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a b s t r a c t
Tyrosinase (EC 1.14.18.1) is a widely distributed type 3 copper enzyme participating in essential biological
functions. Tyrosinases are potential biotools as biosensors or protein crosslinkers. Understanding the reaction
mechanism of tyrosinases is fundamental for developing tyrosinase-based applications. The reaction mechanisms of tyrosinases from Trichoderma reesei (TrT) and Agaricus bisporus (AbT) were analyzed using three
diphenolic substrates: caffeic acid, L-DOPA (3,4-dihydroxy-L-phenylalanine), and catechol. With caffeic acid
the oxidation rates of TrT and AbT were comparable; whereas with L-DOPA or catechol a fast decrease in
the oxidation rates was observed in the TrT-catalyzed reactions only, suggesting end product inhibition of
TrT. Dopachrome was the only reaction end product formed by TrT- or AbT-catalyzed oxidation of L-DOPA.
We produced dopachrome by AbT-catalyzed oxidation of L-DOPA and analyzed the TrT end product (i.e.
dopachrome) inhibition by oxygen consumption measurement. In the presence of 1.5 mM dopachrome the
oxygen consumption rate of TrT on 8 mM L-DOPA was halved. The type of inhibition of potential inhibitors
for TrT was studied using p-coumaric acid (monophenol) and caffeic acid (diphenol) as substrates. The strongest inhibitors were potassium cyanide for the TrT-monophenolase activity, and kojic acid for the TrTdiphenolase activity. The lag period related to the TrT-catalyzed oxidation of monophenol was prolonged
by kojic acid, sodium azide and arbutin; contrary it was reduced by potassium cyanide. Furthermore, sodium
azide slowed down the initial oxidation rate of TrT- and AbT-catalyzed oxidation of L-DOPA or catechol, but it
also formed adducts with the reaction end products, i.e., dopachrome and o-benzoquinone.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Tyrosinases (EC 1.14.18.1) belong to type 3 copper proteins, which
also include catechol oxidases (EC 1.10.3.1) and oxygen carrier proteins
hemocyanins [1]. Tyrosinase catalyzes the o-hydroxylation of monophenols and the subsequent oxidation to quinones (cresolase or monophenolase activity). Tyrosinase also catalyzes the direct oxidation of odiphenols to quinones (catecholase or diphenolase activity), which
are colorful and highly reactive compounds [1,2]. Tyrosinases exist
widely in plants, animals, fungi and bacteria. Tyrosinases are involved
in many biologically essential functions such as biosynthesis of melanin
pigments, sclerotization, primary immune response and host defense
[3–9]. The best characterized tyrosinases are derived from species of
Streptomyces bacteria, and from the fungi Neurospora crassa and Agaricus bisporus [2,10–16]. At today, the intracellular enzyme from A. bisporus is the only tyrosinase commercially available. A. bisporus
⁎ Corresponding author. Tel.: + 358 40 849 1073; fax: +358 20 722 7071.
E-mail addresses: ext-Chiara.Gasparetti@vtt.ﬁ (C. Gasparetti),
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Johanna.Buchert@vtt.ﬁ (J. Buchert), Kristiina.Kruus@vtt.ﬁ (K. Kruus).

tyrosinase is highly homologous to the mammalian tyrosinases, thus it
has been used as a model in most of the studies on melanogenesis
[17]. The binuclear active site of tyrosinase consists of two copper
ions, coordinated each by three highly conserved histidines [2]. The active site of tyrosinase exists in three forms: oxy-, met- and deoxy-form
[18]. Both met- and oxy-forms show a diphenolase activity, whereas
only the oxy-form shows a monophenolase activity [11,19]. The
deoxy-form is a reduced and an instable form and binds oxygen to
give the oxy-form [20–22]. Tyrosinase can accept a wide range of psubstituted monophenolic and diphenolic substrates. Among them, Ltyrosine and L-DOPA (3,4-dihydroxy-L-phenylalanine) are the natural
precursors of melanins. The direct product of a tyrosinase-catalyzed reaction on L-tyrosine or L-DOPA is dopaquinone (Fig. 1). In the absence of
sulphydryl residues dopaquinone undergoes an intramolecular addition of an amino group to produce leukodopachrome, known also as
cyclodopa. A redox reaction between leukodopachrome and dopaquinone forms L-DOPA and dopachrome [23–25]. The spontaneous nonenzymatic reactions yielding to the formation of dopachrome are fast,
and tyrosinase activity can be measured spectrophotometrically by following the formation of the product dopachrome at 475 nm. Dopachrome is a relatively stable orange–red intermediate and is the ﬁnal
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Fig. 1. Early stages of biosynthetic pathways leading to melanin production (modiﬁed from [28]).

product of the proximal phase of melanogenesis [23,24]. Dopachrome is
the precursor of eumelanins, which are formed in the distal phase of
melanogenesis via chemical and enzymatic reactions [26]. In the presence of sulphydryl residues, i.e., a cysteinyl residue or glutathione, the
thiol group causes a nucleophyl attack to the dopaquinone and cysteinyldopa or glutathionyldopa are formed. Cysteinlydopa and glutathionyldopa are the precursors of the reddish pheomelanins [26].
Eumelanins and pheomelanins polymerize via enzymatic and nonenzymatic crosslinking reactions to form mixed melanins [27,28].
The occurrence of the above mentioned reactions in fruits and
vegetables or in skin is responsible of food browning or of hyperpigmentation in human skin. Because such reactions are not desirable,
food and cosmetic industries are constantly interested in novel tyrosinase inhibitors to be used as antibrowning agents of foods and as
skin whiteners [17]. Currently, sulﬁte is the most commonly applied
inhibitor in the discoloration process, while arbutin and aloesin, isolated from plants, are the tyrosinase inhibitors used in the cosmetic
industry [29]. A number of tyrosinase inhibitors from both natural
and synthetic sources have been identiﬁed [17,26,30,31]. The effect
of many potential tyrosinase inhibitors has been examined directly
monitoring the tyrosinase-catalyzed oxidation of tyrosine or L-DOPA
[17]. Differently, other compounds have been classiﬁed as tyrosinase
inhibitors because they interfere in the further non-enzymatic reactions involved in the melanin formation; however, the direct interaction of those compounds with tyrosinase has not been elucidated
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[17]. Rescigno et al. [31] divided tyrosinase inhibitors in two groups:
copper chelators and substrate analogs. Copper chelators compete
with the oxygen at the binding site while substrate analogs compete
with the monophenolic or diphenolic substrate of the enzyme. Tropolone, cyanide, azide and halide ions are copper chelators; resorcinol,
benzoic acid, and naphthalene are examples of substrate analogs.
More recently Chang [17] divided true tyrosinase inhibitors as specific tyrosinase inactivators and speciﬁc tyrosinase inhibitors. Speciﬁc
tyrosinase inactivators are also called suicide substrates; they can
bind covalently to tyrosinase and irreversibly inactivate the enzyme.
On the contrary, speciﬁc tyrosinase inhibitors reversibly bind to tyrosinase and reduce its catalytic capacity [17].
Tyrosinase activity can also be beneﬁcial for instance to improve
the sensory properties of some products, such as dark raisins and fermented tea leaves. In particular, fungal tyrosinases can form covalent
bonds between peptides, proteins and carbohydrates, thus these enzymes have been studied as crosslinking agents in food and nonfood applications [32–35]. Tyrosinases have been proposed for structure engineering of meat-derived food products, as well for baking
applications [36,37]. Tailoring polymers, e.g., grafting of silk proteins
onto chitosan via tyrosinase reactions has also been reported [33,38].
The fungal tyrosinases characterized so far are typically intracellular enzymes and the ﬁrst extracellular fungal tyrosinase has been
characterized from the ﬁlamentous fungus Trichoderma reesei [39].
This tyrosinase showed distinctive characteristics in terms of
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substrate speciﬁcity and food protein crosslinking ability as compared
to tyrosinases from fungal and plant origins [40]. In our previous
work we compared the substrate speciﬁcity of T. reesei (TrT) and A.
bisporus (AbT) tyrosinases utilizing different small monophenols
and diphenols as substrates. The presence of an amine group in the
substrate, e.g., L-DOPA, was suggested to hinder the oxidation in the
TrT-catalyzed reactions; differently, substrates with a carboxyl
group were observed not to be effectively oxidized by AbT [41]. In
this work the aim was to study the product inhibition of TrT and
the inhibition mechanism of potential inhibitors of TrT.
2. Material and methods
2.1. Enzymes
T. reesei tyrosinase (TrT) was produced and puriﬁed as described
by Selinheimo et al. [39]. A. bisporus tyrosinase (AbT) was obtained
from Fluka; a stock solution of AbT (5 mg mL − 1) was prepared in
0.1 M sodium phosphate buffer, pH 7.0.
2.2. Chemicals
L-tyrosine, L-DOPA, arbutin, and p-coumaric acid were from
Sigma; caffeic acid, catechol, and benzaldehyde were from Fluka;
phenol, sodium azide, potassium cyanide, kojic acid, and benzoic
acid were from Merck.

2.3. Enzyme activity assays
Tyrosinase activity was measured using 15 mM L-DOPA as a substrate. Activity assays were performed in 0.1 M sodium phosphate buffer pH 7.0 at 25 °C either by monitoring dopachrome formation at
475 nm (εdopachrome = 3400 M− 1 cm− 1) or by measuring the consumption of the co-substrate oxygen, with a single channel ﬁber-optic
oxygen meter for mini-sensors (Precision sensing GmbH, Regensburg,
Germany) as described by Selinheimo et al. [41].
2.4. UV–visible spectroscopy measurements
Formation of the absorption product spectra from the oxidation of
diphenolic substrates, i.e., caffeic acid, L-DOPA and catechol, by tyrosinases was monitored spectrophotometrically at 300–600 nm at periodic intervals of 0.5 min during the ﬁrst 10 min of the reaction, and
afterwards at periodic intervals of 10 min. A fresh solution of diphenolic substrate was prepared in sodium phosphate buffer pH 7.0
and the reaction was started by addition of tyrosinase. Solutions of
the diphenolic substrate and sodium azide were separately prepared
in sodium phosphate buffer pH 7.0. The reaction mixture containing
the diphenolic substrate (15 mM) and sodium azide (10 mM) was
freshly prepared before starting the reaction by adding the tyrosinase.

the laser power was set to 90% of the maximal laser power. For each
spectrum, one to four co-added 128-kWord time-domain transients
(sweep width 833 kHz, acquisition time 0.079 s per transient) were
recorded and zero-ﬁlled once prior to Gaussian apodization, magnitude calculation and Fast Fourier transformation. Bruker XMASS software (version 6.0.2) was used for data acquisition and processing.
Kinetic analyses of L-DOPA to dopachrome conversion by tyrosinases
were performed in Eppendorf tubes using 1 mM L-DOPA in ammonium acetate pH 7.0 at 25 °C. The reaction was started by addition of tyrosinase (3.6 nkat mL − 1 reaction) and the sample was injected into
the mass spectrometer at determined time intervals for a total time
of 20 min. The relative ion intensities were directly converted to the
respective solution concentrations given the virtually same ion transmission and ionization efﬁciencies for L-DOPA (m/z 196) and dopachrome (m/z 192).
2.6. Inhibition of T. reesei tyrosinase by dopachrome
Since dopachrome was not commercially available, we produced
dopachrome enzymatically using L-DOPA as substrate and AbT as enzyme. Two milligrams of AbT preparation was added to 2.5 mL of
5 mM L-DOPA dissolved in sodium acetate buffer, pH 5.6. The reaction
was vigorously mixed in a small baker for 30 min at 25 °C, after which
the enzyme was removed by ultracentrifugation (Vivaspin tubes,
5000 Da cut-off). The concentration of dopachrome in the obtained
solution was calculated from the intensity of absorbance at 475 nm
using the extinction coefﬁcient εdopachrome = 3400 M − 1 cm − 1. The
stability of dopachrome produced by AbT was monitored by the polarography. Reaction mixtures of L-DOPA (8 mM) and dopachrome
(from 0 to 1.5 mM) were prepared. Activity of TrT was measured on
L-DOPA in the presence of different concentrations of freshly prepared dopachrome by following the consumption of the cosubstrate oxygen in the time interval of 1–3 min after addition of
TrT (0.9 nkat mL − 1 of reaction mixture).
2.7. Determination of Ki parameters
Fresh solutions of the inhibitors (0–60 mM) and substrates
(0.1–15 mM) were prepared in 0.1 M sodium phosphate buffer pH
7.0, and the reaction was started by an addition of the enzyme. Enzyme dosages were 6 μg mL − 1 and 3 μg mL − 1 of reaction mixture
for the monophenolic substrate (p-coumaric acid) and the diphenolic
substrate (caffeic acid), respectively. The initial rate of product formation from the reaction mixture was determined at 25 °C as the increase of absorbance at wavelength 360 nm and 480 nm per min for
p-coumaric acid and caffeic acid, respectively. The type of inhibition
and the Ki parameters for each inhibitor were determined plotting
the data to the Lineweaver–Burk and Dixon plots. Furthermore, the
Cornish plot was used to determine the Ki′ parameter.
3. Results

2.5. Mass spectrometry
A 4.7-T Bruker APEX-Qe Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer (Bruker Daltonics, Billerica, MA,
USA) described by Jänis et al. [42] was used. Negative ions were produced in an Apollo-II electrospray ion (ESI) source and externally accumulated for 1–2 s in a hexapole collision cell before transferred to
the Inﬁnity ICR cell for trapping, excitation and detection. For infrared
multiphoton dissociation (IRMPD) experiments, ions of interest were
further isolated by mass-selective quadrupole. The isolated precursor
ions were irradiated with IR-photons from a Synrad 48-Series 40-W,
10.6-μm cw-CO2 laser (Synrad, Mulkiteo, WA, USA). The focused
laser beam was directed to the ICR cell through a BaF window, located
near the rear trapping plate electrode. Duration of laser irradiation
was 100 ms and 250 ms, for L-DOPA and dopachrome, respectively;

3.1. Oxidation of diphenolic substrates by T. reesei and A. bisporus
tyrosinases
UV–visible spectroscopy was used to monitor the product formation and polarography was used to measure the consumption of the
co-substrate oxygen in the T. reesei and A. bisporus tyrosinasecatalyzed oxidation of caffeic acid and L-DOPA. When caffeic acid
was used as a substrate, the products were similar between the
two tyrosinases, according to their product spectra showing a maximum of absorbance at 480 nm. In addition, in these experimental
conditions both enzymes were capable of consuming all oxygen present in the reaction mixture within 10 min (Fig. 2A and B). When LDOPA was used as a substrate, the product spectra of both enzymes
showed a maximum absorbance at 475 nm, but the intensities of
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Fig. 2. Absorption product spectra from the oxidation of caffeic acid (15 mM) by Trichoderma reesei (TrT) tyrosinase (A) and Agaricus bisporus (AbT) tyrosinase (B) and absorption
product spectra from the oxidation of L-DOPA (15 mM) by TrT (C) and AbT (D). Oxygen consumption for each reaction is reported in the inset.

the A475 nm were different. In the TrT-catalyzed reaction the maximum intensity of A475 nm was recorded after 5 min
(A475 nm = 0.13 units), after which the absorbance at 475 nm did
not increase any more. Also the oxygen consumption measurement
indicated that after the ﬁrst 5 min the oxygen consumption rate
was retarded, and after 20 min most of the oxygen was still not consumed (Fig. 2C). In the AbT-catalyzed reaction the maximum absorbance at 475 nm was recorded after 15 min (A475 nm = 0.57 units)
and all the oxygen in the reaction mixture was consumed within
20 min of reaction (Fig. 2D).

TrT and AbT, respectively, as determined with mass spectrometry.
In the case of TrT the production of dopachrome clearly plateaued
after a few minutes of reaction time and the reaction did not go to

3.2. ESI-FT-ICR detection of the end products formed in T. reesei and A.
bisporus tyrosinase-catalyzed oxidation of L-DOPA
The reaction end products of L-DOPA oxidation by the tyrosinases
were analyzed with ESI-FT-ICR mass spectrometry. The reactions
were performed in 10 mM ammonium acetate using 1 mM L-DOPA
as a substrate. Alternatively, reactions were performed in 20 mM sodium phosphate, pH 7.0 or pure water with qualitative similar results
(data not shown). Without enzyme, L-DOPA (197 Da) gave an intense
peak at m/z 196, corresponding to the [M − H] − ion. In the presence
of TrT, the signal for L-DOPA (m/z 196) decreased by approximately
10% within the ﬁrst 2000 s of reaction while a new peak at m/z 192
was observed (spectra not presented), suggesting a formation of
dopachrome (193 Da). The ions at m/z 192 and at m/z 196 did not
change in intensity at prolonged reaction time. No other ions were
detected. In the presence of AbT, the signal for L-DOPA (m/z 196) decreased over time while a new peak at m/z 192 was observed
(Fig. 3A), suggesting a formation of dopachrome (193 Da). The ion
at m/z 192 was the only ion detected at prolonged reaction times.
Fig. 3B and C shows the reaction progress for L-DOPA oxidation by
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Fig. 3. Negative mode ESI FT-ICR mass spectra from the oxidation of L-DOPA (m/z 196)
to dopachrome (m/z 192) by Agaricus bisporus tyrosinase (AbT) at various time points
(A). A plot of the respective ion intensities versus reaction time for Trichoderma reesei
tyrosinase (TrT) (B) and AbT (C); the y-axis is converted to the solution concentrations
(see Materials and methods for details) and solid lines are the best ﬁts for the ﬁrst
order exponential.
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completion, suggesting that the reaction was inhibited by the end
product. Instead, complete conversion of 1 mM L-DOPA to 1 mM
dopachrome occurred within 20 min of AbT-catalyzed reaction, following a pseudo ﬁrst-order kinetics (i.e., [L-DOPA] b KM)
(Fig. 3C).The two ions at m/z 196 and m/z 192 were further subjected
to fragmentation analysis by IRMPD (Fig. 4). IRMPD spectrum of the
deprotonated L-DOPA (m/z 196) showed three fragment ions, consistent with the losses of NH3 (m/z 179), CO2 (m/z 152) or both (m/z
135) (Fig. 4B).The IRMPD spectrum of the reaction product (m/z
192), showed four fragment ions, accounting for eliminations of
H2O (m/z 174), H2CO (m/z 162) or CO2 (m/z 148) followed by elimination of CO (m/z 120) (Fig. 4D). Decarboxylation (loss of CO2) is
highly characteristic for carboxylate group, while the losses of H2O,
H2CO and CO are typical for quinone structures. This conﬁrms the
product to be dopachrome for both TrT and AbT-catalyzed oxidation
of L-DOPA.
3.3. Product inhibition of T. reesei tyrosinase
The product inhibition was analyzed by monitoring the TrTcatalyzed oxidation of L-DOPA in the presence of dopachrome. Dopachrome was prepared oxidizing 5 mM L-DOPA in 0.2 M acetate buffer
pH 5.6 by AbT. In these conditions, the conversion yield of dopachrome production was 70%. Dopachrome was detected to be stable
in this buffer solution for at least 1.5 h when stored in dark and on
ice. Reaction mixtures containing 8 mM L-DOPA and different dopachrome concentrations (0; 0.25; 0.75 and 1.5 mM) were used to calculate the degree of inhibition. The oxygen consumption rate of TrT
on 8 mM L-DOPA in the presence of 1.5 mM dopachrome was clearly
reduced, and TrT activity was inhibited by 54% (Table 1).
3.4. Determination of the type of inhibition and Ki constants of the
selected inhibitors for T. reesei tyrosinase
The inhibition of TrT was further analyzed with known tyrosinase
inhibitors. Six selected inhibitors were used to determine the thermodynamic constants (Ki) for TrT using p-coumaric acid as a

Table 1
Degree of inhibition of Trichoderma reesei tyrosinase (TrT) by dopachrome on L-DOPA
(8 mM). Reaction mixture was prepared in 0.2 M sodium acetate buffer pH 5.6 and analyzed by oxygen consumption measurement.
Dopachrome
(mM)

Oxygen consumption rate
(μg L− 1 min− 1)

Inhibition
(%)

0
0.25
0.75
1.5

18.2 ± 3.5
17.9 ± 2.7
12.0 ± 1.0
8.4 ± 1.7

0
2
34
54

monophenolic substrate and caffeic acid as a diphenolic substrate
(Table 2). Potassium cyanide was the strongest inhibitor
(Ki = 0.14 mM) of the TrT-monophenolase activity. Sodium azide,
benzaldehyde and arbutin were also strong inhibitors with Ki values
of 0.97 mM, 1.95 mM and 6.66 mM, respectively. In the tested conditions, benzoic acid and kojic acid did not have an inhibitory effect on
the monophenolase activity of TrT. However, kojic acid had a strong
inﬂuence on the duration of the lag time (i.e., a timeframe prior to
the oxidation reactions of monophenolic substrates); in the presence
of 0.1 mM kojic acid the lag time was six folds longer than in the condition without the inhibitor (400–450 s). The lag time in the oxidation of p-coumaric acid by TrT was differently affected by the tested
inhibitors. While kojic acid, sodium azide and arbutin prolonged the
lag time, potassium cyanide reduced the lag time, and benzaldehyde
did not have an effect on the lag time in the TrT-catalyzed oxidation
of p-coumaric acid.
Kojic acid was the strongest inhibitor (Ki = 0.01 mM) and the only
competitive inhibitor of the TrT-diphenolase activity. Both potassium
cyanide and sodium azide showed mixed noncompetitive type of inhibition when caffeic acid was used as a substrate. Potassium cyanide
(Ki = 0.16 mM) was a stronger inhibitor than sodium azide
(Ki = 0.96 mM) of the TrT-diphenolase activity. Arbutin was detected
to be an uncompetitive inhibitor of the TrT-diphenolase activity, thus
the Ki′ value was calculated (Ki′ = 15.31 mM) instead of the Ki value,
according to Cornish-Bowden [43]. In the tested conditions, benzaldehyde and benzoic acid did not inhibit the diphenolase activity of TrT.

Table 2
Kinetic constants (Ki) and types of inhibition of selected inhibitors towards the monophenolase (p-coumaric acid) and the diphenolase (caffeic acid) activities of Trichoderma reesei tyrosinase (TrT).

Fig. 4. Negative mode ESI FT-ICR mass spectra of the substrate L-DOPA (1 mM) without
tyrosinase (A) and the reaction product dopachrome (C) obtained after 20 min of reaction with Agaricus bisporus (AbT) tyrosinase. Infrared multiple-photon dissociation
(IRMPD) spectra of L-DOPA (B) and dopachrome (D). Ions marked with an asterisk
correspond to the known instrument noise peaks.

Inhibitor

Type of inhibition towards p-coumaric
acid

Ki
(mM)

Potassium
cyanide
Sodium azide

Mixed noncompetitive

Arbutinb

Competitive

Kojic acid
Benzaldehyde

No effect
Competitive

Benzoic acid

No effect

0.14 ±
0.09
0.97 ±
0.08
6.66 ±
0.32
n.d.
1.95 ±
0.20
n.d.

Noncompetitive

Lag time
(s)a
0–50
2200–2250
1200–1250
2450–2500
400–450
400–450

Inhibitor

Type of inhibition towards caffeic acid

Ki (mM)

Potassium cyanide
Sodium azide
Arbutin b
Kojic acid
Benzaldehyde
Benzoic acid

Mixed noncompetitive
Mixed noncompetitive
Uncompetitive
Competitive
No effect
No effect

0.16 ± 0.01
0.96 ± 0.03
15.31 ± 1.68
0.01 ± 0.00
n.d.
n.d.

Notes:
n.d.: not determined.
a
Lag time was measured on 15 mM p-coumaric acid concentration with the highest
inhibitor concentration tested.
b
Reported values for arbutin are Ki and Ki′ for p-coumaric acid and caffeic acid,
respectively.

IV/5

C. Gasparetti et al. / Biochimica et Biophysica Acta 1824 (2012) 598–607

3.5. Effect of sodium azide on the T. reesei and A. bisporus tyrosinasescatalyzed oxidation of L-DOPA and catechol
Spectrophotometry and polarography were used to analyze the effect of sodium azide (10 mM) on the TrT- and AbT-catalyzed oxidation
of the diphenolic substrates L-DOPA and catechol (15 mM) (Fig. 5). The
absorption spectrum of product formed during the TrT-catalyzed oxidation of L-DOPA (15 mM) could be divided in three phases: phase Ia
(0–5 min) where the oxidation rate of L-DOPA was linear as followed
at 475 nm; phase Ib (5–30 min) where the oxidation rate of L-DOPA
started to decrease; and phase II (30–120 min) where an increase in absorbance at wavelengths 300–600 nm was observed (Fig. 5A). When
the corresponding reaction was analyzed by monitoring the consumption of the co-substrate oxygen, the oxygen consumption rate within
the ﬁrst 5 min was 5.4 μg L− 1 s − 1. After the ﬁrst 5 min of reaction the
oxygen consumption rate was clearly decreased, and all the oxygen present in the reaction mixture was consumed after 4 h of reaction (data
not shown). The absorption spectrum of AbT-catalyzed oxidation of LDOPA could also be divided in three phases, but the length of phases
Ia and Ib was different as compared to the TrT-catalyzed reaction
(Fig. 5B). As analyzed by monitoring oxygen consumption, the oxygen
consumption rate within the ﬁrst 5 min was 7.6 μg L− 1 s− 1, and it did
not change signiﬁcantly after the ﬁrst 5 min of reaction. After 20 min
the concentration of oxygen in the reaction mixture was only
0.4 mg L− 1 (Fig. 5B), whereas in the corresponding TrT-catalyzed oxidation of L-DOPA without sodium azide the concentration of oxygen
in the reaction mixture after 20 min was still 5.5 mg L − 1 (Fig. 5A).
When 10 mM sodium azide was added into the reaction mixture of
L-DOPA with TrT, the accumulation of the reaction product at 475 nm
(dopachrome) continued also during the time interval of 5–30 min,
and the three phases detected with the TrT-catalyzed oxidation of L-
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DOPA only were not observed (Fig. 5C). Furthermore, in the presence
of sodium azide the oxygen consumption rate calculated on the ﬁrst
5 min of TrT-catalyzed oxidation of L-DOPA was halved, but all the oxygen present in the reaction mixture was consumed within 2 h
(Fig. 5C). After 20 min of TrT-catalyzed oxidation of L-DOPA with sodium azide, the concentration of oxygen in the reaction mixture was
4.9 mg L− 1. Similar to the TrT-catalyzed reaction, in the AbT-catalyzed
oxidation of L-DOPA with 10 mM sodium azide the accumulation of
the reaction product at 475 nm continued also during the time interval
15–30 min (Fig. 5D). As for TrT, the oxygen consumption rate calculated
on the ﬁrst 5 min of AbT-catalyzed oxidation of L-DOPA with sodium
azide was halved, and the time needed for the consumption of all oxygen in the reaction mixture was doubled (Fig. 5D). After 20 min of
AbT-catalyzed oxidation of L-DOPA with sodium azide, the concentration of oxygen in the reaction mixture was 2.9 mg L − 1.
When catechol (15 mM) was used as a substrate, the products
formed by TrT- and AbT-catalyzed reaction were different, as we already reported in our previous study [41]. The o-benzoquinone
(400 nm) produced by AbT-catalyzed oxidation of catechol was not
clearly observed in the TrT-catalyzed oxidation of the same substrate
(Fig. 6A and B). As for L-DOPA, the oxygen consumption rate was high
(8.9 μg L − 1 s − 1) in the ﬁrst 5 min of reaction, and it clearly decreased
after that. Again, the oxygen consumption rate calculated on the ﬁrst
5 min of TrT-catalyzed oxidation of catechol with sodium azide was
halved (Fig. 6A and C). Similar to L-DOPA oxidation, the consumption
of all the oxygen present in the reaction by TrT occurred earlier when
sodium azide was added in the reaction mixture with catechol (data
not shown). The absorption spectrum of products formed by TrTcatalyzed oxidation of catechol with sodium azide showed a clear
maximum at 500 nm (Fig. 6C). Different from TrT, AbT was capable
to use all the oxygen in the reaction mixture within 5 min when

Fig. 5. Absorption product spectra from the oxidation of L-DOPA (15 mM) by Trichoderma reesei (TrT) tyrosinase (A) and Agaricus bisporus (AbT) tyrosinase (B), and absorption
product spectra from the oxidation of L-DOPA (15 mM) in the presence of sodium azide (10 mM) by TrT (C) and AbT (D). Tyrosinase was added as 0.4 nkat mL− 1 of reaction
mixture. Oxygen consumption for each reaction is reported in the inset.
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Fig. 6. Absorption product spectra from the oxidation of catechol (15 mM) by Trichoderma reesei (TrT) tyrosinase (A) and Agaricus bisporus (AbT) tyrosinase (B), and absorption
product spectra from the oxidation of catechol (15 mM) in the presence of sodium azide (10 mM) by TrT (C) and AbT (D). Tyrosinase was added as 1 nkat mL− 1 of reaction mixture.
Oxygen consumption for each reaction is reported in the inset.

oxidizing catechol (without sodium azide). In the presence of sodium
azide the oxygen consumption rate of AbT-catalyzed oxidation of catechol was reduced only by 10%, but the absorption spectrum of products formed was strongly affected. A clear and fast shift of the
maximum absorbance from 400 nm to 500 nm was observed already
in the ﬁrst 5 min of AbT-catalyzed reaction. Furthermore, in the AbTcatalyzed oxidation of catechol with sodium azide a maximum at
330 nm was observed after 30 min of reaction (Fig. 6D).
4. Discussion
Detailed information on the reaction mechanism and the inhibition mechanism of tyrosinases is fundamental when developing applications for tyrosinases. The intracellular tyrosinase from Agaricus
bisporus (AbT) has been extensively studied both from biochemical
and structural points of view [1,15,44–47]. Also applications for tyrosinases have been proposed, e.g., in tailoring silk ﬁbroin and special
peptides [33,38]. Recently Selinheimo et al. [39] reported on an extracellular tyrosinase produced by the ascomycete Trichoderma reesei
(TrT). We have homologously overexpressed this enzyme in high
yields, thus, enabling characterization and testing the enzyme in applications. In particular, the enzyme has been shown to have good
abilities to crosslink food protein matrices [36,37]. Furthermore, differences in substrate speciﬁcity between TrT and AbT have been
reported by Selinheimo et al. [41]. TrT has higher afﬁnity (KM) on caffeic acid than AbT and it can also catalyze the oxidation of the corresponding monophenol p-coumaric acid to o-quinone corresponding
to caffeic acid whereas p-coumaric acid cannot be oxidized by AbT,
in fact it has been suggested as an inhibitor for AbT [41,48]. On the
contrary, TrT has lower afﬁnity on L-DOPA than AbT [41]. We observed in this work a fast decrease in the reaction rate of TrT-

catalyzed oxidation of L-DOPA and catechol, as analyzed both by
UV–visible spectroscopy and oxygen consumption measurements.
Cooksey et al. [49] reported the reaction kinetics of AbT on L-DOPA
and they divided the reactions in three phases: in phase Ia dopaquinone is produced by AbT, in phase Ib dopaquinone is rapidly converted to dopachrome via a spontaneous reductive cyclization, and
in phase II the tautomerization of dopachrome to 5,6-dihydroxyindole-2-carboxylic acid (DHICA) takes place. The phases Ia and Ib represent the proximal phase of melanogenesis where dopachrome is
the reaction end product; and phase II represents the distal phase of
melanogenesis where the chemical and enzymatic reactions leading
to eumelanins occur [26,49]. In our experiment conditions the proximal phase in AbT-catalyzed reaction had duration of 15 min (as also
reported by Cooksey et al. [49]), while with TrT the proximal phase
lasted only for 5 min, and the total amount of formed dopachrome
remained low. In the distal phase of both the TrT- and AbTcatalyzed reactions the concentration of dopachrome decreased
and new undeﬁned products absorbing at 300–600 nm were observed. Furthermore, the oxygen consumption rate in TrTcatalyzed oxidation of L-DOPA clearly decreased in the distal
phase (i.e. 5–120 min for TrT) despite the co-substrate oxygen
was still available in the reaction mixture, thus suggesting product
inhibition. On the contrary, in the AbT-catalyzed oxidation of LDOPA the oxygen available in the reaction mixture was totally consumed during the proximal phase (i.e. 0–15 min) and the product
dopachrome was linearly produced. The AbT-catalyzed oxidation
of L-DOPA could not proceed in the distal phase (i.e. 15–120 min)
since there was no oxygen available in the reaction mixture. Because with TrT the proximal phase was very short the reactions of
the distal phase of melanogenesis occurred earlier than in AbTcatalyzed reactions.
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The formation of end product dopachrome in L-DOPA oxidation
was conﬁrmed by high-resolution mass spectrometry measurements
(ESI-FT-ICR) and no other end products were detected in the proximal and distal phases of reaction. In these conditions (i.e. 1 mM LDOPA) a fast decrease in the TrT-catalyzed oxidation rate of L-DOPA
to dopachrome was also observed, while the AbT-catalyzed oxidation
of L-DOPA to dopachrome occurred linearly within 20 min, in accordance to what observed by oxygen consumption and UV–visible spectroscopy measurements. To analyze the suggested product inhibition,
dopachrome was produced by AbT-catalyzed oxidation of L-DOPA in
acidic conditions (sodium acetate buffer pH 5.6) to assure stability
of dopachrome [50]. The inhibitory effect of dopachrome on TrT was
clear; the 1.5 mM dopachrome concentration was enough to reduce
by 50% the rate of L-DOPA oxidation in the reaction conditions. Inhibition by dopachrome was reversible since the TrT activity was recovered after removal of dopachrome from the reaction mixture using
gel ﬁltration (data not shown). Although the substrate inhibition
and the inhibition by various inhibitors of tyrosinase have been widely studied, no studies have earlier reported about end product inhibition [51,52]. Similar to L-DOPA, the oxygen consumption rate of a TrTcatalyzed oxidation of catechol clearly decreased after the ﬁrst 5 min
of reaction, suggesting also the end product inhibition. Furthermore,
several products (300–600 nm) were formed and the known tyrosinase reaction product o-benzoquinone (400 nm) was not accumulated during the TrT-catalyzed oxidation of catechol. On the contrary,
with the AbT-catalyzed oxidation of catechol, the oxygen consumption rate was linear and the product o-benzoquinone (400 nm) clearly accumulated in the ﬁrst 5 min of the reaction.
Inhibition of AbT by various inhibitors, i.e., kojic acid, arbutin, benzaldehyde, benzoic acid, potassium cyanide, and sodium azide is thoroughly reported [53–59]. In this work, the various known tyrosinase
inhibitors, and the inhibition mechanism for TrT were analyzed using
p-coumaric acid and caffeic acid as monophenolic and diphenolic substrates. Kojic acid was found to be a strong inhibitor of diphenolase,
but did not inhibit the monophenolase activity of TrT although prolonged the lag period. Chen et al. [53] reported on the inhibition mechanism of kojic acid, and recently also the three-dimensional structure of
the tyrosinase from Bacillus megaterium in complex with kojic acid has
been reported [60]. Kojic acid is oriented with the hydroxymethyl towards the CuB in the active site of met-tyrosinase, different from the
suggested bidentate fashion binding to both the CuA and CuB through
its hydroxyl and o-positioned carbonyl groups [60]. According to Sendovski et al. [60], monophenols bind to CuA of tyrosinase, instead
diphenols bind to CuB. Our results are in accordance with this mechanism: it would be possible to explain the effect of kojic acid towards
TrT, assuming that p-coumaric acid (monophenol) binds to the CuA
while caffeic acid (diphenol) binds to the CuB in the active site of TrT.
Caffeic acid (diphenol) and kojic acid competed in binding to CuB, and
a clear competitive inhibition was observed. Differently, in the monophenolase cycle, p-coumaric acid binds to the CuA while kojic acid
binds to the CuB and no clear inhibition was observed. The lag time of
TrT was, however, strongly prolonged by kojic acid; most probably the
binding of substrate is more difﬁcult when the complex tyrosinasekojic acid is present.
Arbutin is a hydroquinone glycoside of plant origin used in cosmetic industry as skin-whitening agent. Nihei and Kubo [61] suggested that arbutin covalently binds to the met-form of tyrosinase
as a monophenol substrate analog and leads the enzyme to a deadend pathway [62]. In our experimental conditions arbutin was a competitive inhibitor of the TrT monophenolase activity and prolonged
the lag time, probably leading TrT towards the dead-end pathway.
In the case of the TrT diphenolase activity, arbutin was an uncompetitive inhibitor, while it has been reported that it is a noncompetitive
or mixed noncompetitive inhibitor of AbT [56]. Uncompetitive inhibitors can bind only the enzyme–substrate complex [17], thus the Ki
value cannot be determined; instead, the Ki′ value can be calculated
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from the Cornish plot, where the Ki′ value is the dissociation constant
of the enzyme–substrate–inhibitor complex [43]. The high Ki and Ki′
values of arbutin determined for TrT indicated that arbutin was not
a strong inhibitor of TrT, and suggested that the caffeic acid–TrT complex must be formed before the binding of arbutin.
Benzaldehyde and benzoic acid were selected for the inhibition
studies of TrT, since they are well known tyrosinase inhibitors
[57,58]. In our experimental conditions, benzaldehyde efﬁciently
inhibited only the oxidation of p-coumaric acid by TrT with a competitive mechanism similar to arbutin. Benzaldehyde was a stronger inhibitor than arbutin to the monophenolase activity of TrT; however,
different from arbutin benzaldehyde did not affect the lag time,
which is in accordance with previous studies where it has been
reported that unsaturated aldehydes do not affect the lag time of
AbT [48,63]. Benzoic acid did not strongly inhibit the TrT-catalyzed
oxidation of caffeic acid or p-coumaric acid, while it has been
reported that benzoic acid is a strong competitive inhibitor
(Ki = 18 μM) of AbT monophenolase activity [58]. Nevertheless,
when we analyzed spectrophotometrically the inhibitory effect of
benzoic acid (10 mM) on the TrT-catalyzed oxidation of phenol and
L-tyrosine as monophenolic substrates (10 mM), the reaction rate
was inhibited by 52% and 34% for phenol and L-tyrosine, respectively.
The TrT-catalyzed oxidation of the corresponding diphenolic substrates (10 mM), i.e., catechol and L-DOPA was also inhibited in the
presence of 10 mM benzoic acid by 31% and 55% for catechol and LDOPA, respectively (data not shown).
The type of inhibition of small chemicals used as copper chelators
such as potassium cyanide and sodium azide has been extensively
studied with respect to AbT and tyrosinase from N. crassa [59,64].
Wilcox et al. [59] proposed that potassium cyanide binds the reduced
form of tyrosinase (deoxy-form) and stabilizes it, thus functioning as a
competitive inhibitor of tyrosinase with respect to oxygen binding to
the deoxy-form and as a noncompetitive inhibitor to respect of LDOPA oxidation. Accordingly, in our experimental conditions the Ki
values of potassium cyanide for TrT-catalyzed oxidation of pcoumaric acid and caffeic acid were in the same order of magnitude,
suggesting that potassium cyanide competes with oxygen in binding
the deoxy-form of TrT that is involved in both monophenolase and
diphenolase catalytic cycles. TrT and AbT showed distinctive characteristics also when the reactions catalyzed by the enzymes were studied in the presence of sodium azide. It has been reported that sodium
azide binds the deoxy-form of tyrosinase, but also to the oxidized
forms (met- and oxy-forms) displacing the peroxide from the oxyform of tyrosinase. Furthermore, Wilcox et al. [59] proposed that sodium azide can bind also to the met-form in complex with the diphenol. The diphenol can further dissociate from this complex and
subsequently molecular oxygen can bind to it; eventually sodium
azide can dissociate and the oxy-form of tyrosinase is generated. Altogether the type of inhibition of sodium azide has been explained as
noncompetitive towards AbT for the oxidation of L-tyrosine and LDOPA. Similarly, we found that TrT is inhibited by sodium azide
with a noncompetitive and a mixed noncompetitive type of inhibition
for the monophenolic and diphenolic substrates, respectively.
Effect of sodium azide on the tyrosinases was also studied by monitoring the UV–visible spectrum of product accumulation during enzymatic oxidation of L-DOPA and catechol as diphenolic substrates.
In our experimental conditions (i.e. 15 mM L-DOPA or catechol and
10 mM sodium azide), sodium azide clearly slowed down the initial
reaction rate of TrT- and AbT-catalyzed oxidation of L-DOPA as well
of catechol, but it also had an effect on the reaction end products. Previously Sugumaran [65] used UV–visible spectroscopy and HPLC to
study the effect of sodium azide (20 mM) on the AbT-catalyzed oxidation of catechol (1 mM) and the end product (o-benzoquinone),
and reported on an azido-benzoquinone adduct detected at 330 nm.
In our study, the formation of the azido-benzoquinone adduct was
not detected in the TrT-catalyzed oxidation of 15 mM catechol in
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the presence of sodium azide (10 mM), probably because the production of o-benzoquinone was limited due to end product inhibition. In
the same conditions the azido-benzoquinone adduct was clearly
formed after 2 h of AbT-catalyzed reaction. Furthermore, we observed
a clear maximum at 500 nm in the absorption spectrum of products
formed by TrT- and AbT-catalyzed oxidation of catechol in the presence of sodium azide. No azido-dopachrome adduct has been
reported in literature; however, the clear maximum at 375 nm observed in the product absorption spectra of TrT- and AbT-catalyzed
oxidation of L-DOPA in the presence of sodium azide suggest that a
dopachrome-adduct was formed. Interestingly, we also found that
the sodium azide affected the detected end product inhibition of TrT
in the reaction mixture of L-DOPA and catechol. The product inhibition seemed to be diminished when sodium azide was present and
thus the oxygen was consumed to higher degree than without sodium azide. The reason for the result is not clear, but suggests a very
complex inhibition mechanism of sodium azide for tyrosinases.
5. Conclusions
The extracellular fungal tyrosinase TrT was revealed to suffer of end
product inhibition when L-DOPA or catechol were used as a diphenolic
substrate, whereas corresponding inhibition was not observed with the
intracellular fungal tyrosinase AbT. Sodium azide, in addition to retardation of the initial oxygen consumption rate of the TrT- and AbTcatalyzed oxidation of L-DOPA or catechol and formation azidoquinone adducts with the end product, was also found to play so far
an inexplicable role in the detected product inhibition of TrT.
Among the studied potential inhibitors of TrT, potassium cyanide
and kojic acid were the strongest inhibitors for the monophenolase
and diphenolase activities, respectively. Although the detailed inhibition mechanisms of the selected inhibitors are still poorly understood,
the differences in the type of inhibition could suggest differences in
the reaction mechanism of TrT and AbT. A possible complex crystal
structure in the future, especially between TrT and L-DOPA, could
provide better insights into the inhibitory mechanism of TrT.
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