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Thiols, such as cysteine and N-acetylcysteine, are included in many pharmaceutical products for
their mucolytic properties. The method described here uses mushroom polyphenol oxidase (PPO) to
determine two thiols and consists of measuring the lag period in the formation of the product generated
as PPO acts on o-diphenol in the presence of a thiol. In the experimental conditions, o-quinone is
formed enzymatically and then reacts stoichiometrically with the thiol, originating the corresponding
thiol-diphenol adduct, which does not absorb visible light. Once the thiol has been used up, the
o-quinone can be observed in the medium. It must be borne in mind that the inhibition of PPO is
practically null at low concentrations of thiol, and the only effect observed is the formation of the
thiol-diphenol adduct. In the following, an exact kinetic method capable of rapidly and accurately
assaying thiols with PPO and o-diphenol is optimized and is shown to be a straightforward way of
calculating thiol concentration. The method has been successfully applied to the determination of
cysteine in model solutions and of N-acetylcysteine in pharmaceutical products.
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INTRODUCTION

Tyrosinase or polyphenol oxidase (PPO; monophenol,o-
diphenol: O2 oxidoreductase, EC 1.14.18.1) is an enzyme that
catalyzes two different reactions, in both of which it uses O2.
These reactions are orthohydroxylation of monophenols to
o-diphenols (monophenolase activity) and oxidation ofo-
diphenols to theiro-quinones (diphenolase activity) (1). The
structure of PPO contains a type III bicupric active site and a
characteristic thioether bond (2, 3). In animals, PPO triggers
the biosynthesis of melanins in skin, hair, and eyes and of the
ink in cephalopods. These melanins protect the animal from
solar radiation and from predators because they help in
camouflage (4). In plants (5), fungi (6), and bacteria (3), PPO
sets off enzymatic browning reactions. This phenomenon is also
a defense against predators and is based on the toxicity of
melanges or intermediates of melanogenesis, such aso-quinones.
It is for this reason that PPO inhibitors are used as antitumoral
agents against malignant melanoma (7) or as depigmenting
agents in the case of skin stains (8). PPO inhibitors are also
used as antibrowning agents in the processing of fruits and
vegetables (5). The enzymes can be used, too, for depurating
effluents contaminated with phenols and for the stereospecific
synthesis of phenols (9). Of special interest is its use in the

analysis of phenols (9). However, the satisfactory application
of these methods depends on a thorough knowledge of the
catalytic activity of PPO. In this respect, one aspect of prime
importance is the high nonenzymatic reactivity of the quinones
generated by the enzyme (10, 11). Another important property
is the suicide inactivation of PPO originated by its own
o-diphenolic substrates (12). Understanding both phenomena
has made it possible to undertake the kinetic characterization
of the PPO reaction mechanism on monophenols and diphenols
(13-16).

The amino acidL-cysteine (Cys), or (R)-2-amino-3-mercapto-
propanoic acid, participates in a complex series of metabolic
reactions and is incorporated in most proteins and glutathione.
It is also a precursor of coenzyme A and can easily be oxidized
to cystine; however, the intercellular cysteine/cystine ratio is
very high (17,18). Melanogenesis in the presence of Cys and
or glutathione leads to the formation of pheomelanins, pigments
with a yellowish red color (4). Cys analysis is important for
establishing the nutritive value of foods and dietetic supplements
destined for human consumption (19). N-Acetyl-L-cysteine
(NACys) is a therapeutic medicine frequently used as a
mucolytic agent and for treating acetaminophen hepatoxicity
(20). It increases the cell reserves of free radicals and acts as
an antioxidant (20). It also inhibits the replication of HIV (21)
and prevents apoptosis in neurones (22).
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Thiolic substances such as Cys and NACys take part in
numerous redox addition and complexation reactions. DTNB
was used some years ago to determine thiols in general (23-
25). NACys and cysteine can be measured by high-performance
liquid chromatography or gas chromatography (26, 27), although
both methods require specialized equipment. A simple colori-
metric method for the simultaneous determination of NACys
and cysteine has also been described (28). In general, non-
enzymatic methods show high sensitivity as seen from their low
detection limit values (LOD): LODCys ) 0.15-8.25µM and
LODNACys ) 0.11-0.40µM.

The enzyme PPO shows affinity toward thiolytic reagents,
which is described by its dissociation constant,KI

thiol. At values
of [thiol] 0 < KI

thiol, the thiol cannot reach the active site of PPO
in any great quantity and only provokes the nonenzymatic
addition to the o-quinones generated by PPO, producing
colorless thiol-diphenol adducts (1). However, when [thiol]0
g KI

thiol, the thiol can also inactivate PPO, irreversibly binding
to the copper cations of the active site of PPO (1, 5). A method
has been proposed for determining [thiol]0, based on its
inhibition of PPO during its action on catechol (29). The
limitations of this method will be discussed below.

The aim of this work is to propose an enzymatic method for
determining [thiol]0 in concentrations below those that provoke
PPO inhibition. The method is based on previous studies on
the first stages of pheomelanogenesis (30) and the chromophoric
detection of PPO activity (31). The kinetic method will attempt
to overcome the limitations inherent in the above-described
method involving PPO inhibition (29) while reaching the
sensitivity described for the determination of Cys and NACys
by other authors (19, 20). The enzymatic method will also be
applied to the determination of NACys in commercial pharma-
ceuticals.

MATERIALS AND METHODS

Reagents.4-tert-Butylcatechol (TBC) was from Fluka, whereas 3,4-
dihydroxymandelic acid (DOMA), Cys, and NACys were from Sigma.
The chromophoric products were 4-tert-butylcatechol quinone (TBCQ),
ε400

TBCQ ) 1150 M-1 cm-1, and 3,4-dihydroxybenzaldehyde (DOBA),
ε350

DOBA ) 11800 M-1 cm-1 (31). Stock solutions of phenolic substrates
were prepared in 0.15 mM phosphoric acid to prevent autoxidation.
The thiol solutions were prepared immediately before using. The total
thiol content was measured using 5,5′-dithiobis(2-nitrobenzoic acid)
(DTNB) reagent and a slight modification of the method described by
Habeeb (32). All other chemicals were of analytical grade and were
supplied by Merck. Milli-Q system (Millipore Corp.) ultrapure water
was used throughout this research. The pharmaceutical products,
Fluimucil oral and Fluimucil oral forte, were obtained from a local
pharmacy.

Mushroom tyrosinase (5350 units/mg) was purchased from Sigma.
We define the International Unit (IU) of the monophenolase and
diphenolase activities of PPO as the quantity of enzyme that produces
1 µmol of product per minute working in optimal assay conditions [i.e.,
substrate saturation (L-tyrosine or L-dopa), optimum pH, and 25°C]
(33). For this reason, there must be an equivalence between the
International Units of mono- and diphenolase activities, which would
be the ratio betweenVmax

D and Vmax
D . Thus, according to ref33, the

equivalence of 1 unit of Sigma is 0.165 mIU of monophenolase activity
and 2.24 mIU of diphenolase activity, usingL-tyrosine and L-dopa as
substrates. Accordingly, the enzyme used was 882.75 mU/mg of
monophenolase activity. Protein concentrations were determined ac-
cording to the method described by Bradford (34) using bovine serum
albumin as standard.

Spectrophotometric Assays.A Perkin-Elmer Lambda-35 spectro-
photometer interfaced on-line with a PC-compatible computer with an
Intel-Pentium processor, running with the UV-Winlab software, was

used. The temperature was controlled at 25°C with a Haake D1G
circulating water bath with a heater/cooler and checked using a Cole-
Parmer digital thermometer with a precision of(0.1 °C.

The volume of the reaction medium was 1 mL. The standard mixture
contained saturating oxygen (0.26 mM) in 0.1 M phosphate buffer (pH
7.0) at 25°C. The reactions were monitored at 350 nm (5 mM DOMA)
and at 400 nm (0.3 mM TBC), depending on the diphenolic substrate
used. The thiol, Cys or NACys, was varied from 0 to 17µM. As general
methods, Cys and NACys were determined in the presence of DOMA
and TBC, respectively. The reaction was started by injecting the enzyme
(0.17-4.40 mU/mL). One unit of enzyme is the quantity of enzyme
that yields 1µmol of chromophoric product within 1 min of assay time.
In the figure legends are detailed some reagent concentrations required
for specific experimental assays.

Data Analysis. The value ofτ (lag period) (Figure 1, inset) is
determined by extrapolation of the straight line of the slopeVss until it
intersects a line parallel to the abscissa axis localized at the initial
absorbance of each time recording. This compensates for the small
fluctuations in initial absorbance between experimental recordings. The
reliability of the value of the enzymatic reaction rate (Vss) is thus
favored, establishing experimental conditions with a negligible con-
tribution from the fluctuations (σ0) to the nonenzymatic reaction rate
(V0), that is,Vss g (V0 + 10σ0) (Figure 1, inset). The reliability of the
lag period (τ) is favored by choosing assay conditions that giveτ values
significantly far from the fluctuations (σd) in the dead time (td) of the
spectrophotometric recordings (Figure 1, inset), that is,τ g (td + 10σd).

The sensitivity of the method was tested from 10 replicates of the
dead time of the spectrophotometer and further determination of the
limits of detection and quantitation, LOD and LOQ, respectively (35).
The precision of the method was checked by 10 replicates each of the
minimum, midrange, and maximum values of the initial concentration
of thiol, the coefficients of variation of which were calculated (35).
The experimental data of the lag time versus initial concentration of
thiol were fitted to a straight line equation using Marquardt’s algorithm
(36), implemented in the Sigma Plot software (37).

NMR Assays.13C NMR spectra of the different thiols considered
here were obtained in a Varian Unity spectrometer of 300 MHz. The
spectra were obtained at the optimum pH for mushroom tyrosinase
(6.8) and using2H2O as solvent for the substrates.δ values were
measured relative to those for 3-(trimethylsilyl)propionic acid-d4 sodium
salt (δ ) 0). The maximum line width accepted in the NMR spectra
was 0.06 Hz. Therefore, the maximum accepted error for each peak
was(0.03 ppm.

The dependence of theδ values of a carbon atom on its electron
density is known (38,39). It has been previously demonstrated that

Figure 1. Spectra obtained during the oxidation of TBC by tyrosinase in
the presence of Cys. (Inset) (s) 0.3 mM TBC, 10 µM Cys, and 0.88
mU/mL PPO; (- - -) same conditions without PPO.
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there is a linear correlation betweenδ in 13C and the constantσ, and
such a correlation has been used in both reaction rate and mechanistic
studies.δ values in13C have been used to corroborate or to better
calculateσ values (40).

RESULTS AND DISCUSSION

Diphenolase Activity of PPO and Presence of Thiols.
o-Diphenols (D) are oxidized nonenzymatically by O2 to
o-quinones (Q) at low velocity (V0). However, when catalyzed
by the enzyme PPO, the same reaction occurs rapidly with a
velocity of Vss (Scheme 1a). Someo-quinones, such as
o-benzoquinone, an oxidation product of catechol, evolve rapidly
toward melanin (Scheme 1a). For this reason, catechol (13) and
other o-diphenols that generate unstableo-quinones are not
suitable substrates for measuring the enzymatic activity of PPO.
However, someo-diphenols, such as TBC, generate chro-
mophoric o-quinones such as TBCQ that remain stable for
several minutes (13). In another (Scheme 2a), DOMA is
oxidized by O2 to a quinone (DOMAQ), which undergoes rapid
oxidative decarboxylation to a methide quinone, which origi-
nates a stable chromophoric product, 3,4-dihydroxybenzaldehyde
(DOBA) (31). The good stability of the chromophoric products,
TBCQ and DOBA, led us to choose TBC and DOMA as the
substrates for assaying the diphenolase activity of PPO, as
described in this paper.

Thiols (T) react witho-quinones (Q) through nucleophilic
addition to generate colorless thiol-diphenol adducts (TD)
(Schemes 1band2b). The simultaneous nature of the oxidation
and addition reactions follow a well-defined stoichiometry

(Schemes 1and2), as confirmed by the appearance of isosbestic
points in iterative spectra such as those obtained for the PPO-
catalyzed oxidation of TBC in the presence of an excess of
L-cysteine (Figure 1). In the presence of a low concentration
of thiol (Figure 1, inset), this reaction reaches the steady state
corresponding to the enzymatic reaction,Vss (Schemes 1aand
2a) after a lag stage,τ (Figure 1, inset), which is related with
the time necessary for the thiol in the nonenzymatic reaction to
be used up (Schemes 1band2b).

Kinetic Method for Thiol Determination. Kinetic analysis
of the diphenolase activity of PPO in the presence of a low
thiol concentration (30) provides the following expression for
τ (eq 1) (Figure 1, inset) (see Appendix):

Hence, the lag time (τ) is directly proportional to the initial
concentration of the thiol that is consumed in the nonenzymatic
reaction (Schemes 1band2b). The proportionality constant (eq
1) is the inverse of the steady-state rate (Vss) of the enzymatic
oxidation reaction (Schemes 1aand2a).

The low thiol concentrations considered in this kinetic
analysis mean thatVssdoes not depend on [thiol]0 (eq 1). Rather,
[thiol] 0 , KI

thiol, and the thiol does not inhibit the enzymatic
oxidation (Schemes 1aand2a).This has been proved experi-
mentally (Figure 2) by carrying out assays in the absence
(control) and presence of different concentrations of [Cys]0, in
PPO-catalyzed DOMA oxidation reactions. In the absence of
Cys there is no lag period, whileτ values increase as [Cys]0

increases (Figure 2). Furthermore, the fact that the recordings
evolve toward a group of lines parallel to the lines obtained in
the control without Cys (Figure 2) indicates that the values of
[Cys]0 used do not inhibit the enzymatic reaction (Scheme 1a)
and that the kinetic analysis proposed is valid (eq 1).

Effect of Enzyme Concentration.Kinetic behavior similar
to that observed for the oxidation of TBC (data not shown) was
observed for the PPO-catalyzed oxidation of DOMA with
different [Cys]0 (Figure 2). A lineal dependence ofτ versus
[Cys]0 was observed in the enzymatic oxidation of both
diphenols, as can be seen from the DOMA assays (Figure 3).
In agreement with the kinetic analysis (eq 1), if [D]0 and [thiol]0
are kept constant, the decrease in [E]0 increasesτ (Figure 3).
This indicates that using a low concentration of [E]0 increases
the sensitivity for determining [thiol]0 (Figure 3). The minimum

Scheme 1. Enzymatic (a) and Nonenzymatic (b) Reactions Related
with the Oxidation of o-Diphenols by O2 Catalyzed by PPO in the
Presence of Thiol Compounds

Scheme 2. Enzymatic (a) and Nonenzymatic (b) Reactions Related with the Oxidation of DOMA by O2 Catalyzed by PPO in the Presence of Thiol
Compounds

τ ) [thiol] 0/Vss) [thiol] 0/
kcat

D [E]0[D]0

Km
D + [D]0

(1)
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value of [E]0 is limited by the reliability ofVss with respect to
V0 (Figure 1, inset), as explained under Materials and Methods.
Obviously, low [E]0 values are preferable to keep the cost of
enzymatic assays as low as possible (eq 1).

Effect of o-Diphenol. The choice ofo-diphenol must take
into account the need for a stable chromophoric product, such
as TBC (Scheme 1) or DOMA (Scheme 2). In addition, in the
presence of thiol (Schemes 1and2) a specific stoichiometry
must exist because of the presence of an isosbestic point (Figure
1). This does not occur in the case of the PPO-catalyzed
oxidation of DOMA in the presence of NACys (data not shown)
because NACys is less nucleophilic than Cys, as shown by the
δ values for the thiol-linked carbon atoms (δCys ) 24.86 and
δNACys ) 25.36) because a higherδ indicates lower nucleophi-
licity, meaning that TD formation does not exceed DOBA
generation (Scheme 2). Therefore, NACys can be determined
only by using TBC as substrate for PPO (Scheme 1). The
linearity of τ400

TBCQ versus [NACys]0 was satisfactory (Figure
4). However, the higher value ofε350

DOBA ) 11800 M-1 cm-1

(31) compared toε400
TBCQ ) 1150 M-1 cm-1 (13) demonstrates

the greater sensitivity of using DOMA as PPO substrate when
Cys is determined (Figure 4).

The concentration ofo-diphenol used in the experiments must
be such that the steady-state rateVss is easily reached and so
[D]0 = constant. If theo-diphenol concentration is high, the
lag times (τ) will be very short, although this can be countered

by diminishing the concentration of enzyme. However,Vss(the
enzymatic reaction rate) must reach a significantly higher value
than the nonenzymatic rate,V0, as mentioned under Materials
and Methods. For this reason, theo-diphenol concentration
chosen was aroundKm [5 mM DOMA, Km

DOMA ) 5.1 ( 0.2
mM (31); 0.3 mM TBC,Km

TBC ) 1.41 ( 0.20 mM (14)].
Effect of Thiol Concentration. The use of low concentra-

tions of thiol demonstrates the suitability of the proposed kinetic
method (eq 1) for determining [thiol]0 (Figures 2-4). When
high values of [thiol]0 are used, an additional effect, the direct
inhibition of PPO by thiol, appears (Schemes 1aand 2a), as
seen from the less pronounced slopes obtained forVss (Figure
5). Whatever the case, the method of measuring the absorbance
at a fixed time (29) does not seem to be the most suitable
because it may originate nonlineal dependencies with respect
to [thiol]0 (Figure 5). Therefore, the suitable concentration range
of thiol requires [thiol]0 values corresponding to a constant value
of Vss (Figure 5).

Figure 2. Time course of DOBA production by tyrosinase in the presence
DOMA and Cys: (a−e) time courses of kinetic assays with the indicated
concentrations of Cys and 0.53 mU/mL of PPO.

Figure 3. Effect of enzyme concentration on the lag time (τ) versus Cys.
Experiments were performed under the same conditions as in Figure 2
using the indicated concentrations of PPO.

Figure 4. Effect of varying the substrate: (b) τ versus [Cys]0 data with
5 mM DOMA and 0.17 mU/mL of PPO; (2) τ versus [Cys]0 data with 0.3
mM TBC and 0.88 mU/mL of PPO; (9) τ versus [NACys]0 data with 0.3
mM TBC and 0.88 mU/mL of PPO.

Figure 5. Influence of Cys concentration on PPO activity. The reaction
medium contained 5 mM DOMA and 0.53 mU/mL of PPO: (9) steady-
state rate Vss measured as ∆A350

DOBA/min versus [Cys]0; (2) value of
A350

DOBA at t ) 140 s versus [Cys]0. (Inset) (b) Dependence of the lag
period, τ, on [Cys]0.
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The optimal assay conditions imply a low [E]0, whereas [D]0
should be nearKm

D, which would give rise toτ andVss values
that are significantly higher thantd andV0, as mentioned under
Materials and Methods. The accuracy of the kinetic method here
proposed was defined by determining the LOD and the LOQ
(Table 1). The precision of the method was assessed by
determining the coefficients of variation in the minimum
(CVmin), midrange (CVmid), and maximum (CVmax) values of
[thiol] 0 used (Figure 4;Table 1). As expected, reproducibility
increased or the values of CV decreased as [thiol]0 increased
(Table 1). The values of LOQCys (Table 1) were lower than
values that were determined by HPLC with fluorometric
detection (41). The LOD values obtained (Table 1) were similar
to those obtained with some fluorometric methods in the case
of Cys (LODCys ) 2.6 µM), whereas for NACys the LOD is 1
order of magnitude greater (LODNACys ) 0.4 µM) (42).

The above determinations were made in model aqueous
solutions of Cys and NACys (Table 1). The use of both thiols
as active ingredients in medicines implies that they will be mixed
with excipients and additives such as polyethylene glycol,
magnesium stearate, or aspartame. These substances did not
interfere to any great extent when the method was applied to
determining NACys in two medicines (Table 2), each containing
a concentration of 1.63 mg L-1 of NACys in the medium of
reaction. The same medicines were also analyzed according to
the nonenzymatic method that uses the chromogenic reagent
DTNB (43). Our method shows good accuracy and precision
(Table 2).

Comparison with Another Enzymatic Method. The pro-
posed kinetic method using PPO to determine [thiol]0 is an
improvement over the other enzymatic method proposed (29),
in several ways.

Enzyme Source and Supply.The other method (29) involves
the time-consuming extraction of PPO from potato tubers and
its continuous supply to the carrier current of a flow injection
system, whereas our method uses discrete assays with small
concentrations of mushroom PPO prepared from lyophilized
commercial extracts. The proposed method is therefore more
rapid, cheaper, and more reproducible than the flow injection
enzymatic method (29).

Monitoring Substrate.The ortho-diphenolic substrate pro-
posed in ref29 for potato PPO is catechol, theo-quinone of
which is unstable at pH 7.0, which makes it unsuitable for
measuring PPO activity in these assay conditions. Instead, we
use mushroom PPO acting on TBC or DOMA, monitoring
substrates that generate stable and sensitive products, TBCQ
(ε400

TBCQ ) 1150 M-1 cm-1) (13) and DOBA (ε350
DOBA ) 11800

M-1 cm-1) (31), respectively.
ParameterVerus [thiol]0. Absorbance graphs of the product

versus initial thiol concentration (29) may not be lineal (Figure
5) and, therefore, inappropriate for determining [thiol]0. Our
kinetic method measures the lag period (τ) in recordings that
evolve toward the same steady-state rate (Vss) with different
initial concentrations of thiol (Figures 2 and 5). This kinetic
behavior (eq 1) ensures the linearity ofτ versus [thiol]0 (Figures
2-5).

SensitiVity.The methods based on the inhibitory action of
thiol on PPO (29) need higher thiol concentrations than those
methods based on nonenzymatic additions too-quinones gener-
ated by PPO (Schemes 1band 2b; Figure 5), which is why
they are less sensitive than our proposed kinetic method (Table
1).

This analysis method using an enzyme of agrofood origin is
applicable to only the determination of pure or total thiols, in
the absence of other nucleophiles that react with quinones. The
method could be used in quality control assays in the preparation
of medicines, nutrition supplements, functional foods, or other
food products, which use thiols as active principles, but which
have no other nucleophiles that would react with quinones. In
short, the kinetic method with PPO proposed for determining
Cys and NACys satisfactorily fulfills the objectives set out in
the introduction of this paper.

APPENDIX: RELATIONSHIP BETWEEN THIOL
CONCENTRATION AND LAG PERIOD GENERATED BY
THIS AGENT IN THE DIPHENOLASE ACTIVITY OF
TYROSINASE

When tyrosinase acts ono-diphenols, there is no lag period
when the absorbance of the product generated is measured.
However, there is a lag period when thiol is used, the length of
which depends on the thiol concentration. Analyzing the material
balance of the steady-state of the pathway gives

whereVss) d[Q]/dt is the rate ofo-quinone production at time
t and [Q] is theo-quinone concentration.

Tyrosinase acts ono-diphenols according to the following
mechanism:

Thiols (I) inhibit tyrosinase by binding to the Eox form of
the enzyme as follows (44):

The expression of the initial rate is given by

Table 1. Accuracy and Precision of the Kinetic Method with PPO for
the Determination of L-Cysteine and N-Acetylcysteine Concentrations

thiol LOD (µM) LOQ (µM) CVmin (%) CVmid (%) CVmax (%)

Cysa 2.12 2.50 10 7 2
NAcCysb 4.94 5.77 9 5 3

a Assay conditions: 0.53 mU/mL of PPO. b Assay conditions: 0.44 mU/mL of
PPO.

Table 2. Determination of N-Acetylcysteine in Pharmaceutical
Formulations Using the DTNB Method and the Kinetic Method with
PPO Described in This Paper

NACys (mg/L)

sample (Fluimucil) DTNB method PPO method
relative

error (%)

(A) Fluimucil Forte
600 mg of NACys

1.58 ± 0.005 1.55 ± 0.04 +1.5

(B) Fluimucil
200 mg of NACys

1.47 ± 0.02 1.42 ± 0.02 +2.5

a Assay conditions: 10 µM sample A or B (1.63 mg/L NACys) was prepared in
two dissolutions of ultrapure water. The reactions were monitored at 412 nm with
0.1 mM DTNB. In PPO method 0.3 mM TBC as substrate of 0.88 mU/mL of PPO.

Vsst - [thiol] ) [Q] (1)

Eox + I {\}
KI

EoxI (3)

Vss)
Vmax[D]0[O2]0

Ks
O2 Km2

D + Km
O2[D]0 + [Km1

D + Km2

D ][O2]0 + [D]0[O2]0
(4)
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where

In the presence of thiols, eq 4 becomes

The oxygen concentration is saturating, and so eq 9 becomes

Km1

D < Km2

D becausek2 . k6 (14), and so

If [I] 0 , KI, then

According to eq 1, whent ) τ (lag period), [Q]) 0, and so

and

ABBREVIATIONS USED

Aλ, absorbance at the wavelengthλ̃; CV, coefficient of
variation or relative standard deviation (%); Cys,L-cysteine;
D, o-diphenol; DOBA, 3,4-dihydroxybenzaldehyde; DOMA,
3,4-dihydroxymandelic acid; DTNB, 5,5′-dithiobis(2-nitroben-
zoic acid); E, enzyme; Em, mettyrosinase;Ed, deoxytyrosinase;
Eox, oxytyrosinase; I, inhibitor (thiol); IU, International Unit of
enzyme activity;Km

x , Michaelis constant of PPO toward the
speciesX; KI, dissociation constant of EoxI complex; LOD, limit
of detection; LOQ, limit of quantitation; NACys,N-acetyl-L-
cysteine; PB, phosphate buffer; PPO, polyphenol oxidase or
tyrosinase (EC 1.14.18.1); Q,o-quinone; T, thiol; TBC, 4-tert-
butylcatechol; TBCQ, 4-tert-butylcatechol quinone; TD, thiol-
diphenol adduct;td, dead time of the spectrophotometic record-
ings; V0, initial rate of the nonenzymatic oxidation of D;Vss,
steady-state rate of the enzymatic oxidation of D, catalyzed by
PPO; [X]0, initial concentration of the speciesX; λ, wavelength;

σx, standard deviation of the parameterX; δ3, chemical displace-
ment value at C-3;ελ

x, molar absorptivity of the speciesX at
the wavelengthλ.

LITERATURE CITED

(1) Robb, D. A. Tyrosinase. InCopper Proteins and Copper
Enzymes; Lontie, R., Ed.; CRC Press: Boca Raton, FL, 1984;
Vol. 2.

(2) Solomon, E. I.; Sundaram, U. M.; Machonkin, T. E. Multicopper
oxidases and oxygenases.Chem. ReV.1996,96, 2563-2605.

(3) Bubacco, L.; Salgado, J.; Tepper, A. W. J. W.; Vijgenboom, E.;
Canters, G. W.1H NMR spectroscopy of the binuclear Cu(II)
active site ofStreptomyces antibioticustyrosinase.FEBS Lett.
1999,442, 215-220.

(4) Prota, G.; d’Ischia, M.; Napolitano, A. The chemistry of melanins
and related metabolites. InThe Pigmentary System; Nordlund,
J. J., Boissy, R., Hearing, V., King, R., Ortonne, J. P., Eds.;
University Press: Oxford, U.K., 1998.

(5) Whitaker, J. R.; Lee, C. Y. Recent advances in chemistry of
enzymatic browning: an overview. InEnzymatic Browning and
Its PreVention; Lee, C. Y., Whitaker, J. R., Eds.; American
Chemical Society: Washington, DC, 1995.

(6) Van Gelder, C. W. G.; Wichers, W. A.; Flurkey, H. J. Sequence
and structural features of plants and fugal tyrosinase.Phytochem-
istry 1997,45, 1309-1323.

(7) Ohguchi, K.; Tanaka, T.; Iliya, I.; Ito, T.; Linuma, M.; Matsu-
moto, K.; Akao, Y.; Nozawa, Y. Gnetol as a potent tyrosinase
inhibitor from genusGnetum.Biosci., Biotechnol., Biochem.
2003,67, 663-665.

(8) Briganti, S.; Camera, E.; Picardo, M. Chemical and instrumental
approaches to treat hyperpygmentation.Pigment Cell Res.2003,
16, 101-110.

(9) May, S. Applications of oxidoreductases.Curr. Opin. Biotechnol.
1999,10, 370-375.

(10) Garcı́a-Cánovas, F.; Garcı́a-Carmona, F.; Vera-Sánchez, J.;
Iborra, J. L.; Lozano, J. A. The role of pH in the melanin
biosynthesis pathway.J. Biol. Chem.1982, 257, 8738-8744.

(11) Garcı́a-Carmona, F.; Garcı́a-Cánovas, F.; Iborra, J. L.; Lozano,
J. A. Kinetic study of the pathway of melanization between
L-dopa and dopachrome.Biochim. Biophys. Acta1982, 717,
124-131.

(12) Garcı́a-Cánovas, F.; Tudela, J.; Martı́nez-Madrid, C.; Varón, R.;
Garcı́a-Carmona, F.; Lozano, J. A. Kinetic study on the suicide
inactivation of tyrosinase induced by catechol.Biochim. Biophys.
Acta 1987,912, 417-423.

(13) Espı́n, J. C.; Varon, R.; Fenoll, L. G.; Gilabert, M. A.; Garcı´a-
Ruiz, P. A.; Tudela, J.; Garcia-Cánovas, F. Kinetic characteriza-
tion of the substrate specificity and mechanism of mushroom
tyrosinase.Eur. J. Biochem.2000,267, 1-11.

(14) Rodriguez-Lopez, J. N.; Fenoll, L. G.; Garcı́a-Ruiz, P. A.; Varon,
R.; Tudela, J.; Thorneley, R. N.; Garcia-Cánovas, F. Stopped-
flow and steady-state study of the diphenolase activity of
mushroom tyrosinase.Biochemistry2000,39, 10497-10506.

(15) Fenoll, L. G.; Rodriguez-Lopez, J. N.; Garcı́a-Sevilla, F.; Tudela,
J.; Garcı́a-Ruiz, P. A.; Varon, R.; Garcia-Canovas, F. Oxidation
by mushroom tyrosinase of monophenols generating slightly
unstableo-quinones.Eur. J. Biochem.2000,267, 1-15.

(16) Fenoll, L. G.; Rodriguez-Lopez, J. N.; Garcı́a-Sevilla, F.; Garcı´a-
Ruiz, P. A.; Varon, R.; Garcia-Canovas, F.; Tudela, J. Analysis
and interpretation of the action mechanism of mushroom
tyrosinase on monophenols and diphenols generating highly
unstableo-quinones.Biochim. Biophys. Acta2001,36440, 1-22.

(17) Cooper, A. J. L. Biochemistry of sulfur containing amino acids.
Annu. ReV. Biochem.1983,52, 187-222.

(18) Griffith, O. W. Mammalian sulfur amino acid metabolism: an
overview.Methods Enzymol.1987,143, 366-376.

(19) Campanella, L.; Crescentini, G.; Avino, P. Simultaneous deter-
mination of cysteine, cystine and 18 other amino acids in various
matrices by high-performance liquid chromatography.J. Chro-
matogr. A1999,833, 137-145.

Vmax ) kcat[E]0 ) k3k7/(k3 + k7) (5)

Ks
O2 ) k-8/k8 (6)

Km1

D ) kcat/k2 (7)

Km2

D ) kcat/k6 (8)

Vss)
Vmax[D]0[O2]0

Ks
O2 Km2

D + Km
O2[D]0 + [Km1

D + Km2

D (1 +
[I] 0

KI
)][O2]0 + [D]0[O2]0

(9)

Vss)
Vmax[D]0

Km1

D + Km2

D (1 +
[I] 0

KI
) + [D]0

(10)

Vss)
Vmax[D] 0

Km2

D (1 +
[I] 0

KI
) + [D]0

(11)

Vss)
Vmax[D]0

Km2

D + [D]0

(12)

Vssτ ) [thiol] (13)

τ )
[thiol]

V0
)

[thiol]

Vmax[D]0/Km2

D + [D]0

(14)

6188 J. Agric. Food Chem., Vol. 53, No. 16, 2005 Garcı́a-Molina et al.



(20) Harada, D.; Naito, S.; Kawauchi, Y.; Ishikawa, K.; Koshitani,
O.; Hiraoka, I.; Otagiri, M. Determination of reduced, protein-
unbound, and total concentrations ofN-acetyl-L-cysteine and
L-cysteine in rat plasma by postcolumn ligand substitution high-
performance liquid chromatography.Anal. Biochem.2001,290,
251-259.

(21) Roederer, M.; Ela, S. W.; Staal, F. J.; Herzenberg, L. A.
N-acetylcysteine: a new approach to anti-HIV therapy.AIDS
Res. Hum. RetroViruses1992,8, 209-217.

(22) Ferrari, G.; Yan, C. Y.; Greene, L. A.N-acetylcysteineD- and
L-stereoisomers prevents apoptotic death of neuronal cells.J.
Neurosci.1995,15, 2857-2866.

(23) Cserpan, I.; Vas, M. Effects of substrates on the heat-stability
and on the reactivities of thiol-groups of 3-phosphoglycerate
kinase.Eur. J. Biochem.1983,131, 157-162.

(24) Seelig, G. F.; Meister, A. Gamma-glutamylcysteine syntetase.
Interactions of an essential sulfhydryl group.J. Biol. Chem.1984,
259, 3534-3538.

(25) Reddy, V. A. Atypical reaction of “essential” sulfhydryl groups
of malic enzyme with 2-nitro-5-thiocyanobenzoate and 2,4-
dinitrophenylthicyanate.Biochim. Biophys. Acta1983, 743, 268-
280.

(26) Nozal, M. J.; Bernal, J. L.; Toribio, L.; Marinero, P.; Moral, O.;
Manzana, L.; Rodrı́guez, E. Determination of glutathione,
cysteine andN-acetylcysteine in rabbit eye tissues using high-
performance liquid chromatography and post-column derivati-
zation with 5,5′-dithiobis2-nitrobenzoic acid.J. Chromatogr. A
1997,778, 347-353.

(27) Holdiness, M. R. Clinical pharamockinetics ofN-acetylcysteine.
Clin. Pharmacokinet.1991,20, 123-134.

(28) Ogwu, V.; Cohen, G. A simple colorimetric method for the
simultaneous determination ofN-acetylcysteine and cysteine.
Free Radical Biol. Med.1998,25, 362-364.

(29) Cruz Vieira, I. da; Fatibello, F. O.L-cysteine determination using
a polyphenol oxidase-based inhibition flow injection procedure.
Anal. Chim. Acta1999,399, 287-293.
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