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Abstract: Pheomelanin is a natural yellow-reddish sulfur-containing pigment derived from tyrosinase-
catalyzed oxidation of tyrosine in presence of cysteine. Generally, the formation of melanin pigments
is a protective response against the damaging effects of UV radiation in skin. However, pheomelanin,
like other photosensitizing substances, can trigger, following exposure to UV radiation, photochem-
ical reactions capable of modifying and damaging cellular components. The photoproperties of
this natural pigment have been studied by analyzing pheomelanin effect on oxidation/nitration
of tyrosine induced by UVB radiation at different pH values and in presence of iron ions. Photo-
properties of pheomelanin can be modulated by various experimental conditions, ranging from the
photoprotection to the triggering of potentially damaging photochemical reactions. The study of the
photomodification of L-Tyrosine in the presence of the natural pigment pheomelanin has a special
relevance, since this tyrosine oxidation/nitration pathway can potentially occur in vivo in tissues
exposed to sunlight and play a role in the mechanisms of tissue damage induced by UV radiation.

Keywords: pheomelanin; nitrotyrosine; dityrosine; photooxidation; photosensitizer

1. Introduction

Pheomelanin is one of the existing forms of the natural pigment melanin. Melanin
is present in the skin in two forms: eumelanin and pheomelanin. Eumelanin is a hetero-
geneous polymer composed mainly of dihydroxyindole units derived from tyrosinase-
catalyzed oxidation of tyrosine or 3,4-dihydroxyphenylalanine (DOPA) to dopaquinone.
Compared to eumelanin, pheomelanin structure differs due to non-enzymatic addition of
cysteine to dopaquinone during the pathway of pigment biosynthesis. DOPA-derivatives
with cysteine, such as 5′-S-cysteinyldopa and in minor amount 2′-S-cystenyldopa, are incor-
porated into the pigment in the form of 1,4-benzothiazine units (Figure 1) [1]. Before being
incorporated into pheomelanin, a minor part of 1,4-benzothiazine units may undergo fur-
ther structural modifications with formation of benzothiazole moiety which copolymerizes
with benzothiazine units [2–4]. Interestingly, slight variations in the monomer composition
of pigment polymer skeleton have been shown to determine significant differences in light
absorption, antioxidant activity, redox behavior, and metal chelation [5].

It is commonly believed that melanin plays an important role in the modulation of
the photochemical reactions that occur in the skin. Numerous experimental and clinical
evidences have shown a protective role of eumelanin on the damage triggered by UV
irradiation on the skin [6]. A lower incidence of UV-induced skin diseases is observed in
individuals with darker skin pigmentation, where eumelanin is present. Conversely, a
higher incidence of UV-induced skin diseases was found in red-haired individuals with pale
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skin and freckles. Traditionally, this UV susceptibility trait has been associated with a high
tendency to sunburn and an increased risk of skin tumors and melanoma [7–9]. The damage
caused by UV rays would be determined either by the absence of pigmentation or by the
photosensitizing properties of the pheomelanin present in the skin of these individuals.
Notably, pheomelanin has the capacity to act as photosensitizer by inducing the generation
of reactive oxygen species (ROS) upon irradiation with UV light [8,10–14]. Pheomelanin
has been observed to increase lipid peroxidation following exposure of liposomes to UV
irradiation, suggesting that pheomelanin may act as a pro-oxidant [15]. Analogously to
other photosensitizing substances, pheomelanin is able to trigger, following exposure
to UV radiation, photochemical reactions capable of modifying and damaging cellular
components [16,17]. Furthermore, pheomelanin itself undergoes a photolytic process
mediated by the same reactive intermediates [18].
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In particular, by exposure to UV radiation, aromatic rings present in the pheomelanin
(Pheo) are excited to the singlet state (1Pheo*) and rapidly converted to the excited triplet
state (3Pheo*) [19,20].

The triplet state of pheomelanin can act as photosensitizer triggering photooxidative
events by radical-mediated (type I) and singlet oxygen-mediated (type II) mechanisms. The
type I mechanism involves free radical formation through the hydrogen atom or electron
ransfer by interaction of the triplet excited state of the sensitizer with target molecules (S)
or molecular oxygen.

3Pheo* + S→ Pheo•− + S•+
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Superoxide anion (O2
•−) is generated when the pigment in the excited triplet state

transfers electrons to molecular oxygen by type I mechanism [10,21].

3Pheo* + O2 → Pheo•+ + O2
•−

The type II process involves the generation of singlet oxygen (1O2) by energy transfer
from the excited triplet sensitizer to a ground state oxygen molecule [10,12].

3Pheo* + O2 → Pheo + 1O2

Recently, pheomelanin has also been implicated in UV-independent pathways of
oxidative stress [22].

In this study, the photoproperties of this natural pigment were studied by analyzing
the effect of pheomelanin on the oxidation/nitration of tyrosine induced by UVB radiation
under different pH values and in presence of iron ions. In particular, pheomelanin effect on
UVB-induced oxidation/nitration of tyrosine has been studied at physiological pH and at
a weakly acid pH. Under pathophysiological situations, such as inflammation, tissue pH
close to 5.5–6 can be found. Moreover, recent studies have shown that acid melanosomal pH
suppress melanogenesis, especially eumelanin formation, in melanocytes [23]. Notably, it
has been observed that, at pH 5.8, eumelanin biosynthesis is suppressed, while pheomelanin
production is enhanced [24].

Following UVB radiation of L-Tyrosine, tyrosyl radical that is generated dimerizes with
the formation of 3,3′-dityrosine; in presence of nitrite the photochemical reaction produces
tyrosyl radical and reactive nitrogen species which combine to form 3-nitrotyrosine as a
further product [25–27] (Figure 2).
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Figure 2. UVB-induced 3-nitrotyrosine and 3,3′-dityrosine formation.

Both 3,3′-dityrosine and 3-nitrotyrosine are considered diagnostic markers of the
in vivo production of reactive oxygen and nitrogen species [27–29]. Although reactive
nitrogen species, such as peroxynitrite, has been the most widely studied nitrating species,
tyrosine nitration occurs also through several alternative routes. At this regard, free tyro-
sine and tyrosine protein residue nitration can be achieved through mechanisms involving
peroxidase/H2O2-dependent oxidation of nitrite to nitrogen dioxide radical (•NO2) [30–32].
In inflammation, myeloperoxidase from activated leukocytes catalyzes tyrosine nitration at
high levels [33–36]. Photonitration of tyrosine to 3-nitrotyorosine has been already shown
by methylene blue dye and riboflavin as sensitizers [37,38]. Methylene blue-sensitized pho-
tomodification of tyrosine in the presence of nitrite occurs mainly through a process which
involves singlet oxygen (type II mechanism). Conversely, singlet oxygen plays a minor role
in the tyrosine photooxidation/photonitration mediated by riboflavin as sensitizer [38–40].
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Interestingly, the oxidation and nitration of tyrosine residues in proteins are considered
important post-translational modifications with consequences on the function of proteins
and therefore on cellular homeostasis [41–44].

The study of the photomodification of tyrosine in presence of the natural pigment
pheomelanin has a special relevance, since this tyrosine oxidation/nitration pathway can
potentially occur in vivo in tissues exposed to sunlight and play a role in the mechanisms
of tissue damage induced by UV radiation.

2. Results
2.1. UVB Radiation-Induced Photooxidation/Photonitration of L-Tyrosine

The exposure to ultraviolet light (UVB), at room temperature, of a solution containing
1 mM tyrosine leads to the formation of 0.25 ± 0.07 µM at pH 5.5 and 0.13 ± 0.02 µM at
pH 7.4 of 3.3′-dityrosine after 30 min of exposure. Tyrosine dimerization was not observed
in controls kept in the dark. The exposure of 1 mM tyrosine solution to UVB radiation in
the presence of 10 mM nitrite, under the same experimental conditions reported above,
leads to 3-nitrotyrosine as a further product in addition to 3,3′-dityrosine (Figure 3). When
nitrite is present, 3,3′-dityrosine is 0.08± 0.02 µM and 3.60± 0.46 µM, at pH 5.5 and pH 7.4,
respectively. The amount of 3-nitrotyrosine formed is 2.37 ± 0.4 µM and 1.89 ± 0.15 µM,
at pH 5.5 and pH 7.4 respectively, after 30 min of exposure. At low pH values nitrite
generates nitrating species which, in the presence of tyrosine, lead to the formation of
3-nitrotyrosine [45]. Control experiments, in which tyrosine and nitrite are incubated in the
dark, indicate that, under our experimental conditions, this reaction pathway can contribute
minimally to the production of 3-nitrotyrosine only at pH below 3.3.
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Figure 3. UVB-induced photooxidation/photonitration of tyrosine. A reaction mix containing 1 mM
tyrosine in 0.2 M K-phosphate buffer at pH 5.5 or pH 7.4, 0.1 mM DTPA, 10 mM K-nitrite is exposed
to UVB radiation. After 30 min of exposure, the reaction is stopped by placing the mixture in the
dark and the solution is analyzed by HPLC, to determine the formation of 3,3′-dityrosine (A) and
3-nitrotyrosine (B), as reported in Materials and Methods. Controls in the dark correspond to the
unexposed solution.

2.2. Effect of Pheomelanin on UVB Radiation-Induced Photooxidation/Photonitration of L-Tyrosine

In order to evaluate the photoproperties of pheomelanin on the oxidative/nitrative
modifications of tyrosine induced by UVB rays, 1 mM tyrosine and 10 mM nitrite were
exposed to UVB radiation in the presence of 4.2 µg/mL synthetic pheomelanin at physiolog-
ical pH 7.4 and pH 5.5. Pheomelanin was enzymatically prepared from L-Dopa and cysteine
as reported in the experimental section. After an exposure of 30 min both the formation
of 3,3′-dityrosine and the conversion of tyrosine to 3-nitrotyrosine was assayed. Overall,
pheomelanin exerts a photoprotective effect (antioxidant) on the oxidation/nitration of
tyrosine induced by UVB radiation (Figure 4). However, at pH 5.5 pheomelanin acts as
photosensitizer (prooxidant) in the nitrative modification of tyrosine. As shown in the
Figure 5B, pheomelanin does not inhibit the nitration of tyrosine but there is a 60% increase
in the formation of 3-nitrotyrosine compared to the control exposed to UVB radiation in the
absence of pheomelanin. In control experiments in which pheomelanin alone and nitrite
were exposed to UVB radiation, neither nitrotyrosine nor dityrosine were detectable.
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Figure 4. Photooxidation/photonitration of tyrosine by the nitrite/pheomelanin/UVB system.
Pheomelanin 4.2 µg/mL is added to reaction mixture containing 1 mM tyrosine, 10 mM K-nitrite,
0.1 mM DTPA in 0.2 M K-phosphate buffer at pH 5.5 or pH 7.4. The solution is exposed to UVB rays
for 30 min. The reaction is stopped by placing the mixture in the dark and the supernatant, obtained
after centrifugation, is analyzed by HPLC to measure 3,3′-dityrosine (A) and 3-nitrotyrosine (B), as
reported in Materials and Methods. Controls in the dark correspond to unexposed reaction mixtures
(pheomelanin/nitrite/tyrosine system). *** p < 0.001, ** p < 0.01, * p < 0.05.
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Figure 5. Photooxidation of tyrosine by the nitrite/pheomelanin/UVB system at various synthetic
pheomelanin concentrations. Pheomelanin (0.1–4 µg/mL) is added to a reaction mixture containing
1 mM tyrosine, 10 mM K-nitrite, 0.1 mM DTPA in 0.2 M K-phosphate buffer at pH 7.4 (A) or pH
5.5 (B). The solution is exposed to UVB rays for 30 min. The reaction is stopped by placing the mixture
in the dark and the supernatant, obtained after centrifugation, is analyzed by HPLC to determine the
formation of 3-nitrotyrosine (•) and 3,3′-dityrosine (�) as reported in Materials and Methods.

Figure 5 shows the formation of 3,3′-dityrosine and 3-nitrotyrosine at various con-
centrations of pheomelanin (0.1–4 µg/mL) at pH 7.4 and pH 5.5. At all concentrations
used, pheomelanin has a dose-dependent photoprotective action on the formation of 3,3′-
dityrosine at both pH 5.5 and pH 7.4. The photosensitizing action on the formation of
3-nitrotyrosine at pH 5.5 is observed in the range 0.4–4 µg/mL.

2.3. Photoproperties of Pheomelanin on UVB-Induced Oxidative/Nitrative Modifications of
L-Tyrosine: Effect of Fe(III)

It is known that melanins have the ability to bind various metals with the result of
modifying their photoproperties [46–49]. In order to evaluate how the presence of metals
can influence the oxidative/nitrative modifications of tyrosine, exposure to UVB rays was
performed with the addition of Fe(III) to the reaction mixture. Experiments performed in
the absence of metal chelator DTPA showed analogous results (data not shown). At pH 5.5,
it is observed that the presence of metals influences the photoproperties of pheomelanin
by reducing its antioxidant activity against dityrosine formation (Figure 6). Regarding the
formation of 3-nitrotyrosine, the photosensitizer effect of pheomelanin is not affected either
by the absence of the chelator or by the addition of Fe(III).
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2.4. Pheomelanin Effect on Oxidative/Nitrative Modifications of L-Tyrosine Induced by UVB
Radiation: Role of Singlet Oxygen

The photooxidative reactions can be the result of radical type processes (type I) or
of processes mediated by singlet oxygen (type II). Both mechanisms can contribute to
the photooxidative reactions at the same time. In order to evaluate the role of singlet
oxygen (1O2) in pheomelanin-sensitized nitration reaction of tyrosine at pH 5.5, the yields
of 3-nitrotyrosine in H2O and D2O as solvent were compared. Replacement of H2O
by D2O increases the lifetime of singlet oxygen by about 15 times [50] and, consequently,
stimulates 1O2-dependent reactions. As shown in Figure 7, the production of 3-nitrotyrosine
is approximately 8.4 times greater in D2O than in H2O. This effect is indicative of the
participation of singlet oxygen in the reaction. The formation of 3,3′-dityrosine is not
affected by D2O (Figures S1 and S2).

It has been also observed that the formation of 3-nitrotyrosine is significantly reduced
in the presence of sodium azide (NaN3), a known quencer of singlet oxygen (Figure 8). The
inhibitory effect of azide confirms intermediacy of type II mechanism in the pheomelanin-
sensitized formation of 3-nitrotyrosine.

2.5. Pheomelanin Effect on Oxidative/Nitrative Modifications of L-Tyrosine Induced by
Peroxyitrite

Peroxynitrite induces both tyrosine oxidation to 3,3′-dityrosine and tyrosine nitration
to 3-nitrotyrosine. Under our experimental conditions, peroxynitrite (100 µM, final con-
centration) added to a solution containing 100 µM of tyrosine generates 0.53 ± 0.02 µM of
3,3′-dityrosine and 6.75 ± 0.27 µM of 3-nitrotyrosine, respectively. As shown in Figure 8,
pheomelanin, at a concentration of 4.2 µg/mL, is able to inhibit both the formation of
3,3′-dityrosine (~42%) and that of 3-nitrotyrosine (~47%). As reported [51,52], peroxynitrite
reacts, in vivo, mainly with carbon dioxide, forming a peroxynitrite-CO2 adduct which
decomposes generating the nitrogen dioxide radicals (•NO2) and carbonate radical anion
(CO3

•−). In the presence of bicarbonate, tyrosine nitration mediated by peroxynitrite is
generally increased due to high oxidative/nitrative properties of radicals generated by the
decomposition of the peroxynitrite-CO2 adduct. The results shown in Figure 8 indicate that
pheomelanin is equally effective in protecting tyrosine from the nitrative and oxidative
action of peroxynitrite also in the presence of 25 mM bicarbonate.
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Figure 8. Pheomelanin effect on peroxynitrite-induced oxidation/nitration of tyrosine. To the reaction
mix containing 100 µM tyrosine, 4.2 µg/mL pheomelanin, 0.1 mM DTPA in 0.2 M K-phosphate buffer,
100 µM peroxynitrite is added, Na-bicarbonate when present is at a concentration of 25 mM. After
5 min at room temperature, the reaction mixture is analyzed by HPLC to measure 3,3′-dityrosine (A)
and 3-nitrotyrosine (B), as reported in Materials and Methods. ** p < 0.01, * p < 0.05.

3. Discussion

The results of this study show that the photoproperties of pheomelanin can be mod-
ulated by various experimental conditions, ranging from the photoprotection to the trig-
gering of potentially damaging photochemical reactions. These properties were studied
by analyzing the effect of pheomelanin on UVB radiation-induced oxidation/nitration of
tyrosine.

UVB irradiation leads, through tyrosyl radical intermediate, to the dimerization of ty-
rosine with the formation of 3,3′-dityrosine and in the presence of nitrite the photochemical
reaction forms 3-nitrotyrosine as an additional product. The mechanism underlying the
formation of 3-nitrotyrosine likely involves the combination of tyrosyl radical with nitrogen
dioxide radical (•NO2), which may be generated by photooxidation of nitrite [53,54]. In
the presence of pheomelanin, tyrosine is dose-dependently protected from oxidation to
3,3′-dityrosine both at pH 5.5 and physiological pH (pH 7.4). Furthermore, pheomelanin
can perform a protective function on the conversion of tyrosine to 3-nitrotyrosine at pH 7.4.
It is known that UVB radiation induces the formation of oxyradicals capable of trigger-
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ing oxidative reactions [55]. Therefore, the protective action of pheomelanin against the
photooxidation of tyrosine could be related to its ability to act as a free radical scavenger.

The experiments conducted on the formation of 3,3′-dityrosine and 3-nitrotyrosine
induced by peroxynitrite (ONOO−) confirm this hypothesis. Peroxynitrite, which is gen-
erated in vivo from the reaction of nitric oxide (•NO) with the superoxide anion (O2

•−),
is a very reactive species capable of nitrating and oxidizing tyrosine. This reactivity is
mediated by the hydroxyl radical (•OH) and by the nitrogen dioxide radical (•NO2) which
are generated by the homolytic cleavage of peroxynitrite. In the presence of carbon diox-
ide (CO2), a peroxynitrite-CO2 adduct is formed which generates a further radical, the
carbonate radical anion (CO3

•−). Pheomelanin showed protective properties both on the
formation of 3,3′-dityrosine and on the conversion of tyrosine to 3-nitrotyrosine induced
both by peroxynitrite and peroxynitrite-CO2 adduct. These results indicate that pheome-
lanin can act as free radical scavenger and the observed protective action of the pigment on
UVB-induced tyrosine modifications can be attributed to this property.

An interesting result that emerged from our investigations is that pheomelanin can
have pro-oxidant properties under some experimental conditions. We observed that the
nitration of tyrosine to 3-nitrotyrosine induced by UVB radiation in presence of nitrite at
pH 5.5 is increased when carried out in the presence of pheomelanin. These results indicate
that the properties of pheomelanin can be significantly influenced by the pH during UVB
irradiation, switching from antioxidant (pH 7.4) to pro-oxidant (pH 5.5).

The photochemical experiments conducted with the addition of iron ion are also of
particular interest. Pheomelanin has a remarkable ability to bind metals and this property
leads often to a modification of the photoprotective capabilities of the pigment. In our
experimental conditions by adding Fe(III), we observed a reduced ability to inhibit the
oxidative reaction. These results indicate that the antioxidant properties of pheomelanin
are sensitive to the effect of metal ions such as iron. It is plausible that the pigment bond
with iron induces an increase in the production of highly oxidizing reactive species whose
action can only be partially counteracted by the antioxidant activity of the pigment itself.

The production of reactive oxygen species (ROS) resulting from the interaction of
oxygen with pheomelanin exposed to UV radiation has often been interpreted as the cause
of its pro-oxidant properties. In these hypotheses, pheomelanin (Pheo) would act as a
sensitizer and its ability to stimulate the formation of 3-nitrotyrosine (NO2Tyr) in the
pheomelanin/nitrite/UVB system could be rationalized with the following sequence of
reactions:

Pheo→ 1Pheo*
1Pheo*→ 3Pheo*

3Pheo* + O2 → Pheo•+ + O2
•−

2O2
•− + 2H2O→ O2 + H2O2 + 2OH−

Fe3+ + O2
•− → Fe2+ + O2

Fe2+ + H2O2 → Fe3+ + •OH + OH−

Tyr + •OH→ Tyr• + OH−

NO2
− + •OH→ •NO2 + OH−

Tyr• + •NO2 → NO2Tyr

In competition with the nitrogen dioxide radical (•NO2), the tyrosyl radical can dimer-
ize with the formation of 3,3′-dityrosine (Dityr):

Tyr• + Tyr• → Dityr

Another possible pathway of formation of the tyrosyl radical and of the nitrogen
dioxide radical, responsible for the production of 3-nitrotyrosine, could occur through the
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direct interaction of the photoexcited pheomelanin in the excited triplet state (3Pheo*) with
tyrosine and with nitrite (type I mechanism):

3Pheo* + Tyr→ Pheo•− + Tyr•

3Pheo* + NO2
− → Pheo•− + •NO2

Photooxidation of pheomelanin-dependent tyrosine can also be mediated by singlet
oxygen that is generated by energy transfer from photoexcited pheomelanin in the triplet
state to ground state oxygen according to the following scheme (type II mechanism):

3Pheo* + O2 → 1O2 + Pheo

1O2 + Tyr→ Tyr• + O2
•−

Tyrosyl radicals can either dimerize or react with a nitrite-derived species to form
3-nitrotyrosine. To our knowledge, the production of nitrating species by direct interaction
of nitrite with singlet oxygen has not been reported. It is possible that indirect oxidation of
nitrite by the radicals produced by type II mechanism can give rise to further oxidizing
species which, as shown above, can contribute to the formation of 3-nitrotyrosine.

The investigations carried out to obtain information on the mechanism through which
the nitrite/pheomelanin/UVB system induces the nitration of tyrosine at pH 5.5 indicate
that, in our experimental conditions, the process can involve singlet oxygen, indeed, in
the presence of D2O, the production of 3-nitrotyrosine is considerably higher than that
formed in H2O. Accordingly, the inhibition exerted by sodium azide on the generation
of 3-nitrotyrosine possibly obeys to the known quenching effect on singlet oxygen [21].
These investigations are in agreement with previous studies on nitrite-induced nitration
of tyrosine in the presence of methylene blue as a photosensitizer [37]. On the other hand,
previous studies carried out in our laboratory have shown that the nitration of tyrosine
in presence of riboflavin as a photosensitive agent is mainly of type I [38]. It cannot be
excluded that in our case, which uses pheomelanin as photosensitizer, the type I mechanism
may participate in the photonitration reaction of tyrosine at slightly acid pH. UVB radiation
exposure experiments under anaerobic conditions are currently underway to verify the
role of the type I photochemical reaction.

Noteworthy, the photosensitizing effect exerted by pheomelanin is particularly effi-
cient in a slightly acid environment and in the presence of metal ions, such as iron. These
conditions, although not physiological, could acquire significance in some pathological
situations such as during inflammatory processes or in the case of tissue ischemia. In
both these states, pH values close to those used in our experiments are found in vivo
(pH 5.8–6.1). Moreover, the forearm of a healthy man has an average surface pH around
5.4–5.9 [56]. Interestingly, pheomelanin synthesis is chemically promoted by weakly acid
pH [24,57]. It has been reported that melanosomal pH regulates eumelanin/pheomelanin
ratio in melanocytes with a shift towards a pheomelanic phenotype by lowering pH [58,59].
In our experimental conditions, supraphysiological concentrations of nitrite (10 mM) were
used to highlight the nitration reaction of tyrosine. Nitrite is the main product of nitric
oxide (•NO) catabolism, the production of which increases in inflammation [60]. Nitrite is
also a constituent of sweat, where it can reach concentrations in the µM range following
its formation on the surface of the skin by commensal bacteria. Furthermore, in normal
conditions of exposure to the sun and heat, the surface layer of sweat undergoes a rapid
increase in concentration caused by evaporation, so that the local concentration of nitrite
can increase several times [61].

The result presented herein indicates that photoproperties of pheomelanin can be mod-
ulated by various experimental conditions. It is well-known that pheomelanin undergoes
structural modifications by UV rays. In the course of the biosynthetic pathways, modifica-
tion involves benzothiazine units which are gradually converted to benzothiazole [4]. The
relative ratio of these two types of pheomelanin moieties appears important in determining
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whether pheomelanin acts as a pro-oxidant [5,62]. Recently, exploring the photoreactivity
of pheomelanin by UVA radiation, the benzothiazole moiety has been shown to be more
reactive than benzothiazine moiety [63]. Under our experimental conditions, UVB radiation
and reactive nitrogen species could similarly influence pigment photoreactivity and induce
structural modifications of pheomelanin worth to be further explored.

4. Materials and Methods
4.1. Chemicals

L-Cysteine, L-Dopa, L-Tyrosine, diethylenetriaminopentacetic acid (DTPA), sodium
azide (NaN3), mushroom tyrosinase, horseradish peroxidase was provided by Sigma
Aldrich (St. Louis, MO, USA). Deuterium oxide (D2O) was obtained from Aldrich (Mil-
waukee, WI, USA). The 3-nitrotyrosine was from Fluka (Buchs, Switzerland). All other
reagents were used with the highest level of purity commercially available. The synthesis
of 3,3′-dityrosine was enzymatically carried out from L-Tyrosine and hydrogen peroxide
by horseradish peroxidase [64]. Peroxynitrite was prepared from K-nitrite and hydrogen
peroxide under acid conditions as previously reported [65].

4.2. Synthesis of Pheomelanin

Pheomelanin was synthesized from L-cysteine and L-Dopa [66]. L-Dopa (25 µmoles)
was dissolved in 20 mL of K-phosphate buffer (0.05 M pH 6.8) and incubated with mush-
room tyrosinase (1.2 mg). After 30 s, L-cysteine (53 µmol) was added, and the reaction
mixture was left overnight at 37 ◦C in agitation. To ensure total conversion to cysteinyl-
dopa isomers, pheomelanin was prepared with cysteine/Dopa molar ratio of 2:1 [67]. The
reaction was stopped by reducing pH to 2.2 with 6 N HCl, and the reaction mixture was
subsequently centrifuged at 5000 rpm for 25 min. The residue is suspended in H2O and sub-
sequently lyophilized, thus obtaining approximately 3.4 mg of dark brown pheomelanin.
The identification of pheomelanin as a synthetic product was performed by analyzing the
absorption spectrum (λ = 800–200 nm) of a solution containing 2.5 µg/mL pheomelanin
in 1 M K-phosphate buffer, pH 8.0. The absorbance of a 4 µg/mL pheomelanin solution
was on average 0.092 at 400 nm [68]. Stock solutions of synthetic pheomelanin were in 1 M
K-phosphate buffer, pH 8.0. The spectrum analysis was carried out using a UV-vis Cary 50
Scan spectrophotometer.

4.3. Nitration and Oxidation of L-Tyrosine Induced by UVB Radiation

The reaction mix containing 1 mM L-Tyrosine, 0.05 M K-phosphate buffer, pH 7.4,
or 0.2 M K-phosphate, pH 5.5 and 0.1 mM DTPA, was incubated in the absence or by
adding 10 mM K-nitrite to a Petri dish. To study the effect of pheomelanin on the oxida-
tive/nitrative modifications of tyrosine induced by UVB rays, the final concentration of
the pigment in the reaction mixture was 4.2 µg/mL. The photooxidation of tyrosine was
initiated by exposing the reaction mixture to UVB radiation produced by two fluorescent
lamps at room temperature. The irradiation was interrupted for 1 min every 5 min to mix
the suspension and prevent overheating of the reaction mixture. After 30 min of irradiation,
the samples were centrifuged for 5 min at 12,000 rpm, and the supernatant analyzed by
HPLC to verify the formation of 3,3′-dityrosine and 3-nitrotyrosine.

4.4. Exposure to UVB Radiation

The exposure was carried out in an irradiation cabin built by the Bioltecnical Service,
Nettuno, RM (Italy). Two Sankyo Denki G15T8E UVB fluorescent lamps (λ = 270–320 nm
with a maximum peak at 313 nm) were mounted on the ceiling of a closed aluminum cabin
equipped with a front door for loading the Petri dishes. The lamps emit a luminous flux,
with energy administered in the unit of time equal to 2.5 J m−2s−1, perpendicular to the
radiation plane placed at 23 cm distance. The total energy administered was 4500 J m−2.
The lamps have an efficiency equal to 1, i.e., all the absorbed power is transformed into
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UV radiation; furthermore the radiation emitted, given the geometry of the cabin and the
reflectivity of the walls, ends entirely on the irradiation plane.

4.5. Nitration and Oxidation of L-Tyrosine Induced by Peroxynitrite

The experiments with peroxynitrite were performed as described in [69]. The reac-
tion mixture containing 4.2 µg/mL pheomelanin, 100 µM L-Tyrosine, 0.2 M K-phosphate
buffer, pH 7.4 and 0.1 mM DTPA, was incubated in the absence or presence of 25 mM
Na-bicarbonate. The reaction was started by the addition of peroxynitrite (final concen-
tration of 100 µM). After 5 min at room temperature, the solution was centrifuged for
5 min at 12,000 rpm, and the supernatant analyzed by HPLC to verify the formation of
3-nitrotyrosine and 3,3′-dityrosine.

4.6. HPLC Analysis

3-nitrotyrosine and 3,3′-dithyrosine were analyzed by HPLC using a Waters chro-
matograph equipped with a model 600 pump and a model 600 gradient control module as
reported [65,70]. Chromatographic separation was performed using a Nova-pak column.
C18 (3.9 mm × 150 mm), 4 µm (Waters) and as mobile phase: (A) K-phosphate/H3PO4
buffer, 50 mM, pH 3.0; (B) acetonitrile-water (50:50, v/v) with a flow rate of 1 mL/min
at room temperature and a linear gradient from A to 33% of B in 10 min. 3-nitrotyrosine
was analyzed at 360 nm, using a Waters 996 photodiode spectrophotometric detector. 3,3′-
dithyrosine was analyzed using a Waters 474 fluorescence detector, setting the wavelength
at 260 nm for the excitation and at 410 nm for emission. Peaks were identified using external
standards and sample concentrations were calculated using standard curves. The elution
times of 3-nitrotyrosine and 3,3′-dithyrosine are 8.9 and 7.5 min, respectively. The limit of
determination of 3-nitrotyrosine and 3,3′-dithyrosine is 20 pmoles and 1 pmol, respectively.

4.7. Data Analysis

The results are expressed as mean values ± SEM of at least three separate experiments
performed in duplicate. The statistical analyses were performed using Student’s t-test;
p < 0.05 was deemed significant. The graphs and data analysis were performed using the
GraphPad Prism 4 program.

5. Conclusions

UVB radiation induces the photooxidation/photonitration of tyrosine. Pheomelanin is
able to perform a protective function both on the tyrosine oxidation to 3,3′-dityrosine and
on the conversion of tyrosine to 3-nitrotyrosine when the exposure is conducted at physio-
logical pH; conversely at pH 5.5, the presence of pheomelanin induces a 60% increase in the
formation of 3-nitrotyrosine. The photosensitizing action of pheomelanin in the nitration
reaction of tyrosine to 3-nitrotyrosine at pH 5.5, is further increased by about 8 times in
D2O, suggesting a role of 1O2 in the reaction mechanism. The addition of Fe(III) during
the irradiation of tyrosine in presence of nitrite provokes a decrease of the antioxidant
activity of pheomelanin also against the formation of 3,3′-dityrosine, indicating that the
photoproperties of pheomelanin may be affected by the presence of metal ions. Finally,
pheomelanin showed protective properties on oxidation/nitration of tyrosine induced by
peroxynitrite and by the decomposition of the peroxynitrite-CO2 adduct. An important
implication of the results obtained is that the pheomelanin-dependent photonitration of
tyrosine in presence of nitrite could exert toxic effects by inducing the nitration of tyro-
sine protein residues present in the skin with consequent functional alteration of proteins
themselves.
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49. Zadlo, A.; Mokrzyński, K.; Ito, S.; Wakamatsu, K.; Sarna, T. The influence of iron on selected properties of synthetic pheomelanin.
Cell Biochem. Biophys. 2020, 78, 181–189. [CrossRef] [PubMed]

50. Rodgers, M.A.J.; Snowden, P.T. Lifetime of oxygen (O2(1.DELTA.g)) in liquid water as determined by time-resolved infrared
luminescence measurements. J. Am. Chem. Soc. 1982, 104, 5541–5543. [CrossRef]

51. Lymar, S.V.; Jiang, Q.; Hurst, J.K. Mechanism of carbon dioxide-catalyzed oxidation of tyrosine by peroxynitrite. Biochemistry
1996, 35, 7855–7861. [CrossRef] [PubMed]

52. Goldstein, S.; Czapski, G.; Lind, J.; Merényi, G. Tyrosine nitration by simultaneous generation of NO and O2/-under physiological
conditions. How the radicals do the job. J. Biol. Chem. 2000, 275, 3031–3036. [CrossRef]

53. Mack, J.; Bolton, J.R. Photochemistry of nitrite and nitrate in aqueous solution: A review. J. Photochem. Photobiol. A Chem. 1999,
128, 1–13. [CrossRef]

54. Fischer, M.; Warneck, P. Photodecomposition of nitrite and undissociated nitrous acid in aqueous solution. J. Phys. Chem. 1996,
100, 18749–18756. [CrossRef]

55. Kadekaro, A.L.; Kavanagh, R.J.; Wakamatsu, K.; Ito, S.; Pipitone, M.A.; Abdel-Malek, Z.A. Cutaneous Photobiology. The
Melanocyte vs. the Sun: Who Will Win the Final Round? Pigment Cell Res. 2003, 16, 434–447. [CrossRef] [PubMed]

56. Braun-Falco, O.; Korting, H.C. Der normale pH-wert der menschlichen haut. Hautarzt 1986, 37, 126–129.
57. Ito, S.; Suzuki, N.; Takebayashi, S.; Commo, S.; Wakamatsu, K. Neutral pH and copper ions promote eumelanogenesis after the

dopachrome stage. Pigment Cell Melanoma Res. 2013, 26, 817–825. [CrossRef]
58. Ancans, J.; Tobin, D.J.; Hoogduijn, M.J.; Smit, N.P.; Wakamatsu, K.; Thody, A.J. Melanosomal pH Controls Rate of Melanogenesis,

Eumelanin/Phaeomelanin Ratio and Melanosome Maturation in Melanocytes and Melanoma Cells. Exp. Cell Res. 2001, 268,
26–35. [CrossRef]

59. Fuller, B.B.; Spaulding, D.T.; Smith, D.R. Regulation of the Catalytic Activity of Preexisting Tyrosinase in Black and Caucasian
Human Melanocyte Cell Cultures. Exp. Cell Res. 2001, 262, 197–208. [CrossRef]

60. Padgett, E.L.; Pruett, S.B. Evaluation of nitrite production by human monocyte-derived macrophages. Biochem. Biophys. Res.
Commun. 1992, 186, 775–781. [CrossRef]

61. Weller, R.; Pattullo, S.; Smith, L.; Golden, M.; Ormerod, A.; Benjamin, N. Nitric oxide is generated on the skin surface by reduction
of sweat nitrate. J. Investig. Dermatol. 1996, 107, 327–331. [CrossRef]

62. Napolitano, A.; Panzella, L.; Monfrecola, G.; D’Ischia, M. Pheomelanin-induced oxidative stress: Bright and dark chemistry
bridging red hair phenotype and melanoma. Pigment Cell Melanoma Res. 2014, 27, 721–733. [CrossRef]

63. Tanaka, H.; Yamashita, Y.; Umezawa, K.; Hirobe, T.; Ito, S.; Wakamatsu, K. The Pro-Oxidant Activity of Pheomelanin is
Significantly Enhanced by UVA Irradiation: Benzothiazole Moieties Are More Reactive than Benzothiazine Moieties. Int. J. Mol.
Sci. 2018, 19, 2889. [CrossRef]

64. Malencik, D.A.; Sprouse, J.F.; Swanson, C.A.; Anderson, S.R. Dityrosine: Preparation, isolation, and analysis. Anal. Biochem. 1996,
242, 202–213. [CrossRef]

65. Fontana, M.; Pecci, L.; Duprè, S.; Cavallini, D. Antioxidant Properties of Sulfinates: Protective Effect of Hypotaurine on
Peroxynitrite-Dependent Damage. Neurochem. Res. 2004, 29, 111–116. [CrossRef]

66. Krol, E.S.; Liebler, D.C. Photoprotective actions of natural and synthetic melanins. Chem. Res. Toxicol. 1998, 11, 1434–1440.
[CrossRef]

67. Ito, S. Optimization of Conditions for Preparing Synthetic Pheomelanin. Pigment Cell Res. 1989, 2, 53–56. [CrossRef]
68. Mosca, L.; Foppoli, C.; Coccia, R.; Rosei, M.A. Pheomelanin Production by the Lipoxygenase-Catalyzed Oxidation of 5-S-

Cysteinyldopa and 5-S-Cysteinyldopamine. Pigment Cell Res. 1996, 9, 117–125. [CrossRef] [PubMed]
69. Fontana, M.; Giovannitti, F.; Pecci, L. The protective effect of hypotaurine and cysteine sulphinic acid on peroxynitrite-mediated

oxidative reactions. Free Radic. Res. 2008, 42, 320–330. [CrossRef]
70. Baseggio Conrado, A.; D’Angelantonio, M.; Torreggiani, A.; Pecci, L.; Fontana, M. Reactivity of hypotaurine and cysteine sulfinic

acid toward carbonate radical anion and nitrogen dioxide as explored by the peroxidase activity of Cu, Zn superoxide dismutase
and by pulse radiolysis. Free Radic. Res. 2014, 48, 1300–1310. [CrossRef] [PubMed]

http://doi.org/10.1007/s12013-020-00918-1
http://www.ncbi.nlm.nih.gov/pubmed/32451722
http://doi.org/10.1021/ja00384a070
http://doi.org/10.1021/bi960331h
http://www.ncbi.nlm.nih.gov/pubmed/8672486
http://doi.org/10.1074/jbc.275.5.3031
http://doi.org/10.1016/S1010-6030(99)00155-0
http://doi.org/10.1021/jp961692+
http://doi.org/10.1034/j.1600-0749.2003.00088.x
http://www.ncbi.nlm.nih.gov/pubmed/12950718
http://doi.org/10.1111/pcmr.12137
http://doi.org/10.1006/excr.2001.5251
http://doi.org/10.1006/excr.2000.5092
http://doi.org/10.1016/0006-291X(92)90813-Z
http://doi.org/10.1111/1523-1747.ep12363167
http://doi.org/10.1111/pcmr.12262
http://doi.org/10.3390/ijms19102889
http://doi.org/10.1006/abio.1996.0454
http://doi.org/10.1023/B:NERE.0000010439.99991.cf
http://doi.org/10.1021/tx980114c
http://doi.org/10.1111/j.1600-0749.1989.tb00158.x
http://doi.org/10.1111/j.1600-0749.1996.tb00099.x
http://www.ncbi.nlm.nih.gov/pubmed/8888310
http://doi.org/10.1080/10715760801999727
http://doi.org/10.3109/10715762.2014.951839
http://www.ncbi.nlm.nih.gov/pubmed/25156684

	Introduction 
	Results 
	UVB Radiation-Induced Photooxidation/Photonitration of l-Tyrosine 
	Effect of Pheomelanin on UVB Radiation-Induced Photooxidation/Photonitration of l-Tyrosine 
	Photoproperties of Pheomelanin on UVB-Induced Oxidative/Nitrative Modifications of l-Tyrosine: Effect of Fe(III) 
	Pheomelanin Effect on Oxidative/Nitrative Modifications of l-Tyrosine Induced by UVB Radiation: Role of Singlet Oxygen 
	Pheomelanin Effect on Oxidative/Nitrative Modifications of l-Tyrosine Induced by Peroxyitrite 

	Discussion 
	Materials and Methods 
	Chemicals 
	Synthesis of Pheomelanin 
	Nitration and Oxidation of l-Tyrosine Induced by UVB Radiation 
	Exposure to UVB Radiation 
	Nitration and Oxidation of l-Tyrosine Induced by Peroxynitrite 
	HPLC Analysis 
	Data Analysis 

	Conclusions 
	References

