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Abstract

Several synthetic N-substituted N-nitrosohydroxylamines were found to inhibit mushroom tyrosinase in a pH-dependent
manner regardless of the N-substituent. The inhibitory activity, or plso (—log [IC5(, M]) value, linearly decreased as the pH of
the media increased. The inhibitory activities of tested N-substituted N-nitrosohydroxylamines at pH 6.8 and 5.8 were found
to be almost 10 times and 100 times greater than at pH 7.8, respectively. The types of inhibition were different at pH 6.8 and
5.8. These results suggest that the inhibitory effect of N-substituted N-nitrosohydroxylamines is caused by the non-ionized
form of the inhibitor. Furthermore, the mechanism of inhibition depends on the interaction between the inhibitor and the

active site of tyrosinase at different pH values.
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Introduction

Tyrosinase (EC 1.14.18.1), also known as polyphenol
oxidase, is an enzyme that mediates the hydroxylation
of monophenolic compounds to o-diphenols and the
oxidation of o-diphenols to o-quinones. The enzyme is
widely distributed in plants, fungi and mammals, and
is known to be involved in enzymatic browning and
melanin production [1,2]. Enzymatic browning of
fruits and vegetables adversely changes the color,
flavor and nutritional value, thereby lowering their
market value. In addition, melanin hyperpigmentation
is a serious problem in human health, especially in
cases of melasma, ephelide, lentigo and the darkening
of skin after overexposure to the sun. Therefore,
tyrosinase inhibitors are wuseful in preventing
enzymatic browning in the food industry,
and in controlling the production of dermal
melanin pigmentation in medical and cosmetic
applications [3-5].

N-substituted N-nitrosohydroxylamines, classified
as C-diazeniumdiolates, display a variety of interesting
biological activities [6]. For example, alanosine shows
antitumor activity [7], dopastin and nitrosoxacin are
enzyme inhibitors [8,9] and fragin is a plant growth
inhibitor [10]. Recently, diazeniumdiolates were
found to provide nitric oxide (NO) [11]. In our
previous paper, we showed that N-substituted N-
nitrosohydroxylamines inhibit mushroom tyrosinase
by chelating to the copper in the active site of the
enzyme. We have also shown that the inhibitory
activity [12] and the mechanism of inhibition [13] are
dependent on the N-substituent.

Because the N-nitrosohydroxylamino moiety of
these compounds is responsible for the inhibitory
activity, they are classified as HA-type acid inhibitors.
Benzoic acid, one of the typical HA-type acid
tyrosinase inhibitors, has been reported to inhibit the
enzyme in a pH-dependent manner [14]. Here we have
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investigated the pH influence of tyrosinase inhibition
by N-substituted N-nitrosohydroxylamines.

Materials and methods

Mushroom tyrosinase (specific activity 6800 U/mg)
was purchased from Sigma-Aldrich Co. (St. Louis,
MO) and used without further purification.
N-cyclopentyl-N-nitrosohydroxylamine(1), N-dode-
cyl-N-nitrosohydroxylamine(2), N-(4'-hydroxyben-
zyl)-N-nitrosohydroxylamine(5), and N-(2/,
5'-dihydroxybenzyl)-N-nitrosohydroxylamine(6) were
synthesized as ammonium salts by the method
described previously [12,13]. All other chemical
reagents were supplied by the Tokyo Chemical
industry Co. (Tokyo, Japan).

Tyrosinase assay

The diphenolase assay for mushroom tyrosinase was
performed by a spectrophotometric method with L-
dopa as the substrate, using a UV-160A spectropho-
tometer (Shimadzu, Kyoto, Japan). The reaction
mixture (total volume 3.2 mL) contained 0.54 mM L-
dopa, 67 mM phosphate buffer, 0.1 mL of test sample
in an aqueous solution and 0.1 mL of 80 units of
mushroom tyrosinase in an aqueous solution (added
last). The reaction mixture was incubated at 30°C for
5min. The initial linear increase in absorbance at
475 nm, corresponding to the formation of dopa-
chrome, was monitored.

The inhibitory action of the compounds was
expressed as the concentration of inhibitor required
for a 50% reduction in enzyme activity (ICsp). The pH
dependencies in potency are expressed as plsg values,
—log[ICsy;.

The pKa values of the synthesized compounds were
obtained by a method described previously [15], based
on the absorption of 260 nm for the anionic form of the
compounds.

Results

The effect of pH on the diphenolase activity of mushroom
tyrosinase

The activity of mushroom tyrosinase was studied in the
pH range 4.5-9.0 at constant ionic strength and was
expressed as a percentage of the value at pH 6.8
(Figure 1). The activity was almost the same in the
range of pH 5.5-8.0 (i.e. >95% of the value at pH
6.8).

The pH-dependent inhibition by N-substituted N-nitroso-
hydroxylamines

The chemical structures of the tested compounds,
four synthesized N-substituted N-nitrosohydroxyla-
mines (compounds 1, 2, 5 and 6), cupferron (3) and
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Figure 1. Effect of pH on mushroom tyrosinase diphenolase

activity. The data are shown as relative activity at pH 6.8.
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Figure 2. Chemical structures of the N-substituted N-

nitrosohydroxylamines tested.

neocupferron (4) are shown in Figure 2. Inhibition
of the diphenolase activity of mushroom tyrosinase
over the pH range of 5.5-8.0 was studied and plsg
values plotted against pH (Figure 3). The observed
inhibitory activity at pH 6.8 and 5.8 was approxi-
mately 10 times and 100 times greater than at pH 7.8.
Interestingly, plots of the plsq values versus pH gave a
straight line for each compound with a slope value of
almost — 1 (correlation coefficient of >0.999). Thus,
the pH-dependency of inhibition was independent of
the N-substituent of the nitrosohydroxylamine.
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Figure 3. pH-dependence of tyrosinase inhibitory activity for N-
substituted N-nitrosohydroxylamines: compound 1(®),2(»), 4(#), 5
(m) and 6 (O).
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Table I. Inhibition effects of N-substituted N-nitrosohydroxylamines on mushroom tyrosinase at pH6.8 and 5.8.
1C50 ((n M) Type of inhibition
Compound pH6.8% pH5.8 pH6.8% pH5.8 PKa
1 0.6 0.075 mixed-II type non-competitive 5.6
2 2.2 0.26 mixed-II type competitive 5.9
3 1.1 0.13 competitive competitive 4.2°
4 46.0 6.2 mixed-II type non-competitive 4.1°
5 13.7 1.1 uncompetitive mixed-I type 5.7
6 23.8 2.7 uncompetitive non-competitive 5.7

2Values have been previously reported [12,13]; ® Reference 21.

The inhibition effects of N-substituted N-nitrosohydroxy-
lamines on the diphenolase activity of mushroom tyrosinase
at pH 6.8 and 5.8

The inhibition of mushroom tyrosinase by compounds
1-6 was studied at both pH 6.8 and 5.8 (Table I). The
type of inhibition was determined by Lineweaver-Burk
plot analysis. Typical Lineweaver-Burk plots for
compounds 2 and 6 are shown in Figure 4. Our
results show that the IC5, values at pH 5.8 are almost
one order of magnitude less than at pH 6.8. Although
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cupferron displayed competitive inhibition at both pH
values, all the other N-substituted N-nitrosohydrox-
ylamines showed a different type of inhibition at pH
6.8 and 5.8.

The pH effect of the other HA-type acid inhibitors on
copper chelation

Tropolone [16], kojic acid [17], benzohydroxamic
acid [18] and benzoic acid [19] are known to inhibit
tyrosinase by chelating with copper. The chemical
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Figure 4. Lineweaver-Burk plots of mushroom tyrosinase reaction with compound 2 (A) and 6 (B), at pH 6.8 (a) and 5.8 (b).
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structures of these inhibitors are shown in Figure 5.
The pH-dependency for the inhibition of mushroom
tyrosinase diphenolase activity is shown in Figure 6.
Our results show that benzoic acid acts in a similar
manner to cupferron (compound 3), where the pls,
value decreases linearly as the pH is increased. By
contrast, tropolone and kojic acid showed only a slight
pH-dependence of tyrosinase inhibition, and the
inhibition by benzohydroxamic acid was completely
independent of pH.

Discussion

All N-substituted N-nitrosohydroxylamines tested in
this study showed pH-dependent inhibition of mush-
room tyrosinase diphenolase activity over the pH
range of 5.5—-8.0, where the enzyme is stable. Because
the inhibitory activity depends on pH, the plsq value
decreased linearly as the pH increased. This linear
relationship can be expressed as the slope value for a
plot of pl5q versus pH, which was almost — 1 for all the
compounds tested (Figure 2). Thus, the dissociation
of each compound in the reaction medium is involved
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Figure 6. Effect of pH on mushroom tyrosinase inhibitory activity
for the other HA-type acid inhibitors.
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Chemical structures of other tyrosinase inhibitors for copper chelation.

in the inhibitory activity. These results suggest that the
protonated form of N-substituted N-nitrosohydrox-
ylamines (i.e. electrically neutral non-ionized species)
is involved in the inhibitory activity by chelation to the
the active site copper of tyrosinase.

N-nitrosohydroxylamines are classified as HA-type
acid inhibitors, as is benzoic acid. Benzoic acid, which
inhibits tyrosinase by a copper chelating mechanism, is
known to show pH-dependent inhibition. We recog-
nized that both N-substituted N-nitrosohydroxylamines
and benzoic acid similarly inhibit mushroom tyrosinase
activity in a pH-dependent manner (Figure 6).

In the case of benzoic acid, the pH dependency has
been interpreted by two different mechanisms. One
mechanism involves the interaction between the non-
ionized form of benzoic acid and copper in the active
site of the enzyme. Indeed, deuterium isotope studies
show that the proton of the carboxyl group in benzoic
acid transfers to the oxygen, binding the copper in the
enzyme [14]. Alternatively, the pH dependency has
been proposed to be the result of acid-base interaction
with a histidine residue of the enzyme [19,20]. In this
case, the inhibitory mechanism is due to the anionic
form of benzoic acid interacting with the protonated
form of the histidine residue in the active site of the
enzyme. This hypothesis is supported by the fact that
benzoic acid (pKa = 4.0) is fully dissociated over the
pH range 5.5-8.0, and the midpoint of the range of
pH effects is close to the pKa of the histidine imidazole
groups (pKa = 6.0-6.3) in proteins. Therefore, the
inhibitory activity would depend on the protonated
versus deprotonated status of the histidine residue at
the active site of the enzyme.

As far as N-substituted N-nitrosohydroxylamines
are concerned, the pKa range of these compounds
varies widely from 4.1 to 5.9, nearly that of the
histidine residue (Table I). Therefore the pH
dependency did not support the acid-base interaction
with the compounds and the histidine residue of the
enzyme. Moreover, the types of inhibition of N-
substituted N-nitrosohydroxylamines were different at
pH 6.8 and 5.8. If the compounds interact with the
histidine residue, the type of inhibition would be the
same in spite of the N-substituent.

Our experimental data for other HA-type acid
inhibitors show that benzoic acid inhibits in the
same pH-dependent manner as cupferron. However,
tropolone (pKa = 6.7), kojic acid (pKa = 7.9) and
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benzohydroxyamic acid (pKa = 8.7) displayed only a
slight pH-dependency or none at all. This result
suggested that the inhibitory activities of them might
be dependent on the dissociation of the inhibitors not
the enzyme. Therefore, it probably arises from their
electrically neutral, non-ionized form. Thus, the
inhibitory activity of N-substituted N-nitrosohydrox-
ylamines might depend on the non-ionized species,
which interacts with the copper at the active site of
tyrosinase.

It is thought that the activation of mushroom
tyrosinase at pH 5 is due to a conformational change
of the enzyme [4]. Therefore, the differences in the type
of inhibition for N-substituted N-nitrosohydroxyla-
mines at pH 6.8 and 5.8 might be caused by
conformational changes of the enzyme over the pH
range. The type of inhibition for compound 2 changed
from the mixed-II type at pH 6.8, where the inhibitor (I)
binds more readily to the enzyme-substrate (ES)
complex than to the free enzyme (E), to a competitive
type at pH 5.8, where the inhibitor can only bind the free
enzyme. Compound 6 displays uncompetitive inhi-
bition at pH 6.8, in which the inhibitor can only bind the
enzyme-substrate complex, and non-competitive inhi-
bition at pH 5.8, where the inhibitor binds equally to the
free enzyme and enzyme-substrate complex. The other
N-substituted N-nitrosohydroxylamines exhibited a
similar pH-dependent change to the inhibition mech-
anism (Table I). Thus, under acidic conditions (pH
5.8), the compounds can bind to the free enzyme much
more readily than at higher pH values.

In conclusion, we have demonstrated that N-
substituted N-nitrosohydroxylamines inhibit mush-
room tyrosinase in a pH-dependent manner, regardless
of N-substituent. These results indicate that the
inhibitory activity is due to the non-ionized, electrically
neutral form of the compound.
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