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ARTICLE INFO ABSTRACT

Keywords: 3,3"-Dityrosine, resulting from the formation of a carbon-carbon bond between two tyrosines (Tyr), is one of the
Dityrosine most important modifications of the oxidatively generated damage to proteins. Its formation can induce struc-
Tryptophan

tural changes in proteins, leading to the loss of their biological function. Interestingly, under UVA radiation,
dityrosine can also act as an intrinsic photosensitizer that generates reactive oxygen species and induces chemical
modifications in amino acids. Despite the biomedical importance of dityrosine, the information regarding its
photosensitized generation and photochemical properties is limited due to the drawbacks inherent to its syn-
thesis. In this work we studied the photosensitized formation of dityrosine, in the absence and presence of
tryptophan (Trp), using pterin (Ptr) as endogenous type I sensitizer. Free Tyr and Tyr incorporated into specially
designed peptides were used as target molecules. Our results indicate that the efficiency of dimerization is not
affected by the presence of the peptide bond. Nonetheless, incorporation of dityrosine into a peptide chain ap-
pears to confer a certain degree of protection, making it more resistant to photosensitized degradation. Moreover,
we demonstrated that, within a peptide chain, an adjacent Trp residue promotes the photoinduced dimerization
of Tyr, likely due to electron transfer from the Tyr residue to the oxidized Trp. This effect is not observed when
the two residues are more distant. Additionally, the presence of free Trp or Trp within the same peptide chain
enhances the efficiency of the photosensitized degradation of the free and peptide dityrosine, respectively.
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1. Introduction

Oxidatively generated damage to proteins leads to various structural
modifications whose accumulation affects the biomolecule activity and
function, contributing to the appearance of numerous human pathol-
ogies [1,2]. The damage formation is highly selective, depending on the
specific oxidant and the targeted amino acid, with aromatic amino acids
being particularly susceptible [2]. Among them, tyrosine (Tyr) (Fig. 1a)
residues are key targets during oxidative stress [3]. The oxidation of Tyr,
whether as a free amino acid or as part of proteins, generates multiple
products [4]. One of the most significant alterations is the Tyr dimer,
formed through a covalent bond between two Tyr residues. This linkage
can occur either intramolecularly between two Tyr residues in the same
molecule or intermolecularly between two protein units [5], the latter
leading to high molecular weight products [6]. The mechanism involved
in Tyr dimer formation has been extensively studied. Different dimeric
products may be obtained by pairing the radicals generated [7]. How-
ever, due to the instability of the intermediates formed or steric hin-
drance, the most stable products are the carbon-oxygen—carbon and
carbon-carbon dimers, known as isodityrosine and dityrosine, respec-
tively [8,9]. It has been reported that isodityrosine is a non-fluorescent
cross-linking amino acid, which distinguishes it from its counterpart,
dityrosine, a highly fluorescent species. This absence of fluorescence is a
key identifying feature and the reason it was historically referred to as
the ‘non-fluorescent’ phenol in plant cell walls. Whereas dityrosine can
serve as a useful fluorescent probe, the fluorescence properties of iso-
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chromophore capable of absorbing radiation within a range of the
electromagnetic spectrum where proteins typically do not absorb. At
physiological pH, more than 50 % of dityrosine exists in the basic form
and absorbs in the UVB (280-320 nm) and UVA (320-400 nm) spectral
regions (Fig. 1b), that is, dityrosine can be excited at wavelengths
significantly present in solar radiation and artificial sources of light.
Additionally, it has been demonstrated that, under UVA radiation,
dityrosine can act as an intrinsic photosensitizer (Sens) by generating
ROS able to induce chemical modifications in amino acids [16].

Tyr participates in direct (UVB) or indirect (UVA or visible radiation)
photochemical reactions. In the indirect or photosensitized reactions, a
chemical change occurs in Tyr as a result of the initial electronic ab-
sorption of UV/visible radiation by another molecule called photosen-
sitizer (Sens) (Reaction 1) [17]. Photosensitized oxidations can take
place through type I or type II mechanisms [17,18]. In the former, an
electron transfer (or hydrogen abstraction) from the Tyr to the Sens in an
excited state, typically a triplet excited state (3Sens*), occurs yielding
the corresponding pair of radicals (Reaction 2). Tyr radical cation
(Tyr*") undergoes fast deprotonation, due to a negative pK, value (pKj
= —1) [19], to yield the corresponding neutral radical (Tyr(-H)*) (Re-
action 4), which, in turn, dimerizes (Reaction 5). Besides Tyr dimer,
other oxidized products are formed (Reaction 6). In type II mechanisms,
an energy transfer from the 3Sens* to dissolved O, occurs, yielding
singlet oxygen (*0y) (Reaction 3), which, in turn, reacts with Tyr (Re-
action 7).

hv
dityrosine are not relevant for such applications [10]. In addition, Sens—-'Sens”—>Sens (€D)]
dityrosine can be generated through reactive oxygen species (ROS) X
mediated reactions in the dark [11,12] and in photochemical reactions ®Sens + Tyr — Sens™™ + Tyr*" 2)
[7,13,14]. This Tyr dimer is increasingly used as a marker of aging, .
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Fig. 1. a) Chemical structures of tyrosine (Tyr, Y), alkaline form of dityrosine (Tyr,), tryptophan (Trp, W), AcSer-Ser-Ser-Gly-Trp-Tyr-Gly-Ser-Ser-Ser (S3GWYGS3)
and pterin (Ptr). Absorption spectra of: b) Tyr and the alkaline form of Tyr,, ¢) Trp, S3GWYGS; and Ptr.
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Another way in which Tyr(-H)® can also be generated, in peptides
and proteins, is through an electron transfer from a Tyr residue to an
oxidized amino acid residue (e.g. Trp, methionine (Met), histidine (His),
cysteine (Cys)) [4,20,21]. These types of reactions have been observed
in both aqueous and non-aqueous solvents; the latter conditions lead to a
higher efficiency [22]. Interestingly, Tyr residues can function as relay
amino acids in electron transfer reactions due to the very low reduction
potential of Tyr(-H)* [23]. Different factors influence in this type of
processes, including the length and the secondary structure of the pep-
tides [24], dipole orientation, hydrogen bonding, presence of specific
amino acids and the backbone conformation [25]. Two mechanisms
have been proposed to explain the long distance electron transfer: i)
electron tunneling, and ii) electron hopping. In a hopping mechanism,
the peptide bridge not only provides an electronic link between the
electron donor and acceptor, but also engages its amino acids in
oxidation and reduction reactions, serving as relay stations or stepping
stones for the electron transport. In the tunnelling pathway, the donor
has a lower energy than the molecular bridge, allowing the electron to
tunnel through the bridge to reach the acceptor [25]. Time-resolved
studies, in various model systems and native or modified proteins,
have evidenced inter- and intramolecular radical transformations
involving Trp [26,27], Cys [28], His [29] and Met-derived radicals [30,
31]. Priitz and colleagues have extensively studied electron transfer
reactions between Trp and Tyr in specifically designed peptides and a
wide variety of proteins [32-34]. Indeed, the indolyl radical (Trp(-H)®)
was obtained by pulse radiolysis experiments using NaN3 as a source of
azide radical (N3), which is a selective oxidant of Trp residues, and its
subsequent reactivity with free amino acids or Gly-Trp with Tyr-Gly was
studied. Based on the obtained data, it has been proposed that the
intermolecular conversion of Trp(-H)® to Tyr(-H)® is highly inefficient
and occurs in very low rates. However, when both residues are part of
the same peptide, it was observed that one-electron oxidation of the Trp
residue triggers an efficient and rapid intramolecular process. This
process can be interpreted as either a hydrogen atom transfer from Tyr
to Trp(-H)® or, equivalently, the transfer of a proton and an electron
[32]. The efficiency of this process depends on the distance between the
two residues: the rate of the process decreases as the residues move
farther apart. However, if the peptide chain's length and amino acid
composition allow sufficient flexibility, transfer efficiency increases,
reaching its maximum when the residues are adjacent [34]. Interesting
studies using time-resolved chemically induced dynamic nuclear po-
larization (CIDNP) were also carried out to investigate reversible
intramolecular electron transfer in peptides containing Trp and Tyr
residues [35,36].

With this background, it is relevant to address the following points:
(i) the influence of the presence of peptide bond and/or Trp on the ef-
ficiency of photoinduced dityrosine generation, (ii) the potential
changes of dityrosine photochemical properties when incorporated into
a peptide chain, either in the presence or absence of a Trp residue. For
this, we investigated the photoinduced formation of dityrosine, in the
absence and presence of Trp, using pterin (Ptr, Fig. 1a) as a Sens.

Ptr was chosen as a Sens because, under UVA radiation, it can
photoinduced alterations in free Tyr, as well as, when they are part of
peptides and proteins. A type I mechanism predominates at acidic or
slightly neutral pH [37,38]. As mentioned above, the reaction between
Tyr radicals can lead to the formation of different dimeric isomers, with
different spectroscopic properties. However, the dimerization of Tyr
photosensitized by Ptr has previously investigated and yields only one
isomer, 3,3-dityrosine (also named as o,0'-dityrosine, Tyro, Fig. 1a),
which can be detected and quantify by fluorescence [39]. It is also
noteworthy that the choice of pterin derivatives as Sens has a biomedical
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relevance [40,41]. Indeed, these molecules accumulate in the skin under
certain pathological conditions, such as vitiligo, a pigmentation disorder
in which melanin synthesis is disrupted [42]. This accumulation exac-
erbates light-induced reactions in the regions of the skin affected [43].

Free Tyr and Tyr incorporated into specially designed peptides were
used as target molecules. Peptides of nine or ten amino acid residues
were chosen because this number of residues allows evaluating the effect
of the peptide chain without the contribution of interactions corre-
sponding to secondary and tertiary structures of proteins. We used a
peptide with oxidizable residues (Tyr and Trp) and low reactive residues
(glycine (Gly) and serine (Ser)). Therefore, with these substrates, we
could compare the reactivity of Tyr, when it is free, included in a peptide
chain alone and in a peptide containing Trp at different distances. We
had to include Ser residues, as an “inert” amino acid, in the sequence to
give the peptides’ solubility in water.

2. Material and methods

From here on, we will use the term “free Tyry” to refer to dityrosine
formed between two molecules of free Tyr in solution, and the term
“peptide Tyry” to refer to dityrosine generated by the covalent linkage of
two Tyr residues belonging to independent peptide chains.

2.1. General

Chemical. Pterin (Ptr) (purity >99 %, Schircks Laboratories,
Switzerland), tryptophan (Trp, highest purity available (98 %)), tyrosine
(Tyr, highest purity available (99 %), potassium iodide (KI) and formic
acid (HCOOH) were provided by Sigma-Aldrich. The peptides [Ac-Ser-
Ser-Ser-Gly-Tyr-Gly-Ser-Ser-Ser  (S3GYGS3), Ac-Ser-Ser-Ser-Gly-Trp-
Tyr-Gly-Ser-Ser-Ser (SsGWYGSs), Ac-Gly-Trp-Ser-Ser-Ser-Ser-Ser-Ser-
Tyr-Gly (GWSeYG)] were provided by GenScript Co. (Denmark,
with>98 %purity). Trp, Tyr and the peptides were used without further
purification. HPLC grade acetonitrile (ACN) was purchased from J.T.
Baker. KHyPO4 was provided by Riedel-de Haén. Experiments were
carried out in acid aqueous solutions prepared using deionized water
(specific electrical resistance of water was ~10 MQ cm) further purified
in a Milli Q Reagent Water System apparatus.

Samples. All the experiments were carried out with aqueous solutions
containing Ptr and a given biomolecule (Tyr, peptide, free Tyry or
peptide Tyry) in the pH range 5.5-6.0, where Ptr is present at more than
99 % in its acid form (pK, = 7.9 [44]). Only the experiments assessing
the fluorescent properties of the Tyr dimer, both in its free form and
within peptides, were conducted at alkaline pH (pH = 9.0 + 0.1). The
pH measurements were performed using a pH-meter sensION + pH31
GLP combined with microelectrode XC161 (Radiometer Analytical).

Estimation of the concentration of peptides. It was assumed that the
absorption of photons by peptides at 280 nm is only due to the Tyr and/
or Trp residues, and that the molar absorption coefficient at this wave-
length (e237;,.)) is equal to the sum of the corresponding molar ab-
sorption coefficients of free Tyr (1200 M’lcm’l) [45] and Trp (5530

280 | 280
).

M~ lem™1) [45] in aqueous solutions at pH 5.5 (6280 ides = ETyr T+ Eioy
This calculation yields an €239, value of 6730 M lem™!. For the
value of 1200 M~ em™! was
used. Therefore, the peptide concentrations in each solution was esti-
mated by determining the absorbance at 280 nm (before adding Ptr) and

then using the Beer-Lambert law (Ajeiqes = Enoprides | [Peptides]) (I =

peptide containing only Tyr, an €230,

optical path length).

Estimation of the concentration of peptide Tyr». It was assumed that the
absorption of photons by peptide Tyry at 315 nm is only due to the
dityrosine. Therefore, the peptide concentration in each solution was
estimated by determining the absorbance at 315 nm (before adding Ptr)
and then using the Beer-Lambert law. An €315 value of 8380 M~! cm™!
was used [46].
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Steady-state irradiation. Continuous photolysis experiments were
carried out in quartz cells (0.4 cm optical path length) at room tem-
perature. 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 experimental conditions only Ptr was excited
(Fig. 1c), whereas the biomolecule (amino acids or peptides) did not
absorb radiation.

Aberchrome 540 (Aberchromics Ltd.) was used as an actinometer for
the measurement of the incident photon flux density (qgg ) at the exci-
tation wavelength, which is the amount of incident photons per time
interval (qg p) and divided by the volume of the sample [47]. The method

14

for the determination of qﬂjp has been described in detail elsewhere [48].

The value of qg:;’ measured for the radiation source was 1.3 (£0.2) x
. Taking into account that the lamp emits

107 Einstein L™ s71
quasi-monochromatic radiation, qgg value was converted into the UV

irradiance of the lamp (E%,V) with the equation (a).
\%4
Eb, = qg;l‘,’NAhvg (a)

where Nhv is the energy of a mol of photons emitted by the lamp and V
and S are, respectively, the volume and the area exposed to irradiation of
the cell used. A value of 20 (+2) Wm 2 was obtained for E%,V.

2.2. Analysis of irradiated solutions

UVAis spectrophotometric analysis. Electronic absorption spectra were
recorded on a Shimadzu UV-1800 spectrophotometer. Measurements
were made using quartz cells of 0.4 or 1 cm optical pathlength. The
absorption spectra of the solutions were recorded at regular intervals of
irradiation time.

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-20A HT, column oven CTO-10AS VP, photodiode array
(PDA) detector SPD-M20A and fluorescence (FL) detector RF-20A) was
employed for monitoring the photochemical processes. We will refer to
HPLC-PDA and HPLC-FL as those chromatograms obtained using the
PDA and FL detectors, respectively. A Synergi Polar-RP column (ether-
linked phenyl phase with polar endcapping, 150 x 4.6 mm, 4 pm,
Phenomenex) was used for product separation and to analyze the
progress of the photochemical processes when Tyr and Trp were used as
target molecules. Aqueous solution of HCOOH (25 mM, pH 3.5) was
used as mobile phase, at 0.6 mL min~! flow rate. When peptides were
used as a substrate, a Jupiter Proteo column (150 x 4.6 mm, 4 pm,
Phenomenex) and 97 % aqueous solution KHoPO4 (1 mM, pH 8.8) and 3
% ACN mobile phase was used, at 0.6 mL min~" flow rate.

In some cases, for further analysis, the photoproducts were isolated
from HPLC runs (preparative HPLC), by collecting the mobile phase
after passing though the PDA or FL detector.

Mass spectrometry analysis. The liquid chromatography equipment
coupled to mass spectrometry (HPLC-MS) system was equipped with
Shimadzu modules: a DGU-405 degassing unit, a LC-40D xs solvent
delivery module, a SCL-40 system controller, SIL-40C xs autosampler, a
CTO-40C column oven, a SPD-M40 PDA detector, and a Triple Quad-
rupole Mass Spectrometer LC 840 model. The Jupiter Proteo column
(150 x 4.6 mm, 4 pm, Phenomenex) was used under isocratic conditions
of 92 % water acidified with 0.1 % HCOOH, and 8 % ACN acidified with
0.1 % HCOOH), flow 0.6 mL min~'. Analysis was performed using
electrospray in positive and negative mode with a capillary voltage of
4.5 kV. The following MS parameters were used in the analysis: Nebu-
lizing: 3 L min~?, Drying Gas flow: 15 L min~!, Interface temperature:
350 °C, Desolvation Line temperature: 250 °C, and Heating Block: 400
°C. The data were processed using Lab Solutions software.

Fluorescence spectroscopy. Measurements were performed using a
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FLS1000 spectrometer (Edinburgh Instruments).

Steady-state experiments. The sample solution in a quartz cell was
irradiated with a 450 W Xenon source. Fluorescence was registered at
90° with respect to the incident light. The signal, after passing through
two double-grating Czerny-Turner monochromators with a 2 x 325 mm
focal length, reaches and a PMT-980 detector in a cooled housing which
covers the range from 200 to 980 nm. Corrected fluorescence spectra
obtained by excitation at 315 nm were recorded between 340 and 550
nm.

The fluorescence quantum yields (®g) of peptide Tyry were deter-
mined from the corrected fluorescence spectra using the following
equation:

I AR

®p = OF T a (b)
where I is the integrated intensity, A is the absorbance at the excitation
wavelength and the superscript R refers to the reference fluorophore. In
our experiments, free Tyr in alkaline aqueous solution (pH = 9.0 & 0.1)
was used as a reference (®p = 0.46 + 0.02) [39]. The sample and
reference were excited at the same wavelength. To avoid inner filter
effects, the absorbance of the solutions at the excitation wavelength was
kept below 0.10. Considering that the solvent used for both the reference
and peptide Tyr; is the same, the term corresponding to the refractive
index has been omitted from Equation (b).

Time-resolved experiments. Time-resolved fluorescence measurements
were also conducted using the FLS1000 system, employing an EPLED
320 source (Aexc = 312.8 nm, pulse width 736.9 ps) for excitation, and
controlled through the Fluoracle-Linkam measurement control soft-
ware. The selected counting time window for the measurements re-
ported in this study was 0-20 ns, using 1024 channels.

Kinetic analysis. To determine the initial rates of biomolecule (Tyr or
peptide) consumption ((-d[biomolecule]/dt)y), linear plots of concen-
tration versus irradiation time were used. This condition is generally met
only if the photon flux density absorbed by the reactant does not
decrease significantly (<15 %). Therefore, for each experiment, a time
period satisfying this condition was selected.

Fraction of the pterin triplet excited state (°Ptr*) quenched by Tyr in the
absence and presence of Trp or KI (f{y,). Taking into account all the re-
actions involving >Ptr*, the fraction of the triplet excited state quenched
by a given species (X) can be calculated as the rate of the reaction be-
tween 3Ptr* and X divided by the overall rate of 3Ptr* consumption:

kg [Tyr]

(@]
+k92[0,] + k¢ [Tyr] + k¥[X]

frr =

1
/ T3per*

In aerated solutions containing Ptr, Tyr and X, the fractions of >Ptr*
deactivated by Tyr (fry,) in the absence and in the presence of X can be
calculated considering the lifetime of the long-lived 3ptr* (Tapyr = 2.9
(£0.7) ps) and the corresponding bimolecular quenching rate constants
(kq) between 3ptr*and O, Tyr and X (X can be either Trp or KI) (kq02 =

1.6 x 10°M s k" =31 x 10° M s, k) = 1.5 x 10° M 1571,
KO =49 x10°M s [49-51].

3. Results and discussion

3.1. Photoinduced dimerization of free tyrosine in the presence of
tryptophan

The consumption of Tyr and the formation of free Tyr, were moni-
tored by HPLC-FL analysis in aerated aqueous solutions (pH 5.5) con-
taining Tyr (51 pM), Ptr (100 pM), and varying concentrations of Trp,
upon exposure to UVA radiation. In agreement with previous studies
[39], in the absence of Trp, the concentration of Tyr decreased and the
concentration of free Tyry increased as a function of irradiation time



K.P. Garcia Beltran et al.

W
[\

[Tyr] (uM)
O NV
I % & s =

N
™

® [Trp]=0mM
A  [Trpl=12mM

IS
= O

T O  [Trp]=2.5mM

N
(98]

0 10 20 30 40
irradiation time (s)

Redox Biochemistry and Chemistry 15 (2026) 100067

[Tyr,] (uM)

0 10 20 30
irradiation time (s)

0.0 & T T : !

0 10 20 30 40
irradiation time (s)

Fig. 2. Time evolution of a) Tyr and b) free Tyr, concentrations, in air-equilibrated aqueous solution under irradiation in the absence and in the presence of Trp

([Tyrlp = 51 pM, [Ptr]o = 100 pM, pH = 5.5).

(Fig. 2). In the presence of Trp, a new pathway involving >Ptr* arises
(Reaction 11) and competes with the other deactivation routes including
intersystem crossing to the singlet ground state (Reaction 8), reaction
with Tyr (Reaction 9), and energy transfer to molecular oxygen (Reac-
tion 10). To better investigate the effect of the presence of Trp on the
formation of free Tyry, relatively high concentrations of this amino acid
were used (1.2 and 2.5 mM). Under these conditions, the main pathway
for the deactivation of 3Ptr* is Reaction 11, and the rate of the reactions
9 and 10 are much lower than in the absence of Trp.

ptr Sptr (8)
3Ptr’ + Tyr—Ptr™ + Tyr*" /Tyr(-H)* 9
*Ptr’ + 0,—Ptr +'0, (10
Ptr” + Trp—>Ptr™ + Trp™* /Trp(-H)"® amn
Ptr*” 4 Tyr** /Tyr (-H)*—sPtr 4 Tyr 12)
Ptr*” + Trp** /Trp (-H)"—Ptr + Trp 13
Ptr*” + O,—Ptr + O3 a4

At this point, it is worth mentioning that the experiments were
conducted under aerobic conditions to avoid the reaction of the sub-
strate and Ptr radicals. That is, under anaerobic conditions the reactions
between Tyr*"/Tyr(-H)® and/or Trp®"/Trp(-H)* with Ptr*"(Reactions 12
and 13) are more favorable. These reactions allow the recovery of intact
substrates, thereby hindering the formation of products such as free
Tyrs. Oz, by quenching Ptr®” (Reaction 14), favors the net consumption
of the substrate. This is what we have named as the oxygen paradox and
is discussed in Ref. [52].

We should also take into account that superoxide radical anion (03"),
generated in Reaction 14, rapidly reacts with Tyr**/Tyr (-H)* [53] and
Trp®"/Trp(-H)* [54]. These reactions, generally represented by Reaction
6 (Introduction Section), have been described in the literature and
explain the low yield of conversion of Tyr into Tyrp. That is, a high
percentage of Tyr**/Tyr(-H)® reacts with O3~ (and Oy), thus avoiding the
formation of the dimer. Nevertheless, this condition is more efficient for
dimerization than anaerobic conditions in which, as mentioned above,
the recombination of substrate and Sens radicals are almost complete
[52]. Products of oxygenation reactions have been previously investi-
gated and two major compounds have been found in the oxidation of Tyr
photosensitized by Ptr: 3,4-dihydroxy-L-phenylalanine (DOPA) and

L-dopachrome [55].
Using Equation (c), the fractions of >Ptr* deactivated by Tyr (fTTy,)
and Trp (fTT,p) were calculated for the experimental conditions used in

the photolysis of Fig. 2 (Table 1). Meanwhile the initial rate of con-
[Trp|=0
Tyr

were calculated from the concentration profiles obtained by HPLC

analysis (Fig. 2a). With increasing Trp concentration, the relative

sumption of Tyr in the absence (v ) and presence of Trp (v[TTy?]:x)

decrease of f%,, is higher than the decrease in vry,, that is, taking into
account the reduction of the quenching of 3Ptr* by Tyr, due to the
presence of Trp, and assuming that the consumption of Tyr is mainly due
to Reaction 9, vyy, should follow the same relative reduction, but this is
not the case. Therefore, these results suggest an additional reaction of
consumption of Tyr. Taking into account the previous studies mentioned
in the Introduction Section, this pathway could be the reaction between
Tyr and Trp(-H)* (Reaction 15).

Trp(-H)* + Tyr—Trp + Tyr(-H)* (15)

If more Tyr(-H)® is generated in Reaction 15, the behavior observed
for the consumption of Tyr should also be evidenced for free Tyr; for-
mation. Therefore, this compound was quantified by HPLC-FL (Fig. 2b).
However, the initial rate of free Tyr, formation could not be calculated
because, in the presence of Trp, the concentration of the dimer rapidly
reached a plateau, revealing a process of consumption of this compound
or a reaction of Tyr(-H)® that does not yield free Tyr,. In consequence,
the quantification of free Tyr, under these experimental conditions does
not allow us to obtain information regarding the possible existence of an
intermolecular electron transfer reaction between the photochemically
generated Trp(-H)*and Tyr.

To evaluate whether the presence of Trp affects the photochemical

Table 1

Initial consumption rate of Tyr (vyy,) in the absence (v%,'fJ ]:0) and in the presence
(vgy'}’]:x) of various Trp concentrations, calculated fractions of 3ptr* deactivated
by Tyr (f;y,), calculated fractions of >Ptr* deactivated by Trp (f?,p), relative
decrease in the initial consumption rate (v[TTy'f I=x, v[fy',’.’ 1=0) and deactivated triplet
fraction (fT’Tm/ f%,,) ([Tyr]o = 51 pM, ([Ptr]p = 100 pM, [O3] = 250 pM (air

Tyr
equilibrated aqueous solution), pH = 5.5).

Trp (mM)  vny (Mmin™D g f R ey e

0 0.16 0.17 0 1 1
1.2 0.11 0.06 0.67 035 0.69
2.5 0.05 0.03 0.80 0.18 0.32
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generation of free Tyr,, photolysis experiments were carried out in the
presence of iodide (I"). It has been previously demonstrated that I", at
micromolar concentrations, is an efficient and selective quencher of
Sptr* [51,56]. Therefore, photosensitization experiments were per-
formed in air-equilibrated aqueous solutions containing Tyr (50 pM) and
Ptr (100 uM) at pH 5.5 in the presence of KI (520 pM). The I" concen-
tration used corresponded to a value capable of deactivating the same
fraction of the 3Ptr* as Trp at a concentration of 1.65 mM. Fig. 3a shows
the consumption of Tyr for the different reaction mixtures. As expected,
the highest Tyr consumption was observed in solutions lacking both Trp
and I". In addition, the consumption rates in the experiments carried out
in the presence of Trp and in the presence of I~ were found to be equal,
within experimental error. This result demonstrates that the amount of
available 3Ptr* that can react with Tyr was the same in the solutions
containing either Trp or I, at the concentrations used. Unexpectedly,
the concentration of Tyr formed was substantially lower in the presence
of Trp compared to I” (Fig. 3b). This finding suggests that Trp promotes
an additional degradation pathway for Tyry, which does not occur under
conditions where 1™ is present.

To investigate this point, acidic air-equilibrated aqueous solutions
containing free Tyry (4 pM) and Ptr (100 pM) were exposed to UVA
radiation for various periods of time, in the absence and presence of Trp
(1.5 mM). As shown in Fig. 4, in the absence of Trp, the concentration of
free Tyrp remains constant in the time window analyzed. However, upon
addition of Trp, this concentration rapidly decreased as a function of
irradiation time, confirming that Trp plays an important role in the Ptr-
photoinduced degradation of the dimer. However, the reaction between
3ptr* and Tyry is negligible due to the high Trp concentration, which
means that the consumption of the dimer must take place through a
secondary pathway that may involve a reaction between the dimer and
Trp(-H)®. Regarding Trp consumption, it is observed that it is consumed
in the absence and in the presence of Tyr; at comparable rates (Fig. S1,
Supplementary material).

Although the results obtained so far do not allow us to confirm the
existence of an electron-transfer reaction from Tyr to Trp(-H)* (Reaction
15), they demonstrate that Trp contributes to the photoinduced degra-
dation of Tyr and Tyr when Ptr is used as a Sens. Identifying the pho-
todegradation products of Tyr, is beyond the scope of this work.
However, it is clear that the combination of Ptr, Trp and electromagnetic
radiation triggers a pathway of degradation of Tyrs. In the experiment
shown in Fig. 4, relatively high concentration of Trp is used, which
means that most >Ptr* reacts with this amino acid, leading to the for-
mation of the corresponding pair of radicals (Reaction 11). Therefore,

45

40

[Tyr,] (uM)

=
235
=
2 30

25

® [KI]=0 uM, [Trp]=0 mM
201 @ [KI]=0 pM, [Trp]=1.65 mM
s | A [KIFS520 pM, [Trp}=0 mM
0 2 4 6 8 10

irradiation time (min)

Redox Biochemistry and Chemistry 15 (2026) 100067

4.5
4.0
3.5 1
3.0 1

-@—

1—“\.

[Tyr,] (uM)
[\)

_ y
101 o [Tpj=ouM

059 @ [Trpl]=1545uM
0.0 . ; . . .

0 10 20 30 40 50 60
irradiation time (s)

Fig. 4. Time evolution of Tyr, concentration, in air-equilibrated acid aqueous
solution, under irradiation in the absence and in the presence of Trp ([Tyr2]lo~
4 uM, [Ptr]o = 100 pM, [Trplo = 1545 pM, pH = 5.5).

we can hypothesize that the process is initiated by a reaction between
Tyry and Trp(-H)® (Reaction 16). The resulting radical, Tyry(-H)®, might
evolve to different products (Reaction 17) by reacting with Oz, O3 or
Trp(-H)®.

Trp(-H)* + Tyr,—Trp + Tyr,(-H)* 16)

Trp(-H)* /05 /0,*
Tyrz(—H)'%products a7

3.2. Photoinduced generation and fluorescence properties of free and
peptide dityrosine

The photochemical behavior of an amino acid is not necessarily the
same when it is free or part of a peptide or protein. The peptide bond and
nearby amino acids influence its photophysical and photochemical
properties [57-59]. Taking this into account, the photoinduced dimer-
ization of Tyr was comparatively evaluated using as target molecule,
free Tyr and a peptide (S3GYGS3), in which Tyr is the only amino acid

b)
2.0 A
1.5 g
2
é
1.0 1
0 2 4 6 8 0
irradiation time (min,
0.5 1
0.0 7 T r -
0 2 4 6 8 10

irradiation time (min)

Fig. 3. Time evolution of a) Tyr and b) free Tyr, concentrations, in air-equilibrated acid aqueous solution under irradiation in the absence and in the presence of Trp
or KI ([Tyr]lp = 49 pM, [Ptr]lp = 100 pM, [Trplo = 1.65 mM, [KI], = 520 pM, pH = 5.5).
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sensitive to photosensitized oxidation. Air-equilibrated aqueous solu-
tions at pH 6.0, containing a given substrate (Tyr or S3GYGS3) and Ptr
were exposed to continuous UVA irradiation for various periods of time.
The irradiated samples were analyzed by HPLC-PDA, HPLC-FL,
HPLC-MS and fluorescence spectroscopy (Material and methods
Section).

When S3GYGSs was used as the target molecule, HPLC analysis
revealed the formation of a product that fluoresces upon excitation at
320 nm (Fig. 5). The absorption spectrum of this product, recorded by
the UV-Vis detector (see inset of Fig. 5a), and the emission spectrum of
the isolated compound, obtained from the chromatographic run by
collecting the mobile phase after passing through the fluorescence de-
tector (HPLC-FL), are compatible with the absorption and emission
features of free Tyry [60,61]. Therefore, this new peak was assigned to
the dityrosine form of S3GYGS3 ((S3GYGS3)2). To confirm this, the iso-
lated product was analyzed by HPLC-MS (Material and methods Sec-
tion). The mass spectrometer was operated in both positive (ESI") and
negative (ESI) ion modes. The corresponding mass chromatograms
showed a single peak with a m/z value of 817.3 Da and 815.3 Da, which
correspond to [2(SgGYGSg)-2H+2H]er and [2(53GYG53)-4H]2' species,
respectively (Fig. S2, Supplementary Material). Accordingly, the mass
chromatograms recorded for the specific ion masses of 817.3 Da and
815.3 Da showed that this molecular weight was observed at a single
retention time (tg) value, indicating that only one isomer of (S3GYGS3)2
was formed (Fig. S2, Supplementary Material). Furthermore, the
HPLC-MS analysis did not reveal any products with molecular weights
higher than that of (S3GYGS3)2 that would be compatible with the
presence of dityrosine in their structure.

When comparing the peak corresponding to (S3sGYGS3), obtained
using the UV-Vis detector versus the fluorescence detector (Fig. 5), it
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Fig. 5. Chromatograms, obtained using a) the HPLC-PDA detector at 275 nm
and b) HPLC-FL detector (excitation at 320 nm, emission at 405 nm), of a so-
lution containing S3GYGS3 and Ptr before and after 4 and 10 min of irradiation.
Inset: a) Normalized absorption spectrum of (S3GYGS3),, b) Normalized emis-
sion spectrum of isolated (S3GYGS3), in KH,PO4 (1 mM, pH = 9.0) obtained for
the peak at 7.5 min in the chromatogram ([Ptr]o=95 puM, [S3GYGS3]p = 50 pM,
pH = 6.0).
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can be observed that the peak is much better defined with the fluores-
cence detector, which facilitates its integration. Therefore, this detector
(Material and methods Section) was used to quantify the amount of
peptide dimer generated. For the determination of the concentration
using the PDA detector and applying the Beer-Lambert law (Material
and methods Section), it was assumed that the molar extinction coeffi-
cient (¢) of the dimer derived from free Tyr is the same as that of the
dimer formed when using the peptide as a substrate. By contrast, in the
case of fluorescence emission, it was found that peptide Tyry solution
with the same absorbance emits less than free Tyry (Fig. S3, Supple-
mentary material). Although the influence of the peptide bond on the
fluorescent properties of Tyr and Trp has been studied in various sci-
entific reports [57,58], so far, its effect on the fluorescence of Tyr; has
not been reported. In consequence the fluorescence quantum yield (®p)
of (S3GYGS3)2 was calculated using the emission of free Tyr, as a
reference (Material and methods Section), being this value 0.22 + 0.02.
This value is significantly lower than the corresponding ® value of free
Tyrs (0.46 + 0.02) [39]. To further study this behaviour, the fluores-
cence lifetime (t5) of free Tyry and (S3GYGS3)2 was determined (Mate-
rial and methods Section). A first-order rate law was observed for all the
decays (Fig. S4, Supplementary material). The values obtained were (4.3
+0.3) ns and (4.2 + 0.4) ns for Tyry and (S3GYGS3)2, respectively. These
findings indicate that incorporation of the Tyry into a peptide chain
leads to a decrease in its ®p, without appreciable changes in its tr. In
light of this, it was necessary to construct a calibration curve of peak
area integrated in the HPLC-FL chromatograms vs. concentration of
(S3GYGS3)o, in order to quantify (S3GYGS3)s.

The concentration profiles of Ptr and the target molecule (Tyr or
S3GYGS3), determined by HPLC-PDA analysis, showed that the rate of
Tyr consumption was lower when the target molecule was the peptide
(Fig. 6a). In both cases, the concentration of Ptr did not change within
the analyzed time window (Fig. 6b). As shown in Fig. 6¢, the initial rates
of free and peptide Tyr, formation are similar within experimental error.
However, the concentration of the free Tyrp reaches a plateau at an
earlier time than that required for the peptide Tyrs. This result, together
with the previous observations, suggests that the degradation rate,
driven by a photoinduced process, is lower when the Tyr; is part of a
peptide. In conclusion, the efficiency of dimerization is not affected by
the presence of the peptide bond, but incorporation of the Tyrs into a
peptide chain appears to confer a certain degree of protection, making it
more resistant to degradation via a photosensitized mechanism.

3.3. Photoinduced generation of dityrosine in peptides containing both
tryptophan and tyrosine residues

In the literature, numerous studies have investigated the intra-
molecular electron transfer from a Tyr residue to Trp(H)®. However, few
research has been conducted on whether this Tyr new radical, generated
at the expense of reducing the Trp(H)® within the same chain, is capable
of reacting with another Tyr(H)® from a different chain to give rise to
dimerization. Taking this into account, in this section, we evaluate
whether the presence of Trp in the same peptide chain affects the
amount of peptide Tyry formation, as well as the dependence on the
distance between the Trp and Tyr residues. As part of this study, the
effect of the presence of Trp on the photochemical stability of peptide
Tyrs is also evaluated.

Aerated acid aqueous solutions of a peptide, containing adjacent Tyr
and Trp residues (S3GWYGS3), were exposed to UVA radiation in the
presence of Ptr for different periods of time. The irradiated samples were
analyzed by HPLC-PDA and HPLC-FL. The photoinduced chemical
modifications of the peptide, responsible for the decrease in its con-
centration, were evaluated by integrating the area of its corresponding
peak, selecting 275 nm as the analysis wavelength, a wavelength at
which both Tyr and Trp absorb. On the other hand, peptide Tyry was
quantified by HPLC-FL, using the calibration curve obtained for
(S3GYGS3)2 (Fig. 7). The same calibration curve was used since the
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emission of the peptide Tyrs is not affected by the presence of the Trp
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residue in the structure (Fig. S5 and Table S1, Supplementary Material).
It is important to mention that under the irradiation conditions used in
this study, the peptide Tyr, does not absorb.

As observed in Fig. 7b, the concentration of the (SsGWYGSs3)2
increased as the radiation exposure time increased, tending to a plateau
after 2 min of irradiation. This decrease in the dimer formation rate
cannot be attributed to a significant reduction in the concentration of
S3GWYGS3, as only 30 % of it was consumed during this period (Fig. 7b).
A possible explanation for this behavior is that the dimer undergoes
photosensitized degradation by Ptr, and after some time, the degrada-
tion rate equals the formation rate, making its concentration constant.

We have previously demonstrated that the peptide Tyr, is more
resistant to degradation via photosensitized processes than free Tyr,.
However, we have also confirmed that the presence of free Trp enhances
its photodegradation. This raises the following question: does the Trp
incorporated into a peptide chain influence the photochemical forma-
tion and degradation of peptide Tyry? To address this question, we
compared the rates of formation and photodegradation of (S3GWYGS3)2
and (S3GYGS3)s, as well as the consumption rates of their corresponding
reactants. As shown in Fig. 8a, the initial rates of formation of
(S3GYGS3)2 ((0.019 + 0.001) pM s~ 1) and (S3GWYGS3), ((0.020 +
0.003) uM s~ 1) are the same within experimental error. This result is
surprising, as one would expect the formation rate of (S3GYGS3)2 to be
higher than that of (S3GWYGS3)2, given that the concentration of Tyr
(-H)® should be greater in S3GYGS3 than in S3GWYGS3. This apparent
discrepancy can be rationalized as follows: considering that kq by both
amino acids differ by only a factor of two (Material and methods Sec-
tion), that their redox potentials are very similar [62], and that the
concentrations of Tyr and Trp in S3sGWYGS3 are equivalent, it is
reasonable to assume that, statistically, the quenching of 3Ptr* by
SsGWYGS3 corresponds 50 % to Tyr and 50 % to Trp residues. This
would result in a lower concentration of Tyr(-H)® in SsGWYGS3. The fact
that the formation rates of (S3GYGS3), and (S3GWYGS3), are identical,
suggests the existence of an additional source of Tyr(-H)°®. One plausible
explanation is an electron transfer from Tyr to an adjacent Trp(-H)®
(equivalent to Reaction 15) thereby generating a Tyr-centered radical,
which would account for the observed result.

To further evaluate the existence of this reaction, the dimerization
rate of Tyr was studied using a peptide in which the Tyr and Trp residues
are separated by six Ser (S) residues (GWSgYG). Due to solubility issues,
it was not possible to design a peptide in which Gly(G) separates the two
aromatic amino acids. As shown in Fig. 8a, the initial rate of (GWSgYG)2
formation ((0.011 + 0.001) pM s™1)) is half that observed for peptides
S3GYGS3 and S3GWYGSs. This result can be interpreted as follows: as the
distance between the two residues increases, the efficiency of electron
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Fig. 7. a) Chromatograms obtained using HPLC-FL detector (excitation at 320 nm, emission at 405 nm) of a solution containing S3GWYGS3 and Ptr before and after 3
and 5 min of irradiation. b) Evolution of S3GWYGS3 and (S3GWYGS3)» concentrations as a function of irradiation time ([Ptr]o = 100 pM, [S3GWYGS3]o = 67 pM, pH
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transfer decreases, leading to a lower concentration of Tyr(-H)* and,
consequently, a reduced amount of (GWSgYG)». These findings support
our hypothesis regarding the existence of electron transfer between the
Tyr residue and oxidized Trp.

As part of this study, we evaluated the photochemical stability of the
different dimers generated. Fig. 8b shows the evolution of the concen-
tration of each peptide dimer as a function of irradiation time. As can be
seen from the comparison of the kinetics of (S3GYGS3)2 and
(S3GWYGS3)2, the presence of Trp within the same peptide chain en-
hances the efficiency of photosensitized damage. Here we can hypoth-
esize peptide dimers can undergo a degradation pathway similar to that
proposed for free Tyry (Reactions 16 and 17). That is, the peptide dimer
reacts with Trp(-H)®, generated by oxidation of the Trp residue present
in (S3GWYGS3), in a subsequent and independent reaction. Assessing
the effect of Trp at varying distances from the Tyr-Tyr linkage site
cannot be done directly, as the dimerization rates differ. The lower
concentration of (GWSgYG) at longer irradiation times may be attrib-
uted to several factors, such as increased consumption through the
photosensitized process, a reduced concentration due to a slower for-
mation rate, or a combination of both. Further studies are required to
clarify this point. Finally, we observed that for all three peptides
analyzed, the overall consumption as a function of irradiation time is the
same (Fig. S6, Supplementary Material).

4. Conclusions

This work investigated the photosensitized formation and degrada-
tion of dityrosine (Tyrp),in the absence and presence of tryptophan
(Trp), using free Tyr and peptides as substrates and Ptr as an endogenous
type I Sens. Experiments with free Tyr and high Trp concentrations
suggest an electron transfer reaction from Tyr to Trp(-H)®. However, no
significant increase in Tyry formation was detected under these condi-
tions, likely because Trp favors Tyry degradation through secondary
pathways involving Trp(-H)*.

Comparisons between free Tyr and Tyr incorporated into a peptide
(S3GYGS3) showed a slower consumption rate in the peptide, reflecting
different reactivity depending on the molecular context. Nevertheless,
the rates of Tyry formation, in both free and peptide forms were com-
parable within experimental error. Regarding degradation, peptide Tyr,
displayed higher resistance to photosensitized damage compared to its
free form.

Results obtained with a peptide in which Tyr and Trp were adjacent
(S3GWYGS3), suggest an electron transfer from Tyr to Trp radicals,
which generates Tyr-centered radicals that further promote dimeriza-
tion. In contrast, experiments carried out in a peptide in which Tyr and

Trp were separated by six Ser (S) residues (GWSgYG), indicate that
greater distance reduces electron transfer efficiency, thus limiting
dityrosine generation. Moreover, the presence of Trp within the peptide
enhances susceptibility to photosensitized damage.
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