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Pheomelanin is a natural yellow-reddish sulfur-containing pigment derived from tyrosinase-catalyzed oxidation of

tyrosine in presence of cysteine. It is one of the existing forms of the natural pigment melanin, which is present in

the skin in two forms: eumelanin and pheomelanin. Generally, the formation of melanin pigments is a protective

response against the damaging effects of UV radiation in skin.

pheomelanin  nitrotyrosine  dityrosine  photooxidation

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 heterogeneous 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 incorporated into the pigment in the form of 1,4-

benzothiazine units (Figure 1) . Before being incorporated into pheomelanin, a minor part of 1,4-benzothiazine

units may undergo further structural modifications with formation of benzothiazole moiety which copolymerizes with

benzothiazine units . 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 .
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Figure 1. Schematic pathway of eumelanin and pheomelanin biosynthesis.

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 . Notably, pheomelanin has the capacity to act as photosensitizer

by inducing the generation of reactive oxygen species (ROS) upon irradiation with UV light .

Pheomelanin has been observed to increase lipid peroxidation following exposure of liposomes to UV irradiation,

suggesting that pheomelanin may act as a pro-oxidant . Analogously to other photosensitizing substances,

pheomelanin is able to trigger, following exposure to UV radiation, photochemical reactions capable of modifying

and damaging cellular components .

In particular, by exposure to UV radiation, aromatic rings present in the pheomelanin (Pheo) are excited to the

singlet state ( Pheo*) and rapidly converted to the excited triplet state ( Pheo*) .

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

[6]
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through the hydrogen atom or electron transfer by interaction of the triplet excited state of the sensitizer with target

molecules (S) or molecular oxygen.

Pheo* + S → Pheo  + S

Superoxide anion (O ) is generated when the pigment in the excited triplet state transfers electrons to molecular

oxygen by type I mechanism .

Pheo* + O  → Pheo  + O

The type II process involves the generation of singlet oxygen ( O ) by energy transfer from the excited triplet

sensitizer to a ground state oxygen molecule .

Pheo* + O  → Pheo + O

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 . Notably, it has been observed that, at pH 5.8, eumelanin biosynthesis is

suppressed, while pheomelanin production is enhanced .

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  (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 . At this regard, free tyrosine and tyrosine protein residue nitration can be

achieved through mechanisms involving peroxidase/H O -dependent oxidation of nitrite to nitrogen dioxide radical

( NO ) . In inflammation, myeloperoxidase from activated leukocytes catalyzes tyrosine nitration at high

levels . Photonitration of tyrosine to 3-nitrotyorosine has been already shown by methylene blue dye

and riboflavin as sensitizers . Methylene blue-sensitized photomodification 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 

. 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 

.

2. 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
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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 .

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.

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.

3. 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 physiological 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.

[41]
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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.

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 concentrations 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.
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4. 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

. 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).

Figure 6. Photooxidation of tyrosine by the nitrite/pheomelanin/UVB system: effect of Fe(III). Pheomelanin 4.2

μg/mL is added to the 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. The UVB control is pheomelanin free. Fe (III) is added as FeCl  at a concentration of

0.1 mM. 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. ** p < 0.01, * p < 0.05.

5. Pheomelanin Effect on Oxidative/Nitrative Modifications of
l-Tyrosine Induced by UVB Radiation: Role of Singlet Oxygen

[42][43][44][45]
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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 ( O ) in pheomelanin-sensitized nitration reaction of tyrosine at pH 5.5, the

yields of 3-nitrotyrosine in H O and D O as solvent were compared. Replacement of H O by D O increases the

lifetime of singlet oxygen by about 15 times  and, consequently, stimulates O -dependent reactions. As shown

in Figure 7, the production of 3-nitrotyrosine is approximately 8.4 times greater in D O than in H O. This effect is

indicative of the participation of singlet oxygen in the reaction. The formation of 3,3’-dityrosine is not affected by

D O.

Figure 7. Photooxidation of tyrosine by the nitrite/pheomelanin/UVB system: effect of D O and NaN . Pheomelanin

4.2 μg/mL is added to the solution, containing 1 mM tyrosine, 10 mM K-nitrite in 0.2 M K-phosphate buffer at pH

5.5 and 0.1 mM DTPA. 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, as reported in Materials and Methods. In D O, the pD (5.5) was taken as the measured

pH + 0.4. NaN  is added to a final concentration of 1 mM. *** p < 0.001.

It has been also observed that the formation of 3-nitrotyrosine is significantly reduced in the presence of sodium

azide (NaN ), 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.
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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.

6. 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 concentration) 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 , peroxynitrite reacts, in vivo, mainly with carbon

dioxide, forming a peroxynitrite-CO  adduct which decomposes generating the nitrogen dioxide radicals ( NO ) and

carbonate radical anion (CO ). 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-CO  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.

7. Discussion and Conclusions

The results of this study show that the photoproperties of pheomelanin can be modulated by various experimental

conditions. These properties were studied by analyzing the effect of pheomelanin on UVB radiation-induced

oxidation/nitration of tyrosine. UVB irradiation leads to the dimerization of tyrosine with the formation of 3,3′-

dityrosine and in the presence of nitrite the photochemical reaction forms 3-nitrotyrosine as an additional product.

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). Pheomelanin can perform a protective function on the conversion of tyrosine to

[47][48]
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3-nitrotyrosine at pH 7.4. The experiments conducted on the formation of 3,3′-dityrosine and 3-nitrotyrosine

induced by peroxynitrite (ONOO ) confirm this hypothesis. Peroxynitrite, which is generated in vivo from the

reaction of nitric oxide ( NO) with the superoxide anion (O ), is a very reactive species capable of nitrating and

oxidizing tyrosine. 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-CO  adduct. These results

indicate that pheomelanin 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). Furthermore, 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. 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 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 D O, the production of 3-nitrotyrosine is considerably higher than that formed in H O.

The result presented herein indicates that photoproperties of pheomelanin can be modulated by various

experimental conditions. It is well-known that pheomelanin undergoes structural modifications by UV rays. In the

course of the biosynthetic pathways, modification involves benzothiazine units which are gradually converted to

benzothiazole . The relative ratio of these two types of pheomelanin moieties appears important in determining

whether pheomelanin acts as a pro-oxidant . 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.

In conclusion 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 physiological pH;

conversely at pH 5.5, the presence of pheomelanin induces a 60% increase in the formation of 3-nitrotyrosine. 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, so 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-CO  adduct.
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