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Pterin derivatives are involved in various biological functions, including enzymatic processes that take place in
human skin. Unconjugated oxidized pterins are efficient photosensitizers under UV-A irradiation and accumulate
in the skin of patients suffering from vitiligo, a chronic depigmentation disorder. These compounds are able to
photoinduce the oxidation of the peptide α-melanocyte-stimulating hormone (α-MSH), which stimulates the
production and release of melanin by melanocytes in skin and hair. In the present work we have used two pep-
tides in which the amino acid sequence of α-MSH was mutated to specifically investigate the reactivity of tryp-
tophan (Trp) and tyrosine residues (Tyr). The parent compound of oxidized pterins (Ptr) was used as a model
photosensitizer in aqueous solution at pH 5.5 and was exposed to UV-A radiation, a wavelength range where
the peptides do not absorb. Trp residue yields N-formylkynurenine and hydroxytryptophan as oxidized products,
whereas the Tyr undergoes dimerization and incorporation of oxygen atoms. In both cases, the first step of the
mechanism involves an electron transfer from the amino acid to the photosensitizer triplet excited state, Ptr is
not consumed and hydrogen peroxide (H2O2) is released. The role of singlet oxygen produced by energy transfer
from 3Ptr⁎ to dissolved O2 was negligible or minor. Other amino acid residues, such as histidine, might be also
affected.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Solar radiation inducesmodifications to different biomolecules and is
implicated in the generation of human skin cancers [1]. Most of the solar
UV energy incident on Earth surface corresponds to UV-A radiation
(320–400 nm), which can induce damage through photosensitized
reactions [2]. A photosensitized reaction is defined as a photochemical
alteration occurring in one molecular entity as a result of the initial ab-
sorption of radiation by another molecular entity called photosensitizer
[3]. Proteins and peptides are among the preferential targets of the
photosensitized damaging effects of UV radiation on biological systems
[4]. These processes may be mediated by endogenous or exogenous
photosensitizers and can take place through different mechanisms: the
generation of radicals (type I mechanism), e.g., via electron transfer or
hydrogen abstraction, and the production of singlet oxygen (1O2) (type
II mechanism) [5].

In general, it is accepted that the photosensitization of proteins
occurs mainly through the reactions of 1O2 with tryptophan (Trp),
tyrosine (Tyr), histidine (His), methionine (Met) and cysteine (Cys)
as).
side-chains [6]. However, we have recently demonstrated that the
photosensitization of bovine serum albumin (BSA) by pterin (Ptr), the
parent compound of oxidized (aromatic) pterins and an efficient 1O2

photosensitizer, involves a type I (electron transfer) mechanism [7,8].
In addition, in a series of studies performed in aqueous solution using
free Trp [9], Tyr [10] and His [11] as target substrates and Ptr as a pho-
tosensitizer, we have demonstrated that in neutral and acidic media, a
type I mechanism also predominates.

Pterins are present in human epidermis because 5,6,7,8-
tetrahydrobiopterin (H4Bip) is an essential cofactor in the hydroxyl-
ation of the aromatic amino acids [12,13]. In vitiligo, a skin disorder
characterized by a defective protection against UV radiation due to the
acquired loss of constitutional pigmentation [14], the H4Bipmetabolism
is altered [15] and unconjugated oxidized pterins accumulate in the
affected tissues. These compounds are photochemically reactive in
aqueous solution and, upon UV-A excitation, produce reactive oxygen
species and photosensitize the oxidation of biomolecules [16].

In a recent work we have investigated the degradation of the α-
melanocyte-stimulating hormone (α-MSH) photosensitized by Ptr
under UV-A irradiation [17]. This peptide has the following amino acid
sequence: Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val.
It stimulates the production and release of melanin by melanocytes in
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Fig. 1. Normalized absorption spectra of Ptr and the two peptides used in this work, α-
MSHW9G and α-MSHY2G, in air-equilibrated acidic (pH 5.5) aqueous solutions.
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skin and hair. When aerated solutions containing α-MSH and Ptr
(pH=5.5) were exposed to UV-A radiation, the peptidewas consumed
and H2O2 was generated, but without significant change in the photo-
sensitizer concentration.

The photosensitization process is initiated by an electron transfer
from α-MSH to the triplet excited state of Ptr (3Ptr⁎) yielding the pep-
tide radical cation (α-MSH•+) and the Ptr radical anion (Ptr•−)
(Reaction (1)). The electron transfer from Ptr•− to O2 regenerates Ptr
and forms superoxide anion (O2

•−) (Reaction (2)), which, in turn, may
disproportionate with its conjugated acid HO2

• to form H2O2 (Reaction
(3)). The radicals in the peptide react with O2 or other radicals to yield
various products.

3Ptr� þ α‐MSH→Ptr•– þ α‐MSH•þ ð1Þ

Ptr•– þ O2→Ptrþ O2
•– ð2Þ

2Hþ þ 2O2
•–→H2O2 þ O2 ð3Þ

α‐MSH•þ→Products ð4Þ

The presentworkwas aimed at investigating specifically the reactiv-
ity and photoproducts of Trp and Tyr residues in peptides chains via a
type I photosensitized process. For this purpose, we have used two pep-
tides in which the amino acid sequence of α-MSH was mutated
(Scheme 1). In the peptide named α-MSHW9G, the Trp residue in posi-
tion 9 was mutated to a glycine (Gly), whereas in the peptide named
α-MSHY2G, the Tyr residue in position 2 was mutated also to a glycine
(Gly) residue. Aqueous solutions containing Ptr as a model photosensi-
tizer and α-MSHW9G or α-MSHY2G were exposed to UV-A radiation.
Under the experimental conditions used, only Ptr was excited (Fig. 1).
We focussed on the following specific objectives: i) characterization of
the photoproducts formed by the oxidation of each residue; ii) corrobo-
ration of the hypothesis that the Tyr residue is responsible for the di-
merization of the hormone α-MSH; iii) elucidation of the reaction
mechanisms.

2. Experimental

2.1. General

2.1.1. Chemicals
Pterin (Ptr, purity N 99%, Schircks Laboratories, Switzerland) and the

peptides (α-MSHW9G, purity N 99.8%, and α-MSHY2G, purity N 99.1%,
CASLO ApS, Denmark) were used without further purification after
checking for impurities by HPLC. Acetonitrile (ACN) was purchased
from J. T. Baker. Other chemicals were from Sigma Chemical Co. Solu-
tions were prepared using deionized water further purified in a Milli
Q Reagent Water System apparatus. The specific electrical resistance
of water was ~10 MΩ cm.

2.1.2. Samples
All the experiments were carried out with aqueous solutions con-

taining Ptr and a given peptide in the pH range 5.5–6.0, where Ptr is
present at N99% in its acid form (pKa 7.9 [16]). For adjusting the pH of
Scheme 1.Molecular structures of α-MSH and the modified peptides: α-MSHW9G and α-
MSHY2G, in which the Trp and the Tyr residues of α-MSHwhere mutated to Gly residues,
respectively.
the solutions, small amounts of HCl or NaOH solutions (0.1–0.2 M)
were added. The experiments were performed with air-equilibrated,
O2-saturated and O2-free solutions. The two latter were obtained by
bubbling for 20 min with O2 and Ar, respectively (Linde, purity N

99.998%).

2.1.3. Estimation of the Concentration of the Peptides
It was assumed that the absorption of photons by α-MSHW9G and

α-MSHY2G at 280 nm is only due to the Tyr and Trp residues, respec-
tively. It was also assumed that the molar absorption coefficient of
the peptides at this wavelength are equal to the corresponding
molar absorption coefficients of free Tyr and Trp in aqueous solu-
tions at pH 5.5 (εα−MSHW9G

280 =εTyr280 ; εα−MSHY2G
280 =εTrp280). Therefore,

the concentration of the peptide in each solution was estimated by
determining the absorbance at 280 nm (before adding Ptr) and
then using the Lambert–Beer law (A280 =εα−MSHW9G

280 l [α−
MSHW9G]; A280 =εα−MSHY2G

280 l [α−MSHY2G]; l = optical
pathlength).

2.1.4. Steady-state Irradiation
Continuous photolysis experiments were carried out in quartz cells

(1 cm optical path length) at room temperature. A Rayonet RPR lamp
emitting at 350 nm (bandwidth ≈ 20 nm, Southern N.E. Ultraviolet
Co., Branford, CT) was used as a radiation source. Under these experi-
mental conditions only Ptr was excited (Fig. 1), whereas the peptides
did not absorb radiation.

2.2. Analysis of Irradiated Solutions

2.2.1. UV⁄vis Spectrophotometric Analysis
Electronic absorption spectra were recorded on a Shimadzu UV-

1800 spectrophotometer. Quartz cells (optical path length of 1 cm)
were used for themeasurements. The absorption spectra of the irradiat-
ed solutions were measured at regular time intervals.

2.2.2. High-performance Liquid Chromatography (HPLC)
A Prominence equipment from Shimadzu (solvent delivery module

LC-20AT, on-line degasser DGU-20A5, communications bus module
CBM-20, auto sampler SIL-20AHT, column oven CTO-10AS VP, photodi-
ode array (PDA) detector SPD-M20A and fluorescence (FL) detector RF-
20A) was employed for monitoring the photochemical processes. A
Jupiter Proteo column (150 × 4.6 mm, 4 μm, Phenomenex) was used



Fig. 2. Chromatograms obtained in HPLC-PDA analysis at 280 nm ofα-MSHY2G; (a) before
irradiation; (b) after 10min of irradiation in the presence of Ptr. Insets: absorption spectra
of the peptide and the photoproducts. [Ptr]0 = 50 μM, [α-MSHY2G]0 = 48 μM, pH= 5.5.
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for separation of the photosensitizer, the substrates and the products.
The following mobile phases were used: 83% aqueous solution of am-
monium acetate (NH4Ac, 10 mM, pH 7) and 17% of ACN for α-
MSHW9G; 80% aqueous solution of NH4Ac (10 mM, pH 7) and 20% of
ACN for α-MSHY2G. In some cases, for further analysis, the products
were isolated fromHPLC runs (preparative HPLC), by collecting themo-
bile phase after passing through the PDA detector.

2.2.3. Detection and Quantification of H2O2

For the determination of H2O2, a Cholesterol Kit (Wiener
Laboratorios S.A.I.C.) was used. H2O2 was quantified after reaction
with 4-aminophenazone andphenol [18,19]. Briefly, 500 μL of irradiated
solution were added to 600 μL of reagent. The absorbance at 505 nm of
the resulting mixture was measured after 30 min at room temperature,
using the reagent as a blank. Aqueous H2O2 solutions prepared from
commercial standards were employed for calibration.

In all cases inwhichH2O2was detected and quantified, controlswith
catalase, the enzyme that catalyzes specifically the decomposition of
H2O2 to H2O and O2, were also carried out. Catalase was added after ir-
radiation and before mixing the analyzed solution with the reactants.
Thus, the absence of absorbance at 505 nm in these controls confirmed
the presence of H2O2 in the irradiated samples and excluded possible in-
terferences of hydroperoxides formed on the amino acid residues.

2.2.4. Fluorescence Spectroscopy
Measurements were performed using a single-photon-counting

fluorometer FL3 TCSPC-SP (Horiba Jobin Yvon). The equipment has
been previously described in detail [20]. Briefly, the sample solution in
a quartz cell was irradiated with a 450 W Xenon source through an ex-
citation monochromator. The fluorescence, after passing through an
emission monochromator, was registered at 90° with respect to the in-
cident beam using a room-temperature R928P detector. Corrected fluo-
rescence spectra obtained by excitation at 300 nm were recorded
between 320 and 550 nm.

2.2.5. Mass Spectrometry Analysis
The liquid chromatography equipment/mass spectrometry system

was equipped with an UPLC chromatograph (ACQUITY UPLC from Wa-
ters) coupled to a quadrupole time-of-flight mass spectrometer (Xevo
G2-QTof-MS from Waters) (UPLC-QTof-MS). UPLC analyses were per-
formed using the same columnas for HPLC analysis and isocratic elution
with 75% aqueous solution of NH4Ac (10mM, pH7) and 25% of ACN at a
flow rate of 0.2 mL min−1. The samples were injected in the chromato-
graph, the components were separated and then themass spectra were
registered for each peak of the corresponding chromatograms. Mass
chromatograms, i.e. representations of mass spectrometry data as
chromatograms (the x-axis representing time and the y-axis signal
intensity), were registered using different scan ranges. The mass
spectrometer was operated in both positive (ESI+) and negative
(ESIˉ) ion modes. When solutions containing peptides and Ptr were
analyzed, the signals corresponding to the intact molecular ion of Ptr
as [M+H]+ and [M−H]ˉ species atm/z 164Da and 162Da, respective-
ly, were observed. However, in the case of the peptides, the resolution
wasmuch better in ESI+ than in ESIˉmode. Therefore all the results pre-
sented in this work correspond to mass spectrometry analysis carried
out in ESI+ mode.

3. Results and Discussion

3.1. Degradation of α-MSHY2G Photo-induced by Pterin

The peptide α-MSHY2G, derived from α-MSH by mutation of the
Tyr residue in position 2 to Gly, contains Trp as the residue most
sensitive to oxidation reactions. When air-equilibrated aqueous so-
lutions containing pterin (Ptr) were exposed to UV-A radiation
(350 nm) in the presence of α-MSHY2G, significant changes were
observed in the absorption spectra of the solutions (Fig. S1). Analysis
by HPLC using an absorbance detector (HPLC-PDA, Experimental)
showed that the chromatographic peak corresponding to α-
MSHY2G decreased with irradiation time (analysis at 280 nm, Fig.
2). However, the concentration of Ptr, determined by HPLC-PDA
analysis at 340 nm, did not change within experimental error in
agreement with the role of Ptr as a photosensitizer (Fig. 3). Concom-
itantly, new peaks were detected, revealing the formation of several
photoproducts absorbing at wavelengths longer than 300 nm (Fig.
2). In addition, H2O2 was generated and its concentration increased
as a function of irradiation time (Fig. 3).

Trp is the only amino acid residue in α-MSHY2G that absorbs at
295 nm and presents an intense emission band centered at 355 nm.
We took advantage of these particular emission features and registered
the emission spectra of the solutions at regular time intervals during ir-
radiation. The decrease of the intensity of the emission band centered at
355 nm (excitation wavelength (λexc) = 295 nm, Fig. S2) confirmed
that the Trp residue in α-MSHY2G was consumed upon Ptr irradiation.
Moreover, chromatography coupled to a fluorescence detector (HPLC-
FL, λexc: 295 nm, λem: 355 nm, Experimental) showed a main peak,
with a retention time (tr)matching that ofα-MSHY2G in chromatograms
obtained by HPLC-PDA analysis at 280 nm (Fig. 2). The intensity of this
chromatographic peak also decreased during Ptr irradiation (Fig. 3).

Control experiments confirmed that, under otherwise identical con-
ditions, no reaction occurswhen solutions containing Ptr andα-MSHY2G



Fig. 4.Chromatogram obtained byHPLC-FL analysis (λexc= 325 nm,λem=435 nm) ofα-
MSHY2G after 10minof irradiation in thepresenceof Ptr. Upper inset: time evolution of the
area of the main peak (tr = 3.9 min). Lower inset: corrected fluorescence spectra (λexc =
340 nm), registered on a fluorometer, of product P2 isolated from the HPLC equipment
(the corresponding irradiation times (min) appear above each spectrum). [Ptr]0 =
51 μM, [α-MSH ] = 52 μM, pH= 5.5. Chemical structure of N-formylkynurenine.

Fig. 3. Evolution of the Trp residue, Ptr and H2O2 concentrations in air-equilibrated
aqueous solutions under UV-A irradiation as a function of time. Concentrations of the
Trp residue, Ptr and H2O2 were determined by HPLC-FL (λexc = 295 nm, λem =
355 nm), by HPLC-PDA (λan = 340 nm) and by an enzymatic method, respectively. [α-
MSHY2G]0 = 48 μM, [Ptr]0 = 50 μM, pH= 5.5.
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are kept in the dark or when α-MSHY2G solutions are irradiated in the
absence of Ptr.
Y2G 0

Fig. 5.Chromatogram obtained byHPLC-FL analysis (λexc= 315 nm,λem=330 nm) ofα-
MSHY2G after 6 min of irradiation of solutions containing Ptr as a photosensitizer. Upper
left inset: time evolution of the area of the main peak (tr = 4.0 min). Upper right inset:
absorption spectrum of the product. Lower inset: corrected fluorescence spectra (λexc =
295 nm), registered on a fluorometer, of the product isolated from the HPLC. [Ptr]0 =
100 μM, [α-MSHY2G]0 = 80 μM, pH= 5.5.
3.2. Spectroscopic Characterization of α-MSHY2G Photoproducts

HPLC-PDA analysis showed that at least 3 major products were
formed arbitrary namedP1, P2 and P3 (Fig. 2). Besides, several addition-
al peaks with small areas were detected, all of themwith tr shorter than
that of the intact peptide. Product P1 (tr = 2.33 min) presented an un-
defined spectrum andmight be amixture of severalminor products. On
the other hand, products P2 (tr = 3.86 min) and P3 (tr = 11.63 min)
have spectral features similar to those reported for N-formylkynurenine
(NFK). Excitation into the low-energy band of NFK results in a broad
fluorescence band centered at 434 nm [21]. Fluorescence chromato-
grams obtained by HPLC-FL analysis (λexc = 325 nm) revealed that
products P2 and P3 emit at 432 nm and that their concentrations in-
creased with irradiation time (Fig. 4). Under these experimental condi-
tions, the intact peptide is not detected because it does not absorb at
325 nm (Fig. 1).

The product P2 was isolated from the HPLC runs (Experimental) at
various irradiation times. The emission spectra upon excitation at
340 nm, recorded using a fluorometer (Experimental, Fig. 4), were iden-
tical to that reported in the literature for NFK [21], which has been pro-
posed as a product of photosensitized reactions of Trp by several
authors [22]. In contrast, P3 could not be isolated from HPLC runs at
high enough concentration to register its emission spectrum, suggesting
that P3 is formed at a lower rate than P2.

Hydroxy-tryptophan (HO-Trp) is another compound proposed as
a product of the Ptr-photosensitized oxidation of free Trp [9] and has
been identified in the skin of patients affected by vitiligo [23]. Fur-
ther investigation of the minor peaks revealed that one of them
(tr = 3.71 min) presented an absorption spectrum red shifted with
respect to that of Trp (Fig. 5). In addition, this compound was isolat-
ed from HPLC runs and showed an emission spectrum, different from
that recorder for P2, but similar to that of Trp. These spectroscopic
properties are compatible with those reported for 5-hydroxy-trypto-
phan (5-HO-Trp) [24], suggesting that the detected photoproduct
could be 5-HO-Trp residue or an isomer. It is worth mentioning
that the concentration of this product, in contrast to the NFK residue,
reached a maximum and then decreased, indicating that it was sen-
sitive to Ptr-photosensitization.
3.3. Mass Spectrometry Analysis of α-MSHY2G Photoproducts

The photoproducts were also analyzed by UPLC coupled to mass
spectrometry (UPLC-QTof-MS, Experimental). The mass chromato-
grams of irradiated solutions showed, besides the peaks corresponding
to the reactants, two main peaks with tr values of 7.2 and 9.7 min (Fig.
6a), arbitrarily called peaks B andA, respectively. Themolecular formula
of α-MSHY2G is C70H104N21O18S and its molecular weight is 1559.7 Da.
This value is an average of different weights due to the naturally



Fig. 6.UPLC-QTof-MS analysis of an α-MSHY2G solution (350 μM) irradiated 12 min in
the presence of Ptr (50 μM). a) Mass chromatogram. b) Mass spectra of α-MSHY2G.
Inset: Detail of the di-charged ions. c) and d) mass spectra of Peak A and Peak B,
respectively; insets: time evolution of the area of the main peaks extracted from
mass chromatograms registered for the corresponding specific masses ([M + O],
[M + 2O], [M + 3O]).
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occurring isotopes of carbon (natural abundance, 12C: 98.93%, 13C:
1.07%), although isotopes of nitrogen and oxygen also contribute.
Therefore the registered mass spectrum of the chromatographic peak
of α-MSHY2G consisted of groups of signals for the mono-charged
(m/z ≈ 1560 Da), di-charged (m/z ≈ 780 Da) and tri-charged ions
(m/z≈ 520Da). It should be noted that the group of signals correspond-
ing to the di-charged ion is muchmore intense than that corresponding
to the mono-charged ion (Fig. 6b).

Mass spectra of the products showedm/z values higher than those of
the intact peptide and corresponding to oxygenated molecules. In par-
ticular, the mass spectrum of peak A revealed products with incorpora-
tion of one and two oxygen atoms ([M+O], [M+2O]) (Fig. 6c). Peak B
corresponded to a product that incorporated three oxygen atoms
([M + 3O]) (Fig. 6d). The mass chromatograms of irradiated solutions
were registered for the specific ion masses of [M + O], [M + 2O] and
[M+3O] and the peaks were integrated. Data showed that the concen-
trations of the three oxygenated products increased as a function of ir-
radiation time (Fig. 6b and c).

The detection of products with molecular weights [M + O] and
[M + 2O] are in agreement with the findings obtained by HPLC-PDA
and HPLC-FL analyses. Indeed oxidation of the Trp moiety to HO-Trp
and NFK involves the incorporation of one and two oxygen atoms, re-
spectively. It is worth mentioning that the time evolution of [M + O]
concentration did not match with that of the product assigned to HO-
Trp (vide supra). Although the experimental conditions of the corre-
sponding experiments were different, very likely, HO-Trp is not the
only product with mass [M+ O].

The product with molecular weight [M + 3O] might correspond
to a peptide with an NFK residue and an additional oxygen atom in
another residue of the peptide sequence. This hypothesis is compat-
ible with the fact that two products were detected with spectral
properties matching those of NFK (Figs. 2 and 4). A potential target
for Ptr-photosensitization, besides Trp, is the histidine (His) residue
since the photo-induced oxidation of free His by Ptr has been recent-
ly demonstrated [11].
3.4. Degradation of α-MSHW9G Photo-induced by Pterin

A series of experiments similar to that described in the sections
above was performed using α-MSHW9G as a substrate. This peptide
has a Tyr residue and lacks Trp, therefore the chemical modifications
undergone by the former can be analyzed.When air-equilibrated aque-
ous solutions containing Ptrwere exposed toUV-A radiation in the pres-
ence of α-MSHW9G, the spectral changes were almost negligible.
Nevertheless, HPLC-PDA analysis showed that α-MSHW9G was con-
sumed upon irradiation and that several photoproducts were formed
(Fig. 7).

As the fluorescence at 300 nm of α-MSHW9G upon excitation at
275 nm can be attributed to Tyr residues [10,24], the effect of the
Ptr photosensitized process on this residue could be also investigat-
ed by HPLC-FL. Fluorescence chromatograms (λexc = 275 nm,
λem = 300 nm) showed a main peak, with a tr value matching that
of the peak of the peptide in HPLC-PDA chromatograms at 275 nm
(Fig. 7). Results confirmed that the Tyr residue was consumed dur-
ing irradiation of Ptr solutions containing α-MSHW9G, whereas the
concentration of the photosensitizer did not change (Fig. 8). As in
the case of α-MSHY2G, H2O2 was generated and its concentration in-
creased as a function of irradiation time (Fig. 8). It is worth men-
tioning that comparison of Figs. 3 and 8 reveals that for the same
experimental conditions the consumption of Trp in α-MSHY2G is
slightly faster than that of Tyr in α-MSHW9G. But the opposite be-
havior was observed when both amino acid residues were in the
same peptide [17]. These facts indicate that small differences in
the composition of the peptides change to some extent the relative
reactivity of both amino acid residues.



Fig. 7. Chromatograms obtained by HPLC-PDA analysis of α-MSHW9G at 275 nm; (a)
before irradiation; (b) after 10 min of irradiation of solutions containing Ptr as a
photosensitizer. Insets: absorption spectra of the peptide and of the photoproducts.
[Ptr]0 = 49 μM, [α-MSHW9G]0 = 48 μM, pH= 5.5.

Fig. 9.Chromatogram obtained byHPLC-FL analysis (λexc= 310 nm,λem=405 nm) ofα-
MSHW9G after 10min of irradiation of solutions containing Ptr as a photosensitizer. Upper
inset: time evolution of the area of the main peak (tr = 9.8 min). Lower inset: corrected
fluorescence spectrum (λexc = 295 nm), registered on a fluorometer, of the main
photoproduct isolated from the HPLC equipment (irradiation time: 8 min). [Ptr]0 =
50 μM, [α-MSHW9G]0 = 48 μM, pH = 5.5. Chemical structure of the main form of Tyr2,
the dimer o,o′-dityrosine.
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3.5. Spectroscopic Characterization of α-MSHW9G Photoproducts

HPLC-PDA analysis showed that, at least two major products were
formed, arbitrarily called P4 and P5 (Fig. 7). Product P5 has tr longer
than the intact peptide. HPLC-FL chromatograms showed that P5
emits at 405 upon excitation at 310 nm (Fig. 9). The product P5 could
be isolated from the HPLC runs and its emission spectrum is similar to
that reported for the dimer o,o′-dityrosine (Tyr2) [25] (broad fluores-
cence band centered at 410–420 nm by excitation into the low-energy
band) (Fig. 9). It is known since the 1960s that the one-electron
Fig. 8. Evolution of the Tyr residue, Ptr and H2O2 concentrations in air-equilibrated
aqueous solutions under UV-A irradiation as a function of irradiation time.
Concentrations of the Tyr residue, Ptr and H2O2 were determined by HPLC-FL (λexc =
275 nm, λem = 300 nm), by HPLC-UV (λan = 340 nm) and by an enzymatic method,
respectively. [α-MSHW9G]0 = 48 μM, [Ptr]0 = 49 μM, pH= 5.5.
oxidation of Tyr generates the long-lived tyrosyl radical (Tyr(-H)•) and
that coupling of two Tyr(-H)• radicals yields the dimer o,o′-dityrosine
as the main product [26,27]. It is worth mentioning that in the experi-
ment shown in Fig. 9, the Tyr2 fluorescence-like emission increased up
to a maximum value and then decreased, indicating that dimers are
not photostable.

The radical in Tyr(-H)• being delocalized on the aromatic ring, di-
merization can lead to other isomers besides o,o′-dityrosine [28]. In
the case of α-MSHW9G, we also detected by HPLC-FL analysis two addi-
tional products (P6 and P7) with emission features compatible with the
Tyr2 structure (Fig. 9), both of them corresponded to very small peaks in
the HPLC-PDA chromatograms (Fig. 7).

3.6. Mass Spectrometry Analysis of α-MSHW9G Photoproducts

The molecular formula of α-MSHW9G is C68H103N20O19S and its mo-
lecularweight is 1536.6 Da. As in the case ofα-MSHY2G (vide supra), this
value is an average of different weights due to the naturally occurring
isotopes. Therefore the mass spectrum of α-MSHW9G recorded in
UPLC-QTof-MS analysis consisted of groups of signals for the mono-
charged (m/z ≈ 1537.7 Da), di-charged (m/z ≈ 769.3 Da) and tri-
charged ions (m/z ≈ 513.2 Da) The group of signals corresponding to
the di-charged ion was again muchmore intense than that correspond-
ing to the mono-charged ion (Fig. 10).

The mass chromatograms of irradiated solutions showed, besides
the peaks corresponding to the reactants, many peaks whose areas in-
creased with irradiation time (Fig. 10a). Two of the peaks (C and D,
Fig. 10a) presented mass spectra with groups of signals at m/z ≈
1536.7 Da, 1024.8 Da and 768.8 Da (Fig. 10b). Comparison with the
group of signals of the di-charged ion of the intact peptide clearly indi-
cates that the signals around m/z ≈ 768.8 Da correspond to tetra-
charged ions of a molecule with molecular weight [2α-MSHW9G–2H]
(Fig. 10c and d). Signals at m/z ≈ 1536.7 Da and 1024.8 Da of the
mass spectra of peaks C and D (Fig. 10b) correspond to di and tri-
charged ions, respectively. This result confirmed the formation of a
Tyr2 moiety, already suggested by the results of HPLC-PDA and HPLC-
FL (vide supra). The fact that two products showed the samemass spec-
trum is again in agreement with the HPLC-FL analysis and can be



Fig. 10.UPLC-QTof-MS analysis of anα-MSHW9G solution (320 μM) irradiated during 12min in the presence of Ptr (50 μM). a)Mass chromatogram. b)Mass spectra ofα-MSHW9G. c)Mass
spectra of α-MSHW9G: detail of the di-charged ions. d) Mass spectra of Peak D: detail of the tetra-charged ions.
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attributed to different isomers of the Tyr2 structure. In control analyses
of the solutions before irradiation, no dimeric-type products could be
detected.

The analysis of mass spectra of the other peaks revealed, at least, two
photoproducts that incorporated one oxygen atom ([M + O]), but only
one that bore two oxygen atoms ([M + 2O]). This fact suggests that
there are two main different positions for the incorporation of oxygen
into the peptidemoiety. In addition, dimeric productswith incorporation
of one, two and three oxygen atoms ([2M− 2H+O], [2M− 2H+ 2O],
[2M− 2H+ 3O], [2M− 2H+ 4O]) were also detected. The mass chro-
matograms of irradiated solutions registered for the specific ion masses
corresponding to the oxygenated monomeric and dimeric products re-
vealed that all of them increased their concentrations as a function of ir-
radiation time. These results indicate that upon irradiation of Ptr, α-
MSHW9G undergoes two simultaneous processes: dimerization and in-
corporation of oxygen.

3.7. Mechanistic Analysis

We checked if the mechanism proposed for the photosensitized ox-
idation of α-MSH (ref. 17, Introduction) was also valid for the mutated
peptides investigated in thiswork. Steady-state photolyseswere carried
out under different experimental conditions and the evolution of the
concentrations of substrates and their main photoproducts were ana-
lyzed as a function of the irradiation time by HPLC-FL. In particular, for
α-MSHY2G the consumption of Trp residues (λexc = 295 nm, λem =
355 nm) and the production of NFK residues were evaluated (λexc =
325 nm, λem = 434 nm). For α-MSHW9G, the consumption of Tyr resi-
dues (λexc = 275 nm, λem = 300 nm) and the production of the Tyr2
moiety (λexc = 310 nm, λem = 400 nm) were investigated.

For both peptides no photochemical reaction was observed under
anaerobic conditions, thus indicating that O2 is needed for the photo-
sensitization, which is consistent with the behavior reported for α-
MSH [17] and free Trp [9] and Tyr [10]. In another set of experiments,
photolyses were carried out in O2-saturated solutions. Results revealed
that the reactions were faster in air-equilibrated than in O2-saturated
solutions (Fig. 11).

It has been previously demonstrated that iodide (I−) at micromolar
concentrations is an efficient and selective quencher of triplet excited
states of pterins [29,30]. For both peptides, the rate of consumption
was slower in the presence than in the absence of I− (Fig. 11), in agree-
ment with a photosensitized reaction initiated by the triplet excited
state of Ptr.

Since Ptr is a 1O2 photosensitizer [16], we investigated the contribu-
tion of this species by performing comparative experiments using H2O
and D2O as solvents. Given that the 1O2 lifetime (τΔ) in D2O is longer
than that in H2O by a factor of approximately 15 [31,32], the Ptr-
photosensitized degradation of the peptides should be much faster in
D2O if 1O2 contributed significantly to the process. Air-equilibrated solu-
tions containing a given peptide and Ptr (50 μM) in H2O and D2O at pH/
pD 5.5 were irradiated under otherwise identical conditions. The time
evolution of the concentration of Trp and NFK residues for α-MSHY2G

and of Tyr and Tyr2 residues for α-MSHW9G were determined by
HPLC-FL (Fig. 12).

In the case ofα-MSHY2G, results showed that the rate of the degrada-
tion of the peptidewas hardly faster in D2O than in H2O. Nevertheless, it
is worthmentioning that the production of NFK residuewas significant-
ly higher in D2O than in H2O, which could be expected since NFK is a
typical product of the oxidation of free Trp by 1O2 [22]. However, the in-
crease in the rate of oxidation of the Trp residue to NFKwas not as large
as could have been expected from the differences in 1O2 lifetimes in the
two solvents. This fact suggests that NFK might be also formed via an-
other mechanism (type I). In addition, although the increase in the pro-
duction of NFK was significant in D2O compared to H2O, the increase in
the rate of peptide consumption was not (Fig. 12a). This result suggests
that the oxidation of the Trp residue to yield NFK is not the main path-
way for the consumption of the reactant.

In the case of α-MSHW9G, the rate of the degradation of the peptide
was slightly faster in D2O than in H2O, but again not to the extent ex-
pected from the differences in 1O2 lifetimes in the two solvents. The



Fig. 11. HPLC-FL analysis of a) α-MSHY2G and b) α-MSHW9G in air-equilibrated aqueous
solutions irradiated in the presence of Ptr in the absence of KI (●) and in the presence
of KI (400 μM) (■), and in O2 equilibrated solutions (▼). a) Concentration of the Trp
residue (λexc = 295 nm, λem = 355 nm) as a function of irradiation time. Inset: time
evolution of the area of the peak assigned to NFK (λexc = 325 nm, λem = 434 nm). b)
Concentration of the Tyr residue (λexc = 275 nm, λem = 300 nm) as a function of
irradiation time. Inset: time evolution of the area of the peak assigned to the Tyr2
structure (λexc = 310 nm, λem = 400 nm). [α-MSHY2G]0 = 45 μM, [α-MSHW9G]0 =
46 μM, [Ptr]0 = 48 μM, pH= 5.5.

Fig. 12. HPLC-FL analysis of a) α-MSHY2G and b) α-MSHW9G irradiated in the presence of
Ptr in air-equilibrated H2O solutions in the absence of SOD (●) and in the presence of SOD
(50 U/mL) (▼), and in D2O solutions (■). a) Concentration of the Trp residue (λexc =
295 nm, λem = 355 nm) as a function of irradiation time. Inset: time evolution of the
area of the peak assigned to NFK (λexc = 325 nm, λem = 434 nm). b) Concentration of
the Tyr residue (λexc = 275 nm, λem = 300 nm) as a function of irradiation time. Inset:
time evolution of the area of the peak assigned to Tyr2 (λexc = 310 nm, λem = 400 nm).
[α-MSHY2G]0 = 80 μM, [α-MSHW9G]0 = 80 μM, [Ptr]0 = 48 μM, pH= 5.5.
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rate of production of the Tyr2moietywas identical, within experimental
error, in both solvents (Fig. 12). This in agreement with the reported re-
sult that Tyr2 structures are not formed by oxidation with 1O2 [33,34].

Therefore, if the contribution of 1O2 to the oxidation of the peptides
may be discarded or is minor, a degradation mechanism initiated by an
electron transfer from the amino acid to the triplet excited state of Ptr
(3Ptr⁎) should be dominant, as in the case ofα-MSH [17]. Hence, two re-
actions compete for the bimolecular quenching of 3Ptr⁎ in the system: i)
energy transfer to dissolved O2 producing 1O2 and regenerating
Ptr (Reaction (5)); ii) electron transfer to yield the Ptr radical anion
(Ptr•−) and the peptide radical cation (P•+), the dominant initiating
step leading to the degradation of the peptide (Reaction (6)).

3Ptr�þ3O2→Ptrþ1O2 ð5Þ

3Ptr� þ P→Ptr•– þ P•þ ð6Þ

Since 1O2 plays a minor (or no) role in the oxidation of the peptide,
an increase in the O2 concentration, and therefore a more efficient
quenching of 3Ptr⁎ by O2 (Reaction (5)), should lead to a slower con-
sumption of the peptides. Experiments performed in O2-saturated and
in air-equilibrated solutions confirmed this effect (Fig. 11).

Following the electron transfer reaction (Reaction (6)), the organic
radical anion Ptr•− will be readily quenched by ground state O2 to
produce the superoxide anion (O2

•−) [35,36]. and regenerate Ptr
(Reaction (7)). The spontaneous disproportionation of O2

•− in aque-
ous solution leads to the formation of H2O2 as detected (vide supra)
[37] (Reaction (8)). The participation of O2

•− in the mechanism
was confirmed by performing experiments in the presence of
superoxide dismutase (SOD), an enzyme that catalyzes the conversion
of O2

•− into H2O2 and O2 [38]. A significant increase in the rate of con-
sumption of the Trp and Tyr residues was observed when SOD was
present in the solution (Fig. 12). This result indicates that i) O2

•− is in-
volved in the photosensitized process and provides further evidence
for the existence of an electron transfer reaction, ii) trapping of O2

•−

by SOD competes with a reaction that prevents the oxidation of the
amino acid residues. In fact, the peptide radical cations (P•+) or their
deprotonated forms (neutral radicals P(-H)•, Reaction (9)) can react
with O2

•− to regenerate the peptide (Reactions (10) and (10′)). As a



Scheme 3. Main reaction pathways proposed for Ptr-photosensitized degradation of the
Tyr residue in the α-MSHW9G peptide (R3-Tyr-R4).

Scheme 2. Main reaction pathways proposed for the Ptr-photosensitized degradation of
the Trp residue in the α-MSHY2G peptide (R1-Trp-R2).
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consequence, faster elimination of O2
•− by SOD leads to the enhance-

ment of the photosensitized oxidation of the amino acids observed ex-
perimentally (Fig. 12).

Ptr•– þ O2→Ptrþ O2
•– ð7Þ

2Hþ þ 2O2
•–→H2O2 þ O2 ð8Þ

P•þ⇄P –Hð Þ• þHþ ð9Þ

P•þ þ O2
•–→Pþ O2 ð10Þ

Hþ þ P –Hð Þ• þ O2
•–→Pþ O2 ð10′Þ

The reactivity of P•+ depends on the most reactive amino acid resi-
due in the peptide sequence (Trp or Tyr). The radical cation ismainly lo-
cated on the Trp residue inα-MSHY2G (Trp•+) and on the Tyr residue in
α-MSHW9G (Tyr•+). These radical cations and the corresponding neutral
radicals (P•+/P(-H)•) participate in different reactions to yield products.
For both peptides investigated, oxidation with incorporation of one or
more oxygen atoms was observed (Reactions (11), (11′), (11″) and
(12)), whereas dimerization only occurred in the case of α-MSHW9G

(Reaction (13)).

P•þ þ OH−→P OHð Þ• ð11Þ

P OHð Þ• þ O2→P OHð ÞOO• ð11′Þ

P OHð ÞOO•→P þ1Oð Þ þHO2
• ð11″Þ

P•þ þ O2
•–→P oxð Þ þ2Oð Þ ð12Þ

2P –Hð Þ•→P –Hð Þ2 ð13Þ

For both peptides, the formation of the oxidized products with the
incorporation of 1 oxygen atom may be explained by the addition of
the hydroxide anion (hydration) to the radical cation (Reaction (11)).
This reaction yield a hydroxylated radical that traps O2 yielding to the
corresponding peroxyl radical (Reaction (11′)). The latter may release
HO2

• to form a stable oxidized product (Reaction (11″)). The charges
on Trp•+ and Tyr•+ are delocalized on different sites of the molecules
and several hydroxylated products (on the aromatic or pyrrole rings
for Trp and on the benzene ring for Tyr) may be formed [9]. Two hy-
droxylated products (OH-Tyr-) may be formed in the first step in the
case of the Tyr residue (α-MSHW9G), as observed experimentally. Hy-
droxylation of the Trp residue ofα-MSHY2Gmay yield up tofive isomers.

It should be noted that, in the case of α-MSHY2G, NFK could be the
product of the reaction between Trp•+ and superoxide (Reaction (12))
although it is in part formed by a 1O2-mediated oxidation (Reaction
(14)). The product bearing three oxygen atomsmight be a peptide con-
taining the Trp residue oxidized to NFK and another oxidized residue
(e.g. histidine).

Pþ1O2→P oxð Þ ð14Þ

4. Conclusions

Unconjugated oxidized pterins accumulate in the skin of patients
suffering from vitiligo, a chronic depigmentation disorder, and are
able to induce a photosensitized damage to the peptide α-melano-
cyte-stimulating hormone (α-MSH). In a previous work, we have
shown that, among the amino acid residues in the α-MSH sequence,
tryptophan (Trp) and tyrosine (Tyr) were most sensitive to oxidation.
However, the analysis was complex because several consecutive and
parallel reactions took place in the system. In the present work, we
could get further insight into the mechanisms involved in the
photosensitized degradation of α-MSH by investigating the specific re-
activity of two peptides (α-MSHW9G or α-MSHY2G). In these peptides,
the amino acid sequence ofα-MSHwasmutated, the Trp or the Tyr res-
idue being replaced by a glycine (Gly) residue, respectively. The parent
compound of oxidized pterins (Ptr) was used as a model photosensitiz-
er in aqueous solution at pH 5.5 and was exposed to UV-A radiation, a
wavelength range where the peptides do not absorb.

The mechanistic analysis confirmed that, in both cases (α-MSHW9G

and α-MSHY2G), the role of singlet oxygen (1O2) produced by energy
transfer from 3Ptr⁎ to dissolved O2 (type II mechanism) was negligible
or minor. The dominant reaction pathways are initiated by an electron
transfer from the peptide to the Ptr triplet excited stated (3Ptr⁎)
(Reaction (6), type I mechanism). The subsequent electron transfer
from the Ptr radical anion (Ptr•−) to O2 regenerates Ptr and forms O2

•−

, which in turn disproportionates to H2O2. The resulting radical cations,
mainly located on the Trp residue in α-MSHY2G (Trp•+) and on the Tyr
residue in α-MSHW9G (Tyr•+), undergo further reactions responsible
for the degradation of the peptide (Schemes 2 and 3).
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In the case of α-MSHY2G, the photosensitized process led to the for-
mation of oxidized products. Two photoproducts involving the Trp res-
idue were identified: hydroxy-tryptophan (HO-Trp(\\H)) and N-
formylkynurenine (NFK) that correspond to the incorporation of one
and two oxygen atoms, respectively (Scheme 2). In a minor pathway,
the latter compound can be also generated by oxidation of the Trp res-
idue by singlet oxygen (1O2). The incorporation of up to three oxygen
atoms suggests that the oxidation may take place in another amino
acid residue, such as histidine, which is able to be photooxidized by
Ptr in its free form. Further studies are required to evaluate the pterin-
photosensitized oxidation of this amino acid in a peptide environment.

In the case of α-MSHW9G two processes occurred: oxidation and di-
merization (Scheme 3). The latter process was evidenced by the forma-
tion of several compounds with molecular weights corresponding to
two molecules of the peptide. In these compounds the typical spectro-
scopic features of dimers of Tyr (Tyr2) were registered and dimerization
was not detected for α-MSHY2G that lacks Tyr. Therefore, in the se-
quence of α-MSH, the only amino acid residue responsible for peptide
crosslinking is Tyr. The oxidation took place in both monomer and di-
mers, revealing that dimerization and oxidation are independent and si-
multaneous processes.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jphotobiol.2016.09.024.
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