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Abstract: UV-A radiation (320—400 nm) induces damage to the DNA molecule and its components through
different photosensitized reactions. Among these processes, photosensitized oxidations may occur through
electron transfer or hydrogen abstraction (type 1) and/or the production of singlet molecular oxygen (*O,)
(type Il). Pterins, heterocyclic compounds widespread in biological systems, patrticipate in relevant biological
processes and are able to act as photosensitizers. We have investigated the photosensitized oxidation of
2'-deoxyguanosine 5'-monophosphate (dAGMP) by pterin (PT) in agueous solution under UV-A irrradiation.
Kinetic analysis was employed to evaluate the participation of both types of mechanism under different pH
conditions. The rate constant of O, total quenching (k) by dGMP was determined by steady-state analysis
of the *O, NIR luminescence, whereas the rate constant of the chemical reaction between 0O, and dGMP
(k) was evaluated from kinetic analysis of concentration profiles obtained by HPLC. The results show that
the oxidation of dGMP photosensitized by PT occurs through two competing mechanisms that contribute
in different proportions depending on the pH. The dominant mechanism in alkaline media involves the
reaction of dGMP with 1O, produced by energy transfer from the PT triplet state to molecular oxygen (type
I). In contrast, under acidic pH conditions, where PT and the guanine moiety of dGMP are not ionized, the
main pathway for dGMP oxidation involves an initial electron transfer between dGMP and the PT triplet
state (type | mechanism). The biological implications of the results obtained are also discussed.

1. Introduction The chemical changes in DNA and its components resulting
from photosensitized reactions can take place through different
mechanisms. It has been demonstrated that energy transfer from
the triplet state of the photosensitizer to pyrimidine bases leads
to the formation of pyrimidine dimers® Photosensitized
oxidations also contribute to DNA damage induced by UV-A
adiation. These processes involve the generation of radicals
type 1), e.g.,via electron transfer or hydrogen abstraction, and/
or the production of singlet molecular oxygeny(&\g), denoted
throughout as0y) (type I1).”

Singlet oxygen, the lowest electronic excited state of molec-
ular oxygen, is an important oxidizing intermediate in chemical
t Universidad Nacional de La Plata processes _and one of the_main chgmicgl species responsible for
* Universidad de Buenos Aires. the damaging effects of light on biological systems (photody-
8 Universitd Karlsruhe. namic effectsf. The main source ofO, productionin vivo is

'Permanent address from January 2007: Laboratoire IMRCP - UMR hotosensitizatiof In this processlO, is most often produced
5623, UniversitePaul Sabatier, 118 route de Narbonne, F-31062 Toulouse P : p 2 P

Solar radiation induces modifications to genomic DNA and
is implicated in the induction of human skin cancéfsuv
radiation is the most mutagenic and carcinogenic component
of the solar radiation. UVB radiation (286-320 nm) damages
DNA through the direct excitation of the nucleoba3&3n the
other hand, although nucleobases absorb very weakly above 32
nm, UV-A radiation (326-400 nm) may damage DNA through
photosensitized reactiodg.This indirect action is mediated by
a photosensitizer (endogenous or exogenous) which is excited
by the UV-A radiation.

Cédex 9, France. Fax:33-561-558155. Telephonet-33-561-556968. by energy transfer from the triplet excited state of a sensitizer

(1) van der Leun, J. C.; Gruijl de, F. Rhotochem. Photobiol. S&2002 1,
324-326. (5) Charlier, M.; Héene, C.Photochem. Photobioll972 15, 71—87.

(2) Matsumura,Y.; Ananthaswamy, H. Roxicol. Appl. PharmacoR004 195 (6) Delatour, T.; Douki, T.; D'Ham, C.; Cadet, J. Photochem. Photobiol. B
298-308. 1998 44, 191-198.

(3) Ravanat, J.-L.; Douki, T.; Cadet, J. Photochem. Photobiol. BO01, 63, (7) Foote, C. SPhotochem. Photobioll991, 54, 659.
88—102. (8) Briviba, K.; Klotz, L. O.; Sies, HBiol. Chem.1997, 378 1259-1265.
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Figure 1. Molecular structure of PT and dGMP and the corresponding
absorption spectra in air-equilibrated aqueous solutions. Solid line: acid

The nucleobases are the preferential DNA substrates of typeform of PT (pH = 5.5). Dashed line: basic form of PT (pH 10.5).

| oxidation31° Among the DNA bases, guanine that exhibits
the lowest ionization potential is the preferential target for one-
electron oxidation reactions, over adenine and pyrimidine
based! Moreover, guanine is the only DNA constituent that
significantly reacts withtO,.11.12 However, although determi-

nation of the rate constants 80, physical and chemical

guenching is an important tool to analyze the reactivity of a

Dashed-dotted line: dGMP (pH= 5.5).

at pH> 5 involves the lactam group (pyrimidine ridg)Figure
1). The K, of this equilibrium is 7.9 for PT8 Other functional
groups of the pterin moiety (e.g., the 2-amino group or ring
N-atoms) have g, values< 2.7

The participation of pterins in different photobiological

processes has been suggested or demonstrated in the past
rdecades, and interest in the photochemistry and photophysics
of this group of compounds has subsequently increased. In
The chemical nature of the products of the photosensitized 2ddition, some pterin derivatives (e.g., biopterin, 6-formylpterin,
6-carboxypterin) accumulate in the skin of patients affected by

oxidation of guanine, as well as their distribution, differs - . ) . . .
depending on the mechanism and on the molecule that beardtiligo, a depigmentation disorder, where the protection against

iati i 20
the guanine moiety (nucleoside, nucleotide, single-stranded andJV radiation fails due to the lack of melant?® The
double-stranded DNA, etc}. However, some products, such photochemical behavior of pterins in aqueous solution has been

given compound towartD,, to the best of our knowledge, there
are no systematic studies on the kinetics of the reaction betwee
10, and nucleotides.

as 8-oxo-7,8-dihydroguanine (8-oxoGua) is formed in both type
I and type Il mechanisms, although in different proportions.

summarized in a recent revieih.
Ito and Kawanishi demonstrated for the first time in 1897

Moreover, 8-oxoGua is also generated in oxidation mediated 1t upon excitation with UV-A radiation, pterins are able to

by the hydroxyl radical *OH).1* Therefore, it is difficult to
evaluate the mechanism involved in a given process by mean
of product analysis. In addition, many photosensitizers are abl
to act through both type | and type Il mechanisms.

Pterins, heterocyclic compounds widespread in biological
systems, are derived from 2-aminopteridin+jdone or pterin
(PT) (Figure 1). Several pterin derivatives participate in relevant
biological processes such as the synthesis of aminddcidd
nucleobase¥ the nitric oxide metabolisr, and the activation
of cell-mediated immune responséPterins behave as weak
acids in agueous solution. In general, the dominant equilibrium

5
e Photoinduced by different pterin derivatives involves the hy-

photoinduce DNA damage. It was reported that the main
chemical modification of fragments of double-stranded DNA

droxylation of guanine yielding 8-oxoGua as a major product.
This damage is sequence-specific, the oxidation taking place
preferentially at the Ssite of 3-GG-3 sequences. The damage
in single-stranded DNA was reported to be less extended. Taking
into account indirect evidence, the mechanism involved in this
process was proposed to be an electron transfer with the
subsequent formation of the guanine radical cation and a pterin
radical anion. In a later study, photoinduced cleavage of plasmid
pUC18 by PT was demonstratédFinally, in a more recent

(10) Douki, T.; Cadet, Jnt. J. Radiat. Biol.1999 75, 571—581.

(11) Cadet, J.; Berger, M.; Douki, T.; Morin, B.; Raoul, S.; Ravanat, J.-L.;
Spinelli, S.Biol. Chem.1997, 378 1275-1286.

(12) Ravanat, J.-L.; Martinez, R.; Medeiros, M. H. G.; Di Mascio, P.; Cadet, J.
Arch. Biochem. Biophy®004 423 23—30.

(13) Nichol, C. A.; Smith, G. K.; Duch, D. SAnnu. Re. Biochem.1985 54,
729-764.

(14) Blakley, R. L.The Biochemistry of Folic Acid and Related Pteridines
North-Holland Publishing Co.: Amsterdam, 1969.

(15) Hevel, J. M.; Marletta, M. ABiochemistry1l992 31, 7160-7165.

(16) Fuchs, D.; Hausen, A.; Reibnegger, G.; Werner, E. R.; Dierich, M. P;
Wachter, H.Immunol. Todayl988 9, 150-155.
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(19) Schallreuter, K. U.; Wood, J. M.; Pittelkow, M. R.; @ch, M.; Lemke,
K. R.; Radl, W.; Swanson, N. N.; Hitzemann, K.; Ziegler Sciencel 994
263 1444-1448.

(20) Rokos, H.; Beazley, W. D.; Schallreuter K. Biochem. Biophys. Res.
Commun2002 292, 805-811.

(21) Lorente, C.; Thomas, A. HAcc. Chem. Re006 39, 395-402.

(22) Ito, K.; Kawanishi, SBiochemistry1997 36, 1774-1781.

(23) Lorente, C.; Thomas, A. H.; Villata, L. S.; Hozbor, D.; Lagares, A,
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investigation, the chemical modification of DNA photoinduced (Po) at the excitation wavelength. Aberchrome 540 is the anhydride
by 6-carboxypterin (CPT) was studiét. form of the €)-a-(2,5-dimethyl-3-furylethylidene)(isopropylidene)-
In a very recent wor¥® we have proven that the acid form of succinic acid which, under irradiation in the spectral range-36%
PT photoinduces the oxidation of-8eoxyadenosine'nono- nm, leads to a cyclized form. The reverse reaction to ring opening is
. . . . induced by visible light. The method for the determinatiorPgthas
gz?ssezzgﬁt(iﬁgﬂp?rg at‘ﬂzef?;;ostﬁggi??f?attyz?elrir::C:;nIzmé to been described in detail elsewhét&alues of the photon flux absorbed
Lo P.) were calculated fronfP, according to the LambertBeer law:
damage DNA through an initial electron-transfer process. (Pd ° g
On the other hand, most oxidized pterin derivatives are very
good 10, sensitizers under UV-A radiation in aqueous solu-

i 21,26 ; i At
tion. Indeed pterins _are a_ble to photoinduce oxidation of whereA is the absorbance of the sensitizer at the excitation wavelength.
substances that react witd,, like DNA and other molecules 2.2.3. UV/vis Analysis Electronic absorption spectra were recorded

bearing the guanine base in their chemical structures. Conseyn a Varian Cary-3 spectrophotometer. Measurements were made in
quently both mechanisms could be involved in processes wherequartz cells of 1 cm optical path length. The absorption spectra of the
pterins participate as photosensitizers. Moreover, in a very recentsolutions were recorded at regular intervals of irradiation time, and
work, in contrast to the proposed type | mechanism, photosen-the signals were averaged and smoothed with the Varian software.
sitization via O, has been reported as the main mechanism Experimental-difference (ED) spectra were obtained by subtracting the
responsible for the photoinduced cleavage of plasmid DNA spectrum at timé= 0 from the subsequent spectra recorded at different

P,=P,(1—10")

(PBR 322) by CPP’

In this work, we performed a kinetic study of the process of

guenching of!0, by 2-deoxyguanosine 'monophosphate

timest. Each ED spectrum was normalized yielding the normalized
experimental-difference (NED) spectrum.

2.2.4. High-Performance Liquid Chromatography (HPLC). A
System Gold HPLC setup (Beckman Instruments) was used to monitor

(dGMP), in order to assess the reactivity of this nucleotide 54 quantify the photosensitized reactions and photoproducts. A
toward!O,. Steady-state near-infrared detection methods were pinnacle-11 C18 column (250 mm 4.6 mm, 5um; Restek) was used

employed to determine the rate constant@f total quenching

for product separation, the elution being achieved with a solution

(k) by dGMP, as well as the rate constant of the chemical containing a mixture of 4.2% acetronitrile and 95.8% of a 20 mM

reaction betweentO, and dGMP k), under different pH

potassium phosphate aqueous solution §15.5). HPLC runs were

conditions. We also describe the oxidation of dGMP photosen- monitored by UV spectroscopy at 260 nm.

sitized by PT in aqueous solution under UV-A radiation. The
participation of type | (electron transfer) and type HOf)

mechanisms in acidic and alkaline media were analyzed. In
addition, the interactions of dGMP with different excited states

(singlet and triplet) of PT were investigated. The biological
implications of the results obtained are also discussed.

2. Experimental Section

2.1. General.Pterin (PT) (Shircks Laboratories), rose bengal (RB)
(Aldrich), 2-deoxyguanosine'8nonophosphate (dGMP) (Sigma Chemi-

2.2.5. Determination of the Concentration of Q. The G con-
sumption during irradiation was measured with ars@lective electrode
(Orion 37-08-99). The solutions and the electrode were placed in a
closed glass cell of 130 mL.

2.2.6. Detection and Quantification of HO,. For the determination
of H,0O,, a Cholesterol Kit (Wiener Laboratorios S.A.l.C.) was used.
H,O, was quantified after reaction with 4-aminophenazone and
phenol3®3t Briefly, 400 uL of irradiated solution were added to 1.8
mL of reagent. The absorbance at 505 nm of the resulting mixture was
measured after 30 min at room temperature, using the reagent as a
blank. Aqueous kD, solutions prepared from commercial standards

cal Co.), and superoxide dismutase (SOD) from bovine erythrocytes were employed for obtaining the corresponding calibration curves.

(Sigma Chemical Co.) were of the highest purity availabt®§%)
and were used without further purificatiortH4Phenalen-1-one (PHE)
(perinaphthenone, Merck) was purified as indicated in ref 28.

The pH of aqueous solutions was adjusted by adding drops ef 0.1
0.2 M aqueous NaOH or HCI solutions with a micropipette. The ionic
strength waga. 102 M in all experiments. In experiments using®
as solvent, BO (>99.9%; Euriso-top or Aldrich), DCI (99.5%; Aldrich)
in D,O, and NaOD (CEA) in BO were employed.

2.2. Steady-State Irradiation. 2.2.1. Irradiation Setup.Aqueous

2.2.7. Superoxide (@) Investigation. Solutions containing PT (50
uM) and dGMP (10Q:M) were irradiated in the presence of SOD (260
U/mL) at pH 5.5. Results of UV/vis spectrophotometric analysis, HPLC,
and HO, determination were compared with those obtained in the
absence of SOD.

2.3. Singlet Oxygen {0,) Studies. 2.3.1. Determination of the
Rate Constants of!O, Total Quenching (:) by dGMP. The rate
constants ofO, total quenching by dGMP at different pH values were
determined by SteraVolmer analysis of théO, luminescence quench-

solutions containing PT and dGMP were irradiated in 1 cm path length ing. The main features of the method have been described els&iffrere.
quartz cells at room temperature with a Rayonet RPR lamp emitting at Singlet oxygen was generated by photosensitization, using rose bengal

350 nm (bandwidth~20 nm) (Southern N.E. Ultraviolet Co.). The

(RB) (@s= 0.75%33% or 1H-phenalen-1-one (PHEM= 0.97%3) as

experiments were performed in the presence and absence of air.sensitizers. Because of the shi@t lifetime (za) in H2O (3.8us), DO

Oxygen-free solutions were obtained by bubbling with Ar gas for 20
min.
2.2.2. Actinometry. Aberchrome 540 (Aberchromics Ltd.) was used

as an actinometer for the measurements of the incident photon flux

(24) Hirakawa, K.; Suzuki, H.; Oikawa, S.; Kawanishi, Scch. Biochem.
Biophys.2003 410, 261-268.

(25) Petroselli, G.; Erra-Balsells, R.; Cabrerizo, F. M.; Lorente, C.; Capparelli,
A. L.; Braun, A. M.; Oliveros, E.; Thomas, A. HOrg. Biomol. Chem
2007, 5, 2792-2799.

(26) Thomas, A. H.; Lorente, C.; Capparelli, A. L.; Marez, C. G.; Braun, A.
M.; Oliveros, E.Photochem. Photobiol. S&003 2, 245-250.

(27) Offer, T.; Ames, B. N.; Bailey, S. W; Sabens, E. A.; Nozawa, M.; Ayling,
J. E.FASEB J.2007, 21, 2101-2107.

(28) Oliveros, E.; Suardi-Murasecco, P.; Aminian-Sagha, T.; Braun, AdelL.
Chim. Actal991, 74, 79—-90.

(wheret, is much longer: 62 3 us)® was used in all luminescence
experiments.

(29) Braun, A. M.; Maurette, M. T.; Oliveros, EPhotochemical Technology
John Wiley & Sons: Chichester, 1991; Chapter 2, pp-88.

(30) Allain, C. C.; Poon, L. S.; Chan, C. S. G.; Richmond, W.; Fu, PCIt.
Chem.1974 20, 470-475.

(31) Flegg, H. M.Ann. Clin. Biochem1973 10, 79-84.

(32) Tournaire, C.; Croux, S.; Maurette, M.-T.; Beck, |.; Hocquaux, M.; Braun,
A. M.; Oliveros, E.J. Photochem. Photobiol. B993 19, 205-215.

(33) Murasecco-Suardi, P.; Gassmann, E.; Braun, A. M.; Oliverddelz. Chim.
Acta 1987, 70, 1760-1773.

(34) Neckers, D. CJ. Photochem. Photobiol. A989 47, 1—29.

(35) Marfy, C.; Jugens, O.; Cuenca, O.; Casals, M.; Nonell JSPhotochem.
Photobiol. A1996 97, 11—-18

(36) Wilkinson, F.; Helman, H. P.; Ross, A. B. Phys. ChemRef. Datal995
24, 663-677.
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Groups of experiments were carried out irradiating solutions of Under our experimental conditions, the rate'@f total quenching
dGMP and the sensitizer at 547 or 367 nm, for RB and PHE, by the sensitizer (S: RB, PHE, or PT) is negligible compared to
respectively; at these wavelengths, the investigated nucleotide does notleactivation by the solvenk{> kZ[S]). Therefore integration of eq
absorb (Figure 1). The solutions were irradiatadai 1 cmx 1 cm 12 leads to eq 13,
spectroscopic cell, under magnetic stirring, using a xenon/mercury arc
(1 kW) through a water filter, focusing optics, and a monochromator — —1(k® _ -

(ISA Jobin-Yvon B204, 6 nm bandwidth). The sensitizer concentration HIQD = In(QIQl) = [tk T Qo — [D)]

was kept constant, whereas the dGMP concentration was varied within —P.Pak/kyt (13)
a series of experiments. Under our experimental conditions, a linear
relationship between the ratio of the signals in the absen£ea&d in and the plot of([Q]) as a function of time should be linear. Therefore,
the presence ¢of quencher (Q: dGMP) and the quencher concentra- knowing P, @4, andkg, k- can be calculated from the slope of this
tion was observed (eq 7, plot.
For determiningk;, solutions in HO (3 cn?) containing dGMP and
SeO/Se= 1+ K [Q] (7 RB or PHE as a sensitizer were irradiated. RB and PHE were excited
at 547 and 367 nm, respectively. RB was used only in experiments
whereKsy is the Stera-Volmer constant. If Q interacts only wif®,, performed in alkaline media because of its lack of stability in acidic
the relation betweeisy andk: is given by eq 8, media. On the other hand, PHE was used in both pH conditions. The
concentration of AdGMP was determined by HPLC at different irradiation
Ksy = kit (8) times. The HPLC (Hewlett-Packard Series 1100) was equipped with

an RP 18 LiChro CART 125-4 column. A solution containing a mixture
wherer, is thelO, lifetime in the solvent used @) in the absence ~ Of 2% acetronitrile and 98% 20 mM potassium phosphate aqueous
of Q. Therefore, knowinga, k can be calculated from the slope of ~ solution (pH= 5.5) was used as eluent.
the Stera-Volmer plot. 2.3.3. Comparison of Continuous Photolysis in ED and D,O.
In order to check interaction between excited PT and dGMéke( Solutions of PT and dGMP were prepared igtHand DO. Couples
infra), experiments were performed using PT as a photosensitizer. Forof both types of solutions containing PT and dGMP at the same
comparative purposes, these experiments were carried out under theconcentration were irradiated under identical experimental conditions.

same conditions as those performed with RB and PHBasensitizers. The effect of DO was evaluated by comparing results of Y¥isible
Under conditions where a quencher (Q) interacts with B@hand spectrophotometric analysis and HPLC analysis.
the excited state(s) of the sensitizer, the quantum yiel@gproduction 2.4. Laser Flash PhotolysisLaser flash photolysis experiments were
(®,) decreases and the Stetviolmer relation (eq 7) has to be modified ~ performed using the frequency-tripled output (355 nm) of a Surelite
as follows: 11-10 Nd:YAG laser (Continuum Inc.) as an excitation source. Transient
species were monitored at a right angle to the laser beam (5 ns duration
SeO/Se = (O,/D Aapﬁ)(l + k7A[Q]) 9) pulses) using an LP900 Flash Photolysis System (Edinburgh Analytical

Instruments). Data were collected using a Tektronix TDS 520A
where ®,2" is the apparent quantum yield &, production by the oscilloscope. Signal averaging was routinely performed to increase the

sensitizer in the presence of Q. signal-to-noise ratio. Samples, contained in 1 cm path length quartz
2.3.2. Determination of the Rate Constant of the Chemical  Cells, were bubbled with argon prior to irradiation.
Reaction ;) between!O, and dGMP. The rate of the sensitized 2.5. Fluorescence MeasurementSteady-state fluorescence mea-

photooxidation of dGMP was evaluated by following its disappearance Surements were performed using a Perkin-Elmer LS 50B spectrofluo-
by HPLC. The main features of the method have already been describedometer. Fluorescence spectra of al_r-equnlbratgd aqueous solutions in
in detail?” The rate of disappearance of a compound Q reacting with duartz cells (1 cm path length), obtained by excitation at 350 nm, were

10, to yield an oxidized product (reaction 6) is given by eq 10. recorded between 360 and 650 nm. The spectra were corrected for
differences in instrumental response and light scattering. For determin-
— d[Q/dt = kf[loz][Q] (10) ing the quenching of fluorescence of PT by dGMP, emission spectra

of PT solutions (25:¢M) were recorded in the absence and in the
If 10, is produced by sensitization and applying the quasi-stationary Presence of dGMP (0 to 20 mM), at pH 5.5 and 10.5. The fluorescence

hypothesis to the concentrations of excited states (reactions 1 to 6), ed"ensity () was obtained by integration of the spectra.
11 gives the steady-state concentratiort@f, 3. Results

[*0,] = P,®,/(k, + kS] + k[Q]) (11) 3.1. Irradiation of Solutions Containing PT and dGMP.
Air-equilibrated aqueous solutions containing pterin (PT) (50

whereP; (einstein L1 s7%) is the photon flux absorbed by the sensitizer, #M) and 2-deoxyguanosine'snonophosphate (dGMP) (180
@, is the quantum yield ofO, production by the sensitizekg is the 1000 uM) were irradiated at 350 nm during different periods

nonradiative rate constant #D, deactivation ¢ide supra reaction 3), of time (up to 240 min). As can be inferred from the

[S] is the concentration of the sensitizk# is the rate constant 6D corresponding absorption spectra (Figure 1), under these
total quenching by the sensitizer, akdl is the rate constant dO, experimental conditions, PT was excited, whereas dGMP did
total quenching by Q. not absorb radiation. In order to avoid interferences between

By combining eqs 10 and 11, and assuming that there is no
interference by the oxidation product(s), eq 12 is obtained for the rate
of disappearance of a compound Q reacting W@h

the acid and the basic forms of PT, the experiments were
performed in the pH ranges 5:6.8, where PT is present at
more than 99% in its acid form, and 16-20.7, where PT is

d[Q] k[Q] present at more than 99% in the basic form. The photochemical
T qt - PaPa S 3 (12) reactions were followed by UVvisible spectrophotometry and
Thermal reactions between PT and dGMP were discarded

(37) Oliveros, E.; Besamm, F.; Boneva, M.; Kratler, B.; Braun, A. M.J. - . )
Photochem. Photobiol. B995 29, 37—-44. after control experiments performed by keeping solutions
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Figure 2. Evolution of the absorption spectra of air-equilibrated solutions
of dGMP (500uM) in the presence of pterin (M), as a function of the b N
irradiation time (0, 5, 10, and 30 min). In this figure, the spectrum of a 140 ) 12 N
pterin solution was subtracted from the experimental spectra recorded at Y g 10 R
different times (pH= 5.5; arrows indicate the changes observed at different Y 8
wavelengths, optical path length2 mm). Inset: Experimental-difference v 8'* 6
s 1201 V' w X A
pectra. v v =,
g Vv v = ,] 4
containing both compounds in the dark. These experiments were 2 100 . v 0
carried out under different experimental conditions (concentra- & v 0 2 4 6 810
tion, pH, and time). In another set of control experiments, dGMP & v v time (min)
solutions were irradiated in the absence of PT and no chemical £ 8o {
. . . . @ ® PT
modification of the nucleotide was detected, thus discarding, & v  dGMP
as expected, direct effects of the radiation used on the dGMP 6
molecule. 60 1 v
In both acidic and alkaline media, significant changes in the
absorption spectra of the solutions containing PT and dGMP 90000 000 g °
were observed after irradiation. The spectral changes registered
at pH 5.5 (Figure 2) reveal that the typical band belonging to J ! ' '
P (Fig ) P ging 0 4 8 12 16 20

dGMP decreased, whereas product(s) absorbing at wavelengths
longer than 300 nm were formed. Results obtained in experi- time (min)
ments performed at pH 10.5 also showed considerable spectrakigure 3. Evolution of the dGMP and PT concentrations in air-equilibrated
changes, with a strong decrease of the absorbance in the 250 aqueous solutions under UV-A irradiation (350 nm) as a function of time
280 nm wavelength range (see Supporting Information). Com- (concentrations were determined by HPLC analysis): (a)=pB.5; (b)

. . ’ H = 10.5. Insets: Evolution of D, concentration.
parison of the absorption spectra suggests that the products

formed were different depending on the pH. showed that, under these experimental conditions, the dGMP

Under the same pH conditions, the concentration profiles of concentration did not decrease. Accordingly, no new product
PT and dGMP were determined by HPLC (Figure 3). A decrease 55 detected.

of the dGMP concentration was observed as a function of
irradiation time, whereas the PT concentration did not change
in the analyzed time window. In addition, several products were
detected by HPLC analysis, all of them having retention times
lower than those corresponding to both dGMP and PT.

The evolution of the @concentration during the irradiation

of air-equilibrated solutions containing dGMP (38M) and

PT (93 uM) was monitored using an oxygen electrode in a
closed cell. In both acidic and alkaline media, thecdncentra-

tion decreased as a function of irradiation time (Figure 4).
S&Zontrol experiments in the absence of dGMP were performed
in order to check the consumption of, @esulting from the
photolysis of PT itself® Under both pH conditions, the decrease
of the G, concentration was negligible in comparison with that
observed in the presence of dGMP (Figure 4). These results
together with those presented in the previous paragraph strongly

probably because of the incorporation of oxygen into their
structures.

In order to find out the role of @in the studied photoinduced
process, solutions containing PT (M) and dGMP (110 and
500uM), previously purged with Ar, were irradiated. Significant
changes in the absorption spectra of solutions after more than
60 min o_f irradi_ation were observed n_either in acidic (pH-5.0 (38) Cabrerizo, F. M.; Datola, M. L.; Thomas, A. H.; Lorente, C.; Braun, A.
5.5) nor in alkaline (pH 10:210.6) media. HPLC measurements M.; Oliveros, E.; Capparelli, A. LChem. Biodi. 2004 1, 1800-1811.
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Figure 5. Photosensitized oxidation of dGMP in air-equilibrated aqueous
solution: plot off([Q]) = IN([Q)/[Q]e) — [(k¥ka([Qlo — [Q])] as a function

of the irradiation time (eq 13, Experimental section). Sensitizers: PHE at
pH = 5.5 (lexe= 367 nm), RB at pH 10.54x. = 547 nm), concentrations

of dGMP determined by HPLC analysis. Note that the slopes of these plots
((—Pa®k)/kq) do not reflect directly the values &f, as experiments were
carried out using different incident photon fluxes.

—&— PT +dGMP
—v— PT

0 - - . ; .
0 o 20 3 40 50 60 enzyme catalyzes the conversion gf Ginto H,O, and Q. At
time(min) LT . . .
Figure 4. Evolution of the Q concentration in irradiated solutions PH 5.5 a significant increase in the qonsumptlor-l of dGMP was
containing PT (93«M) and dGMP (38QuM) as a function of irradiation observed when .SQD .Was pres.em. '9 the solution. This result
time: (a) pH= 5.5; (b) pH= 10.4. Control experiments7): Photolysis ~Suggests that elimination of2O inhibits a step that prevents
of PT (93uM) in the absence of dGMP. the photoinduced oxidation of dGMP. In contrast, in alkaline
media no changes in the concentration profile of AdGMP were
suggest that the process observed in air-equilibrated solutionsregistered. The implications of these observations are discussed
is a photoinduced oxidation. in the Conclusions.
The generation of hydrogen peroxide;(p4) as a product of 3.2. Rate Constant of the Chemical Reaction betweé®,
the photosensitized oxidation of dGMP by PT was also and dGMP. The rate constant of the chemical reaction between
investigated. KO, was detected and quantified in both acidic 10, and dGMP k) in H,O was determined from the HPLC
and alkaline solutions, irradiated under aerobic conditions. Seriesanalysis of the disappearance of dGMP during the photosensi-
of experiments were performed at different initial concentrations tized oxidation, using either of two standat@, sensitizers,
of dGMP, whereas the PT concentration was kept constant (50rpse bengal (RB) or H-phenalen-1-one (PHE). In agreement
#M). In all cases, the bD, concentration increased with  with a kinetic analysis based on eq 13 (see Experimental
irradiation time (Figure 3) and the rate of®; production was  Section), the plot of([Q]), for Q = dGMP, as a function of
of the same order of magnitude as the rate of dGMP consump-irradiation time was linear (Figure 5). Values of (170.3) x
tion. 10 M~tstand (9.6+ 0.8) x 10’ M~1 s~ were obtained for
Results presented so far (consumption of dGMP and O k at pH 5.5 and 10.5, using PHE and RB as photosensitizers,
production of HO, and constant concentration of PT during respectively. As a controk, was also measured in alkaline
the reaction) clearly demonstrate that PT photosensitizes themedia using PHE as a sensitizer, and a value of 1(12) x
oxidation of dGMP under UV-A irradiation at pH 5.5 and 10.5. 108 M~1 s ! was obtained (data not shown).
However, the results are compatible with both type I and type  One of the main guanine oxidation products, 8-oxoGua, is a
Il mechanisms and do not allow assessment of the contributionvery efficient 0, quenchef! Therefore, in order to avoid
of each mechanism under acidic or alkaline conditions. interferences, the above-mentioned experiments were carried
In particular, HO; is a product which is often observed in oyt at relatively low initial concentrations of dGMR {50uM).
both cases. In the type Il mechanism(dis a common product  Under these experimental conditions, the quenchintatby
of the decomposition of hydroperoxides, which are frequently the reactant itself, albeit taken into account (egs13), is very
formed by the reaction offO, with unsaturated organic  |ow in comparison with the nonradiative deactivatiornof in
compounds? In type | photosensitized oxidations, formation H,O (Reaction 3)Ky > 20k<[Q], Q = dGMP). Consequently,
of Hz0; could be the result of spontaneous disproportionation sjgnificant changes in the steady-state concentratié®steq
of the superoxide anion (), especially in aqueous solutioffs.  11) can be discarded, at least at low conversion when the
Therefore, in order to investigate the participation of Gn concentration of product(s) is small enough. Finally, as ad-
the mechanism, experiments were carried out, under both pHditional control experiments, the initial rates of dGMP con-
conditions, in the presence of superoxide dismutase (SOD). ThiSsumption (E-d[Q)/dt)o) were determined, within a period of time
where the decrease in dGMP concentration was lower than 10%,

(39) Clennan, E. LTetrahedron200Q 56, 9151-9179.
(40) Bielski, B. H. J.; Cabelli, D. E.; Arudi, R. L.; Ross, A. B. Phys. Chem.
Ref. Datal985 14, 1041-1100. (41) Sheu, C.; Foote, C. S. Am. Chem. S0d.995 117, 474-477.
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andk; values were calculated from eq 10. In both acidic and concentrations of PT and dGMP and using radiation at 350 nm
alkaline media, the values determined by this procedure were(Rayonet lamp), and the same result was obtained: calculated
equal to those obtained from eq 13, within experimental error. (d[dGMP]/d); was much lower than the experimental rate of
It is noteworthy that the chemical reactivity of dGMP toward dGMP consumption. Therefore, these results show that the
10, is higher in alkaline media (corresponding rate constant chemical reaction between dGMP at@, does not contribute
approximately 5.6 times larger than that in acidic media). This significantly to the photosensitized oxidation of dGMP by the
fact can be explained on the basis of charge effects as aacid form of PT at pH 5.5. The predominant mechanism under
consequence of the different acidase equilibria of the  these pH conditions involves most probably an electron transfer
nucleotides in HO. dGMP has ionizable groups in both the between the guanine moiety and the triplet excited state of PT
phosphate and the purine base moieties. The corresponiding p (vide infra).
values for dGMP have already been reporteld,((POsH,) ~ On the other hand, the same kinetic analysis was performed
0.65, Ka(POsH,) = 6.29, Ky(N1) = 9.56)4243 Taking into for experiments carried out in alkaline media. For instance, an
account these values, the predominant atidse forms of aqueous solution containing PT (10M) and dGMP (132«M)
dGMP at different pH values were established. At pH 5.5, the at pH = 10.5 was irradiated at 367 nm. In this case, the
dGMP molecule has a charge efl, with the charge on the  experimental initial rate of dGMP consumption was (2.8.1)
phosphate group and the purine base in its neutral form. At pH xM/min, whereas the rate of the reaction of dGMP Wiy,
10.5, the total charge of the dGMP molecule-i8 and the calculated using eqgs 14 and 15, was (t.6.2) uM/min, almost
guanine moiety is deprotonated due to the lactam group (Figure10 times higher than that calculated at pH 5.5. This is due to
1). Since the attack df, takes place onto the guanine moiety, higher values ok, and®, in alkaline media@, = 0.18 at pH
its deprotonation must be responsible for the high increase of= 5.5, ®, = 0.30 at pH= 10.5)26 Therefore, it is clear that,
k- value with the pH. This kind of behavior has already been in contrast to acidic media, photosensitizatida 1O, is the
described in the literature. For instance, ionization of OH groups dominant pathway for the photosensitized oxidation by the basic

in dihydroxynaphthalenes leads to an increasé imalues* form of PT.
Similarly, the reactivity of the basic form of 6-methylpterin In order to confirm the hypotheses proposed in the previous
toward 'O, is much higher than that of the acid forfh. paragraphs, comparative photolysis experiments were performed

3.3. Role of!O, in the Photosensitized Oxidation of AdGMP in H,O and BO. Taking into account the long&e; lifetime
by PT. Taking into account the values &f (vide suprg, the in D,O than in HO 36 the photosensitized oxidation of dGMP
role of 'O, in the oxidation of dGMP photosensitized by PT  should be faster in the deuterated solved®if would contribute
can be evaluated. Equation 14 expresses the rate of the chemicalignificantly to the process. Air-equilibrated solutions containing

reaction betweefO, and dGMP: PT (50u«M) and dGMP (10QuM) in H,O and RO at pH and
1 pD 5.5 and 5.9, respectively, were irradiated under otherwise
(d[dGMPY/dt), = — K["O,][dGMP] (14) identical conditions. The evolutions of the absorption spectra

and of the concentrations of PT and dGMP as a function of the
irradiation time show that the studied process is not faster in
D,0 than in HO. On the contrary, a slightly lower rate of dGMP
disappearance was observed ig0D((2.8 + 0.1) uM min~1)
than in HO ((3.4 £ 0.1) uM min~1). These results confirm
that 10,, albeit present in the reaction mixture, does not
participate in the mechanism of photosensitization in acidic
media. The decrease in the rate of the process observegin D

and dGMP, respectively. Considering &' value previously ~ ¢annot be easily explained and requires further investigation.

determined in 3026 the quenching ofO, by PT is negligible However, this result could indicate that the solvent participates

(kPTPT] < k). Vailues ofkdSMP were measured in 4D at pH in one of the steps of the photosensitized process and would be
5.5 and 10.54ide infra). Therefore, the value of the initial rate  cONSistent with the hypothesis that oxidation 6fd2oxygua-

of the reaction betweetD, and dGMP, in a given experiment nosine in acidic media occurs mainlya an electron-transfer
: . . . o

can be calculated from eq 14, using the corresponkiinglue, mechanism where 0 is involved? _ _ _
the O] calculated from eq 15, and the initial [dGMP]. A similar set of experiments was performed in alkaline media

An agueous solution containing PT (1581) and dGMP (150 (pH = 10.6, pD= 10.8). In contrast to the results observed in
uM) at pH = 5.5 was irradiated at 367 nm, under the same acidic media, the rate of dGMP disappearance was 1 order of
experimental conditions as those used for the determination of Magnitude higher in BD ((34 & 4) uM min~%) than in HO
k. The experimental rate of dGMP consumption was (2.2 ((3.24 0.2) uM min1). In agreement with calculations shown
0.1) uM/min, whereas (d[dGMPI&); calculated from egs 14 above, these results confirm that oxidatiga 1O, is the main
and 15 was (0.1% 0.4)xM/min. Similar kinetic analyses were ~Mmechanism of the photosensitized oxidation of dGMP by PT
performed for other experiments, carried out with different initial 11 @lkaline media.
The results presented in this section show that PT is able to

(42) fggg,gB-;l ?C)JlS_wlezlcli, G.; Bastian, M.; Sigel, H.; LippertMetal-Based Drugs photoinduce the oxidation of dGMP by both type | and type Il

The steady-state concentration '@, during irradiation of a
solution containing PT and dGMP is given by eq 15,

['0,] = P, ®,/(ky + k°T[PT] + kM [dGMP]) (15)

whereP, and®, are, in this case, the photon flux absorbed by
PT and its quantum yield @, production, respectively"T
andkdCMP are the rate constants &9, total quenching by PT

(43) Knobloch, B.; Sigel, H.; Okruszek, A.; Sigel, R. K. Org. Biomol. Chem. mechanisms, the contribution of each strongly depending on
2006 4, 1085-1090. — ) the pH of the solution. It is clear that photosensitizatida

(44) Luiz, M.; Solterman, A. T.; Biasutti, A.; GaIN. A.Can. J. Chem1996
74, 49-54.

(45) Cabrerizo, F. M.; Lorente, C.; Vignoni, M.; Cabrerizo, R.; Thomas, A. H.;  (46) Ravanat, J.-L.; Saint-Pierre, C.; CadetJ.JAm. Chem. SoQ003 125,
Capparelli, A. L.Photochem. PhotobioR005 81, 793-801. 2030-2031.
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10, is strikingly enhanced in alkaline media, but it is not easy
to evaluate how the electron-transfer process itself is affected
by the pH. However, considering that photosensitized oxidation
of 2'-deoxyadenosine’8nonophosphate (dAMP) by P7ia
electron transfer is significant at pH 5.5 and does not occur at
all at pH 10.%2% at least a decrease in the rate of electron transfer
in alkaline media should be expected.

It is interesting to assess the biological implications of these
results. The pH of biological systems is about 7 but slightly
varies depending on the particular fluid, e.g., 7.4 for human
plasma. The exact proportion of each adihse form of a pterin
derivative or nucleotide will be given by it value and by
the pH of the medium. SinceKp of pterins is approximately
8,21 both acid-base forms are present at physiological pH, but
the acid (neutral) form will be the predominant one in most
cases. On the other hand, the predominant-aoabe form of
the guanine moiety will be always the neutral form, since its
pKa is much higher (K4(N1) = 9.56)*? Therefore type |
photooxidation should be the main mechanism responsible for
oxidation of purine nucleotides photosensitized by PT in
biological systems. However, occurrence of PT-mediated one-
electron oxidation of the guanine residues in cellular DNA
would require a close proximity between the photosensitizer

and the guanine target, and this point has not been investigated

yet. If this is not the case, a possible contribution'©f that
may diffuse from the site where it is generated cannot be
completely discarded.

3.4. Rate Constants oftO, Total Quenching by dGMP.
The values of the rate constants'@f; total quenchingk) by
dGMP were determined in J®. The Stera-Volmer plots of
the quenching of the near-infraré@, luminescence (eq 7) were
linear within the range of concentrations used (Figure 6). The
values ofk; were calculated from the slopes of these plots, and
values of (1.7+ 0.1) x 10/ M1 s and (8.54+ 0.6) x 10’
M~1 s~1 were obtained in acidic media (pB 5.5, PHE as a
10, photosensitizer) and in alkaline media (5910.5, RB as
a sensitizer), respectively (Figure 6). The valu&gofvas also
determined at pD 10.5 using PHE, and a value of{8) x
10’ M1 s71 was obtained (data not shown).

In both acidic and alkaline media, thelsevalues are close,
within experimental error, to the correspondiggralues, thus
indicating that the deactivation dD, by dGMP is mainly a
chemical process (reaction 6). It should be noted thaktaed
k- values for another purine nucleotide, dAMP, reported in a
recent study in BO (pD = 5.5)25were 4.1x 10° M~1sland
8.0 x 10° M~1 s71, respectively. These results show that the
deactivation ofO, by dAMP is almost only physical (reaction
5) (kdAMP ~ k4AMPY Therefore, assuming thkt?®MP is of the
same order of magnitude &g'“MP, the physical quenching of
10, by dGMP should be negligible in comparison to the
corresponding chemical reaction, witQd®MP ~ kJIGMP ag
observed.

Another set of experiments of quenching of the near-infrared
10, luminescence by dGMP was performed using PT &
sensitizer, instead of PHE or RB, under otherwise identical
experimental conditions. In both acidic and alkaline media, the
corresponding SteraAVolmer plots were linear within the range
of concentrations used (Figure 6). However, g, value
determined with PT ((8.8 0.3) x 10° M~1) at pD 10.5 was
significantly higher than that obtained in experiments carried

3008 J. AM. CHEM. SOC. = VOL. 130, NO. 10, 2008
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Figure 6. Stern-Volmer plots of the quenching of th&©, near-infrared
luminescence by dGMP in @ (Experimental section, PHE, RB, and PT
were used as sensitizers): (a) pb5.5; (b) pD= 10.5.
out with RB ((5.2+ 0.2) x 10® M~1). The difference was even
larger at pD 5.5 with &sy value 4 times higher ((3.& 0.1)
x 10°* M~1) than that obtained in experiments carried out with
PHE ((0.98+ 0.04) x 103 M™Y),

These results suggest that, in experiments where PT is the
10, sensitizer, the deactivation &D, by dGMP is not the only
process responsible for the decrease of'tbgemission as a
function of the dGMP concentration. In order to explain such a
behavior, quenching of the excited states of PT by dGMP may
be proposed. If this is the case, tH8, luminescence signal
decreases not only because of the physical and chemical
quenching of'O, by dGMP but also because of a lower
production of!O,, thus leading to a larger apparefgy. (A
detailed kinetic analysis shows that, under conditions where
dGMP interacts both with singlet oxygen and the triplet excited
state of PT, the corresponding Steolmer plot should be
quadratic in dGMP. However, depending on the values of the
different quenching rate constants and on the concentration range
of dGMP, the curvature may be quite small and the Stern
Volmer plot could appear to be linear within experimental error.)
Therefore, these experimental results show evidence of the
interaction of dGMP with excited PT, especially in acidic media.

0.6 0.8 1.0
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0.06 508 that when PT, in aqueous solution at pH 5.5, is excited by UV-A
2 006 radiation in the presence of dGMP, the nucleotide looses an
S 004 electron.
0.04 § 0.02 The formation of the dGMP radical cation, very likely in its
) 0.00 deprotonated form (dGMP{H)*), can be monitored by the time
5] evolution of the absorbance at 320 nm after the laser pulse (Inset
8 in Figure 7). The lifetime of the singlet excited state of PT)(S
'g 0.02 - determined by fluorescence time-resolved measurefignige
2 infra), was reported to be only a few nanoseconds. Therefore,
ﬁ considering the time window of the absorbance changes
recorded at 320 nm, the radical cannot be generated by electron
0.00 transfer from $. This fact strongly suggests that the dGMP
\'\/,/ radical is produced by reaction with the PT triplet state (Reaction
—e— PT + dGMP 16).
—v— PT
-0.02 . : T : : . : 3 _ "
300 350 400 450 500 550 600 650 700 PT*+ dGMP—PT " + dGMF (16)
A(nm) 3.6. Quenching of the Fluorescence of PT by dGMP.
Figure 7. Differential transient absorption spectra recorded & 7after Emission spectra of PT were recorded in the presence and in
the 355-nm laser pulse in oxygen-free aqueous solutions of PANGQiIn the absence of dGMP. Groups of experiments were carried out
the absencew) and in the presenca®] of dGMP (500uM) (pH = 5.5). with aqueous solutions of PT (2BV) and different concentra-

Inset: Time dependence of the absorbance at 320 nm. tions of dGMP (0 to 20 mM) at pH 5.5 and 10.5. Under both

This latter fact is in agreement with the hypothesis that the PH conditions, a strong decrease in the fluorescence intensity
photosensitized oxidation of dGMP by PT at pH 5.5 takes place Was observed, the wavelength of the emission maximum
primarily via a mechanism in whichO, does not participate. ~ 'emaining unchanged (Figure 8). The decrease in the integrated

The interaction of dGMP with excited PT, revealed by the results fluorescence intensity as a function of the concentration of
shown in this section, could play a major role in such a dGMP followed SterrVolmer behavior in both media (Figure

mechanism. 8). The corresponding values of the SteNfolmer constants

3.5. Laser-Flash Photolysis ExperimentsThe radicals of ~ (Ksv) at pH 5.5 and 10.5 are (5 3) M~* and (22+ 3) M™%,
(deoxy)guanosine and (d)GMP have been obtained and studiedespectively.
in aqueous solution by pulse radioly€iand 193-nm laser flash Quenching of fluorescence is direct evidence of an interaction
photolysis?® Radical cations formed after one-electron-oxidation Petween the first excited singlet state(8f PT and dGMP.
of guanine nucleosides or nucleotides are relatively strong acidsHowever, in the range of dGMP concentrations used in
and undergo fast deprotonation at pH5474% The resulting ~ €xperiments of'O, quenching (6-1.3 mM) (Figure 6), the
neutral radicals have characteristic spectral features and longduenching of PT fluorescence was negligibteg, less than
lifetimes (>100 us), allowing their detection in different ~10% of § was quenched at [dGMP} 1 mM. This fact shows
systems. that the strong decrease in the productioi®@f by PT (ide

In order to obtain direct evidence of electron transfer between SUprd, detected in the experiments of the quenching of the near-
dGMP and the excited state(s) of PT, laser flash photolysis infrared 'O, luminescence, cannot be primarily due to the
experiments were performed at pH 5.5. Oxygen_free aqueousdeactivaﬂon of the j_SState of PT by dGMP. Therefore, the
solutions of PT (90:M) were excited at 355 nm in the absence duenching of the triplet excited state of PT)($hould be mainly
and the presence of dGMP (50M). In the former case,  esponsible for the observed decrease.
differential transient absorption spectra recorded in the-300 ~ Assuming that the Squenching by dGMP is dynamic, the
700 nm wavelength range were in agreement with previous Pimolecular rate constant of fluorescence quenchig® can

studies performed for PT and other pterin derivatives i®¥ be calculated from th&sy value, using eq 17:
and DMSO?! The transients reported in these publications for .
PT were proposed to be triplet states with lifetimes shorter Kev = ¢ kq (17)

than 3us. Accordingly, the intensity of the spectral changes

registered in our experiments aften$ were very small (Figure  wheretr is the fluorescence lifetime of PT (76 0.4 ns and

7). In contrast, the experiments performed in the presence of5.0+ 0.4 ns at pH 5.5 and 10.5, respectivel§)f the electron
dGMP showed a transient that did not decay during more than transfer would take place fromy3he maximum value of the

10 us. In addition, the differential transient absorption spectra rate constant for the reaction between excited PT and dGMP
obtained (Figure 7) have the characteristic narrow absorption (ke would beky™ ((6.7+ 0.7) x 10° and (4+ 1) x 10° M1
band @max &~ 320 nm) of neutral and cation radicals of s !atpH 5.5 and 10.5, respectively). Therefore, assuming this
2'-deoxyguanosiné® Therefore these results are direct evidence mechanism, the maximum rate of dGMP consumption would
be given by eq 18 and can be calculated for a given experiment.

(47) Candeias, L. P.; Steenken,J5.Am. Chem. S0d.989 111, 1094-1099.

(48) Candeias, L. P.; Steenken,5.Am. Chem. S0d.992 114, 699-704. Sir1

(49) Steenken, SChem. Re. 1989 89, 503-520. (d[dGMP]/d;)2 = — ket l[ PT*][dGMP] (18)

(50) Chahidi, C.; Aubailly, M.; Momzikoff, A.; Bazin, M.; Santus, Rhotochem.
Photobiol.1981, 33, 641—-649.

(51) Song, Q.-H.; Hwang, K. Cl. Photochem. Photobiol. 2007, 185 51— (52) Thomas, A. H.; Lorente, C.; Capparelli, A. L.; Pokhrel, M. R.; Braun, A.
56. M.; Oliveros, E.Photochem. Photobiol. S&2002 1, 421-426.
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Figure 8. Quenching of the fluorescence of PT by dGMP: Corrected
fluorescence spectra (excitation at 350 nm) of solutions of pterin{2p

in the absence and in the presence of different concentrations of dGMP;
the dGMP concentration (mM) appears above each spectrum: (& pH
5.5; (b) pH = 10.5. Insets: SteraVolmer plots of the integrated
fluorescence intensities].
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where [PT*] is the steady-state concentration of PT in the S
state and can be calculated from eq 19:
['PT*] = PJ(1/rz + k> [dGMP]) (19)
This estimated rate (eq 18) was calculated for several
experiments performed under different conditions. In all cases,
the theoretical rate was lower than the experimental one. For
instance, for the same experiment used for evaluating the
reaction with1O, (vide suprg, the calculated rate was 0.83
uM min~1, whereas the experimental rate was 22.1 uM
min~L. These results are in agreement with a minor or negligible

contribution of an electron transfer involving the Sate of
PT.

4., Conclusions

The capability of pterins to photoinduce damage to DNA has

oxidized by1O,, to the best of our knowledge, there are no
systematic studies on the reactivity of dGMP wiDy.

In this work, we have shown that the deactivation©$ by
dGMP is mainly a chemical process (reaction 6). Indeed, within
experimental error, the rate constants!@ total quenching
by dGMP & = (1.7+ 0.1) x 10’ M~t st and (8.5+ 0.6) x
10’ M~1 s71 in acidic and alkaline media, respectively) are
similar to the rate constants of the chemical reaction between
10, and dGMP in the corresponding media€ (1.7 4 0.3) x
10’ M~1stand (9.64 0.8) x 10’ M~1s71, respectively). It is
noteworthy that the reactivity of dGMP towal@®, is much
higher in alkaline media. This fact can be explained on the basis
of charge effects as a consequence of the different-dmde
equilibria of the nucleotides in #. At pH 10.5, the guanine
moiety is deprotonated at its lactam group (Figure 1). Since
the attack of!O, takes place onto the guanine moiety, its
deprotonation must be responsible for the high increade of
value with the pH. This kind of behavior has already been
described in the literature for other compounti®>

In this work, we have also investigated the photosensitized
oxidation of 2-deoxyguanosine'5nonophosphate (dGMP) by
pterin (PT) in aqueous solution under UV-A irradiation. We
have shown that when aerated solutions containing dGMP and
PT at pH 5.5 or 10.5 are exposed to UV-A radiation, dGMP is
consumed, whereas the photosensitizer (PT) concentration does
not change significantly. During this process; i® consumed
and HO; is generated.

The role of!0, in the oxidation of dGMP photosensitized
by PT was evaluated from kinetic calculations taking into
account the values obtained fé¢ and from comparative
photolysis experiments in 4@ and BO. Results show that the
chemical reaction between dGMP ak@, does not contribute
significantly to the photosensitized oxidation of dGMP by the
acid form of PT (pH 5.5), thus suggesting the participation of
a type | mechanism under these pH conditions. In contrast,
photosensitized oxidation by the basic form of PT (pH 10.5)
occurs mainlyia *0,. Therefore, significant photosensitization
of DNA components by pterin derivativesia a type |l
mechanism should be discarded at a pH lower than 9.

Experiments of quenching of the near-infraf€} lumines-
cence by dGMP, performed using PT d€a sensitizer, suggest
interactions of dGMP with the excited states of PT. Kinetic
comparison of these results with those obtained in experiments
of quenching of PT fluorescence by dGMP shows that quench-

ing of the S state of PT by dGMP was negligible in the range
of dGMP concentrations used for the study of the photosensi-

tized process. Therefore significant quenching of the PT triplet

state by dGMP should occur. Direct evidence of electron transfer
between dGMP and excited PT was obtained in acidic media
by laser flash photolysis experiments showing the presence of

the dGMP radical after excitation of PT at 355 nm. The
formation of such a radical occurs within a time window of a
few microseconds, which is in favor of the participation of the

PT triplet state in the process.

been demonstrated, the main target on the DNA molecule being Finally, taking into account all the results presented in this
guanine?? However, there is no agreement concerning the work, a mechanistic scheme may be proposed for the photo-

mechanism involved: type | (electron transfer) or type Il
(reaction with singlet molecular oxygeriQ,)). Moreover,

sensitized oxidation of dGMP by PT in the presence of oxygen.
After excitation of PT and formation of its triplet excited state

although many studies have demonstrated that guanine is easily3PT*),
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PT™ 1p7s S5 3p7s (20)

two reaction pathways compete for the deactivation of the latter:
(a) Energy transfer froniPT* to molecular oxygeifO,) leads

to the regeneration of PT and the formation of singlet oxygen
(!O) and to the subsequent oxidation of dGMP (type Il
mechanism, reactions a and b):

*®T*+°0,—~PT+'0, (@)

(b)

(b) Electron transfer between dGMP arf®T* leads to the
formation of the corresponding radical ions,"Pand dGMP*
(type | mechanism, reaction c).

dGMP+'0, —~ dGMP,,,

*PT*+ dGMP— PT™ + dGMP™* (c)

These radical ions may recombine (reaction d) but also in-

dGMP(=H)" + O,” — dGMP(-H)O, — dGMP,, 0]

In the presence of SOD that catalyzes the disproportionation of
Oz~ (reaction f), the only pathway that regenerates dGMP
(reaction h) is prevented and an enhancement of the photosen-
sitized degradation of dGMP is observed experimentally. Other
slower processes may play a role, in particular in the absence
of O~ and other reactive species. For example, dGMPRay
undergo hydration followed by the formation of 8-oxo-7,8-
dihydroguanosine'&monophosphate (8-oxo-dGMP) and other
oxidized product® (reaction j). Other minor pathways might
also contribute to the consumption of dGMP (dimerizations or
reactions of radicals with $Dy).

dGMP" + H,0 — 8-0x0-dGMP— — dGMP,,,,  (j)

Type | and type Il mechanisth®f the oxidation of dGMP
photosensitized by PT are competitive and contribute in different
proportions depending on the pH. In alkaline media, where the
quantum yield ofO, production (P») and the rate constant of
the chemical reaction between dGMP a@}p (k;) are higher

itiate a series of consecutive and parallel reactions where than those in acidic media, the main mechanism involi®s

different reactive species interact in a more complex pat-
tern than that in the type Il mechanism. Following reaction c,
the electron transfer from PT to O, regenerates PT and
forms the superoxide anion {O) (reaction e). The latter
may disproportionate with its conjugated acid (}¥QGo form
H,O, (reaction f), a process in competition with reactiorvidé
infra).

PT™ + dGMP* — PT+ dGMP (d)
PT”+0,—PT+0,” (e)
O, ———H0, ®

The radical cation dGMP undergoes fast deprotonatéi®
to the corresponding neutral radical dGM)* (reaction g).
The latter radical and £ react very fasé through two
competitive pathway%! (i) electron transfer with the regen-
eration of dGMP and @(reaction h) and (ii) radical recombina-
tion followed by the formation of end products (reaction i).
Oxidation of dGMP{&H)* by O; is very slow?5% and should
not contribute significantly to the formation of dGMP oxidation
products.

dGMP" = dGMP(-H)" + H"
dGMP(=H)"+ O,” + H" — dGMP+ O,

)
(h)
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as the reactive intermediate. On the other hand, under acidic
conditions, where the reaction witl, is much slower and the
initial electron transfer (reaction c) is likely to be more efficient,
the type | mechanism is the main pathway. Since this is the
situation at physiological pH, it can be inferred that electron
transfer should be the main mechanism responsible for oxidation
of nucleotides photosensitized by PT in biological systems.
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