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Photosensitized oxidations, in part responsible for the harmful effect of UV and visible radiation on biological
systems, can take place through type I (generation of radicals) and type II (singlet oxygen) mechanisms. Pterins
are heterocyclic compounds, widespread in living systems and involved in relevant biological functions. Pterins
present a profuse and amazing photochemistry and are endogenous photosensitizers that act mainly via type
I mechanism. This survey is aimed to contribute to a better understanding on the complex set of competitive
pathways involved in type I photosensitization. Based on studies performed in model systems with pterins as
photosensitizers, this review explores the mechanisms involved in the type I photooxidations of proteins, DNA
and lipids sensitized by pterins. The generation of radicals and their subsequent reactions are described together
with the analysis of the role of O, and reactive oxygen species. The chemical modification of pterins seeking for

better properties and the effect of the photochemical processes at a cellular level are also analyzed.

1. Introduction

Electromagnetic radiation induces modifications in biomolecules.
The direct damage is initiated by the absorption of photons by nucle-
obases, aromatic amino acids and other chromophores present in liv-
ing systems, generating excited electronic states, which leads to many
photochemical reactions. Alternatively, the indirect damage takes place
through photosensitized reactions, which are defined as photochemical
alterations occurring in one molecular entity as a result of the initial
absorption of radiation by another molecular entity called photosensi-
tizer (or sensitizer) [1]. Most of the solar ultraviolet (UV) energy inci-
dence on Earth’s surface corresponds to UVA radiation (320-400 nm),
which, as visible (Vis) light, is barely absorbed by the main biological
chromophores, but can induce damage through photosensitized reac-
tions [2-4]. UVA radiation has been recognized as a class I carcino-
gen [5-8]. On the other hand, photosensitized reactions, promoted by
UVA/Vis radiation, have been used in important applications in disin-
fection [9-12] and photodynamic therapy (PDT) [13-15]. Many nat-
ural heterocyclic compounds, such as porphyrins, flavins, pterins and
lumazines, can act as endogenous photosensitizers [16]. These com-
pounds can physiologically be present in the tissues at low concentra-
tions, can be normal metabolites that accumulate under certain patho-
logical circumstances or degradation products of common components,
such is the case of some tryptophan (Trp) oxidation products [17,18].
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Photosensitized oxidations can take place through different mecha-
nisms [19,20]. In type I mechanisms, an electron transfer (or hydrogen
abstraction) from the substrate or target molecule (S) to the sensitizer
in an excited state, typically a triplet excited state (°Sens*), takes place
(Reaction 1). Then, the corresponding formed radicals can be involved
in a large number of competitive reactions to finally yield oxidized sta-
ble photoproducts. In type II mechanisms, an energy transfer from the
triplet excited state of the sensitizer to dissolved O, occurs, yielding
singlet molecular oxygen [02(1 Ag), denoted throughout as 102] (Reac-
tion 2), which, in turn, reacts with the substrate (Reaction 3). A given
sensitizer can act through type I and/or type II mechanisms depending,
among several factors, on the redox potential of its excited state and
the ability to transfer energy to dissolved O, respectively. On the other
hand, the susceptibility of a given biomolecule to undergo type I and/or
type II photooxidations depends, among other factors, on the ionization
potential and the capability to react with 10,.

3Sens* + S — Sens™/SensH + S*/S(-H) e))
3Sens* +0, —  Sens+'0, )
S+10, - Sy A3)

Pterins are widespread in biological system and participate in a
broad range of functions, including, pigments and enzyme cofactors
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Fig. 1. Molecular structures of pterin derivatives, main acid-base equilibrium
of pterin derivatives and absorption spectra of the acid (red) and basic (blue)
forms of pterin (Ptr), which are typical for many unconjugated oxidized pterins.

[21-24]. These compounds, derived from 2-aminopteridin-4(1H)-one
or pterin (Ptr), can exist in living systems in different redox states
and be classified into three classes according to this property: oxidized
(or aromatic) pterins, dihydro and tetrahydro derivatives (Fig. 1). The
most common natural pterin derivatives are 6-substituted compounds.
According to the molecular mass and the functional groups of these
substituents, pterins can be divided into two groups: (i) unconjugated
pterins, containing substituents with one carbon atom or a short hy-
drocarbon chain, and (ii) conjugated pterins, with larger substituents
containing a p-aminobenzoic acid (PABA) moiety. In Fig. 1, the molecu-
lar structures of the most common substituents are shown together with
the names of the corresponding oxidized pterin derivatives. Analogous
derivatives can be found for dihydro and tetrahydro pterins.

Pterins present several acid-base equilibria in aqueous solution, the
main one from a biological point of view involves the equilibrium of the
lactam group (pyrimidine ring) (Fig. 1). The pK, of this equilibrium is
ca. 8 for aromatic pterins and ca. 10 for dihydropterin derivatives [25-
27]. Other functional groups of the pterin moiety (e.g. the 2-amino group
or ring N-atoms) have pK, values < 2 [28]. Pterin derivatives also ex-
hibit tautomerism [29]. Theoretical calculations demonstrated that the
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4-keto (lactam) tautomer is the most stable one, whereas the enol (lac-
tim) structure is ~25 kJ/mol higher in energy, and three other neutral
structures have energies within ~17 kJ/mol above that of the lactam.
In addition, the studies revealed that the lactim anion is the most stable
structure in the chemistry of deprotonated pterins [30]. Therefore, at
pH > 5, the lactam form is in equilibrium with the corresponding lactim
anion.

Pterins are present in human skin since 5,6,7,8-tetrahydrobiopterin
(H,4Bip) is a cofactor for the aromatic amino acid hydroxylases [29,31]
and participates in the regulation of melanin biosynthesis. Normal
metabolism of HyBip is altered in the skin of patients suffering from
vitiligo [32], a skin disorder characterized by the acquired loss of con-
stitutional pigmentation [33], and dihydro and oxidized pterins accu-
mulate in the affected tissues at concentrations that are significantly
higher than those reported for healthy cells [34]. Due to the presence of
oxidized pterins, patients affected by this pathology express a character-
istic fluorescence in their white skin patches upon Wood’s light examina-
tion [35]. Although intracellular concentrations were not determined, it
can be assumed that pterins can reach any cellular compartment since
pterins can freely cross phospholipid membranes [36]. Therefore, the
photochemistry of pterins is important to understand the harmful ef-
fects of radiation on skin and is of particular interest in depigmentation
disorders, such as vitiligo, where the protection against radiation fails
due to the lack of melanin.

Dihydro and tetrahydropterins poorly absorb radiation in the UVA
and visible range [25] and their excited singlet states deactivate fast,
avoiding the formation of the long-lived triplet excited states [37,38].
That is why these pterin derivatives cannot act as efficient photosensitiz-
ers. Nevertheless, reduced pterins act as efficient scavenger of reactive
oxygen species (ROS) and their antioxidant capability can be greater
than known antioxidants like ascorbic acid and glutathione [39-41].
Oxidized conjugated pterins, such as folic acid (PteGlu), present in-
tense absorption in the UVA, but the substituent acts as a strong “in-
ternal quencher” that efficiently deactivates the singlet excited states of
the pterin moiety, which has been attributed to intramolecular photo-
induced electron transfer [42,43]. For this reason, these compounds are
not good photosensitizers either. On the other hand, unconjugated oxi-
dized pterins also absorb in the UVA, but, in this case, they efficiently
generate triplet excited states and, in consequence, they can act as pho-
tosensitizers. Reduced pterins in the presence of O, thermally and pho-
tochemically undergo oxidation to produce oxidized pterins [44-49].
Conjugated pterins, in turn, also undergo photooxidation to yield oxi-
dized unconjugated pterins (vide infra) [50]. Therefore, pterin deriva-
tives that are not photosensitizers, under oxidative conditions are con-
verted into good sensitizers.

2. The photochemistry and photophysics of oxidized pterins

The pterin chromophore of oxidized unconjugated pterins
[51] presents an absorption spectra with two main absorption
bands in the range 230-500 nm. These absorption bands correspond to
transitions from the singlet ground state of the pterin moiety (Sy) to
singlet excited states (S;, S,). The wavelengths of the maxima of the
high energy band (Sy—S,) and of the low energy band (S;—S,) are in
the ranges 250-285 nm and 340-370 nm, respectively [27] (Fig. 1).
The exact wavelengths of the absorption maxima depend on the
6-substituent and the acid-base form.

S, rapidly decays to S; that is the only emissive excited state. The
emission spectra in aqueous solution show a broad band centered at
approximately 450 nm. For a given compound, fluorescence quantum
yields (@) value does not depend on O, concentration, indicating that
the quenching of S; by O, is negligible [27]. The fluorescence decays
follow a first-order rate law with fluorescence lifetimes (r) between
5 and 15 ns. Due to the fast non-radiative deactivation of S;, @y of
conjugated pterins are very low (< 0.01) [27].
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S; of unconjugated oxidized pterins undergoes intersystem crossing
to generate two triplet excited states that derive from the lactim and
lactam tautomers (vide supra) [52-55]. For Ptr in deaerated aqueous so-
lutions, the lifetime (z1) of the former (0.4 (+0.1) us) is significantly
shorter than that of the latter (5 (1) us) [55,56]. Whereas the short-
lived triplet excited state decays too fast for being significantly involved
in dynamic processes, the long-lived triplet excited state is responsible
for the photosensitizing properties of oxidized pterins (vide infra). There-
fore all the photosensitized reactions that will be described in the next
sections are triggered by this latter species. Consequently, from now, ev-
ery time the triplet excited state of Ptr or a pterin derivative is mentioned
in the text, we will be referring to the photosensitizer in the long-lived
triplet excited state.

Although the 71 and the energy of this excited state (AE, ) depend
on the pterin derivative and the experimental conditions, their values
are high enough to participate in different reactions. As expected, tak-
ing into account the behavior of many other photosensitizers, triplet
excited states of pterins are able to transfer energy to dissolved O, to
yield 102 [57-60]. The one-electron reduction potential of pterins in
their triplet excited states (E(Pt*/Pt'~)), calculated from the values of
the one-electron reduction potential of pterins in their ground states
(E(Pt/Pt™)~ -0.5 V vs. NHE) and AEj, (~ 300 kJ mol™!) (Eq. 4), is
higher than 2 V [61,62], which means, in terms of thermodynamic
feasibility, that electronically excited pterins are able to oxidize many
biomolecules.

E(Pr*/Pr~) = E(Pt/Pt7)+ A Eyg(eV) “

6-Substituted oxidized pterins can undergo photoreduction in anaer-
obic conditions and in the presence of electron donors [63-65]. On the
other hand, they undergo photooxidation in air-equilibrated aqueous so-
lutions under UVA radiation. Many of these oxidations chemically mod-
ify the 6-substituent, but do not affect the pterin moiety. The products
and quantum yields of photodegradation depend on the 6-substituent
and the pH. In the absence of O, conjugated oxidized pterins, such as
PteGlu (Fig. 1), are photostable [50]. On the other hand, excitation of
PteGlu in the presence of O, leads to cleavage and oxidation of the
molecule, yielding 6-formylpterin (Fop), PABA-glutamic acid and hy-
drogen peroxide (H,0,) as photoproducts (Fig. 1) [66-68]. Upon UVA
irradiation, unconjugated pterins with oxygenated substituents, such
as biopterin (Bip) and neopterin (Nep) (Fig. 1), undergoes oxidation
yielding Fop and H,0, [69,70]. The production of H,0, in the pho-
tolysis of pterins is relevant for skin photobiology since this species is
involved in the pathogenesis of vitiligo [34]. The photodegradation of
the pterin moiety itself takes place upon irradiation of Ptr and pterin
derivatives containing substituents that cannot be easily oxidized, such
as 6-carboxypterin (Cap) and 6-methylpterin (Mep) (Fig. 1). These com-
pounds are photostable under anaerobic conditions, whereas excitation
in the presence of O, leads to oxidation, yielding non-pterinic photo-
products (cleavage of the pterin moiety) and H,O, [71-73]. The quan-
tum yields of Ptr, Mep, and Cap degradation in the presence of O,
are much lower than the corresponding quantum yields determined for
the derivatives bearing oxidizable substituents (PteGlu, Bip, Nep, etc)
[27,70].

3. Type I or type II photosensitizers?

According to the photophysical properties described in the previous
section, upon UVA irradiation unconjugated oxidized pterins, named
from here as pterins, form triplet excited states able to initiate both type I
and type II photosensitized oxidations. Experiments using model biolog-
ical targets in simple systems are useful to find out if a given compound
can effectively act as a photosensitizer. Oxidizable small molecules sol-
uble in H,O, such as nucleotides and amino acids, are used for this pur-
pose. If an air-equilibrated aqueous solution containing Ptr and Trp or
2’-deoxyguanosine 5’-monophosphate (dGMP) is exposed to UVA radi-
ation, the substrate and O, are consumed, Ptr concentration does not
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change and H,0, is produced [74,75]. On the other hand, if O, is re-
moved from the solution before irradiation, the photodegradation of the
substrate either does not occur or it does, but at a much lower rate. These
simple experiments clearly demonstrate that pterins, in the presence of
0,, are able to photosensitize the oxidation of nucleobases and amino
acids.

The elucidation of a mechanism is not simple. In first place the
thermodynamic feasibility of an electron transfer from the substrate
to the photosensitizer must be considered. This can be evaluated using
Eq. 5 [76].

AG(eV)= E(S7*/S) - E(Sens*/Sens™) — (ej /4TleRD* A7) ®)

where E(Sens*/Sens™) is given by Eq. 4 (Sens= Ptr), E(S"*/S) is the one-
electron potential of the electron donor, the substrate (S), and the term
e,2/4TIeRD* A~ is the solvation energy of an ion pair D*A~ (S*+ and Ptr™",
in our case), which can be ignored in the case of strong polar solvents,
such as H,O. AG values, calculated with Eq. 5, for the reaction between
excited pterins and Trp or dGMP are approximately -100 kJ mol~! and
-50 kJ mol~!, respectively; indicating that a reaction initiated by an
electron transfer cannot be discarded.

Whereas the four nucleobases of the DNA can undergo one-electron
oxidation [77-79], it can be assumed that only guanine significantly re-
acts with 102 [80,81] because the rate constant of the oxidation of gua-
nine in different biomolecules by 10, (krA_ s> 5x10° M~1s~1) is much
higher than the corresponding rate constants for the other nucleobases
(kr{ s < 10° M~1s71) [75,82,83]. If the experiments considered before
are carried out with 2’-deoxyadenosine 5’-monophosphate (dAMP), in-
stead of dGMP, a similar behavior is observed, that is, consumption of
the substrate and O,, no change in the photosensitizer concentration
and H,0, production [83]. As adenine hardly reacts with 10,, this pro-
cess cannot be assumed as a type II photosensitized oxidation. Moreover,
Eq. 5 predicts that the oxidation of dAMP by excited Ptr is thermody-
namically possible. In short, experiments performed with dAMP as a
substrate suggest that pterins can also act as type I photosensitizers.

After the analysis presented in the previous paragraph, it is clear that
the classification of the mechanism involved in the Ptr-photosensitized
oxidation of Trp and dGMP deserves a deeper assessment. Given a
substrate-photosensitizer system under certain conditions, how can one
find out if both mechanisms are taking place and how to quantitatively
evaluate the contribution of each one? In the next paragraphs some sim-
ple strategies to answer these questions will be explained.

A complete analysis of the pathways involving 10, will be presented
in the next section. Here we will only consider the processes that allow to
assess the contribution of '0,—mediated oxidations in a given reaction
system. The rate of the oxidation of a given substrate (S) by 10, is given
by Eq. 6:

(@) = ks [02]Is] ©)
VN

where kf‘_ s is the rate constant of the chemical reaction between 1o,
and S (Reaction 3). If a solution containing S and a photosensitizer is
exposed to continuous UVA radiation, the steady-state concentration of
10, can be estimated with Eq. 7:

LV
qz,p CDA

10,] =
0] [Sens]+ k2 ([S]

(M
kd + klA—Sen

where qﬁ;}f and @, are the photon flux absorbed by the photosensi-
tizer and its quantum yield of 'O, production, respectively; k4 is the
non-radiative deactivation rate constant [84]; kTA_ Sens and kZA_ ¢ are the
rate constants of 10, total quenching by the photosensitizer and the
target molecule, respectively (vide infra). For a given set of conditions
(irradiation intensity, concentrations, etc), the experimental rate of sub-
strate consumption ((d[S1/dt)y), determined by chromatography anal-
ysis (HPLC) or other techniques, is compared to (d[S]/dt), (Equations
6). If (d[S] /dt)eXp is similar to (d[S]/dt),, the predominance of a 10,
mediated mechanism can be inferred. In contrast, if (d[S]/dt), is much
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Table 1

Values of rate constants of the chemical reaction with 10, (kf‘),
10, total quenching (k*) and the quenching of *Ptr* (qu) deter-
mined for nucleotides and amino acids in aqueous solutions.

10, 3ptr*

K2 (M) kX (M1 kD 's™)
dGMP* 1.7 x 107 [75] 1.7 x 107 [75] 5.4 x10° [56]
dAMP 8.0 x 10% [83] 4.1 x 10° [83] 1.4 x109P
dTMP - 7 x 10 [85] 3.2 x109P
Trp 1.3 x107 [86] 3.2 x107 [86] 1.5 x10° [87]
Tyr < 108 [86] 2.7x 107 [88] 3.1 x10° [87]
His ~0.5 x 107 [89] 1.5 x10° [87]
Met 1.3 x 107 [86] 0.6 x10° [87]
Ptr 2.5x10°% [73] 2.9x106 [90]
0, 1.6x109 [56]

2 k2 and k2 values for dGMP strongly depend on the pH. The
values correspond to slightly acidic media that is the pH condi-
tion of the experiments discussed in the text. ® Data from Mar-
iana P. Serrano PhD Thesis, Universidad Nacional de La Plata,
Argentina, 2014.
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Fig. 2. Typical behavior of the time evolution of the concentration of an oxidiz-
able substrate (S), such as Trp or dGMP, irradiated in the presence of Ptr under
different experimental conditions.

lower than (d[S]/dt)exp, it can be assumed that oxidation via type II
mechanism has a minor contribution. This kinetic analysis allows a re-
liable method to assess the contribution of type II mechanism to the
overall photosensitized oxidation of a substrate.

Returning to the photosensitization of Trp and dGMP by Ptr, for
these compounds and others, krA and k[A values have been determined
(Table 1) and, in consequence, (d[S]/dt), (Eq. 6) can be estimated and
compared to d([S]/dt)eXp. For both cases d([S]/dt)eXp is much higher
than (d[S1/dt),, thus indicating that photooxidation mediated by 102
does not contribute significantly to the consumption of neither Trp nor
dGMP.

In addition, Fig. 2 schematically shows the comparison of the con-
centration profiles of the substrate (Trp or dGMP) obtained under dif-
ferent experimental conditions. It is clear that O, is needed for the
consumption of the substrate, but high concentration (O,-sturated so-
lutions) causes a decrease in the rate of the process. Moreover, using
D,0 as a solvent (10, lifetime (z,= kq71) in D,O is much longer than
in H,0) does not increase significantly the efficiency of the photooxi-
dation. It is important to emphasize that even when (d[S]/dt), cannot
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be calculated, the analysis of simple experiments as those presented in
Fig. 2 allows a rough assessment of the type II mechanism contribution.
We have analyzed other substrates, and other pterin derivatives acting
as photosensitizers and in most cases, although the substrate is oxidized
by 10, and the sensitizer produces this ROS, the predominant mecha-
nism is type I [27,91,92].

Indeed, this analysis is not limited to pterins. Interestingly, we used
this approach to investigate the photosensitized oxidation of Trp by
phenalenone (1H-benzonaphthen-1-one, PN), a unique photosensitizer
due to its @, close to unity [93,94]. In addition, PN is photostable in
most solvents and has a very low ability to deactivate 10, (very low
KA ¢, ). These properties have made PN one of the well-known 0,
photosensitizers [95]. In fact, it is widely used as a reference for the de-
termination of @, values and for investigating oxidations of biological
compounds by 10,. Considering this and that Trp is oxidized by 10,
[86], one could easily accept that photosensitization of Trp by PN takes
place through a purely type II mechanism. However, it was established
that 10, played a minor role and that the predominant mechanism of
the photosensitization of Trp by PN involves an electron transfer pro-
cess [96]. These studies call into question many reported photooxida-
tion mechanisms and even the role of 10, in processes involved in the
photodynamic effects of a variety of photosensitizers in living systems.

4. Kinetic analysis

To understand the predominance of the type I mechanism from a ki-
netic point of view, the competitive pathways must be considered. The
rate constant of Reaction 1 can be estimated from the bimolecular rate
constant for the quenching of the triplet excited states of the sensitizer
by a given substrate (qu_ s)> assuming that the quenching is only due
to an electron transfer process. These rate constants have been mea-
sured for the quenching of the triplet excited state of Ptr (3Ptr*) by Trp,
dGMP and other substrates and are in the range of diffusion-controlled
limit (Table 1). Reaction 1 competes with Reaction 2, that is, the energy
transfer to O,, whose rate constant (qu_ 02) has also been determined and

is of the same order of magnitude as k”_ s for dGMP and Trp (Table 1).
Reaction 1 also competes with the decay of the triplet excited state to
the ground state (Reaction 8).

3Sens* >  Sens ®)

In a given reaction system, the fraction of the triplet excited state
of the sensitizer quenched by a species X can be calculated as the rate
of the reaction of the excited state with X divided into the overall rate
of the excited state consumption. In the case of our experiments, the
fractions of 3Ptr* quenched by the substrate (f7) and O, (f, gz) are given
by Egs. 9 and 10, respectively:

, Ky 15]
fs= o p . ©)
(x2)7 + K [0o] +KI_g [S1+ KI_p, [Pur]
ki_o, [0

10)

fgz T o) T T T
() + ko, [02] +kL_g ST+ K_p, [Prr]

where r_% is the lifetime of 3Ptr* in the absence of quenchers; in the
conditions of our experiments the term qu, p, [Ptr] can be neglected. In
a steady-state experiment, if the concentration of the substrate is similar

to that of O,, fST and f, 57 are comparable and, in consequence, the rates
of radicals and 1 O, formation are also of the same order of magnitude. In
Table 2 fT and f, gz values obtained in experiments of photosensitization
of dGMP and Trp with Ptr are listed, together with the fractions of 3Ptr*
that decays to ground state (Reaction 8) (f7~5°), calculated using the
corresponding equation analogous to Egs. 9 and 10.

As will be discussed later, there are reactions that can recover the
substrate once the radical is form, but, if they are not significant, the
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Table 2

Fractions of ®Ptr* that decays to ground state (f7~5°), is
quenched by the substrate ( fg) or O, (f, gﬂ) in experiments
performed at different O, concentrations; fractions of 1o,
that decays to ground state (f2~92) or is physically or
chemically quenched by the substrate (¢ and f2 (, re-
spectivelly) in air-equilibrated solutions. The experiments
were carried out under steady UVA irradiation using Trp or
dGMP as a substrate (200 uM). [Ptr]= 100 uM, pH= 5.5-

6.0.
S: Trp S: dGMP
Ar air 0O, Ar air 0O,
B 065 035 0.13 0.88 0.68 0.36
(7;2 0.00 0.46 0.80 0.00 023 0.59
fT=%¢ 035 0.19 0.07 012 0.09 0.05
A 0.010 0.013
f,ﬁx 0.015 ~0
f4-0 0.97 0.98

rate of Reaction 1 is the rate of oxidation via type I photosensitization.
On the other hand, the rate of Reaction 2 is the rate of oxidation via type
11 photooxidation only in the case that every molecule of 10, reacts with
the substrate. To assess this, the reactions of 10, have to be considered.
10, relaxes to its ground state through solvent induced radiationless and
radiative pathways (Reactions 11 and 12). It may also be deactivated by
a physical quencher (Reaction 13) and/or oxidize an acceptor molecule
(Reaction 14) [97]. Q in Reactions 13 and 14 is the substrate (then Reac-
tion 14 is Reaction 3), the photosensitizer or another compound present
in the solution.

lo, - 30, an
o, - 30,+m (12)
o+'o, - 0+0, a3
o+'o, - 00, (14)

The rate constants of the physical (kﬁ) and chemical quenching (krA)
of 1 O, by Trp, dGMP and Ptr have been determined (Table 1) (73,75,86).
As a matter of fact, k2 and k2 are experimentally determined and kﬁ are
calculated with Eq. 15. The fractions corresponding to the different fates
of 10, can be calculated in a given photolysis experiment. The fraction
of 10, that reacts with the substrate (f f_ ) to yield oxidized products
is given by Eq. 16. Values listed in Table 2 show that only a very low
proportion of the 10, formed reacts with the substrate to give oxidized
products.

kY= ke +ky (15)

KA S
I = = o

-1
(7a)” + kg [S] + K&, [Ptr]

In conclusion, in the analyzed substrate/sensitizer systems although
the rate of radicals and 10, generated are comparable, only a low per-
centage of this ROS leads to oxidized products and, therefore, the rate of
products formation via oxidation by 10, is much lower than the rate of
radical formation. Whereas the fraction of the triplet excited state that
leads to radicals is fST, the fraction of the triplet excited state that yields
oxidized products via 10, oxidation is f, gz x fA ¢, which is 4.6 x 1073
and 3.0 x 10~2 for Trp and dGMP, respectively, in the experiments pre-
sented in Table 2. The main kinetic aspect for this result is that whereas
type I mechanism involves a single step to chemically modify the sub-
strate, which takes place with a diffusion-limited rate constant (qu_ S),
type II involves two steps, the first one at diffusion-limited rate (qu—Oz)

and the second one with a much lower rate constant (krA_ S).
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Fig. 3. LFP experiments. Formation of dGMP(-H)" monitored by the time-
evolution of the AA at 320 nm after the laser pulse at various O, concentra-
tions. Experiments performed in Ar-, air- and O,-saturated aqueous solutions.
Inset: Differential transient absorption spectra (AA), recorded after 10 us of the
laser pulse. Excitation wavelength 355 nm, [Ptr] = 100 M, [dGMP] = 1 mM.
Adapted from Ref. 56.

5. The oxygen paradox

Whereas the presence of O, is mandatory for a !0,-mediated oxi-
dation (Reactions 2 and 3), the formation of radicals does not involve
O, (Reaction 1). Moreover, under anaerobic conditions, O, does not
compete with the substrate for the excited state of the sensitizer, e.g. fST
value increases when O, concentration decrease (Table 2). The question
that naturally arises is: why when O, is removed from the solution, the
consumption of the substrate is negligible compared to that observed
in the presence of O, (Fig. 2)? To explain this apparent contradiction,
it is necessary to investigate the formation and fate of radicals. In this
regard, we have studied the radicals generated in Ptr-dGMP system.

The radicals of 2°-(deoxy)guanosine and (d)GMP have characteristic
spectral features and long lifetimes (>100 us), allowing their detection
in different systems [98-102]. In our reaction system (aqueous solu-
tions containing Ptr and dGMP exposed to UVA irradiation), we inves-
tigated the dGMP neutral radical (AGMP(-H)") formation by laser flash
photolysis (LFP) [56,75]. Under our experimental conditions, the dif-
ferential transient absorption spectra showed the characteristic narrow
absorption band centered at 320 nm of 2"-deoxyguanosine radicals (In-
set Fig. 3). The traces recorded at 320 nm followed first-order kinetics
and the lifetime (z5.) was equal, within the experimental error, to that
obtained for the decay of 3Ptr* (z7), thus indicating, as expected, that
the formation of dGMP(-H)" is due to the reaction of dGMP with 3Ptr*.
Fig. 3 shows several traces registered in LFP experiments, performed
under the same conditions, except O, concentration. Once the plateau
is reached, the dGMP(-H)" concentration is proportional to the AAs,
intensity. The higher the O, concentration, the lower the dGMP(-H)"
concentration reached after excitation of Ptr. These results are in agree-
ment with the data presented in Table 2 and confirms that O, partially
prevents the formation of dGMP(-H)* due to the quenching of 3Ptr*. This
explains why the dGMP consumption is lower in O,-saturated than in
air-equilibrated solutions, but it emphasizes the controversial fact that
under anaerobic conditions the dGMP consumption is negligible.
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Fig. 4. LFP experiments. Decay of dGMP(-H)* monitored by the time-evolution
of the AA at 320 nm (AA;,,) after the laser pulse in Ar-saturated aqueous solu-
tions. Plot of AAsy,~! vs. time. Upper inset: AAgy,~! vs. time. Lower inset: De-
pendence of t; , with the initial amount of radical formed, evaluated as AA® ;.
Excitation wavelength 355 nm, [Ptr] = 100 uM, [dGMP] = 200 M. Adapted
from Ref. 56.
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After dAGMP(-H)® is formed and reached a maximum concentration,
its evolution can also be followed by monitoring AAs,,, but in a longer
time window. Whereas in the absence of O,, AAj,, decays to a neg-
ligible value at infinite time, in the presence of O, AAs,, decays to a
residual value. This behavior is in agreement with the fact that O, is
needed for the consumption of dGMP (Fig. 2) and the consequent for-
mation of products. Reaction 17 is the recombination of the radicals that
leads to the recovery of the reactants. Therefore, if dGMP(-H)" does not
participate in another reaction, the total recombination of the radicals to
completely recuperate the reactants should be observed. Under anaero-
bic conditions, the decay of dGMP(-H)" follows a second order rate law:
the traces plotted as 1/AA3,, vs. time are linear and the half life (t; »)
increases with the decrease of the initial amount of dGMP(-H)* formed
after the flash (Fig. 4). This kinetic behavior is expected if dGMP(-H)"
is consumed only by Reaction 17, in which the stoichiometric ratio be-
tween dGMP(-H)* and Ptr*~ is 1:1.

dGMP(~H) +Ptr~ + H* — dGMP + Ptr an
Ptr= +0, — Ptr+ 0, (18)
dGMP(— HY 122/ 4GMP(ox) (19)

In the presence of O,, the Ptr radical anion (Ptr'~) may react with
O, to regenerate Ptr and produce superoxide anion (O,"") (Reaction
18). This is a common reaction for radical anions [103], the sensitized
production O, by pterins and related compounds has been proved in
different systems [85,65,104]. If one assumes rate constants of the same
order, in air-equilibrated solution, Reaction 18 will be faster than Reac-
tion 17 due to the higher concentration of O, compared to dGMP(-H)"
concentration. Therefore, in the presence of O, there is a minor recovery
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of dGMP (Reaction 17), if any at all, and, in consequence, dGMP(-H)"
evolves to products. Many chemical transformations of the guanine radi-
cals (dAGMP** and dGMP(-H)"), involving initial hydration, reaction with
O, and other oxidants, lead to a complicated net of competitive path-
ways that eventually yield oxidized products (Reaction 19) [105,106].
In the case of photosensitization with Ptr a set of oxidized products has
been identified [107].

Experiments performed in O,-saturated solutions of dGMP show
a slower consumption of dGMP compared to that registered in air-
equilibrated solutions (Fig. 2) [75]. This behavior has also been ob-
served with other substrates photosensitized by Ptr and related com-
pounds [74,83,108-110]. The higher the O, concentration, the faster
the Reaction 2; the higher f oTz’ the smaller /7 (Table 2), which implies
that less radicals are formed and, in consequence, the oxidation through
the dominant type I mechanisms becomes slower.

In conclusion, O, concentration plays a key role in the efficiency of
type I mechanism; even though it does not participate in the first steps
of the process. Considering the Ptr-photosensitization of Trp, dGMP and
other substrates under anaerobic conditions, the quantum yield of radi-
cal formation is maximum, but, contradictorily, the overall consumption
of substrate is negligible. In air-equilibrated solutions, O, by reacting
with Ptr'~ (Reaction 18) avoids the recombination of radicals (Reac-
tion 17) and allows the further reaction of substrate radicals (Reaction
19). At high O, concentration the quenching drastically decreases the
amount of 3Ptr* available and both the formation of radical and the
overall consumption of substrate drop. The complex set of competitive
pathways that explains the paradoxical role of O, in the oxidation of
dGMP photosensitized by Ptr is depicted in Fig. 5.

6. The role of superoxide anion

0,"~ disproportionates with its conjugated acid HO," to form H,0,
and O, (summarized by Reaction 20). The reactivity of O,"~, HO," and
H,0, is low toward most biomolecules [111]. However, in some cases
these species can contribute to extend the oxidative damage. For ex-
ample, the photoinactivation of tyrosinase, enzyme present in human
skin and involved in the biosynthesis of the melanin, by Ptr and other
pterin derivatives takes place through a type I mechanism and H,0,,
photochemically generated, reacts with the active site of the enzyme
and contributes to its inactivation [112,113].

Although O,"~ poorly reacts with non-radical species, it can react
with other radicals. In particular, it reacts with guanine radicals to yield
2,5-diamine imidazolone or simply imidazolone (Iz) as the main prod-
uct [106,114]. In the dGMP-Ptr system a product bearing the Iz moiety
linked to the 2’-deoxyribose monophosphate unit was detected (dIzMP)
(Reaction 21) (Fig. 5) [107]. The role of O, in the mechanism can be
assessed in photolysis experiments performed in the presence of super-
oxide dismutase (SOD), an enzyme that catalyzes Reaction 20 [115]. In
the photosensitization of dGMP with Ptr, SOD causes a decrease in the
rate of dIzMP formation and an increase in the rate of dGMP consump-
tion (Fig. 2). This behavior reveals that Reactions 20 and 21 compete
with another pathway that leads to the restoration of the guanine moiety
(Reaction 22). This reaction has been also described for other reaction
systems [116-118]. Reactions 20-22 were added to Fig. 5 to complete
the simplified map of competitive pathways that occur in the oxidation
of dGMP photosensitized by Ptr.

2 H* 420, - H,0, + 0, (20)

dGMP(-H) +0,~ — dIzMP 21

dGMP(-HY + H* +0,~ > dGMP +0, (22)

The increase in the rate of consumption of substrate in the presence
of SOD has been observed in the oxidation of amino acids sensitized
by Ptr, such as Trp and tyrosine (Tyr), free in solution [74,108] and in
peptides [119]. These studies suggest that the reactions of the substrate
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radicals with O,~ should be always considered and that such reactions
can lead to oxidized products or to recover the substrate. In short, O,"~
can play a protective role against photooxidation via type I mechanism
or contribute to the evolution of radicals to oxidized products. Both roles
can coexist, as in the case of dGMP (Fig. 5), and the overall effect of
0O,"" on a given mechanism will depend on the rate constants of the
competitive reactions and on the experimental conditions.

In this sense, it is intriguing the effect of SOD. This enzyme is widely
accepted as an antioxidant because it removes a ROS avoiding its re-
action with oxidizable substrates or its evolution to other ROS, such as
H,0, or hydroxyl radical. However, in type I mechanisms as shown in
Fig. 5, SOD plays a pro-oxidant role, favoring the overall oxidation of
the substrate (Fig. 2) by reducing the contribution of a restoration path-
way. It would be interesting to investigate the effect of SOD in this type
of processes at a cellular level.

7. Tyrosine dimer: a photosensitized product that acts as a
photosensitizer

Among the type I photosensitized oxidations investigated using
pterins as photosensitizers, the case of Tyr deserves a special comment.
As mentioned above, Ptr under UVA irradiation in aqueous solution is
able to generate Tyr radicals (Reactions 23 and 24) [120] and the set
of competitive pathways undergone by the radicals formed is similar to
that investigated for dGMP (Fig. 5), with a minor, but significant dif-
ference: besides oxygenated products (Reaction 25), a dimer is formed.
This dimer (Tyr,) is the product of the coupling of two long-lived tyrosyl
radicals (Tyr(-H)") [121] (Reaction 26).

3Ptr* + Tyr - Ptr™ + Tyr™ (23)
Tyr* 2 Tyr(-H) +H™ 24)
Tyr(_H)HzO/gZ/OZ'_Tyr(ox) (25)

2Tyr(-HY — Tyr, (26)
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Fig. 5. Mechanism of the type I photooxidation of dGMP using
Ptr as a photosensitizer. Red arrows: generation of radicals and
reactions leading to products; blue arrows: recovery of reactants.

Actually, six possible products may be produced by pairing the dif-
ferent radicals generated in the one-electron oxidation of Tyr. However,
due to the instability of the intermediates formed or the steric hindrance,
the most stable products are the carbon-oxygen-carbon and the carbon-
carbon dimers, being the last one the most abundant [122]. During the
photosensitization of Tyr using Ptr as photosensitizer, the o,0’-dityrosine
was the only dimer product detected [120]. While self-reactions of rad-
icals derived from the one-electron oxidation of nucleobases are not rel-
evant, dimerization is an important pathway in the case of amino acids.
In fact, the photosensitized formation of Trp dimers [123-125] and Trp-
Tyr cross links have also been investigated [126].

The Tyr cross-link has been extensively studied [127,128] and af-
fects the solubility and elastic properties of proteins [129,130]. Ptr-
photosensitized generation of Tyr, has been investigated in free Tyr
[108] and in Tyr residues in peptides [119] and proteins [131,132].
In studies using human serum albumin (HSA) as a model protein, it was
demonstrated that HSA undergoes cross-linking photoinduced by Ptr, a
process that is not just a dimerization, but an oligomerization that yields
large protein structures with more than 10 HSA molecules [131]. Based
on Ptr-mediated photosensitization, a novel method to prepare Tyr, was
developed [122]. Several studies have indicated that the photosensitized
oxidation of Tyr gives rise to other products such as DOPA, being the
yield of this compound much higher than that of Tyr, [133,134]. How-
ever, in the case of Ptr-photosensitized generation of Tyr,, the yield is
about 30-40 %, depending on the experimental conditions [118], which
indicates that the generation of this photoproduct, under certain condi-
tion, might be significant.

The photoinduced generation of Tyr, is an interesting case from a
mechanistic point of view because, in contrast to the products detected
and characterized for the Ptr-type I photosensitization of dGMP and
dAMP, O, does not participate in any of the reactions involved in its for-
mation. However, the rate of Tyr photosensitization and Tyr, formation
is negligible or, at least, significantly lower under anaerobic conditions,
compared to that registered in air-equilibrated solutions (Fig. 2). This
behavior supports the hypothesis that O, by reacting with Ptr’~ avoids
the recombination of radicals and pushes the process forward, towards
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Fig. 6. Ptr-photosensitized generation of Tyr, and subsequent photochemical processes undergone by Tyr,. Tyr and Tyr, absorption spectra.

products. Actually, the reaction of O, with Ptr*~ changes a radical (Ptr*")
by another radical (0O,™) (Reaction 18). As discussed before, the latter
reduces the substrate radical and recovers the reactant (Reaction 22 for
the case of dGMP). However, the competition of this reaction, with the
dismutation into H,O, and O, (Reaction 20) and the reaction to yield
oxygenated products (Reaction 21 for the case of dGMP), makes less
efficient the restoration of the substrate via Reaction 22 and, in conse-
quence, the overall substrate consumption becomes faster when Ptr'~ is
eliminated by reaction with O,.

Another interesting aspect is that the phenol groups of Tyr, are much
more acidic than that of Tyr; i.e. pK, values are 7.2 and 10.0, respec-
tively [120,135]. In consequence, in contrast to Tyr, in aqueous solu-
tion at physiological pH, more than 50 % of Tyr, exists in its basic
form, which absorbs in the UVB (280-320 nm) and UVA spectral regions
(Fig. 6) [136]. As a result, when Tyr, is formed in a protein, a new chro-
mophore appears, which is able to absorb, unlike natural amino acids, at
wavelengths significantly present in solar radiation and artificial sources
of light.

In the absence of O,, Tyr, is photostable, whereas excitation in the
presence of O, leads to its photodegradation, giving rise to oxidized
products that conserve the dimeric structure (Fig. 6), that is, the chemi-
cal bond between the two Tyr moieties endures the UV exposure. What
is even more interesting is that, upon excitation of the alkaline form of
Tyry, HyO0,, O, and 10, are produced (Fig. 6) [136]. Therefore, al-
though Tyr is a good 10, photosensitizer in both monomeric [137] and
dimeric form, with about the same quantum efficiency, the shift in the
absorption spectrum of the Tyr chromophore in Tyr, generates an in-
trinsic photosensitizer, extending the active fraction of light towards
the UVA range.

This is an interesting example of a product formed in a photo-
sensitized process that can act as a photosensitizer itself leading to
further photosensitized damage, thus amplifying the harmful effects
of UV radiation on biological systems. This type of processes has
been much more extensively studied for Trp, whose photoproducts (N-
formylkynurenine, kynurenine, kynurenic acid) are well-known pho-
tosensitizers with demonstrated damaging effect on biological systems
[18,133,138]. Speculate on the role of Tyr, as a photosensitizer in vivo
and compare its photosensitizing activity with that of Trp photoproducts
is not trivial. However, taking into account that Tyr residues are more
abundant that Trp residues and that Tyr, due to its low ionization po-

tential, sometimes acts as the final electron donor [139], even when the
initial one-electron oxidation takes place in another amino acid, Tyr,
photochemistry might be relevant and deserves further studies in com-
plex systems.

8. Lipophilic pterins

In the mechanisms described up to now in this review, an encounter
between the 3Ptr* and the target molecule takes place, that is, the
process is dynamic and its rate is controlled by diffusion. All unsatu-
rated lipids in cell membranes, including phospholipids, glycolipids and
cholesterol, are well-known targets of oxidative damage [140], which
can occur by type I and type II photosensitized oxidation [141,142]. In
the case of vesicles dispersions, a hydrophilic photosensitizer will re-
main in the aqueous phase and the photosensitized oxidation of a target
molecule in the membrane will be a dynamic process. On the other hand,
if the photosensitizer is lipophilic, an association with a biomembrane
is expected and, as the photosensitization is not limited by diffusion, the
oxidation might be much faster [143-145].

Ptr can photoinduce the oxidation of polyunsaturated fatty acids
(PUFAs) of phospholipids present in large unilamellar vesicles (LUVs),
again predominantly through type I mechanism. Ptr does not bind
to phospholipid membranes and, therefore, it is able to freely cross
biomembranes [36]. Moreover, upon UVA irradiation in the presence of
Ptr, the viability of HeLa cells decreases [146]. The photodynamic ac-
tivity of Ptr affects, among other targets, the structural integrity of the
cell membrane. In short, although Ptr remains in bulk water, it is able
to photoinduce membrane damage in simple model systems (LUVs), as
well as in eukaryotic cells.

In the search of better compounds that retain the photosensitizing
properties of pterins and, at the same time, are able to bind to biomem-
branes, a series of decyl-pterin derivatives were synthesized [147]. Con-
jugation of a decyl chain to the pterin moiety drastically increases its
solubility in common organic solvents and also enables its facile inter-
calation in LUVs. In addition, decyl-pterins present a more efficient in-
tersystem crossing to the triplet excited state as compared to Ptr [147].
Among the decyl-pterins synthetized, due to its photochemical proper-
ties, 4-(decyloxy)pteridin-2-amine (O-decyl-Ptr) (Fig. 7) was chosen for
further studies using phospholipid membranes with various composi-
tions.
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Fig. 7. a) Proposed mechanism of lipid peroxidation by photosensitization with O-decyl-Ptr. LH, phospholipid; LOOH, hydroperoxide; L', alkyl lipid radical; LOO",
peroxyl lipid radical; LO", alkoxyl lipid radical; LOH, hydroxyl derivatives; LO, carbonyl derivative. b) Molecular dynamic simulations representative snapshot of
O-decyl-Ptr in its equilibrium position (after 200 ns) inserted into the membrane core. Lipid molecules (DOPC) are shown as sticks, with carbon, hydrogen, oxygen,
nitrogen and phosphorous atoms in light blue, white, red, blue, and golden, respectively. Water molecules were omitted for simplicity. c) Representative phase
contrast images of DLPC giant unilamellar vesicles (GUVs) recorded during photosensitization with O-decyl-Ptr (5 yM) (upper line) and Ptr (5 uM) (lower line).
DOPC: 1,2-dioleoyl-sn-glycero-3-phosphocholine; DLPC: 1,2-Dilinoleoyl-sn-glycero-3-phosphocholine.

Upon UVA irradiation lipid peroxidation photosensitized by O-decyl-
Ptr leads to the formation of hydroxyl derivatives, hydroperoxides and
hydroxyhydroperoxides [148]. These photoproducts undergo a fast con-
version into short-chain secondary products by cleavage of the fatty
acid chains most likely due to further photosensitized processes (Fig. 7).
These short-chain oxidized lipids are responsible for destabilizing the
phospholipid bilayer and promoting membrane leakage.

The efficiency of photodamage, assessed in terms of oxidized prod-
ucts formation rate and membrane permeabilization, is much higher for
O-decyl-Ptr than for free Ptr [148], which indicates that the intercala-
tion of the alkyl-pterin to the membrane enhances the photosensitized
reactions (Fig. 7). This is in agreement with several other reports in the
literature pointing to the fact that membrane insertion is key to cause
definitive membrane damage [149]. O-decyl-Ptr is also much more ef-
ficient than Ptr in the photodynamic activity on HeLa cells [150]. The
photosensitizer location into the lipid bilayer of 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) was investigated by means of molecular dy-
namic simulations and the results revealed that O-decyl-Ptr is positioned
right between the polar head and the beginning of the fatty acid chains
of the phospholipids, overlapping with the C9-C10 double bond of the
fatty acids (Fig. 7) [150].

9. Conclusions

Photosensitized oxidations, in part responsible for the harmful effect
of UV and visible radiation on biological systems, can involve endoge-
nous or exogenous photosensitizers and take place through typeI (gener-
ation of radicals) or type II (singlet oxygen (1 0,)) mechanisms. Within
pterins, heterocyclic natural occurring compounds, oxidized unconju-
gated pterins are photochemically active and, in certain pathological
conditions, such as vitiligo, accumulate in the skin. Since the photosen-

sitizing properties of these compounds have been investigated in detail
using different biomolecules as substrates, the oxidations photosensi-
tized by pterins, under controlled conditions, are useful to understand
the complex set of competitive pathways involved in the mechanisms of
photoinduced processes.

Oxidized unconjugated pterins absorb in the UVA region and, in
consequence, can be excited by solar radiation and artificial sources of
light, which leads to the generation of long-lived triplet excited states.
These excited states are able to oxidize many biomolecules either by
one-electron transfer reactions or through energy transfer to O, to gen-
erate 10,, that is, pterins are able to act as photosensitizer through both
types of mechanisms. A photosensitized reaction is frequently accepted
to be a 102—mediated oxidation if: i) O, is needed, ii) the photosensitizer
generates 1 O, upon irradiation and iii) the target molecule is sensitive to
10,. In this survey we present several cases using pterin (Ptr), the parent
and unsubstituted derivative, as model photosensitizer, in which these
three conditions are fulfilled, but the predominant mechanism is type I
Although the explanation for this fact is not simple, a key factor is that
whereas type I mechanism involves a single step to chemically modify
the substrate, which takes place with a diffusion-limited rate constant,
type II involves two steps, the first one at diffusion-limited rate and the
second one with a much lower rate constant. Interestingly, O, concen-
tration plays a key role in the efficiency of type I mechanism. Although
it does not participate in the first steps of the process, O, avoids the
recombination of radicals and allows the further reaction of substrate
radicals. Through this mechanism O, favors even the formation of prod-
ucts in which this species does not participate in any step, such is the
case of the photosensitized formation of dityrosine (Tyr,).

Ptr is also able to photosensitize the oxidation of phospholipids.
A simple chemical modification of the Ptr structure to make it more
lipophilic leads to the binding of the photosensitizer to lipid membranes,
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which dramatically increases the efficiency of the photodamage. Like-
wise, lipophilic pterins are much more phototoxic on eukaryotic cell
cultures than their hydrophilic precursors.
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