Table 3. When the kinetics of the

oxidation of 4HA in the presence of MBTH is simulated, similar
behavior is observed (Figure 3 inset), because, despite its stability,
the o-quinone of 4HA is capable of reacting with MBTH in accordance
with Scheme 4B (37, 57).

Method 12: SD. In the case of diphenolase activity, the SD substrates
can be studied in the presence of AH2 (methods 6–8). However, the
presence of AH2 (in the case of monophenolase activity) hinders the
measurement because o-diphenol is continuously accumulated in the
medium and so the system does not reach its steady state.

Step 1. The mechanism is that depicted in Scheme 4C. Note that in
this case all the o-quinone is reduced to o-diphenol, which accumulates
constantly in the medium.

Step 2. There is no analytical solution in the steady state for this
mechanism since it is never reached.

Step 3. The experimental recordings of O2 consumption are shown
in (51), where the parabolic decrease in O2 concentration indicates that
the steady state has not been reached.

Step 4. The simulation mechanism of Schemes 3 and 4C is shown
in Figure 5 and agrees with the experimental recordings of (51). Table
3 shows that the rates in the presence of AH2 (method 12) are higher
than in its absence (method 10).

The results suggest that monophenolase activity can be characterized
if the system reaches the steady state. For this to happen o-diphenol
recycling must occur in the medium, although it cannot be a constant
process as it is in methods 10 and 11. For the four types of substrate
described (SA–SD) the following can be established:

CONCLUSIONS

The present work discusses several spectrophotometric meth-
ods for kinetically characterizing a series of monophenols and
diphenols acting as PPO substrates. The methods that measure
the appearance of a product and its evolution to a stable
chromatophoric compound or the disappearance of AH2 as
coupled reagent show clear advantages over methods that
measure substrate disappearance. Through analytical solutions
and simulation, we have shown that as long as there is a clear
stoichiometry in the evolution of the product of an enzymatic
reaction, the initial velocity of the enzyme can be estimated
measuring the final stable compound.

The difficulty of measuring monophenols compared with
diphenols is clear. Type SA, SB, SC, and SD diphenolic substrates
can be characterized, while in the case of monophenolic
substrates, only types SB and SC can be studied kinetically.

For SA substrates of diphenolase activity the best method
is method 1. For types SB and SC whose o-quinones react

Figure 4. Action of PPO on different types of SB and SC monophenols.
Methods 10 and 11, curves obtained by simulation of set of differential
equations corresponding to each mechanism. Method 10: substrate
L-tyrosine (Schemes 3 and 4A), measurable species aminochrome DC,
trace a. The concentrations were [O2]0 ) 0.26 mM, [S]0 ) 2 mM, [E]0 )
25 nM. Method 11: substrate L-tyrosine in the presence of MBTH (Scheme
3 and 4B), measurable species, nucleophile-quinone, (NQ), trace b. The
concentrations were the same as in method 10.

Table 3. Monophenolase Activity: Proposed Spectrophotometric Measurement Methodsa

method substrate coupled reagent measurable species λ (nm) ε (M-1 cm-1) V0
M (nM s-1) V0

M,O
2 (nM s-1) F (nM s-1) refs

9 TBF1 (SA) none Q 400 1237 -1.34 -1.34 1.34 52, 56
9 TBF2 (SA) none Q 400 1237 -1.14 -1.14 1.14 52, 56
9 TBF3 (SA) none Q 400 1237 -0.99 -0.99 0.99 52, 56
9 TBF4 (SA) none Q 400 1237 -0.87 -0.87 0.87 52, 56
11 4HA1 (SC) MBTH NQ 459 19230 -415 -622 415 35, 37
11 4HA2 (SC) MBTH NQ 459 19230 -460 -687 460 35, 37
11 4HA3 (SC) MBTH NQ 459 19230 -487 -730 487 35, 37
11 4HA4 (SC) MBTH NQ 459 19230 -500 -749 500 35, 37
10 Tyr (SB) none DC 480 3300 -56 -82 54 58
12 Tyr (SC) MBTH NQ 476 20700 -56 -82 54 37
10 Tyr+(SB) None DC 475 3600 -35.1 -52.6 35 58
14 Tyr+(SD) AH2 AH2 262 11170 -33.2 -162 -291 this paper

a [TBF] and [4HA] were (1) 0.5 mM, (2) 0.6 mM, (3) 0.7 mM, and (4) 0.8 mM. [Tyr] (+) was 0.25 mM.
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with MBTH, the must appropriate method is method 4 due
to the high molar absorptivity and stability of the NQ adduct.
In the case of type SD substrates, depending on the extent to
which the SD and AH2 spectra overlap, methods 6–8 can be
chosen.

Methods 9 and 12 are of no use for determining monophe-
nolase activity because the system does not reach steady state.
Substrate SC can only be measured by method 11. The best way
to measure substrate SB is method 11 due to the high molar
absorptivity and stability of the NQ adduct.

Finally, it is convenient to unify the definition of the
international units used in the assays and to establish a
relationship between diphenolase and monophenolase activity
units (61).

NOTATIONS AND DEFINITIONS

Enzymatic species
E enzyme, PPO
[E]0 initial PPO concentration
Ed deoxytyrosinase (with Cu+–Cu+ in the active site)
Em mettyrosinase (with Cu2+–Cu2+ in the active site)
EmD mettyrosinase o-diphenol binding complex
EmM mettyrosinase monophenol binding complex
Eox oxytyrosinase (Cu2+–O2

2-–Cu2+ in the active site)
EoxD oxytyrosinase o-diphenol binding complex
EoxM oxytyrosinase monophenol binding complex
Eox–M covalently bound oxytyrosinase monophenol
PPO polyphenol oxidase or tyrosinase

Substrates
CAT catechol
D o-diphenol
[D]ss steady-state concentration of D
DOMA 3,4-dihydroxymandelic acid
4HA 4-hydroxyanisole

M monophenol
S substrate
TBC 4-tert-butylcatechol
TBF 4-tert-butylphenol
L-Tyr L-tyrosine
[X]0 initial concentration of the substrate X

Coupled reagents and concentrations
AH2 ascorbic acid
Cys L-cysteine
MBTH 3-methyl-2-benzothiazoline hydrazone
N nucleophilic reagent
Pro proline
[R]0 initial concentration of the reagent R

Products
CysD cysteinyldiphenol
DC dopachrome
DOBA 3,4-dihydroxybenzaldehyde
NQ nucleophile-quinone
o-TBQ o-tert-butylquinone
P product
Q o-quinone

Kinetic parameters
V0 initial rate of PPO acting on a substrate, equivalent

to Vss, steady-state rate
V0

S,X steady-state rate of the diphenolase (S ) D) or
monophenolase (S ) M) activity of PPO, measuring
the disappearance of the substrate X, or the appear-
ance of the product X

V0
S steady-state rate of the diphenolase (S ) D) or

monophenolase (S ) M) activity of PPO, measuring
the disappearance of D or M

τ lag period

Kinetic constants
Ki rate constants
KN nucleophilic attack constant
Kc cyclization constant
K+d deprotonation constant
K-d protonation constant
KR oxidation–reduction constant
Kapp apparent constant of o-quinone transformation into

aminochrome or nucleophile-quinone
Km

S Michaelis constant of PPO for D (S ) D) or M (S
) M)

Ks
O2 disociation constant of the O2 of Eox

Km
O

2
S Michaelis constant for O2 in presence of D (S ) D)

or M (S ) M)
Kcat

S catalytic constant for PPO in presence of D (S ) D)
or M (S ) M)

Vmax
S maximum velocity for PPO in presence of D (S )

D) or M (S ) M)

Supporting Information Available: Sets of differential equa-
tions that correspond to each measuring method. This material
is available free of charge via the Internet at http://pubs.acs.org.
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