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Kinetics of Activation of Latent Mushroom (Agaricus bisporus)

Tyrosinase by Benzyl Alcohol

Juan Carlos Espin* and Harry J. Wichers

Agrotechnological Research Institute (ATO-DLO), Bornsesteeg 59, P.O. Box 17,
6700 AA Wageningen, The Netherlands

A latent isoform of Agaricus bisporus tyrosinase has been isolated and activated by benzyl alcohol,
one of the major volatile compounds in mushrooms of this genus. The progress curve that describes
the activation process reached the steady-state rate (Vss) after a lag period (7). The rate of active
tyrosinase formation was calculated by coupling the oxidation of o-diphenols to the activation process.
Vss depended on benzyl alcohol, o-diphenol, and latent tyrosinase concentrations. The lag period
depended on benzyl alcohol concentrations but not on o-diphenol and enzyme concentrations. The
size of the latent mushroom tyrosinase was 67 kDa, determined by SDS—PAGE and Western blotting
assays. This size was not modified after activation by benzyl alcohol. The presence of a lag period
and the lack of change of the molecular mass of the protein after activation could indicate a slow
conformational change of the protein to render the final active form. The values of the Kinetic
constants Vmax and Ky, on the o-diphenols 4-tert-butylcatechol, L-DOPA, and dopamine were different
between the latent tyrosinase activated by benzyl alcohol and the commercial tyrosinase. They might
indicate that a different final active tyrosinase, depending on the activator used, could arise.
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INTRODUCTION

Tyrosinase or polyphenol oxidase (EC 1.14.18.1, PPO)
as present in plant tissues plays an important role in
the quality of fruit and vegetable processing and during
storage of the processed foods. Prevention of browning
in foods, enzymatic or nonenzymatic, has long been the
concern of food scientists (Dawley and Flurkey, 1993;
Kahn and Zakin, 1995; Espin et al., 1998a). Tyrosinase
is a copper-containing enzyme that, in the presence of
molecular oxygen, catalyzes two different reactions: the
hydroxylation of monophenols to o-diphenols (monophe-
nolase activity) and the oxidation of o-diphenols to
o-quinones (diphenolase activity), which, in turn, non-
enzymatically polymerize to render brown, black, or red
pigments (melanins) (Prota, 1988; Martinez and Whi-
taker, 1995).

The enzyme tyrosinase can be found as either latent
or active form (Whitaker, 1995). Latent tyrosinase
represents >95% of total tyrosinase activity in mush-
rooms (Yamaguchi et al., 1970; van Leeuwen and
Wichers, 1999). Active tyrosinase is the major factor
responsible in the enzymatic browning of mushrooms,
causing severe economical losses to mushroom growers.

Latent tyrosinase from many sources can be activated
by different treatments or agents, which include deter-
gents (Moore and Flurkey, 1990; Nellaiappan and
Sugumaran, 1996), acid shock (Kenten, 1957), fatty
acids (Sugumaran and Nellaiappan, 1991), alcohols
(Asada et al., 1993), proteases (King and Flurkey, 1987;
Robinson and Dry, 1992; Chosa et al., 1997), and
pathogen attack (Soler-Rivas et al., 1997).

The aim of the work presented here is to study the
kinetics for the activation of a latent mushroom tyro-
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sinase by benzyl alcohol, one of the most abundant
endogenous volatile compounds in Agaricus bisporus
mushroom.

MATERIALS AND METHODS

Reagents. 4-tert-Butylcatechol (TBC), L-DOPA, dopamine,
and tyramine were purchased from Sigma (St. Louis, MO). All
other reagents were of analytical grade and also supplied by
Sigma. Milli-Q system (Millipore Corp., Bedford, MA) ultra-
pure water was used throughout this research.

Preparation of Commercial Tyrosinase. Fluka (1200
units/mg) tyrosinase was purified by using an anion exchange
column (DEAE-Sepharose Fast Flow, length = 75 cm, diameter
= 5 c¢m; Pharmacia, Uppsala, Sweden). The column was
equilibrated with 20 mM Bis-Tris buffer (pH 6). A stepwise
gradient of increasing sodium chloride (NaCl) concentrations
was applied (3 mL/min). One major isoform with an isoelectric
point of 4.3 was isolated. Fractions with this isoform, dialyzed
and concentrated, were used as the source of commercial
enzyme.

Preparation of a Latent Mushroom Tyrosinase. Boxes
with Ul-spawned compost and casing soil from the Mushroom
Experimental Station (Horst, The Netherlands) were trans-
ported after bud initiation to a climate room at ATO-DLO (18
°C, 80% relative humidity). Mushrooms were harvested at
stage 5 and frozen in liquid nitrogen immediately after picking.
The developmental stage was determined according to the
procedure of Hammond and Nichols (1976). The freeze-dried
mushrooms were ground under liquid nitrogen to a fine powder
with a mortar and pestle. The powder was rehydrated with
10 mM sodium phosphate buffer (PB) containing 10 mM
ascorbic acid and mixed thoroughly on a vortex shaker. This
homogenate was then extracted for 25 min on ice and
centrifuged at 120009 for 10 min.

The supernatant was immediately applied to the same
column above-described. The column was also equilibrated
with 20 mM Bis-Tris buffer (pH 6). A stepwise gradient of
increasing sodium chloride (NaCl) concentrations was applied
(3 mL/min). The different fractions were assayed with TBC in
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Figure 1. Identification of mushroom tyrosinase by Western
blotting on SDS—PAGE: lane 1, markers; lane 2, latent
mushroom tyrosinase (10 ug/mL); lane 3, mushroom tyrosinase
(10 ug/mL) activated by BA (0.3 M); lane 4, commercial (Fluka)
mushroom tyrosinase (1 ug/mL). See Materials and Methods
for details.

the absence and presence of SDS to discriminate between
active and latent tyrosinase isoforms. A major latent isoform
with an isoelectric point of 5.6 (as determined by analytical
isoelectric focusing, results not shown) was eluted at 50 mM
NaCl concentration. The proportion of latent tyrosinase (100%)
was determined by comparing the activities in the presence
and absence of SDS. This latent tyrosinase isoform showed a
band of 67 kDa determined by SDS—PAGE and Western
blotting analysis (Figure 1). The existence of this 67 kDa latent
mushroom tyrosinase has not been previously reported. This
finding agrees with the previously reported putative tyrosinase
cDNA clone, which encoded a protein of ~64 kDa (Wichers et
al., 1995; van Gelder et al., 1997).

Electrophoresis. SDS—PAGE experiments were performed
under denaturing conditions in 10% polyacrylamide gels with
a minigel Bio-Rad system. Samples were diluted with 50 mM
TCB (pH 7), containing 0.5 mM f-mercaptoethanol, 2% SDS,
1% bromophenol blue, and 10% glycerol. Electrophoresis was
conducted at a constant voltage of 200 V in a buffer (pH 6.8)
containing 3 g/L Tris base, 14.4 g/L glycine, and 1 g/L SDS.
For molecular mass determination, the calibration kit of SDS—
PAGE standards (low range of M,) from Bio-Rad was used.
After electrophoresis, the gels were equilibrated for 30 min at
4 °C in transfer buffer (TB) containing 3 g/L Tris base, 14.4
g/L glycine, and 20% methanol (v/v). The gels were then blotted
onto a PVDF membrane for 1 h at a constant voltage of 100 V
in a Mini Trans-Blot electrophoretic transfer cell (Bio-Rad).
The ECL protocol (Amersham Int., England) was followed to
develop tyrosinase bands on the gel. This method is based on
light emission for detection of immobilized specific antigens.
After electroblotting, the membrane was rinsed in TBS and
incubated in the block solution (low-fat dried milk) for 1 h.
After incubation, the membrane was washed in TTBS for 25
min and incubated with the first antibody (anti-AbPPO)
diluted in TTBS solution for 2 h. After incubation with anti-
AbPPO, the membrane was washed in TTBS for 25 min and
then incubated with the secondary antibody (HRP-Ab) diluted
in TTBS solution for 1 h. After incubation with HRP-Ab, the
membrane was washed in TTBS for 35 min. To detect the
bands, the reagents of the kit were mixed (1:1) according to
the manufacturer’s instructions. After 1 min of incubation, the
membrane was immediately exposed to a photographic film
for 1 min.

Enzymatic Assays. Tyrosinase activity on TBC was de-
termined at 400 nm by measuring the accumulation of 4-(tert-
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butyl)benzo-1,2-quinone (TBQ). This o-quinone was highly
stable at every pH assayed and for a longer period than those
used in the activity measurements (Waite, 1976; Ros et al.,
1994a). The final volume of assay was 1 mL. One unit of active
form of tyrosinase was defined as the amount of the enzyme
that produces 1 umol of TBQ per minute.

Tyrosinase activities on L-DOPA and dopamine were de-
termined by measuring dopachrome and dopaminechrome
accumulations at 475 and 480 nm, respectively (Ros et al.,
1994b).

N,N'-Dimethylformamide (DMF) (1%, v/v) was added to the
assay medium to enhance the solubility of benzyl alcohol (BA).
This proportion of DMF did not alter Kinetic properties of
tyrosinase (Espin et al., 1995a, 1997a, 1998b).

The spectrophotometric assays were recorded in an ultra-
violet—visible Perkin-Elmer Lambda-2 spectrophotometer (Uber-
lingen, Germany), on-line interfaced to a Pentium-100 micro-
computer (Ede, The Netherlands). Temperature was controlled
at 25 °C with a circulating bath with a heater/cooler and
checked using a precision of +0.1 °C.

Kinetic Data Analysis.The values of K, and Vmax Were
calculated from triplicate measurements of the steady-state
rate, Vs, for each initial substrate concentration ([S]o). The
reciprocals of the variances of Vs were used as weighting
factors to the nonlinear regression fitting of Vs versus [S]o to
the Michaelis equation (Endrenyi, 1981). The fitting was
carried out by using a Gauss—Newton algorithm (Marquardt,
1963) implemented in the Sigma Plot 2.01 program for
Windows (Jandel Scientific, 1994).

Other Methods. Protein content was determined by using
the method of Bradford (1976) using bovine serum albumin
as standard.

RESULTS AND DISCUSSION

The activation of latent tyrosinase by some alcohols
has been previously reported (Asada et al., 1993).
However, the activation of latent mushroom tyrosinase
by volatile compounds such as BA has not been previ-
ously published.

The activation of latent mushroom tyrosinase by BA
was characterized by the presence of a lag period (7)
prior to the attainment of the steady-state rate (Vss)
(Figure 2A). The molecular weight of the latent tyrosi-
nase (67 kDa) did not change after activation by BA
(Figure 1). The presence of the transient phase in the
activation process suggested that the activation could
take place through a slow conformational change of the
enzyme to render the active tyrosinase. Moreover, Vs
depended on BA concentrations with a sigmoid pattern
(Figure 2B), which also happens in the activation of
other latent tyrosinases by SDS (Moore and Flurkey,
1990; Nellaiappan and Sugumaran, 1996). This could
indicate a possible detergent-like character of BA, which
could explain the activation of the latent enzyme by
means of a conformational change of the protein, similar
to that caused by SDS. The lag period of the activation
process diminished in a sigmoid way with increasing
BA concentrations. 7 decreased to zero at certain BA
concentrations, but a concomitant decrease of Vs was
obtained (Figure 2A,B).

The optimum BA concentration ([BA]ot]) to activate
the latent enzyme varied in a sigmoid manner with pH.
The [BA]opt Was maximum, 0.3 M (3% of BA v/v), at pH
>6.5 (Figure 3) because protonation of the latent
enzyme by acid shock could facilitate the activation
process at low pH. V¢ changed in a sigmoid way and 7
increased with pH (Figure 4). The profile of the optimum
pH curve was equal to that previously observed for
commercial tyrosinase (Espin et al., 1997b).
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Figure 2. (A) Spectrophotometric recordings for the activation
of a latent mushroom tyrosinase isoform by BA. Conditions
were as follows: 50 mM PB (pH 6.8), 2.5 mM TBC, 0.07 ug/
mL latent tyrosinase, and BA (a) 0.1 M, (b) 0.2 M, (c) 0.25 M,
(d) 0.3 M, and (e) 0.35 M. (B) Dependence of V¢ (@) and 7 (a)
on [BAJo. Conditions were as in Figure 2A.
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Figure 3. Dependence of optimum BA concentration ([BA]opt)
on pH. Conditions were as follows: 50 mM AB (pH 5 and 5.5),
50 mM PB (pH 5.75—7.25), 2.5 mM TBC, and 0.035 ug/mL
latent mushroom tyrosinase.

Vss was linearly dependent and t remained constant
with varying latent enzyme concentrations (Figure 5).
Furthermore, Vs was hyperbolically dependent and 7
remained constant on o-diphenol concentration (Figure
6).

Km values changed in a hyperbolic way with pH,
whereas Vmax Values were constant (Figure 7; Table 1).
This is also the characteristic behavior of commercial
tyrosinase, which meant that the protonation of BA-
activated tyrosinase at low pH resulted in higher K,
values toward its substrates. This fits to a previously
proposed reaction mechanism for tyrosinases from many
sources (mushroom, frog epidermis, grape, apple, pear,
avocado, artichoke, and strawberry) (Rodriguez-Lopez
et al., 1992; Ros et al., 1994b; Espin et al., 1995a,b,
1997a—f, 1998b—e).
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Figure 4. Dependence of Vs (®) and 7 (a) on pH in the
activation of a latent mushroom tyrosinase by BA. Conditions
were as follows: 50 mM AB (pH 4—5.5), 50 mM PB (pH 5.75—
7.25), 2.5 mM TBC, [BA]qpt at every pH, and 0.035 ug/mL latent
tyrosinase.
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Figure 5. Dependence of Vs (@) and 7 (a) on latent tyrosinase
concentration in the activation of latent tyrosinase by BA.
Conditions were as follows: 50 mM PB (pH 6.8), 2.5 mM TBC,
0.3 M BA, and 0.035—0.23 ug/mL latent tyrosinase.

The values of the kinetic constants Vmax and K, were
different between the BA-activated and commercial
tyrosinases (Table 1). The observations suggest that the
final active tyrosinase has different Kinetic properties
depending on the activator. For instance, the fully active
commercial tyrosinase has a molecular mass of 43 kDa,
lower than that for the BA-activated tyrosinase (67
kDa). BA could induce a conformational change in the
latent tyrosinase to render the active tyrosinase. There-
fore, the mechanism of activation is obviously different
for both mushroom tyrosinases. This suggests that
different activators render active tyrosinases with dif-
ferent catalytic and affinity properties toward their
substrates (Table 1). For instance, K, values for TBC
were higher for commercial tyrosinase (3 mM at pH 6.8)
than for BA-activated tyrosinase (2 mM at pH 6.8).
However, Ky, values for both L-DOPA and dopamine
were lower for commercial tyrosinase (0.7 and 1.8 mM,
respectively, at pH 6.8) than for BA-activated tyrosinase
(4.7 and 5.5, respectively, at pH 6.8) (Table 1). This could
be due to the presence of different charges in the active
site of the enzymes. Moreover, the sequence of Vmax
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Figure 6. Dependence of V (®) and 7 (o) on TBC concentra-
tion in the activation of latent tyrosinase by BA. Conditions
were as follows: 50 mM PB (pH 6.8), 0.3 M BA, 0.07 ug/mL
latent tyrosinase, and 0.2—5 mM TBC.
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Figure 7. Dependence of Vimax (®) and Ky, (a) on pH for the
BA-activated tyrosinase isoform. Conditions were as follows:
50 mM AB (pH 5, 5.5), 50 mM PB (pH 5.75-7.25), 2.5 mM
TBC, [BA]qpt at every pH, and 0.035 ug/mL latent tyrosinase.

values (TBC > dopamine > L-DOPA) was always the
same at every pH and for both tyrosinase isoforms. This
sequence could be explained on the basis of a quantita-
tive effect of the ring substituent on the rate of phenolic
compound oxidation catalyzed by several tyrosinases
previously reported (Espin et al., 1998b—e). This effect
is related to the capacity of the side chain of the different
phenolic compounds to donate electrons toward the
aromatic ring as well as to the molecular size of this
side chain (Espin et al., 1998b—e).

When latent tyrosinase was activated with higher or
lower BA concentration than the optimum, the kinetic
constants Vmax and Ky, on TBC were different. Viax =
9.5 uM/min and K, = 3.2 mM when the latent enzyme
was activated with 0.35 M BA, Vimax = 1.5 uM/min and
Km = 5.2 mM when activated with 0.1 M BA, and Vax
= 11.8 uM/min and Ky, = 2 mM at the optimum BA
concentration (0.3 M). This indicates that if higher
benzyl concentration is used for the activation, the
unfolding of the enzyme is very fast (no lag period) but
the catalytic efficiency of the final active form is worse
(lower Vmax and higher Ky, values) than when the
optimum BA concentration is used. At lower BA con-
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Table 1. Values of the Kinetic Constants Vmax and Ky, for
BA-Activated and Commercial Mushroom Tyrosinase
Isoforms2

BA-activated isoform commercial tyrosinase
Vmax Vmax

substrate pH (M/min) Ky (MmM)  (@M/min) Ky (MM)
TBCP 5 1184+ 081 47+031 794+045 56+0.43
L-DOPAC 1.44+0.05 83+0.48 1.8+ 0.09 2.7+ 0.20
dopamine® 55+0.21 84+045 7.2+041 3.8+0.38

TBC 55 121+0.75 454+0.26 80+040 54+0.41
L-DOPA 1.6+0.05 81+040 1.9+0.10 25+0.28
dopamine 58+030 79+040 74+051 3.6+031

TBC 575 12.0£0.79 35+0.25 83+0.41 51+0.31

L-DOPA 15+0.06 6.0+0.30 1.7+0.09 22+0.21
dopamine 55+024 65+042 73+041 3.3+0.25
TBC 6 11.8+0.69 2.6 +0.21 80+0.50 3.8+0.41
L-DOPA 16+0.06 51+0.35 1.8+0.08 1.2+0.08
dopamine 55+0.25 58+040 7.2+0.51 2.3+0.19

TBC 6.5 11.94+0.89 2.1+0.19 824040 3.3+0.21
L-DOPA 1.44+0.05 474+0.25 1.8+ 0.09 0.8+ 0.41
dopamine 55+0.36 54+035 7.1+050 1.8+0.15

TBC 6.8 11.9+0.79 20+0.17 80+041 3.0+0.21
L-DOPA 1.6+0.05 47+025 1.9+0.12 0.7+ 0.06
dopamine 53+0.31 55+0.35 7.2+041 1.8+0.14

TBC 725 121+091 1.94+013 79+042 29+0.18
L-DOPA 15+0.06 48+0.31 1.8+0.13 0.7+ 0.04
dopamine 544+032 53+030 7.1+0.39 1.9+0.15

a (BA-activated enzyme): 50 mM PB (pH 6.8), [BA]opt at every
pH, 0.03 ug/mL latent tyrosinase isoform. (Commercial tyrosi-
nase): 50 mM PB (pH 6.8), 0.05 ug/mL commercial tyrosinase.b 4
= 400 nm (Waite, 1976). ® AL —dopa = 475 NM, Adgopamine = 480 nm
(Ros et al., 1994b).
centration (long lag period), the active site of the enzyme
is also somehow different and less available to the
substrate, and then the active enzyme also shows lower
Vmax and higher Ky, values.

To our knowledge there are no previous studies in
which this kinetic comparison has been carried out upon
activation by alcohols. However, it is known that there
are different behaviors of tyrosinase in the absence and
presence of SDS regarding inhibitory sensitivity, ther-
mal stability, optimum pH, etc. (Moore and Flurkey,
1990).

It can be suggested that volatile compounds that
naturally occur in mushrooms, such as BA, play a role
in the activation of latent mushroom tyrosinase. How-
ever, the physiological significance of the experiments
presented here is not readily apparent. Nevertheless,
these experiments have been conducted in the hope that
the results will provide some insights into the mecha-
nism of the activation phenomenon. Experiments in
modified atmospheres (results not shown) could support
the physiological significance of this process. In these
experiments, mushrooms in BA gas atmosphere turned
brown much more quickly than those with other volatile
compounds such as acetone, methanol, or ethanol. This
suggests a correlation of the activation of latent tyro-
sinase by BA (Figures 2—7) and the degree of browning
in mushrooms. The high BA concentration used in the
in vitro assays (0.3 M, 3% v/v) was necessary to achieve
reliable kinetic assay conditions to describe the activa-
tion process, because with much lower BA concentra-
tions (experiments in modified atmospheres) it took ~2
days to detect significant activation. Assuming that the
formation of BA is correlated to senescence, tyrosinase
activation might be an event that is inseparably associ-
ated with senescence.
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The activation of the latent enzyme by BA might occur
through a slow unfolding of the protein to expose the
active site. This is consistent with the constant molec-
ular weight after activation and the presence of a lag
period prior to the attainment of the steady-state rate.

ABBREVIATIONS USED

AB, sodium acetate buffer; anti-AbPPO, first antibody
(polyclonal antibody anti-tyrosinase developed in mouse);
BA, benzyl alcohol; [BA]o, initial benzyl alcohol concen-
tration; [BA]opt, Optimum benzyl alcohol concentration;
Bis-Tris, bis[2-hydroxyethyl]liminotris[hydroxymethyl]-
methane; DMF, N,N'-dimethylformamide; L-DOPA, L-3,4-
dihydroxyphenylalanine; dopamine, 3,4-dihydroxyphen-
ethylamine; HRP-Ab, secondary antibody (anti-mouse
immunoglobulin G conjugated with horseradish peroxi-
dase, developed in goat); Ky, Michaelis constant of active
tyrosinase toward TBC; M,, molecular mass; PB, sodium
phosphate buffer; PVDF, Immobilon-P transfer mem-
brane, pore size = 0.45 um (Millipore); SDS, sodium
dodecyl sulfate; SDS—PAGE, sodium dodecyl sulfate—
polyacrylamide gel electrophoresis; 7, lag period; TB,
transfer buffer, pH 8.3; TBC, 4-tert-butylcatechol; TBQ,
4-(tert-butyl)benzo-1,2-quinone; TCB, tris[hydroxy-
methyl]laminomethane chlorhidric buffer; Tris, tris-
[hydroxymethyl]laminomethane; TTBS, TCB saline (pH
7.5) with 0.05% Tween 20; Vg, steady-state rate; Vmax,
maximum steady-state rate.
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