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Abstract: The distribution of the final base damage was determined within isolated DNA exposed to pulses
of 266 nm laser light. Studied lesions included oxidation products arising from biphotonic ionization of DNA
bases and pyrimidine dimeric photoproducts arising from monophotonic processes. The distribution of the
latter class of damage was found to be correlated with the stability of the DNA duplex. The quantum yield for
formation of 8-oxo-7,8-dihydroguanine was much higher than that of other oxidized nucleosides arising from
the degradation of thymine and adenine. This observation, together with the shape of the intensity dependence
curves, provided evidence for the occurrence of charge-transfer processes within DNA. In addition, increase
in the ionic strength of the irradiated DNA and stabilization of the DNA duplex were found to induce a drastic
decrease in the yield of thymine and adenine oxidation products. Concurrently, an increase in the yield of
8-oxo-7,8-dihydroguanine was observed. This was rationalized in terms of an increase in the overall charge-
transfer efficiency. Therefore, it may be concluded that stabilization of the double-helix favors charge-transfer
process toward guanine bases.

Introduction of oligonucleotides following conversion of some of the damage
o o ] into strand breaks upon alkaline treatment. Using this technique,
One-electron oxidation of DNA is involved in processes such fayored degradation of guanine has been observed within DNA
as the direct effect of ionizing radiation, type | photosensitiza- fragments under a variety of oxidative conditions including
tion, and reactions with a wide array of oxidants. This leads to photoinduced electron abstracti¥, site-specific production
the formation of the radical cations of DNA bases. The reactivity of 4 2-deoxyribose radical cation at the C4 posifidhand UV
of the latter transient species has been extensively investigatedaser irradiatiori. One limitation of the latter approach is the
using monomeric model systems and isolated DNaddition,  |ack of structural information on the guanine oxidation products
the final lesions arising from the fate of the radical cation of gpsenved. This may be partially overcome by the use of bacterial
the pyrimidine and purine bases have been identified upon pNA repair enzymes aimed at converting base damage into
isolation of the degradation products of bases and nucleo$ides. sirand breaks. For instance, formamidopyrimidine DINA
The c_hemlstry of base rad!cal cations within double-stranded glycosylase (Fpg) has been used to visualize the predominant
DNA is more complex particularly because of the occurrence formation of 8-oxodGuo within oligonucleotides exposed to
of the well documented possibility of charge-transfer reactions gjther 193 or 266 nm laser pulsésAltogether, evidence has
within the highly organized biopolymérGuanine residues,  peen provided for the occurrence of charge transfer within DNA.
especially when located at théénd of G doublets or triplexes, — The exact mechanism is not fully understood but is likely to
are the main targets because they exhibit the lowest ionizationcompine super-exchange through thetack of bases over a

potential among DNA bases and thus behave as traps for positiveje\y pase pai with long distance intra- and interstrand hopping
holes? This may be visualized by sequencing gel electrophoresis
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Scheme 1.Structure of the Lesions Studied
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2 Only thymine dimeric photoproducts are shown. The level of related thynupisine, cytosinethymine, and cytosinecytosine lesions
were also determined.

of the chargél A slightly different version of the latter  The distribution of the latter lesions, that include cyclobutane

mechanism involves the stabilization of the positive charge in dimers, (6-4) photoproducts and their related Dewar valence

a polaron-like specie. isomers, was also found to be dependent on the stability of the
Using specific chromatographic assays aimed at measuringDNA duplex. Therefore, precise determination of the quantum

a wide array of oxidative base damage, we also observed thatyield of formation of these classes of monomeric and dimeric

guanine lesions were the major decomposition products upondamage allowed us to show that stabilization of the DNA

type-l photosensitization of DNAS This was partially attributed  structure enhanced the efficiency of charge transfer toward

to charge-transfer processes from the T, C, and A radical cationguanine bases.

toward guanine. However, it was not possible to rule out a

preferential electron transfer from guanine to the photoexcited Results

sensitizer, leading to a higher initial yield of guanine radical Distribution of Dimeric Pyrimidine Photoproducts under
cation with respect to the three other bases. Biphotonic UV laser- pifterent Irradiation Conditions. The quantum yields of

induced photoionization of DN may be used as an alternative  ¢omation of the lesions upon high-intensity UV laser irradiation

means to generate radical cations of the four bases in ap-yere compared with data obtained under conditions where only
proximately equal amounts. Interestingly, a high-intensity UV yonaphotonic processes are involved. For this purpose, control

laser has been used to generate DNptotein cross-links in gy periments were performed with a germicidal lamp that emits
footprinting experiment& In addition, direct measurements by UVC light with a maximum emission wavelength at 254 nm.

high-performance liquid chromatography (HPLC) coupled to pNa solutions were used at a concentration of @FmL as
electrochemical detection have shown the induction of the 8-0X0 ¢, the laser experiments. This represented solutions 10 times
purine derivatives upon exposure of DNA to UV laser pufSes. more dilute than those in our previously reported wd#s.

In the present work, the formation of a wider set of oxidative gqphasis was placed on the formation of dimeric pyrimidine
damage to guanine, thymine, and adenine (Scheme 1) wasyhoioproducts that are expected to be the main lesions. Quantum
specifically measured by HPLC coupled to tandem mass yie|ds were calculated and expressed with respect to the overall

spectrometry. In addition, the formation of dimeric pyrimidine - pA pases (Table 1). A major difference was observed between
lesions, arising from monophotonic procesSesas monitored e gistribution of lesions determined in experiments carried

to assess the effect of the laser pulse intensity on the efficiency ,t at concentrations of 1 mg/mL and Z§/mL, respectively.
of the depletion of excited pyrimidine bases by a second photon. The |atter solution was prepared by dilution of the former in
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Siebbles. L. D. AJ. Am. Chem. So@000 122 1090310009 unchanged, those of the TC photoproducts were at least 3 times

(12) Schuster, G. BAcc. Chem. Re€00Q 33, 253—260. lower in the most diluted samples. Similarly, the extent of
(13) Douki, T.; Cadet, Jint. J. Radiat. Biol.1999 75, 571-581. formation of CC damage was drastically reduced, and the
(14) Nikogosyan, D. NInt. J. Radiat. Biol.199Q 57, 233-239. amount of the corresponding lesions was below the detection

(15) (a) Pashey, I.; Dimitrov, S.; Angelov, Drends Biochem. Sci99], L . L
16, 323-326. (b) Angelov, D.. Novakov, E.; Khochbin, S.. Dimitrov, 5. limit of the HPLC-MS/MS method. The most striking observa-

Biochemistry 1999 38, 11333-11339. (c) Mutskov, V.; Gerber, D.;  tion was the formation in relatively high yield of theans—
Angelov, D.; Ausio, J.; Workman, J.; Dimitrov, /ol. Cell. Biol. 1998~ syn TT cyclobutane dimer. Indeed, this photoproduct is not
18, 6293-6304. (d) Angelov, D.; Vitolo, J.; Mutskov, V.; Dimitrov, S.; - gypected to be produced within B form DNA because both
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(16) Angelov, D.; Spassky, A.; Berger, M.; CadetJJAm. Chem. Soc. adjacent thymine residues are in a prefemat conformation.

1997 119, 11373-11380. As a consequence, tlois—syndiastereoisomer is expected to
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Table 1: Quantum Yield &1000) of Dimeric Pyrimidine Photoproduétwithin DNA Exposed to the UVC Light Emitted by a Germicidal

Douki et al.

Lamp
concn 1 mg/me 75ug/mL 75ug/mL 75ug/mL

additive none none 100 mM NaCl 1 mM Tris
6—4TT 0.379+ 0.005 0.307A: 0.007 0.25%: 0.006 0.255+ 0.005
c,sT<>T 2.406+ 0.206 1.801t 0.150 1.850f 0.0397 2.12G6+ 0.113
t,sT<>T n.d¢ 0.177+ 0.037 n.d. n.d.

6—4TC 1.4774+0.034 0.25H 0.025 1.350t 0.024 1.024+ 0.037
c,sT<>C 1.208+ 0.105 0.310+ 0.038 0.915+ 0.037 0.80A- 0.089
6—4 CT 0.013+ 0.001 0.019+ 0.002 0.012+ 0.003 0.014- 0.001
c,sC<>T 0.451+ 0.036 0.286+ 0.020 0.418+0.011 0.359+ 0.026
6—4 CC 0.1114 0.005 0.008+ 0.001 n.d. 0.041 0.004
dew CC 0.081 0.010 n.d. n.d. 0.03% 0.005
c,sC<>C 0.153+ 0.025 0.022+ 0.008 0.08A 0.017 0.109+ 0.019

aThe formation of TT, TC, and CT Dewar valence isomers was not obsehResults are expressed with respect to the overall DNA bases
(mean+ standard error)¢n.d.: no detectable formation.

be predominantly produced. However, t,s<¥T has been 2-035

detected within denatured DNAand DNA exposed to very \ - 0.35

high doses of UVB light, under conditions where the overall 015 O os ToT \ m 64TC
degradation yield of pyrimidine bases was close to'#3The 8" % 8030 rgr b casT<C
level of photoproducts was significantly lower in the present x \ %

experiment. In addition, the level of t,s<FT was found to be 21 % §0 251

linear with respect to the applied UV laser dose. This is strongly § ﬁ% £

indicative that the generation of t,s<FT was not a conse- § | ] - g 5077

quence of a partial denaturation of DNA induced by the ° °57 © ;

accumulation of other photoproducts. Interestingly, the distribu- R‘I\.\,\. 0.15-

tion of damage obtained within DNA irradiated at a concentra- 010

tion of 1 mg/mL was similar to that obtained in diluted solution 0 100 200 300 0 100 200 300

(75 ug/mL) in which the ionic strength was raised by the intensity (mJ/onm?) intensity (mJicr?)

addition of either 100 mM NaCl or 1 mM Tris. This was shown  gigyre 1. Effect of the laser pulse intensity on the quantum yield of

by the increased yield in TC and CC damage together with the formation of dimeric photoproducts at (A) TT and (B) TC sites within

lack of formation of t,s F>T. isolated DNA (75ug/mL). Values for the lowest intensity were inferred
Effect of UV Laser Intensity on the Distribution of for experiments using a 254 nm-emitting germicidal lamp.

Lesions.The first series of experiments with UV laser involved

exposure of an aqueous aerated solution of DNA to pulses of 107

increasing intensity ranging between 18 and 347 ma/dto

salt was added to the solution. To avoid a heterogeneous 0.8+

distribution of photoinduced damage in the sample, the chosen 8 TG
concentration of the solution was #§/mL to obtain an optical = 06 o 5_HMé’Urd
density of 1.5. In addition, the solution was stirred during the 3 A 5FordUrd
irradiation. Dimeric pyrimidine lesions and base oxidation ?0_4_ O 8-owdGuo
products were quantified by HPLEMS/MS. The vyield of £ ¢ &ondAdo
8-oxodGuo upon exposure of DNA to the light emitted by the &

o
N
1

germicidal lamp was at least 1 order of magnitude lower than
that of ¢,s T=>T. This oxidation may be partly accounted for
by the formation of singlet oxygen from excited guanine 00
residueg? No formation of the other oxidized bases quantified
was observed upon exposure of DNA to 254 nm light. All UV
laser-induced DNA base lesions were found to be generated inFigure 2. Effect of the laser pulse intensity on the quantum yield of
a linear way with respect to the total UV irradiation dose. This formation of oxidized nucleosides within isolated DNA (#§/mL).
showed that all lesions were primary photoproducts and that Values for t_he; lowest intensity were inferred for experiments using a
. . . 254 nm emitting germicidal lamp.
no secondary reactions, such as the degradation of highly
oxidizable 8-oxodGuo, occurred. The quantum yield of TT and involving the use of the low-intensity UVC lamp. In contrast
TC cyclobutane dimers and+{@) photoproducts was foundto  to pyrimidine dimeric photolesions, the quantum yield of
decrease with increasing laser pulse intensity (Figure 1). No oxidized bases increased with increasing intensity of the laser
Dewar valence isomer was detected. Interestingly, the ratio pulse (Figure 2). However, it must be emphasized that the yield
between theis—synandtrans—synthymine cyclobutane dimers  of 8-oxodGuo rapidly reached a plateau, while those of ThdGly,
was constant over the range of pulse intensities investigated. It5-HmdUrd, and 8-oxodAdo were still increasing at the highest
was similar to that determined in the control experiments intensity. For instance, the ratio between the yield of ThdGly
(19) Patrick, M. H.. Gray, D. MPhotochem. Photobiol976 24, 507— and 8-oxodGuo.was 0.12 gnd 0.85 for intensities of 18 a_nd 347
513. mJ/cn?, respectively. The increase in the yield of formation of
c (FfOJ) (g%Bishgp, S.(I;/IH; Malcone, Md;gghiilaigi, g%;zpat;k?\;f ﬁ. W.;Sé/mTons, 5-FordUrd with increasing intensity was lower than that of
NMorrison, 143 Am. Chem. S04906 118 1221 1292 © Wei, 0.c;  ThdGly and S-Hmdurd. Indeed, while the ratio between the
two latter lesions remains constant over the range of intensity

Cai, Q. Y.; Rahn, R.; Zhang, X. $ree Radical Biol. Med1997, 23, 148 ! : 4
154, studied (ca. 6.4- 0.4), the ratio between the yield of 5-FordUrd

0 " 10 200 300
intensity (mJ/em?
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Figure 3. Effect of the irradiation conditions on the quantum yield of
formation of thetrans—synthymine cyclobutane dimer within isolated
DNA exposed to laser pulses of either 16 or 347 mJ/amtensity.
The DNA concentration was 76g/mL for all samples. The DNA
samples were either used without further treatment, heated atQ.00
prior to the irradiation, or mixed with spermidine to reach final
concentrations of 0.03 and 0.1 mM in the latter compound.

Figure 4. Effect of the irradiation conditions on the yield of formation
of oxidized nucleosides within isolated DNA exposed to UV pulses of
347 mJ/cri. The DNA concentration was 7&g/mL for all samples.
They were either used without further treatment and heated at@00
prior to the irradiation, or mixed with spermidine to reach final
concentrations of 0.03 and 0.1 mM in the latter compound.

and 5-HmdUrd decreased from 4 to 1. However, the ratio
between the yield of 5-FordUrd and 8-oxodGuo constantly
increased. It should be mentioned that an increase in the yield
of oxidized nucleosides with increased laser intensity was also

observed under higher ionic strength conditions. Indeed, the g 3] & ThdG

. . . 0 8 y
yield of 8-oxodGuo determined within DNA samples containing T & 5-HVAUrd
10 mM Tris was 7 times higher upon irradiation at 354 mJ¥cm ke A 5-FordUrd
than at 16 mJ/ci A value of 8 was found for the combined 22 O 8-0xdGuo
yield of all oxidized nucleosides quantified. 5 g ¢ 8-ondAdo

Effect of UV Laser Irradiation Conditions on the Yield g

of Oxidative Base Damageln a subsequent step, UV laser o1
irradiations were performed at an intensity of either 16 or 347 —&
mJ/cn? under different conditions. First, spermidine was added - — ¢
to a 1.5 OD DNA solution to increase the stability of the DNA 0 0 5 A 8 8 10

duplex. In addition, irradiations were performed in water either
at room temperature or immediately after warming the sample ) ) ) ) )
to 100°C for 1 min to partially denature DNA. Denaturation Figure 5. Eff_ect of increasing the concentration of Tris on the yield
of the sample by heating leads to an increase in the yield of t,sOf the formation of oxidized nucleosides within isolated DNA (¥
T<>T, while addition of spermidine induced an opposite effect mL) exposed to UV pulses of 347 mJ/&m

(Figure 3). It must be emphasized that the combined yield of
dimeric pyrimidine photoproduct was not modified by the
addition of spermidine in the DNA solution. The relative yield
of ThdGly, 5-HMdUrd, 5-FordUrd, and 8-oxodAdo with respect
to that of 8-oxodGuo decreased when the DNA duplex was
stabilized by addition of spermidine. (Figure 4). An opposite
trend was observed upon heating the solution. The effect of the
ionic strength was also investigated. For this purpose, DNA  Stability of the DNA Duplex and Distribution of UVC-
solutions containing increasing concentration of Tris were Induced Photoproducts.We have recently reported the indi-
exposed to laser pulses at the highest intensity (347 m)l/cm vidual quantification of the level of cyclobutane dimers-@

The quantum yield of formation of 8-oxodGuo increased upon adducts, and the related Dewar valence isomers for each of the
addition of Tris while the yield of the other four oxidative lesions four possible bipyrimidine sites within UVB- and UVC-
decreased until the Tris concentration was 1 mM (Figure 5). irradiated DNA'® Concentrated solutions of DNA (1 mg/mL)
For the highest Tris concentrations (3 and 10 mM), the values were used in the latter works. As a control for the present study
slightly increased. However, the relative yield of ThdGly, of UV laser-induced DNA damage, more diluted DNA samples
5-HMdUrd, 5-FordUrd, and 8-oxodAdo with respect to 8-oxod- were exposed to the UV light emitted by a 254 nm germicidal
Guo decreased over the whole range of Tris concentrations. Alamp. A major difference was observed in the relative yield of
similar trend was observed at lower laser intensity (data not the photoproducts under the two different conditions. A first
shown), although the formation of ThdGly, 5-FordUrd, 5-Hmd- significant effect of the dilution of the sample was the decrease
Urd, and 8-oxodAdo were minor processes. The presence ofin the yield of formation of TC and CC photoproducts. Another
Tris in the DNA solution did not interfere with the formation  striking result was the formation of thigans—syn thymine

of dimeric pyrimidine photoproducts. Indeed, the combined cyclobutane dimer in significant yield, while it was expected

TRIS concentration (mM)

guantum yield for the formation of TT and TC photoproducts
was found to be 1.1k 1072 and 1.17x 1073 within DNA
sample exposed to 354 mJ/taser pulses in the presence of
0 and 10 mM Tris, respectively.

Discussion
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to be produced in very low amouH A likely explanation is products could not be detected under the latter conditions. This
a lower stability of the DNA duplex in diluted with respect to was confirmed by the highly sensitive HPEGIS/MS assay
concentrated solutions. Indeed, it is well established that an (Douki and Cadet, unpublished results). Therefore, triplet excited
increase in ionic strength leads to the stabilization of the DNA state can be ruled out as the intermediate in the formation of
duplex as shown by the increase in the melting temperature. (6—4) adducts. An alternative explanation could be that the
It is therefore likely that, through a dynamic process, DNA photoproducts (or at least a significant fraction) are formed
locally adopts a denatured conformation making possible the through singlet excited state complexes (exciplexes) exhibiting
formation of t,s T<>T. A complete denaturation into single- nanosecond lifetime. The possible occurrence of such transient
stranded DNA is very unlikely since the melting temperature species has already been discusé$ekhere is thus an obvious
of genomic DNA of various sources is aroundT&?! Increase need for a deeper understanding of the photoexcitation processes
in the ionic strength by addition of either NaCl or Tris led to of nucleobases within DNA.
the prevention of the formation of t,s<>T together with the Evidence for the Occurrence of Charge Transfer within
increase in the yield of TC and CC photoproducts. The relative DNA. In contrast to the formation of monophotonic dimeric
yields of the photolesions obtained under these conditions werepyrimidine photoproducts, the overall yield of oxidized bases
similar to those observed in concentrated DNA solutions. The increased with increasing intensity of the laser pulse, as already
latter observation suggests that dilution of the 1 mg/mL DNA observed for the level of Fpg-sensitive sites in oligonucleotides
solution with pure water induces a decrease in the ionic strength,and 8-oxodGuo within isolated DN&.This is expected because
leading to the destabilization of the duplex. As a conclusion, it an increase in the intensity leads to a higher probability for a
can be proposed to use the formation of t$>IT as a marker base in its triplet excited state to absorb a second photon and
of the stability of the DNA duplex. This will be an important to become ionized. Strikingly, the distribution of oxidation
piece of information in the following study on the laser-induced products was found to be dependent on the intensity of the laser
degradation of DNA. It can be added that the monophotonic pulse. Indeed, at the lowest intensity, 8-oxodGuo was produced
oxidation of DNA bases upon exposure to low-intensity UVC in a yield at least 1 order of magnitude higher than those of
radiation is a minor process that will be neglected in the ThdGly, 5-HMdUrd, 5-FordUrd, and 8-oxodAdo. However, as
following discussion. the intensity of the laser pulse increased, the relative yield of

Effect of the Laser Pulse Intensity on the Damage  the latter lesions with respect to that of 8-oxodGuo increased.
Distribution. Exposure of DNA to UV laser pulses induces This shows that the biphotonic ionization of guanine reaches a
monophotonic processes leading to the formation of pyrimidine saturation level (equilibrium between the formation of molecules
photoproducts through the excitation of DNA bases. In addition, in their triplet excited state and their excitation) for intensity
absorption of a second photon by an excited base provideslower than the other DNA bases. The maximum quantum yield
enough energy to allow its ionizatiéfThe probability for the of biphotonic ionization is first limited by the extent of the
occurrence of such a biphotonic process increases with increastriplet-state population. However, the intersystem-crossing yield
ing intensity of the UV laser pulse. This was unambiguously is lower for guanine than for the other DNA ba3é# addition,
shown by the decrease in the yield of dimeric pyrimidine thymine and not guanine would be expected, on the basis of
photoproducts arising from monophotonic excitations as the the energy level of the triplet excited states, to be the main target
pulse intensity increased. Similar results have been reported forof triplet energy-transfer processes. Altogether, the present
¢,s T<>T and 6-4 TC upon exposure of DNA to 266 and 248 observations cannot be accounted for by a larger population of
nm laser pulses, respectivé{Z2However, only two intensities ~ guanine triplet excited state. Therefore, we propose that the
that differed by 4 orders of magnitude were used in the latter observed intensity dependence of the formation quantum yield
work. Comparisons between the DNA damage induced by of oxidative base damage is a manifestation of hole migration
continuous UVC light and 193 nm laser pulses have also beenwithin DNA and trapping at guanine moieties. It can be added
previously reported These results cannot be compared with that for a defined UV laser intensity the ratio between the yield
the present data because 193 nm photons are able to ionize DNAf guanine modifications on one hand and thymine, cytosine,
bases through a monophotonic process. It should be emphasizednd adenine damage on the other hand depends on the distance
that, in the present work, the yields of both cyclobutane dimers of the positive hole migration and the efficiency of trapping by
and (6-4) adducts were found to decrease to a similar extent guanine bases. Indeed, a decrease in the rate of the latter process
at both TT and TC sites. This means that the lifetime of at least leads to an increase in the lifetime of thymine, adenine, and
a part of the transient excited species giving rise to these cytosine radical cation. As a result, the level of products arising
photoproducts is similar or higher than the laser pulse duration from the latter transient species increases. Therefore, the ratio
(5 ns). The singlet excited state can be ruled out because itsbetween the yields of 8-oxodGuo and those of damage at other
lifetime lies within the picosecond range in DNA?* These bases is a marker of the charge-transfer efficiency. However, it
results could also be accounted for by the involvement of the should be kept in mind that other guanine degradation products
triplet excited state. Indeed, cyclobutane dimers may be are produced, such as the formamidopyrimidine derivative and
produced from the triplet excited state, as shown by photosen-oxidation products arising from the deprotonation of the guanine
sitized energy-transfer experimeftsdowever, (6-4) photo- radical catior?”

(21) Marmur, J.- Doty, PJ. Mol. Biol, 1962 5, 109-118. Stabilization of the DNA Duplex and Charge Transfer.

(22) Masnyk, T. W.; Nguyen, H. T.; Minton, K. . Biol. Chem1989 The stability of the DNA duplex can be estimated by the yield
264, 2482-2488. . _ of t,s T<>T and the efficiency of charge transfer inferred from
(23) (@) Gurzadyan, G. G.; Geer, H.Photochem. Photobiol 993 58, the relative yield of 8-oxodGuo with respect to that of other

71-80. (b) Gurzadyan, G. G.; Geer, H.; Schulte-Frohlinde, IPhotochem.
Photobiol.1993 58, 477—485. (c) Gurzadyan, G. ®hotochem. Photobiol. (26) Ballini, J. P.; Vigny, P.; Daniels, MBiophys. Chenl983 18, 61—
1996 63, 143-153. 65

(24) Nikogosyan, D. N.; Angelov, D.; Soep, B.; Lindqgvist, Chem. .(27) (a) Cadet, J.; Berger, M.; Buchko, G. W.; Joshi, P. C.; Raoul, S.;
Phys. Lett.1996 252 322-326. Ravanat, J.-LJ. Am. Chem. Sod994 116 7403-7404. (b) Kino, K;
(25) (a) Ben-Ishai, R.; Ben-Hur, E.; Hornfeld, ¥r. J. Chem1968 6, Saito, |.; Sugiyama, Hl. Am. Chem. So&998 120, 7373-7374. (c) Vialas,
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oxidized bases. Both aspects were studied within samples ofnew piece of information in this widely studied field. The strong
DNA exposed to either low- or high-intensity laser pulses under ionic strength effect reported points out that differences in
various experimental conditions. The first involved the stabiliza- experimental conditions should be considered when comparing
tion of the DNA duplex by the polyamine spermidine. This class different systems. In addition, the presently reported results may
of small polycationic molecules is known to tightly bind DNA, have consequences in terms of sequence effect. Indeed, the DNA
leading to its compactioff In addition, it has been shown that  structure may locally vary and exhibit a lower stability and
polyamines do not modify the chemistry of DNA base radicals different reactivity, as previously reportédt might be of
even though they very efficiently protect DNA against the attack interest to extend the global approach developed in this work
of hydroxyl radicals by decreasing the accessibility of the on DNA to specific investigations at the sequence level on
reactive sited? To further assess the effect of the destabilization defined oligonucleotides. Such an approach would likely allow
of the DNA duplex, laser irradiations were also performed on a precise quantification of the qualitative observations made in
heated DNA samples which were thus expected to be partially the present work. However, such studies require the development
denatured. As anticipated, the quantum yield of formation of of specific and sensitive tools for the quantification of defined
t,s T<>T was higher in the denatured samples, while it lesions at the nucleotide resolution. The array of available assays
decreased with increasing spermidine concentration. The relativeincluding piperidine treatment andl-glycosylase digestion
yield of 8-oxodGuo with respect to that of the other measured should thus be extended.

oxidized bases behaved in an opposite way. The former lesion

was produced in a much higher amount than ThdGly, 5-HMd- Experimental Section

Urd, 5-FordUrd, and 8-oxodAdo when the duplex was stabilized  chemicals. Calf thymus DNA, Tris, spermidine, nuclease P1,
(presence of spermidine) than within denatured DNA (heated phosphodiesterase I, phosphodiesterase I, and sodium chloride were
samples). These results were confirmed by a last series ofobtained from Sigma (St. Louis, MO). Alkaline phosphatase was
experiments involving exposure to laser pulses in the presencepurchased from Roche Molecular Biochemicals (Mannheim, Germany).
of an increasing amount of Tris. This aimed at increasing the Oxidized nucleosides and their related isotopically labeled derivatives
ionic strength of the solution and thus stabilizing the DNA Wwere synthesized as previously report&Bipyrimidine photoproducts
duplex. As expected, addition of Tris led to an increase in the Were prepared from synthetic dinucleoside monophosphates. The
relative yield of 8-oxodGuo within DNA exposed to high- C{?:Otl‘#ane dimers ‘(’j".ere Obta'r;]ectj by bsnztophenone photods%nsgl\z/e(\:tlon,
ensiy lase pulses. Alogether, the resuls reported above e 18 COTESPng (4 potopocucts were prpared by UVC
St_rongly_SUQQGSt '_[hat the stabilization of th? _duplex IS aSSOCIatedphotoly:sis of the purified (64) adducts. All products were purified
with an increase in the charge-transfer efficiency. The effect of y reverse phase HPLC.

stability on the charge transfer within DNA has already been  rradiations. All irradiations were performechia 3 mLquartz cell
predicted by Schuster and co-workers in the phonon-assisted(optical path 1 cm, width 1 c¢cm). The sample was under constant
polaron-like mechanisi#.°¢12 These authors rationalize the magnetic stirring during the experiment. UVC irradiations of 2 mL of
transfer of a positive charge within DNA as a series of hoppings. DNA solution were performed with a germicidal lamp emitting at 254
Between each hopping step, the positive charge spreads ovepm at a dose rate of 50.4 redn-2-min~*. Periods of exposure ranged
several bases, inducing a local distortion of the DNA. This type between 2 and 10 min. Laser pulses were provided by the fourth
of process is likely to be dependent on the flexibility of the harmonic of a Nd:YAG laser (Surelite I, Continum, U.S.A.). The pulses

. . lasted 5 ns at a frequency of 1 Hz. The energy was measured by a
dUpl.e.X' Indeed, theoretllca.ll calculgtlons have §hqwn tha't the pyroelectric detector using the 8% reflection of a quartz beam splitter.
stability of a polaron within DNA increases with increasing

- . The intensity variation was achieved by detuning the fourth harmony
stability of the base stackin§.It can thus be expected thatthe  generator crystal. The irradiation procedure was automated by a

gfficiency Of. the charge migration is f.aVored when the dUp'?X microcomputer. Either 1 or 2 mL of solution were irradiated. Total
is less flexible. It should be mentioned that an opposite irradiation energies ranging between either 50 and 200 mJ or 100 and
conclusion was made from theoretical calculations based on a400 mJ were applied, respectively. Following irradiation, DNA was

charge-transfer mechanism involving electron coupting. precipitated by addition of NaCl (final concentration 0.1 M) and 2.5
might thus be concluded that the latter process is only Vol of cold ethanol. DNA was then solubilized at a final concentration
responsible for a minor fraction of charge transfer. of 1 mg/mL. The DNA sample was subsequently hydrolyzed by

sequential incubation with a mixture of phosphodiesterase Il and
nuclease P1 at pH 5.5 and a mixture of phosphodiesterase | and alkaline
phosphatase at pH8*3?*The digested solution was neutralized by

. . . ddition of 0.1 M HCI, and proteins were precipitated by addition of
Several groups have used a series of physical and chemlcafé‘hloroform_ The aqueous phase was collected and transferred into HPLC

tools in order to investigate charge-transfer processes within e iion vials. Isotopically labeled internal standards (50 pmol of each)
DNA. In the present work, precise quantification of the \yere added prior to the quantification of oxidized nucleosides.
distribution of UV laser-induced base damage led to the HpLC-MS/MS Analyses.Oxidized nucleosides and pyrimidine
assumption that the efficiency of charge transfer is enhanceddimeric photoproducts were quantified by HPLC coupled to an API
by an increased stability of the DNA duplex. This represents a 3000 tandem mass spectrometer (Perkin-Elmer/SCIEX, Toronto, Canada)
used in the multiple reaction monitoring mode as previously
(28) (a) Baeza, |.; Gariglio, P.; Rangel, L. M.; Chavez, P.; Cervantes, described®3?*Briefly, the detection of 8-oxodGuo, 5-HMdUrd, 5-Ford-
L.; Arguello, C.; Wong, C.; Montanez, @iochemistryl987, 26, 6387~ Urd, ThdGly, and 8-oxodAdo involved a separation on an ODB

6392. (b) Feuerstein, B. G.; Williams, L. D.; Basu, H. S.; Marton, L1.J. ; ; ; ; o
Cell. Biochem1991 46, 37-47. (c) Frederica, E.- Hacha, R.: Colson, P.: Uptisphere (2x 150 mm, particle size asm) octadecylsilyl silica gel

Conclusions

Houssier, C.J. Biomal. Struct. Dyn1991 8, 847-865. (d) Spotheim- column. A g_radient of acetonitrile (maximum propqrtion: 10%) in__2
Maurizot, M.; Ruiz, S.: Sabatier, R.: Charlier, Mt. J. Radiat. Biol 1995 mM ammonium formate was used. Each nucleoside was quantified
68, 571-577. under optimized conditions, together with its isotopically labeled
35(29) Douki, T.; Bretonniee, Y.; Cadet, JRadiat. Res200Q 153 29— derivative used as the internal standard. Pyrimidine photoproducts were
(30) Conwell, E. M.; Rakhmanova, S. Yroc. Natl. Acad. Sci. U.S.A. (32) (a) Stadler, R. H.; Staempfli, A. A.; Fay, L. B.; Turesky, R. J.; Welti,
200Q 97, 4556-4560. D. H. Chem. Res. Toxicoll994 7, 784-791. (b) Frelon, S.; Douki, T.;
(31) Bruinsma, R.; Gmer, G.; D'Orsogna, M. R.; Rudnickl. Phys. Ravanat, J.-L.; Tornabene, C.; CadetChem. Res. ToxicoR00Q 13,

Rev. Lett. 200Q 85, 4393-4396. 1002-1010.
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analyzed as modified dinucleoside monophosphates. They were injectedlo convert our values into this system, the presently reported quantum
onto an ODB Uptisphere (2 150 mm, particle size &m) reverse yields have to be divided by the product of the abundance of the two
phase column. A gradient of acetonitrile in 2 mM triethylammonium pyrimidine bases of interest. For instance, the abundance of thymine
acetate was used. The amount of detected material was inferred fromis 27% in calf thymus DNA. Therefore, the quantum yields for the
an external calibration. Either positive (8-oxodGuo, 8-oxodAdo) or formation of the TT photoproducts have to be divided by 0.0729 (0.27
negative ionization (all other lesions) was used for the analyses. x 0.27) to be expressed as in the previous convention. Similarly, the
Calculation of the Quantum Yields. For each experiment, three  quantum yield of formation of the oxidative lesions from the initial
different irradiation doses were independently applied to DNA samples. base could be obtained by dividing the reported values by either 0.23
The level of dimeric pyrimidine photoproducts and oxidized bases was (cytosine and guanine) or 0.27 (thymine and adenine).
determined by HPLEMS/MS. These values, together with those
determined in the nonirradiated sample, were used to calculate the ~Acknowledgment. Partial financial support for this work
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