ROYAL SOCIETY

OF CHEMISTRY

Organic &
Biomolecular Chemistry

PAPER

Degradation of a-melanocyte-stimulating
hormone photosensitized by pterint

Cite this: Org. Biomol. Chem., 2014,

12, 3877
Carolina Castafio,? Carolina Lorente,? Nathalie Martins-Froment,® Esther Oliveros®

and Andrés H. Thomas*?

Oxidized pterins, efficient photosensitizers under UV-A irradiation, accumulate in the skin of patients
suffering from vitiligo, a chronic depigmentation disorder. In this work, we have investigated the ability of
pterin (Ptr), the parent compound of oxidized pterins, to photosensitize the oxidation of the peptide
a-melanocyte-stimulating hormone (a-MSH), which stimulates the production and release of melanin by
melanocytes in skin and hair. Our results showed that Ptr is able to photoinduce the degradation of
a-MSH upon UV-A irradiation and that the reaction is initiated by an electron transfer from the peptide to
the triplet excited state of Ptr. The photosensitized process produces chemical changes in at least two
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different amino acid residues: tryptophan and tyrosine (Tyr). It was shown that a-MSH undergoes dimeri-
zation and oxidation, the former process taking place after the formation of Tyr radicals. The present
findings are analyzed in the context of the general behavior of pterins as photosensitizers and the biologi-

www.rsc.org/obc cal implications are discussed.

Introduction

Most of the solar UV energy incident on the Earth surface cor-
responds to UV-A radiation (320-400 nm), which is not
absorbed significantly by DNA and proteins and therefore does
not affect directly the biomacromolecules. However, UV-A radi-
ation acts indirectly by photosensitized reactions and is now
recognized as a class I carcinogen." Moreover, epidemiological
evidence has shown that exposure of humans to artificial UV-A
radiation (sun lamps, tanning beds) is a major risk factor for
melanoma induction.”™

The chemical changes in biological components resulting
from photosensitized reactions can take place through
different mechanisms. Currently, it is accepted that the photo-
sensitization of proteins occurs mainly through type II photo-
oxidation, which involves the reaction of singlet oxygen (*O,)
with tryptophan (Trp), tyrosine (Tyr), histidine, methionine
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and cysteine side-chains.® In this mechanism, '0, is most
often produced by energy transfer from the excited triplet state
of a sensitizer to dissolved molecular oxygen (O,).

In recent studies, we have demonstrated that pterin (Ptr),
the parent compound of oxidized pterins, is able to photosen-
sitize the oxidation of Trp and Tyr in aqueous solution.®’
However, although pterins are efficient 'O, photosensitizers,*°
the mechanism of degradation of Trp and Tyr photoinduced
by Ptr does not involve 'O, oxidation as the main pathway. In
contrast, our studies suggest that the reactions are initiated by
an electron transfer from the amino acid to the triplet excited
state of Ptr. In particular, the formation of radicals of those
amino acids was demonstrated and, in the case of Tyr,
evidence of a dimerization process was reported.®” This class
of processes (called type I mechanisms) was described for the
photosensitization by pterins of the model protein bovine
serum albumin'® and other substrates.""">

Pterins are present in human epidermis because 5,6,7,8-
tetrahydrobiopterin (H,Bip) is an essential cofactor in the
hydroxylation of the aromatic amino acids'® and participates
in the regulation of melanin biosynthesis."* Several dihydro
and tetrahydropterins are involved in the metabolism of H,Bip
and, hence, are also present in human skin."® Vitiligo is a skin
disorder that affects an estimated 1% of the world population
and is characterized by the acquired loss of constitutional pig-
mentation manifesting as white macules and patches."® In this
disease the protection against UV radiation fails due to the
lack of melanin, the main pigment of skin. In addition, the
H,Bip metabolism is altered"” and unconjugated oxidized
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pterins accumulate in the affected tissues. These compounds
are photochemically reactive and, upon UV-A excitation
(320-400 nm), can fluoresce, undergo photooxidation to
produce different photoproducts, generate reactive oxygen
species, such as '0,, and, as mentioned above, photosensitize
the oxidation of biomolecules.'® Therefore, the photochemis-
try of pterins and, especially their photosensitizing properties,
are of particular interest for the study of this disease.

In the context of our investigations on the photosensitizing
properties of pterins, we have recently started the study of reac-
tions that affect biomolecules involved in the pigmentation of
the skin. In this way we have demonstrated that Ptr is able to
photosensitize the inactivation of tyrosinase,'® an enzyme that
catalyzes the first and rate-limiting step in the biosynthesis of
the melanin in mammals. In the present work we report our
investigations on the degradation of the a-melanocyte-stimu-
lating hormone (a-MSH), which stimulates the production and
release of melanin by melanocytes in skin and hair and has
the following amino acid sequence: Ac-Ser-Tyr-Ser-Met-Glu-
His-Phe-Arg-Trp-Gly-Lys-Pro-Val.

The main aims of this work were to evaluate the capability
of pterins to photoinduce chemical changes in peptides with
biological activity and to find out whether the reactions
observed for free amino acids, particularly Trp and Tyr, take
place in polypeptide chains. We have performed the experi-
ments in aqueous solutions under UV-A irradiation and used
Ptr as a model pterin photosensitizer, which is a relatively
good 'O, sensitizer (@, = 0.18(+0.02)'%). Under these experi-
mental conditions only Ptr was excited, as can be inferred
from the corresponding absorption spectra (Fig. 1). We have
evaluated the role of molecular oxygen (O,), investigated the
participation of the different excited states of Ptr, and analyzed
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Fig. 1 Molecular structure of Ptr and a-MSH, and their corresponding
absorption spectra in air-equilibrated acidic (pH 5.5) aqueous solutions.
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the products. Mechanistic aspects and the biological impli-
cations of the results are discussed.

Experimental
General

Chemicals. Pterin (Ptr, purity >99%, Schircks Laboratories,
Switzerland) and a-melanocyte-stimulating hormone (a-MSH,
purity >99%, Sigma Chemical Co.) were used without further
purification after checking for impurities by HPLC. Aceto-
nitrile (ACN) was purchased from J. T. Baker. Other chemicals
were from Sigma Chemical Co. Solutions were prepared by dis-
solving Ptr and o-MSH in deionized water further purified in a
Milli Q Reagent Water System apparatus. The specific electrical
resistance of water measured was ~10 MQ cm.

Samples. All the experiments were carried out in aqueous
solutions. The final pH of the solutions was adjusted by
adding drops of HCI or NaOH solutions (0.1-0.2 M) with a
micropipette. The ionic strength was ca. 10~ M in all experi-
ments. The experiments were performed with air-equilibrated
and O,-saturated solutions, and the latter were obtained
by bubbling for 20 min with O, (Linde, purity >99.998%),
previously water saturated.

Estimation of the a-MSH concentration. It was assumed
that the absorption of photons by «-MSH at 280 nm is only
due to the Trp and Tyr residues, and that the molar absorption
coefficient of o-MSH at this wavelength (e25su) is equal to the
sum of the corresponding molar absorption coefficients of free
Trp and Tyr in aqueous solutions at pH 5.5 (exmsu = €1vp +
etyr). This calculation yields an e3iysu value of 8.9 x 10° M™!
cm™'. Therefore, the o-MSH concentration in each solution
was estimated by determining the absorbance at 280 nm
(before adding Ptr) and then using the Lambert-Beer law
(4%%° = 2%0su [[o-MSH]) (I = optical path length).

Steady-state irradiation. Continuous photolysis experiments
were carried out in quartz cells (1 cm optical path length) at
room temperature. Two radiation sources were employed: (I)
Rayonet RPR lamps emitting at 350 nm (bandwidth =~ 20 nm,
Southern N.E. Ultraviolet Co., Branford, CT) and (II) a 450 W
Xe short arc lamp (Ushio Inc.) with a monochromator Horiba-
Jobin-Yvon FL-1004 (single-grating spectrometer, 330 nm blaze
grating), set at 350 nm.

Analysis of irradiated solutions

UV-vis spectrophotometric analysis. Electronic absorption
spectra were recorded on a Shimadzu UV-1800 spectropho-
tometer. Measurements were made using quartz cells of 1 cm
optical path length. The absorption spectra of the solutions
were recorded at regular time intervals during irradiation.

High-performance liquid chromatography (HPLC). A promi-
nence equipment from Shimadzu (solvent delivery module
LC-20AT, on-line degasser DGU-20A5, communications bus
module CBM-20, autosampler SIL-20A HT, column oven
CTO-10AS VP, photodiode array detector SPD-M20A and fluo-
rescence detector RF-20A) was employed for monitoring the
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photochemical processes. A Jupiter proteo column (150 x
4.6 mm, 4 pm, Phenomenex) was used for separation of the
photosensitizer, the substrate and the products. Solutions con-
taining 75% NH,Ac (10 mM, pH 7) and 25% of ACN were used
as the mobile phase.

Detection and quantification of H,0,. For the determi-
nation of H,0,, a Cholesterol Kit (Wiener Laboratorios
S.A.LC.) was used. H,O, was quantified after reaction with
4-aminophenazone and phenol.?>*' Briefly, 500 pL of irra-
diated solution were added to 600 pL of reagent. The absor-
bance at 505 nm of the resulting mixture was measured after
30 min at room temperature, using the reagent as a blank.
Aqueous H,0, solutions prepared from commercial standards
were employed for calibration.

Fluorescence spectroscopy. Measurements were performed
using a single-photon-counting equipment FL3 TCSPC-SP
(Horiba Jobin Yvon). The equipment has been previously
described in detail.** Briefly, the sample solution in a quartz
cell was irradiated with a 450 W xenon source through an exci-
tation monochromator. The fluorescence, after passing
through an emission monochromator, was registered at 90°
with respect to the incident beam using a room-temperature
R928P detector (Hamamatsu). Corrected fluorescence spectra
obtained by excitation at 300 nm were recorded between 320
and 550 nm.

Ultra-high performance liquid chromatography (UPLC)-
mass spectrometry analysis. The LC/MS system was equipped
with an UPLC chromatograph (ACQUITY UPLC from Waters)
coupled to a quadrupole time-of-flight mass spectrometer
(Xevo G2-QTof from Waters). UPLC analyses were performed
using the same column used in HPLC analysis. The mass
spectrometer was operated in both positive and negative ion
modes. 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.

Results and discussion
Degradation of «-MSH photo-induced by pterin

Air-equilibrated aqueous solutions containing Ptr and «-MSH
were exposed to UV-A (350 nm) irradiation (radiation source I,
Experimental) for various periods of time. The experiments
were performed in the pH range 5.5-6.0, where Ptr is present
at more than 99% in its acid form (pK, 7.9'®). Under these
experimental conditions only Ptr was excited (Fig. 1). The
samples, irradiated in quartz cells of 1.0 cm optical path
length, were analyzed by UV-vis spectrophotometry and HPLC
(see the Experimental section).

Significant changes in the absorption spectra of the solu-
tions were registered after irradiation (Fig. 2), revealing that a
photosensitized reaction took place and showing that products
absorbing at wavelengths longer than 300 nm were formed.
The spectral changes are compatible with those observed for
the photosensitization of free Trp and Tyr.*” In these experi-
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Fig. 2 Time evolution of the absorption spectrum of an air-equilibrated
solution of a-MSH irradiated in the presence of Ptr. Spectra were
recorded at 0, 4, 8 and 15 min; optical path length = 1.0 cm. Arrows indi-
cate the trends of the changes observed at different wavelengths. Inset:
experimental difference spectra. [Ptrlp = 65 puM, [a-MSH]y = 25 pM,
pH =5.5.

ments the concentration of Ptr, determined by HPLC, did not
decrease. H,O, was found to be generated and its concen-
tration increased as a function of irradiation time (Fig. S17).

On the HPLC chromatograms, the peak corresponding to
the hormone was well separated from that of the photosensiti-
zer (Fig. 3). An analysis using the PDA detector revealed that
the chromatographic peak corresponding to a-MSH decreased
with irradiation time when aqueous solutions were exposed to
UV-A irradiation in the presence of Ptr. Concomitantly, new
peaks were detected, revealing the formation of several photo-
products with absorption above 300 nm, which is in agreement
with the corresponding spectral changes recorded (Fig. 2). On
the other hand, the peak corresponding to Ptr did not decrease
upon irradiation.

To confirm that the reaction observed was a photosensi-
tized process, additional controls were carried out. Hormone
degradation was not observed in solutions containing Ptr and
a-MSH at concentrations similar to those used in experiments
shown in Fig. 2 and 3, kept in the dark, thus excluding the
possibility of thermal reactions. In another set of control
experiments, an a-MSH (25 pM) solution was irradiated with
UV-A in the absence of Ptr and no spectral change was
observed, thus excluding the possibility of product formation
by spurious direct excitation of a-MSH.

Therefore, the results presented in this section showed that
Ptr is able to photoinduce chemical changes in a-MSH upon
UV-A irradiation. In the photochemical process many products
were formed. The absorption spectrum of a-MSH is dominated
by the spectral features of Trp, the main chromophore in
proteins. Therefore, the changes observed in the absorption
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Fig. 3 Chromatograms obtained in HPLC-UV analysis at 280 nm; (a)
before irradiation; (b) after 10 min of irradiation. Insets: absorption
spectra of the reactants and the main photoproducts. [Ptrlp = 70 pM,
[a-MSH]o = 32 pM, pH = 5.5.

spectrum of the solution and in the chromatogram at 280 nm
suggested that the Trp residues of a-MSH were affected.

Effect on the tryptophan residue

Taking into account that the photosensitization of Trp by Ptr
has previously been reported® and that Trp is particularly
susceptible to a variety of oxidizing agents, it is expected that
the Trp residue of a-MSH should be affected by the photosen-
sitized process. Trp has particular emission features; e.g. it is
the only amino acid residue that absorbs at 295 nm and pres-
ents an intense emission band centered at 355 nm. Therefore,
the effect of the photochemical process on the Trp residue was
studied by means of fluorescence measurements.

Solutions containing Ptr and a-MSH were exposed to UV-A
radiation (350 nm, radiation source II, Experimental) and the
emission spectra under excitation at 295 nm were registered at
various irradiation times. At this excitation wavelength, Ptr
absorbs and fluoresces with a maximum at 439 nm, so that
the emission of the photosensitizer is partially superimposed
on that of the Trp (Fig. 4). However, under our experimental
conditions, the Ptr concentration remains constant and the
typical emission band of Trp could be adequately registered.
The band intensity decreased as a function of irradiation time
(Fig. 4). It is worth mentioning that an increase in the emis-
sion above 390 nm was observed, which can be assigned to the
formation of dimers of Tyr (vide infra).
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Fig. 4 Corrected fluorescence spectra (lexc = 295 nm) of an aqueous
solution (pH = 5.5) of a-MSH (27 pM) and Ptr (15 pM) irradiated at
350 nm (radiation source ll). The irradiation time (min) appears above
each spectrum. Inset: decrease of the fluorescence intensity at 355 nm
as a function of irradiation time.
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Fig. 5 Time evolution of the concentration of Trp residues estimated
by HPLC-FL (exe = 295 nm, Aem = 355 nm) and HPLC-UV (at 280 nm) in
irradiated (350 nm, radiation source 1) aqueous solutions of a-MSH
(10 pM) and Ptr (80 pM).

Trp residues were also investigated by chromatography
coupled to a fluorescence detector (HPLC-FL, see the Experi-
mental section). Fluorescence chromatograms of solutions
containing Ptr and a-MSH (excitation at 295 nm and emission
at 355 nm) showed a main peak whose retention time matched
that of the peak of the hormone in chromatograms obtained
in HPLC-UV at 280 nm. Therefore solutions containing Ptr and
a-MSH were exposed to UV-A radiation (350 nm, radiation
source I, Experimental) and HPLC-UV and HPLC-FL analyses
were carried out as a function of irradiation time. Fig. 5 shows
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the concentration of a-MSH estimated by both analyses as a
function of irradiation time. These results confirm that Trp
residues were consumed during o-MSH photosensitization
by Ptr.

Effect on the tyrosine residue

Tyrosine is an important target in the study of the photo-
dynamic effects of UV-A radiation in living systems, not only
due to its reactivity towards '0,,>*** but also because this
amino acid plays a key role in polymerization and cross-
linking of proteins®>*® via reactions initiated by Tyr radicals.””
In a recent study performed with free Tyr in aqueous solutions,
we have demonstrated that the excitation of Ptr is followed by
an electron transfer from the amino acid to the Ptr triplet
excited state, leading to the formation of the corresponding
ion radicals, Ptr'~ and Tyr"".” The latter undergoes deprotona-
tion to the neutral radical of tyrosine (Tyr(-H)") that may be
trapped by O, to yield oxidation products. Dimerization of
Tyr(-H)" to form the so-called dimers of Tyr (denoted Tyr,), which
are involved in crosslinking of proteins, was also observed. To
investigate whether the photosensitization of o-MSH by Ptr
leads to the generation of Tyr,, fluorescence experiments
were carried out, taking advantage of their particular emission
features. The absorption and emission spectra of dimers of
Tyr, are red shifted with respect to those of Tyr.”®

Therefore, solutions containing Ptr and o-MSH were
exposed to UV-A radiation (350 nm, radiation source II) and
the emission spectra under excitation at 310 nm were regis-
tered at various irradiation times. For a given irradiation time,
the spectrum of the solution before irradiation, ie. the fluo-
rescence of Ptr, was subtracted from the spectrum registered.
Results showed that an emission band with a maximum
coinciding with that expected for Tyr,*® was present in the
irradiated solutions and that the intensity increased as a func-
tion of irradiation time (Fig. 6), which is strong evidence
in favor of the photodimerization of Tyr residues of a-MSH
induced by Ptr.

It is known since the 1960s that one-electron oxidation of
Tyr generates the long-lived tyrosyl radical (Tyr(-H)") and that
when two Tyr(-H)" react, the dimer o,0"-dityrosine is formed as
the main product.>® Dimers of Tyr(-H)" were also investigated
by HPLC-FL. Fluorescence chromatograms (excitation at
310 nm and emission at 400 nm) of irradiated solutions
(350 nm, radiation source I, Experimental) showed several
fluorescent products. Under our experimental conditions, the
area of the major peak increased with irradiation time. These
results are in agreement with those presented in the previous
paragraph. However, it is obvious from the structure of
Tyr(-H)* that dimerization can lead to several products, as
reported.>® This fact explains why several dimeric products
were found by HPLC-FL analyses.

The detection of Tyr,, which forms in highly oxidative
environments,*** is important because it suggests that the
hormone might undergo crosslinking. This point is discussed
in more detail in the next section. In addition, this finding
supports the hypothesis that an electron transfer process takes

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Corrected fluorescence spectra (lexc = 310 nm) of an aqueous
solution (pH = 5.5) of a-MSH (25 pM) and Ptr (15 pM) irradiated at
350 nm (radiation source Il). The irradiation time (min) appears above
each spectrum. For each time, the spectrum of the solution before
irradiation was subtracted. Inset: the increase of the fluorescence inten-
sity at 405 nm as a function of irradiation time.

Table 1 Wavelengths of the absorption (l,,s) and emission (iem)
maxima of the compounds studied in this work, in aqueous solution and
the corresponding wavelengths of excitation (lexc) and emission analysis
(Aan) used for the fluorescence measurements

Compound Aabs (NM) Aem (NM) Aexc (NM) Aan (NM)
Ptr 340 439

Trp 280 355 295 355

Tyr 274 305 275 300

Tyr, 315 400 310 400

place during the irradiation, since it has been reported that
dimers are not formed by oxidation with reactive oxygen
species such as '0,, 0, and H,0,.****

It is not easy to monitor the concentration of the Tyr
residue during the photochemical process by means of
spectrophotometric measurements because the absorption
spectrum of Tyr is completely superimposed on that of the Trp
residue (Table 1) and, in addition, the values of the molar
absorption coefficient of the former are much lower than
those of the latter. However, the Tyr emission spectrum is
blue-shifted and more narrowly distributed in the wavelength
range of interest in comparison to the Trp spectrum.®” There-
fore, the emission at 300 nm of a-MSH upon excitation at
275 nm can be attributed to Tyr residues with a negligible con-
tribution of Trp emission. Taking into account these fluo-
rescence features, Tyr residues were investigated by HPLC-FL
and fluorescence chromatograms (excitation at 275 nm and
emission at 300 nm) of irradiated solutions (350 nm, radiation
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Fig. 7 Time evolution of the concentration of Trp and Tyr residues esti-
mated by HPLC-FL (lexc = 295 NM, dem = 355 nm and Aexc = 275 NnM, Aem
= 300 nm, respectively) in irradiated (350 nm, radiation source )
aqueous solutions of a-MSH (10 uM) and Ptr (80 pM) at pH 5.5.

source I) were registered. The evolution of the area of the
corresponding peak was compared to that assigned to Trp
(excitation at 280 nm, emission at 355 nm, vide supra). This
analysis indicated that the Tyr residue reacted faster than the
Trp residue (Fig. 7). Taking into account that Trp is considered
more reactive than Tyr due to the values of parameters related
to the reactivity (e.g., Trp has a lower ionization energy*® and a
higher rate constant of the reaction of oxidation by '0,), the
behaviour shown in Fig. 7 (faster reaction of Tyr residues in
this case) is surprising.

Analysis of the photoproducts by mass spectrometry

A qualitative analysis of the photoproducts was carried out by
means of UPLC coupled to mass spectrometry (see the Experi-
mental section). Solutions containing «a-MSH and Ptr at pH 5.5
were analyzed in both positive and negative ion modes (ESI"
and ESI', respectively). As expected, the signals corresponding
to the intact molecular ion of Ptr as [M + H|" and [M — H]”
species at m/z 164 Da and 162 Da, respectively, were observed.
However, in the case of a-MSH, the resolution was much better
in ESI' than in ESI™ mode. Therefore all the results presented
in this section correspond to mass spectrometry analysis
carried out in ESI' mode. The molecular formula of a-MSH is
C;7H100N»1016S and its molecular weight is 1664.88 Da. This
value is the average of different weights due to the naturally
occurring isotopes of carbon (natural abundance, **C: 98.93%,
BC: 1.07%), although isotopes of nitrogen and oxygen also
contribute. Therefore the registered mass spectrum of «-MSH
consisted of groups of signals for the mono-charged (m/z =~
1666 Da), di-charged (m/z ~ 833 Da) and tri-charged ions
(m/z ~ 556 Da), the group of signals corresponding to the di-
charged ion being much more intense than that corres-
ponding to the mono-charged ion.

UV exposed solutions (irradiation source I) containing
a-MSH and Ptr were analyzed without previous separation with
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the UPLC chromatograph and the corresponding mass spectra
were compared to those obtained before irradiation. Analysis
of mass spectra of treated solutions showed new peaks with
m/z values higher than those of a-MSH and corresponding to
oxygenated products. In particular, m/z values indicated the
incorporation of oxygen atoms ([M + O], [M + 20], [M + 30],
etc.). For instance, for the di-charged ions, species at m/z ~ 841
Da, 849 Da and 857 Da were detected (Fig. 8). After normaliza-
tion with respect to the intensity of the peaks corresponding to
the intact a-MSH, the intensity of the peaks of the photo-
products increased as a function of irradiation time. This be-
haviour was also observed for the mono- and di-charged ions.

In agreement with the HPLC analysis described above
(Fig. 3), the UPLC-UV analysis showed many peaks super-
imposed on that corresponding to the intact peptide. However,
the mass chromatograms of irradiated solutions registered for
the specific ion masses corresponding to the oxygenated pro-
ducts were different, i.e. the retention times (¢,) of the maxima
of the peaks were different. For instance, for a solution similar
to that used in Fig. 8 and irradiated for 10 min, ¢ values of
12.8, 12.7 and 11.7 min were observed for the intact peptide,
the monooxygenated product and the dioxygenated product,
respectively.

These results indicate that upon irradiation in the presence
of Ptr, a-MSH undergoes photooxidation. Taking into account
that consumption of Trp and Tyr residues has been demon-
strated (vide supra), these amino acids very likely are involved
in the photosensitized oxidation. Moreover, for free Tyr, the
incorporation of at least one oxygen atom photoinduced by Ptr
has already been reported.” Likewise, photosensitization of
free Trp by Ptr yields, among other products, hydroxy-trypto-
phan and N-formylkynurenine, which correspond to the incor-
poration of one and two oxygen atoms, respectively. It is clear
that the oxidation of «-MSH might also involve other residues.

In the previous section, evidence in favor of the photosensi-
tized formation of Tyr, was provided. If such a hypothesis is
correct, the peptide should undergo crosslinking and products
with molecular weights about twice the molecular weight of
a-MSH should be formed. In particular, the binding of two
molecules of the peptide by coupling of two Tyr(-H)" would
lead to a compound with the molecular weight of [2a-MSH —
2H]. In the solutions before irradiation no dimeric-type pro-
ducts could be detected.

The separation of the photoproducts with the UPLC chro-
matograph revealed the presence of at least one compound
with a ¢, value (13.5 min) higher than that of 2a-MSH, which
suggests the formation of compounds larger than the intact
peptide. In mass spectrometry analysis of this compound,
mono-charged ions with molecular weights about twice the
molecular weight of a-MSH could not be detected, which is
logical considering that the group of signals corresponding to
the mono-charged ion of the intact peptide is not intense (vide
supra). However, in the region of about m/z ~ 830 Da, which
corresponds to two charges per molecule of peptide, ions com-
patible with a molecular weight of [2a-MSH — 2H] were found
(Fig. 9); i.e. a peak of m/z = 832.4 Da was recorded.
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Fig. 8 Mass spectra of the di-charged ions corresponding to the intact
a-MSH molecule (m/z ~ 833 Da) and its oxygenated products (m/z ~
841 Da, 849 Da and 857 Da). Analysis of the untreated sample and
irradiated for 6, 15 and 30 min, carried out in positive mode, voltage =
50 V. [a-MSH]g = 43 pM, [Ptr]g = 50 pM, pH 5.5.

Mechanistic analysis

In the presence of oxygen, Ptr and pterin derivatives act as
photosensitizers through both type I and type II mechanisms
(see Introduction). To investigate the mechanism involved in
the photosensitization of a-MSH, steady-state photolyses were
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Fig. 9 Mass spectra of a dimeric product with the mass of [2a-MSH —
2H]. The sample after 15 min of irradiation was separated using a UPLC
equipment before mass analysis. Analysis carried out in positive mode,
voltage = 50 V. [a-MSH]g = 43 pM, [Ptrlg = 50 uM, pH 5.5.

[Trp residues] (a.u.)

time (min)

Fig. 10 Time evolution of the concentration of Trp residues estimated
by HPLC-FL (lexc = 295 nm, Aem = 355 nm) in irradiated (350 nm, radi-
ation source 1) aqueous solutions of a-MSH (30 pM) and Ptr (100 uM).

carried out using the irradiation source I under different
experimental conditions and the evolution of the concen-
trations of «-MSH and its photoproducts was determined as a
function of irradiation time by HPLC-FL. In particular, for
each experiment the consumption of Trp residues (dexe =
295 nm, A, = 355 nm), the consumption of Tyr residues
(Aexe = 275 nm, Aey, = 300 nm) and the production of Tyr,
(Aexe = 310 nm, Aey, = 400 nm) were evaluated. In almost all
cases, the same behaviour was observed for the three para-
meters investigated. Therefore, for the sake of brevity, we show
only the results corresponding to the consumption of Trp resi-
dues, unless a significant difference in the behavior of the
three parameters was observed.

Photolysis experiments were carried out in O,-saturated
solutions and the results were compared with those performed
in air-equilibrated solutions. HPLC-FL measurements showed
that the rate of a-MSH chemical modification was much
greater in air-equilibrated than in O,-saturated solutions
(Fig. 10). This behavior is not consistent with a process
wherein the hormone would be consumed by 'O,.
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Fig. 11 Time evolution of the concentration of Trp residues estimated
by HPLC-FL (Aexc = 295 nm, dem = 355 nm) in irradiated (350 nm, radi-
ation source 1) solutions of a-MSH (10 pM) and Ptr (100 pM). (a) Exper-
iments carried out in H,O (@) and D,O (V); pH (pD) = 5.5. Inset: time
evolution of the concentration of Tyr, estimated by HPLC-FL (lexc =
310 nm, Aem = 400 nm). (b) Experiments carried out in H,O in the
absence (®) and presence (V) of KI (400 pM), pH = 5.5.

In order to further investigate the participation of '0,, com-
parative photolysis experiments were performed in H,O and
D,O. Given that the 0, lifetime in D,O is longer than that in
H,O (i.e. kq(H,0) > k4q(D,0)) by a factor of approx. 15°7%% the
photosensitized oxidation of a-MSH should be much faster in
the deuterated solvent if 'O, contributed significantly to the
process. Air-equilibrated solutions containing Ptr (100 pM)
and a-MSH (12 pM) in H,0 and D,O at pH/pD 5.5 were irra-
diated under otherwise identical conditions. HPLC-FL
measurements showed that the rate of a-MSH chemical modi-
fication was slightly faster in D,O than in H,O (Fig. 11a), but
not to the extent expected from the differences in 'O, lifetimes
in the two solvents. These results indicate that the reaction
with 'O, is present in our reaction system, but its contribution
in the consumption of Trp and Tyr residues is not significant
in air-equilibrated solutions. On the other hand, it is also
worth mentioning that the production of Tyr, was slightly
faster in H,O than in D,O (inset of Fig. 11a). Thus, as
expected, 'O, does not contribute to the formation of Tyr,,
even in D,O.

It has been previously demonstrated that iodide (I") at
micromolar concentrations is an efficient and selective
quencher of triplet excited states of pterins.'*° Therefore,
photosensitization experiments were carried out in air-equili-

3884 | Org. Biomol. Chem., 2014, 12, 3877-3886

Organic & Biomolecular Chemistry

brated aqueous solutions containing a-MSH and Ptr at pH 5.5
in the presence of KI (400 uM). The results revealed that the
rate of a-MSH consumption was slower than in the absence of
I" (Fig. 11b). Thus, the inhibition of the photosensitized degra-
dation of a-MSH by I strongly suggests that the process takes
place via a purely dynamic mechanism initiated by the triplet
excited state of Ptr, which is in agreement with a decreasing
reaction rate when the O, concentration increases.

Considering the results presented in this work and the
former studies reported for the photosensitization of proteins
and free amino acids by pterins, a mechanism initiated by an
electron transfer from the peptide to the triplet excited state of
Ptr can be proposed. The formation of radicals can be sum-
marized as follows (reactions 1-8): after excitation of Ptr and
formation of its triplet excited state, *Ptr* (reactions 1 and 2),
three reaction pathways compete for the deactivation of the
latter: intersystem crossing to the ground state (reaction 3),
energy transfer to molecular oxygen leading to the regener-
ation of Ptr and the formation of 'O, (reaction 4), and electron
transfer from o-MSH to °Ptr* to form the peptide radical
cation (a-MSH™") (reaction 5), which very likely undergoes
deprotonation to the neutral radical (a-MSH(-H)") (reaction 6).
In experiments performed in air-equilibrated solutions, the
rate of reaction 5 is significant and an important consumption
of a-MSH is observed. In contrast, in oxygen-saturated solu-
tions, reaction 4 competes more efficiently with reaction 5, the
proportion of *Ptr* reacting with a-MSH decreases and, conse-
quently, the rate of o-MSH consumption also decreases
(Fig. 10). The electron transfer from Ptr"~ to O, regenerates Ptr
and forms O, ~ (reaction 7). This radical may disproportionate
with its conjugated acid HOj to form H,0, (summarized by
reaction 8).

ptr % 1pgr (1)

ptrx 25 3pgr> (2)

3ptr* — Ptr (3)

3ptr* 4+ 30, — Ptr + 10, (4)
*Ptr* + a-MSH — Ptr'~ + o-MSH' " (5)
o-MSH'" 2 o-MSH(-H)' + H' (6)
Ptr'™ + 0, — Ptr+ Oy~ (7)

2H' +20,"” — H,0, + 0, (8)

The free radical may be generated in different amino acid
residues, but in this work we have demonstrated that it is
located at least in Trp and Tyr residues (Trp(-H)" and Tyr(-H)’,
respectively). It is worth mentioning that although Trp has a
lower ionization energy (vide supra), there is no hole transfer
from the Tyr(-H) to the Trp(-H)" radical, which would protect
Tyr, but increase the amount of Trp damaged. In contrast, this
kind of process has been reported in double-stranded DNA
from adenine radical to guanine.’® In the case of a-MSH, the
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size of the peptide suggests that in aqueous solution the mole-
cule is unfolded and therefore the distance between the two
involved amino acids is too large for the hole transfer to
efficiently occur. Subsequently, both amino acids (Trp and Tyr)
form radicals and both radicals lead to products. Two chemi-
cal photosensitized processes were observed: oxygenation
and dimerization. Indeed, Trp(-H)" may undergo oxygenation
(Reaction 9) and Tyr(-H)" dimerization (Reaction 10), and very
likely also oxidation (Reaction 11).

Trp(-H)" + O, — Trp(ox) (9)
2Tyr(-H)" — Tyr, (10)
Tyr(-H)" + O, — Tyr(ox) (11)

Conclusions

The oxidation of the o-melanocyte-stimulating hormone
(a-MSH) photosensitized by pterin (Ptr), the parent compound
of oxidized pterins, in aqueous solution under UV-A
irradiation was investigated. When aerated solutions con-
taining a-MSH and Ptr (pH = 5.5) were exposed to UV-A
radiation, the peptide was consumed, H,0, was generated,
but the photosensitizer concentration did not change
significantly.

The photosensitized process leads to the oxidation of the
peptide and to the degradation of at least tryptophan (Trp) and
tyrosine (Tyr) residues. Taking into account that the Ptr photo-
sensitized oxidation of these two amino acids in their free
form has been previously proven, it can be inferred that the
incorporation of oxygen atoms takes place in Trp and Tyr resi-
dues of a-MSH. In addition, the dimerization of the peptide
was also observed and dimers of Tyr radical were detected in
the treated peptide, which indicates that Ptr may photoinduce
crosslinking of peptides.

The photosensitized reactions are initiated by an electron
transfer from a-MSH to the triplet excited state of Ptr to form
the peptide radical cation (e-MSH™*) and the Ptr radical anion
(Ptr'™). The electron transfer from Ptr'™ to O, regenerates Ptr
and forms O, ~, which, in turn, may disproportionate with its
conjugated acid HOj; to form H,0,. The radical in the peptide
is located at least on the Trp and Tyr residues (Trp(-H)" and Tyr-
(-H)", respectively). Trp(-H)" undergoes oxidation and Tyr(-H)’
dimerization, and very likely also oxidation. On the other
hand, singlet oxygen which is produced by Ptr does not play a
significant role in the reaction mechanism.

Taking into account that o-MSH the
production and release of melanin by melanocytes in skin
and hair and that there is accumulation of pterin derivatives
in some pathological skin diseases such as vitiligo, the
damage of this hormone photoinduced by Ptr is relevant
from a biomedical point of view and can have important
ramifications.

stimulates
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