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Unraveling the Degradation Mechanism of Purine
Nucleotides Photosensitized by Pterins: The Role of

Charge-Transfer Steps

Mariana P. Serrano,™ Carolina Lorente,” Claudio D. Borsarelli,® and Andrés H. Thomas*™

Photosensitized reactions contribute to the development of
skin cancer and are used in many applications. Photosensitizers
can act through different mechanisms. It is currently accepted
that if the photosensitizer generates singlet molecular oxygen
('0,) upon irradiation, the target molecule can undergo oxida-
tion by this reactive oxygen species and the reaction needs
dissolved O, to proceed, therefore the reaction is classified as
'0,-mediated oxidation (type Il mechanism). However, this as-

1. Introduction

A photosensitized reaction is defined as a photochemical alter-
ation occurring in one molecular entity as a result of the initial
absorption of radiation by another called a photosensitizer.”!
The biological and medical importance of photosensitized re-
actions is mostly related to their participation in processes in-
volved in the development of skin cancer.” Most of the inci-
dent solar UV energy on Earth'’s surface corresponds to UVA ra-
diation (320-400 nm), which acts indirectly through reactions
driven by both endogenous and exogenous photosensitizers,
and is now recognized as a class | carcinogen.” Moreover, epi-
demiological evidence has shown that exposure of humans to
artificial UVA radiation (e.g. sun lamps and tanning beds) is
a major risk factor for melanoma induction.*®" Nevertheless,
photosensitization is also important due to several applications
including disinfection”® and photodynamic therapy (PDT).>'

The chemical changes in biological components resulting
from photosensitized reactions can take place through differ-
ent mechanisms. Energy transfer from the triplet state of the
photosensitizer can generate excited states in the target mole-
cule,"™ which, in the case of DNA, leads to the formation of
pyrimidine dimers as the main DNA lesion.'? Photosensitized
oxidations also contribute to biological damage induced by
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sumption is not always correct, and as an example, a study on
the degradation of 2'-deoxyguanosine 5’-monophosphate pho-
tosensitized by pterin is presented. A general mechanism is
proposed to explain how the degradation of biological targets,
such as nucleotides, photosensitized by pterins, naturally oc-
curring 'O, photosensitizers, takes place through an electron-
transfer-initiated process (type | mechanism), whereas the con-
tribution of the '0,-mediated oxidation is almost negligible.

UVA radiation. These processes involve the generation of radi-
cals (type I), for example, by electron transfer or hydrogen ab-
straction, and/or the production of singlet molecular oxygen
[0,('A,), denoted throughout as '0,; type 1.7

In particular, 'O, is one of the main reactive oxygen species
(ROS) responsible for the damaging effects of light on biologi-
cal systems (photodynamic effects) and plays a key role in the
mechanism of cell death in PDT."*"" Moreover, it is currently
accepted that the photosensitized modification of proteins
occurs mainly through oxidation by '0,"® and the reaction of
guanine with '0, that leads to several types of DNA lesion is
well documented.”

For a given photosensitized reaction, if the photosensitizer
generates 'O, upon irradiation, the target molecule can be oxi-
dized by this ROS, and the reaction needs O, to take place,
then the reaction is assumed to be a '0,-mediated oxidation
(type Il mechanism). This assumption seems to be somewhat
obvious and trivial. However, in a series of recent studies, we
have presented experimental evidence against this assump-
tion. In particular, we have demonstrated that in neutral and
acidic media the pterin-photosensitized degradation of biologi-
cal targets, such as 2'-deoxyguanosine 5’-monophosphate
(dGMP), Trp, and Tyr, takes place through an electron-transfer-
initiated process; the contribution of oxidation by 'O, is almost
negligible."®? This behavior contrasts with the fact that pter-
ins are efficient '0,-photosentizers and all the biomolecules
mentioned react efficiently with '0,.”® The same behavior was
suggested for the photosensitized degradation of dGMP by lu-
mazine.”” In a recent study, we have suggested that the oxida-
tion of Trp, photosensitized by phenalenone—a universal refer-
ence for '0, sensitization®?”—is initiated by an electron
transfer from Trp to the triplet excited state of phenalenone
and that '0, does not significantly contribute.?®

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The degradation of dGMP photoinduced by pterins, de-
scribed in our previous works,'”? yielded the following exper-
imental facts, which have been also reported for the photosen-
sitization of other substrates mentioned above: 1) the reaction
does not take place under anaerobic conditions; 2) the con-
sumption of substrate is faster in air-equilibrated solutions
than in O,-saturated solutions; 3)the rate of oxidation of
a given substrate by '0, calculated from the value of the corre-
sponding rate constant of the chemical reaction (k,) is much
smaller than the experimental rate of consumption of such
a substrate; 4) the rate of the reaction increases in the pres-
ence of superoxide dismutase (SOD), an enzyme that catalyzes
the conversion of superoxide radical anion (O,™) into H,0, and
02.[29]

Taking into account only points 2 and 3, it is clear that the
photosensitized oxidations cannot take place exclusively
through a type Il mechanism. However, considering our previ-
ous results on the photosensitization of dGMP!*?) several
questions remain unanswered: 1) if the photosensitized pro-
cesses are initiated by an electron-transfer reaction, why do
the reactions not occur in the absence of O,7; 2) why does 'O,
not contribute significantly to the oxidation of the substrates?;
finally, 3) why does elimination of O,, another ROS, accelerate
the degradation of the biological target molecule?

The work described here is aimed to answer those questions
and to propose a general mechanism that explains these find-
ings and the behavior previously observed. To achieve these
goals and understand the role of radical intermediates, excited
states, and ROS in the mechanism of a photosensitized pro-
cess, we have conducted steady-state and time-resolved stud-
ies using pterin (Ptr) as a sensitizer and dGMP as a target
molecule.

In aqueous solutions at pH 5.5-6.5, UVA irradiation of Ptr-
dGMP only produces excitation of the acidic form of Ptr (pK,=
7.9;%% Figure 1), which is the predominant species at physio-
logical pH. We chose this photosensitized reaction because Ptr
is the parent unsubstituted compound of oxidized pterins,
a group of photochemically reactive heterocyclic compounds
with well-characterized photochemical and photophysical
properties.®” Furthermore, some general features of the Ptr—
dGMP system have been reported,” and the radicals of dGMP
are well characterized.®"*?

2. Results and Discussion
2.1. Steady-State Photolysis Experiments

Figure 2 shows the dGMP consumption measured upon con-
tinuous irradiation at 350 nm of aqueous solutions containing
Ptr and the nucleotide under different experimental conditions.
HPLC analysis of the photolyzed samples showed that, in the
experiments lacking oxygen, the dGMP concentration did not
decrease. However, the rate of dGMP consumption was much
greater in air-saturated than in O,-saturated solutions
(Figure 2). These results, consistent with the general behavior
described in the Introduction, revealed that under our experi-
mental conditions, dissolved O, is required for the photosensi-
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Figure 1. Molecular structures of Ptr and dGMP, and the corresponding ab-
sorption spectra in air-equilibrated aqueous solutions at pH 5.5; — Ptr,
- dGMP.
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Figure 2. Time evolution of the dGMP concentration in aqueous solutions
containing Ptr and dGMP as a function of irradiation time. Experiments per-
formed in air-equilibrated solutions in the absence (O) and presence of SOD
(0), in O,-saturated ([J) and O,-free solutions (3/). [Ptrly=100 um,
[dGMP]y=295 pm, [SOD]=50 UmL "', pH 5.5. Inset: Comparative experi-
ments carried out in H,0 (@) and D,0 (W¥); [Ptrl,=150 um,

[dGMP],=200 pm, pH(pD) 5.5.
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tized degradation of dGMP, but that it also inhibits the reaction
in high concentrations. Moreover, the presence of SOD caused
a significant increase in the rate of dGMP consumption. These
results indicate that O, is involved in the photosensitized pro-
cess and suggests that the elimination of this ROS inhibits
a step that prevents the photosensitized oxidation of dGMP.

In order to confirm the hypotheses proposed (in the Intro-
duction) that 'O, plays a negligible or minor role in the Ptr-
photosensitized oxidation of dGMP, comparative photolysis ex-
periments were performed in H,O and D,0. The 'O, lifetime in
D,0 is longer than that in H,0 by a factor of approximately 15
(see the Experimental Section). Air-equilibrated solutions con-
taining Ptr (150 um) and dGMP (200 pum) in H,O and D,O at
pH/pD 5.5 were irradiated under otherwise identical condi-
tions. The evolution of the absorption spectra and of the con-
centrations of Ptr and dGMP as a function of the irradiation
time (Figure 2, inset) showed that the studied process was not
significantly faster in D,O than in H,O (within experimental
error), confirming that '0,-mediated oxidation is not the main
pathway of dGMP degradation.

2.2. The Excited Triplet States of Ptr

Figure 3 shows the transient absorption spectrum obtained by
laser-pulsed excitation at 355 nm of Ar-saturated Ptr solutions
(100 pum, pH 5.5). The decay of the transient absorption band
at 400-550 nm was adjusted using a biexponential fitting func-
tion, to yield recovered lifetimes (z;) of (0.36+0.08) and (3.9+
0.7) ps. This kinetic behavior indicates the existence of, at least
two transient absorbing species.”” These two transient species
could be assigned to triplet excited states of Ptr based on the
following results: 1) increase in the corresponding decay rates
in the presence of O, (see below), and 2) lifetimes are compa-
rable to those previously reported for the triplet states of Ptr*
and biopterin.?>*¥ Moreover, it has been proposed that the
fast and slow components in the decay of pterins correspond
to the simultaneous decay of lactim and lactam tautomers,
respectively.**3

Ground-state triplet molecular O, quenches efficiently both
triplet-state tautomers of Ptr, with rate constants of quenching
(ky,) of (5+1)x10° and (1.6+0.3)x10°m's™" for the short-
and long-lived Ptr transient species, respectively, as calculated
using the Stern-Volmer equation [Eq. ()], where 7;° and 71 are
the lifetimes of the triplet states in the absence and presence
of the quencher Q (O,; Figure 3b):

0

O 14+ 2] (1

Ty

2.3. Quenching of Ptr Triplet Excited States by dGMP
Produces Nucleobase Radicals

It has been reported that dGMP efficiently quenches the triplet
excited states of biopterin.?” Figure 4 shows the Stern-Volmer
plots [Eq. (), Q=dGMP, kj, =kjy,] obtained by laser flash pho-
tolysis (LFP) experiments carried out under anaerobic condi-
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Figure 3. a) Differential transient absorption spectra recorded at different
times after the 355 nm laser pulse of Ar-saturated aqueous solutions of Ptr
(100 pm) in the absence of dGMP. Inset: Time dependence of the absorbance
at 430 nm, with bi-exponential fitting (-----) and residual analysis. b) Stern-
Volmer plots of the quenching of the Ptr triplet states by dissolved O,. 7;
values were calculated by analyzing the transient absorbance AA versus t;
excitation wavelength 355 nm, analysis wavelength 430 nm, [Ptr]=100 um.

tions for the quenching of both Ptr transients. The rate con-
stants of quenching for each transient by dGMP were (2.0+
0.6)x10° and (5.440.8)x10°m~'s™' for the short- and long-
lived Ptr transients, respectively. These results provide direct
evidence for the interaction of both tautomeric triplet excited
states of Ptr with dGMP.

Radical cations formed after the one-electron-oxidation of
guanine nucleosides or nucleotides undergo fast deprotona-
tion at pH > 5% and the resulting neutral radicals have been
well characterized.®?**®¥ The formation of dGMP radical in solu-
tions containing dGMP and Ptr upon UVA excitation has been
reported."” Under our experimental conditions, the differential
transient absorption spectra showed the narrow absorption
band centered at 320 nm that is characteristic of 2’-deoxygua-
nosine radicals (Figure 5, lower inset). The formation of the
neutral dGMP radical [dGMP(—H)] can be monitored by the

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Stern-Volmer plots of the quenching of the Ptr triplet states by
dGMP. 7; values were calculated by analyzing the transient absorbance AA
versus t; excitation wavelength 355 nm, analysis wavelength 430 nm,
[Ptr]=100 um.
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Figure 5. Lifetimes for the decay of the long-lived triplet state of Ptr and for
the formation of the neutral radical dGMP(—H)" as a function of dGMP con-
centration. Experiments performed in Ar-saturated aqueous solutions, excita-
tion wavelength: 355 nm, [Ptr] =100 pm. Upper inset: Time dependence of
the absorbance at 320 nm at various dGMP concentrations. Lower inset: Dif-
ferential transient absorption spectra (AA), recorded after 10 us of the laser
pulse, calculated as the difference between the spectra of Ptr with and with-
out dGMP (2 mm).

time evolution of the AA value at 320 nm after the laser pulse.
In all cases, the traces recorded for different dGMP concentra-
tions followed first-order kinetics and showed an increase in

ChemPhysChem 2015, 16, 2244 - 2252 www.chemphyschem.org
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the absorbance at infinite time with the dGMP concentration
(Figure 5, upper inset). The lifetime value obtained for the for-
mation of the dGMP radical decreased with nucleobase con-
centration and it was equal, within the experimental error, to
that obtained for the decay of the long-lived triplet excited
state of Ptr (*Ptr¥) at the corresponding dGMP concentration
(Figure 5). Taking into account that the fluorescence lifetime of
Ptr is 7.6 ns,®” the participation of singlet excited states can be
discarded and, consequently, the results indicate that the for-
mation of the dGMP radical proceeds exclusively by electron
transfer from the long-lived triplet excited states of Ptr.

In LFP experiments carried out at various O, concentrations,
for a given initial concentration of nucleobase (1 mm), it was
observed that the higher the O, concentration, the lower the
dGMP(—H)" concentration reached after UVA excitation of Ptr
(Figure S1 in the Supporting Information). In addition, the life-
time of the radical formation was reduced by O, (Figure S1);
growth lifetimes were 0.45, 0.38 and 0.15 ps, in Ar, air- and O,-
saturated solutions, respectively.

Therefore, taking into account the results presented in this
section, the mechanism represented by Reactions (1)-(7) can
be proposed. After excitation of Ptr and formation of its triplet
excited state by intersystem crossing (ISC), 3Ptr* [Reactions (1)
and (2)], several reaction pathways compete for the deactiva-
tion of the latter: unimolecular deactivation pathways [e.g. ra-
diative and nonradiative energy losses, Reaction (3)], quench-
ing by O, [Reactions (4)], electron transfer from dGMP to yield
the corresponding radical ions pair [Reaction (5)], and physical
quenching by dGMP [Reaction (6)]. Note that k., determined
in LFP experiments corresponds to the sum of the rate con-
stants of Reactions (5) and (6) (ki = Kir_gewp + Ko_aomp)-
According to this reaction scheme, for a given initial concen-
tration of dGMP, the amount of radicals formed depends on
the O, concentration due to the competition between
Reactions (4) and (5).

Ptr-20, " pr* M
Tptr*fec,3pr* 2
3ptr* ki, ptr )
3ptr* 4 20, %L ptr 410, @
3Ptr* 4 dGMPassue. P~ 4 dGMP™* (5)
3Ptr* 4 dGMPSsse, ptr 4 dGMP ©)
dGMP"*“5dGMP(—H)" + H* (7)

2.4. Reaction of the Guanine Neutral Radical

Once dGMP(—H)" reached a maximum concentration, its decay
also depended on the O, concentration (Figure S1). Under
anaerobic conditions, the value of AA at 320 nm and at other
wavelengths was negligible at infinite time, suggesting that no
secondary and/or final products were formed, which is consis-
tent with the results of the continuous photolysis, that is, no
consumption of dGMP was observed when O,-free solutions

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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containing dGMP and Ptr were irradiated (Figure 2).'"' By con-
trast, the values of AA at different wavelengths registered at
infinite time in the presence of O, suggest the formation of
photoproducts, which agrees with the fact that consumption
of the nucleotide was observed in steady-state experiments
(Figure 2).1"

The Ptr radical anion (Ptr'") can react with O, to regenerate
Ptr and produce O, [Reaction (8)]. In turn, O, can dispropor-
tionate with its conjugated acid HO," to form H,0O, [Reac-
tion (9)]. The neutral radical dGMP(—H)" can be reduced by
Ptr~ to recover dGMP [Reaction (10)]. However, it has been re-
ported that O, reacts rapidly with guanine radicals according
to two competitive mechanisms: chemical repair with the re-
storation of the guanine through electron transfer [Reac-
tion (11)1*%*? and addition, leading predominantly to the for-
mation of 2,5-diamino-4H-imidazolone [Reaction (12)].2%*2 Al-
ternatively, dGMP(—H)" may also react with O, or other species
present in the medium to yield oxidized products [dGMP(ox)]
[Reaction (13)].

Pt~ 4 0, — Ptr+ O, (8)
2H" +20, — H,0,+0, ©)
dGMP(—H)" + Pt~ + H* %&es,dGMP + Ptr (10)
dGMP(—H)" + 0, + H* %o, dGMP + 0, (1)
dGMP(—H)" + 0, .. dGMP(ox) (12)
dGMP(—H)"*".dGMP(ox) (13)

Under anaerobic conditions, radical recombination [Reac-
tion (10)] is the only possible pathway to recovering the
ground-state Ptr and dGMP molecules. Therefore, if dGMP(—H)
does not participate in another reaction, the total recombina-
tion of the radicals to completely recover the reactants should
be observed. The kinetic traces recorded at 320 nm plotted as
1/AA versus time t are linear, and the half-life (t,,,) of the pro-
cess increases with the decrease of the initial amount of
dGMP(—H)" formed after the flash (Figure S2). This is confirma-
tion that under anaerobic conditions the second-order recom-
bination of dGMP(—H)" with Ptr is the single radical-scaveng-
ing reaction that occurs, and therefore no net reaction is
observed.

Conversely, in the presence of dissolved O,, Reactions (12)
and (13) are significant pathways that compete with radical re-
combination [Reaction (10)]. In addition, Reaction (8) eliminates
Ptr~, contributing to a decrease of the rate of Reaction (10).
The decays, measured in air-equilibrated solutions followed
neither first- nor second-order kinetics. This observation can be
explained by the fact that, under these experimental condi-
tions, dGMP(—H)" is consumed through several pathways with
different kinetics [Reactions (10)—(13)].

To investigate the role of O, in the mechanism of dGMP
photosensitization, LFP experiments in air-saturated solutions
of Ptr and dGMP, with and without SOD, an enzyme that cata-
lyzes Reaction (9), were carried out under otherwise identical
conditions. The absorbance at infinite time was higher in the

ChemPhysChem 2015, 16, 2244 - 2252 www.chemphyschem.org
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presence than in the absence of SOD (Figure S1), indicating
that more degradation products are formed when O, is
quenched. This fact explains why during steady-state photoly-
sis, consumption of dGMP was faster in the presence than in
the absence of SOD (Figure 2).

A kinetic analysis of the reaction in the presence of SOD re-
vealed that the decay of dGMP(—H)" followed a first-order rate
law, as supported by the constant value of t,,, at different ini-
tial amounts of dGMP(—H)" formed (Figure S3). This result is ex-
pected if it is assumed that Reaction (13) is the only one that
results in the consumption of dGMP(—H)’, because in air-equili-
brated solutions [0,] > [dGMP(—H)'], and the radical decays fol-
lowing a pseudo-first-order rate law. The same behavior would
be observed if dGMP(—H)" reacted with other species of higher
concentration, for example, with dGMP itself or with a photo-
product. Under these conditions it can be assumed that Ptr™ is
fully scavenged by the excess of O, to produce ground-state
Ptr and O, [Reaction (8)], which in turn, in the presence of
SOD, is promptly dismutated to H,0, and O, [Reaction (9)],
thus avoiding the recovery of dGMP by Reaction (11).

2.5. Singlet Oxygen Studies

According to the hypotheses presented thus far, upon continu-
ous irradiation the steady-state concentration of 'O, produced
by Ptr should be smaller in the presence of dGMP, not only be-
cause of quenching of '0, by dGMP itself, but also due to the
quenching of *Ptr* by the nucleotide. In addition, the latter
effect should depend on the O, concentration. To explore this
point, steady-state and time-resolved experiments were per-
formed by irradiating Ptr at 340 nm in air- and O,-saturated
D,O solutions at varying dGMP concentration and measuring
the phosphorescence emission of '0, in the near-infrared (NIR)
region.

The photosensitized formation of 'O, by Ptr involves energy
transfer from the 3Ptr* to dissolved molecular oxygen [*0,; Re-
action (4)1.”¥ In turn, 'O, relaxes to its ground state (°0,)
through solvent-induced radiationless and radiative pathways
[Reactions (14) and (15)]. In the presence of dGMP, 'O, may
also be deactivated by bimolecular physical quenching [kqA,
Reaction (16)] and/or by oxidation of the quencher upon
uptake of molecular oxygen [k,%, Reaction (17)]. The rate con-
stant for the total (physical and chemical) quenching of 'O, by

dGMP is the sum of these two  processes
(k(?GMP = k(?—dGMP + krA—dGMP)'

'0,44,%0, (14)
10,20, + hy" (15)
dGMP + "0, faae,Q 430, (16)
dGMP + 0, e, — O, (17)

In time-resolved 'O, phosphorescence experiments in D,0
solutions (pD 5.5), the observed decay at 1270 nm showed
first-order kinetics in the presence of dGMP at various concen-
trations, either in air- or O,-saturated solutions (Figure S4). As

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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the '0, lifetime (r,) in D,0 solutions is much longer than that
of 3Ptr* (r;) under the experimental conditions used, the decay
of the transient phosphorescence signal of 'O, can be fitted

with Equation (I1):¥

Sw=S5i exp(—t/t,) (n

where S, is the signal measured by the NIR detector (propor-
tional to the '0, concentration at a given time t) and §; is the
pre-exponential factor (proportional to the initial 'O, concen-
tration at t=0, that is, at the end of the flash).

Considering only the dynamic component of the quenching
of '0, by the nucleobase, the rate constant for the total
quenching of 'O, by dGMP, ki, was calculated using
Equation (Ill):

0
i =1+ kigupTx[dGMP] (1
The values of ki, obtained from the corresponding plot
(Figure 6a) were (1.040.2)x10” and (7£4)x10°Lmol™'s™" in
O,-saturated and air-equilibrated solutions. These values are
closer to that previously published of (1.7+£0.1)x
10" Lmol™'s™", as the physical quenching contribution is
almost negligible, that is, ki, ~ k& soue-

The initial phosphorescence intensity S; of '0, decreased
with the increase of dGMP concentration; this effect being
much more pronounced in air than in O,. This fact confirmed
that the quenching of Ptr* by dGMP [Reactions (5) and (6),
Figure 4] efficiently competes with energy transfer from *Ptr*
to *0,. Consequently, the efficiency of the energy transfer to
0, (¢ and thus the quantum yield of 'O, production (®,) de-
crease as the dGMP concentration increases [Eq. (IV)]:

ko,['0,]
(k& + kb, [°02] + kicup [dGMP])

‘pA = (pT¢er = (DT (lV)

where @; is the quantum yield of *Ptr* formation, k] [s'] is
the rate constant of 3Ptr* deactivation in the absence of
quencher [Reaction (3)], ki, [Lmol~'s™"] is the rate constant of
the energy transfer from °Ptr* to *0, [Reaction (4)] and
kiome = Ker_acwp 1 Kg_acup [LMoOI"'s"] is the rate constant of
3Ptr* total quenching by dGMP [Reactions (5) and (6)]. As the
initial 'O, emission signal S; [Eq. (Il)] is proportional to the initial
'0, concentration, and therefore to @,, the quenching efficien-
cy of 3Ptr* by dGMP can be evaluated from the Stern-Volmer
analysis of the variation of §; as a function of dGMP concentra-
tion [Eq. (V)]:

0 @
? = qTi =1+ 77k} oup [AGMP] (V)

where 7; (:W) is the lifetime of *Ptr* in the absence of
d "0, 2

dGMP under aerobic conditions. In agreement with Equa-

tion (V), the Stern-Volmer plots of S°/S; versus dGMP concen-
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Figure 6. Time-resolved '0, experiments: quenching of 'O, emission by
dGMP. Experiments performed in D,0 solutions containing Ptr and dGMP at
pD 5.5; excitation wavelength: 340 nm, [Ptr] =200 pm. a) Stern-Volmer plot
of the '0, lifetimes (z,), calculated by analyzing the NIR 'O, luminescence
decays [Eq. (Il)]; b) Stern-Volmer plot of the initial 'O, concentration, esti-
mated using the pre-exponential factor [S, Eq. (II)].

tration were linear in air- and O,-saturated solutions (Fig-
ure 6b). Taking into account the 7; values measured in air- and
O,-equilibrated aqueous solutions (1.4 and 0.4 ps, respectively),
calculation of kI, from the slope of Stern-Volmer plots (Fig-
ure6b), yielded values of (5+1)x10° and (4+2)x
10° Lmol~'s™", respectively. These values are equal, within the
experimental error, to that obtained in LFP experiments (vide
supra). Furthermore, and notably, k!, values were about two
orders of magnitude higher than ki, (~1x10” Lmol's™").

In another set of experiments, the steady-state emission
spectrum of 'O, was recorded at constant Ptr concentration
(200 um) and different concentrations of dGMP (0-700 um) at
pD 5.5. As expected from the time-resolved experiments
(Figure 6), a decrease in the '0, phosphorescence intensity (o)
resulted from an increase in the nucleobase concentration for
both O, concentrations, without a shift of the emission maxi-
mum wavelength (Figure S5). Again, the decrease in the emis-
sion was much more pronounced in air than in O..
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Indeed, under continuous irradiation, I, is proportional to
the steady-state concentration of '0, (['O,],,). Taking into ac-
count the reactions involved in the production [Reactions (1),
(2) and (4)] and quenching of '0, [Reactions (14)-(17)] and ap-
plying the quasi-stationary hypothesis to the concentrations of
excited states, ['0,],; can be expressed as [Eq. (VI)]:

[1 02]55 = qp,a @ATA (VI)

where q,, [einstein L's "] is the photon flux absorbed by the
sensitizer.

In a given solvent at constant concentration of the sensitizer,
that is, a constant photonic flux absorbed by Ptr, a Stern-
Volmer analysis of the quenching of I, by dGMP leads to the
following relation [Eq. (VI)] by combining Equations (IV)-(VI):

L_[o, @ =
b [0y Pa’ 7T
= (14 9k [AGMP]) x (T 4 72k [dGMP])

(VII)

where the superscript 0 refers to the values in the absence of
dGMP in air-equilibrated or O,-saturated solutions. In view of
the values of the lifetimes and quenching rate constants, it is
clear that the overall quenching of 'O, emission will be domi-
nated by the quenching of Ptr* by dGMP and not by the
quenching of '0, itself by dGMP; that is, T2Kjue < ToKioup- The
I%/l, ratios in air- and O,-saturated solutions showed an
upward curvature on a plot against dGMP concentration
(Figure 7), which is expected for the quadratic dependence on
the base concentration [Eq. (VII)]. In addition, values of I3/, ob-
tained from Equation (VIl) are close to that obtained experi-
mentally in steady-state 'O, measurements (Figure 7).

3. Conclusions

We have used the photosensitized degradation of dGMP as
a model reaction to present experimental evidence for a gener-
al mechanism that explains the photosensitizing action of pter-
ins (Scheme 1), which can be described briefly as follows: after
excitation of Ptr and formation of its triplet excited state
(Ptr*); three reaction pathways compete for its deactivation,
that is, intersystem crossing to a singlet ground state, energy
transfer to O,, which leads to regeneration of Ptr and forma-
tion of '0,; finally, an electron-transfer reaction from dGMP to
3Ptr* to form the dGMP radical cation (dGMP""), which immedi-
ately deprotonates to the corresponding dGMP neutral radical
[dGMP(—H)]. Under aerobic conditions, the electron transfer
from Ptr'~ to O, regenerates Ptr and forms O,"", which in turn
disproportionates to H,0,. The fate of the radical dGMP(—H)" is
strongly dependent on the presence of dissolved O,. Under
aerobic conditions dGMP(—H)" can participate in three different
pathways: 1) recombination with Ptr~ to recover dGMP and
Ptr; 2) reduction by O,"; 3) direct reaction with O, to yield oxi-
dation products.
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Figure 7. Steady-state 'O, experiments showing quenching of the emission
of '0, by dGMP, performed in D,0 solutions containing Ptr and dGMP at

pD 5.5. Stern-Volmer plot of the integrated phosphorescence intensities (/);
points: experimental values obtained in air- (@) and O,-saturated solutions
(A\). The solid lines represent the lg/lP values calculated with Equation (VI)
using the estimated lifetimes and bimolecular rate constant values. Excita-
tion wavelength 350 nm, [Ptr] =200 pm.

ISC

Scheme 1. Mechanism of the degradation of dGMP photosensitized by Ptr.
P: Products.

In contrast, under anaerobic conditions, only Pathway (1) is
possible and no net reaction takes place. In air-equilibrated sol-
utions, Reaction (3) is significant and degradation of dGMP
takes place, which is faster if Pathway (2) is avoided by adding
SOD to the solution. At high O, concentrations (O,-saturated
solutions), the photosensitized reaction is slower than in air
due to the quenching of *Ptr* by O,.
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Finally, although the reaction between dGMP and 'O, takes
place, its rate is much slower than that corresponding to the
electron-transfer process and, consequently, 'O, does not con-
tribute significantly to dGMP consumption.

This model explains why and how a well-characterized 'O,
photosensitizer, such as Ptr, can photoinduce the degradation
of a biomolecule by a type | instead of a type Il mechanism,
even though the biomolecules reacts efficiently with '0,. A ki-
netic analysis of the different pathways is the key to under-
stand the mechanism. In particular, under our experimental
conditions, the nucleotide reacts much faster with Ptr* than
with '0,. The main reason is that the rate constant of the first
reaction is much larger than that of the second (ie.
Klowp = 100k’.,,»)- The other relevant point is that, surprisingly,
0, is not only needed as a source of '0,, but also to avoid the
recombination of the radicals formed in the initial electron-
transfer step. This model could be used to interpret results ob-
tained with other related photosensitizers and with other
substrates.

Experimental Section
General

Ptr was purchased from Schircks Laboratories (Jona, Switzerland)
and used without further purification. Methanol was obtained from
Mallinckrodt Chemical (Dublin, Ireland). dGMP, formic acid, SOD
from bovine erythrocytes (lyophilized powder, >95% biuret,
>3000 units per mg protein) and other chemicals were purchased
from Sigma-Aldrich and used without further purification.

pH measurements were made using a PHM220 pH meter (Radio-
meter, Copenhagen, Denmark) combined with a pHC2011-8 elec-
trode (Radiometer). The pH of the solutions was adjusted by
adding small aliquots (few ulL) of aq. HCl or NaOH (0.1-2 m) using
a micropipette.

Steady-State Photolysis Experiments

Irradiation set-up: Aqueous solutions containing Ptr and dGMP
were irradiated in 1 cm path length quartz cells at room tempera-
ture with a Rayonet RPR lamp (Southern New England Ultraviolet
Co., Branford, CT) emitting at 350 nm (bandwidth ~20 nm). Experi-
ments with air-equilibrated solutions were performed in open
quartz cells without bubbling, whereas Ar- and O,-saturated solu-
tions were obtained by bubbling the respective water-saturated
gases (purity >99.998%; Linde, La Plata, Argentina) for 20 min.

UV/Vis spectrophotometry: Electronic absorption spectra were re-
corded on a Shimadzu UV-1800 spectrophotometer, using quartz
cells of 0.4 cm optical path length.

HPLC: A Prominence high-performance liquid chromatograph (Shi-
madzu) equipped with an SPD-M20A photodiode-array detector
was used for monitoring the reaction. A Synergi Polar-RP column
(ether-linked phenyl phase with polar endcapping, 150x4.6 mm,
4 um, Phenomenex) was used for product separation. Solutions
containing 3% methanol and 97 % ag. formic acid (25 mm, pH 3.2)
were used as the mobile phase.
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Transient Absorption Experiments

LFP experiments were performed as described elsewhere.”>* |n

brief, Ptr was excited with the third harmonic at 355 nm of
a Nd:YAG Minilite Il laser (7 ns full width at half maximum, 7 mJ
per pulse; Continuum, Santa Clara, CA, USA). The transient absorp-
tion spectra were recorded with the m-LFP 112 apparatus (Luz-
chem, Ottawa, Canada) linked to a 300 Mhz Tektronik TDS 3032B
digital oscilloscope for signal acquisition. Signal analysis was per-
formed using OriginPro 8.0 software (OriginLab Corporation).

Singlet Oxygen Studies

The experiments were performed at room temperature using a NIR
PMT Module H10330-45 (Hamamatsu, lwata City, Japan) coupled to
FL3 TCSPC-SP (Horiba Jobin Yvon) single-photon-counting equip-
ment, as described elsewhere.”™ D,O was used as a solvent as the
lifetime of 'O, (z,) is longer in D,0 than in H,0.1%7

Steady-state experiments: The sample solution in a quartz cell was
irradiated with a CW 450W Xe source equipped with an excitation
monochromator. The luminescence, after passing through an emis-
sion monochromator, was detected at 90° with respect to the inci-
dent beam using the NIR photomultiplier tube. Corrected emission
spectra obtained by excitation at 340 nm were recorded between
950 and 1400 nm, and the total integrated 'O, phosphorescence
intensities (/p) were calculated by integration of the emission band.

Time-resolved experiments: An FL-1040 phosphorimeter (Horiba,
Jovin Ivon, New Jersey, United States) was used and the tail of the
phosphorescence decays of 'O, was collected after 50 pus of the
lamp pulse. The emission at 1270 nm was recorded as a function
of time.
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