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High-intensitypicosecondaserflashphotolysishasbeenusedfor investigatingethidium
bromide(EtBr). The quantumyield of primary photoproductssa function of the laser
intensityhasbeenobtained DNA intercalatedtBr andwatersolutionsof EtBr have been
investigatedThe resultshave beencompared They shov thattwo-photonprocessesire
predominantlyresponsiblefor generationof hydratedelectron(e;,,). The primary pro-
cesse®f DNA photosensitizatiohave alsobeendiscussed.
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1. Introduction

Photoprocessgday animportantrole in theinvestigation®n DNA structuredynam-
ics and damagesThe photosensitizatiostratgy exploits the ability of several organic
moleculesto intercalateor bind to DNA in sequenceand structure-specifiecnannerand
to introducelesionshy long wavelengthultraviolet light (UVA) irradiation. The ethidium
bromide(EtBr) hasa high affinity for DNA (bindingamountsto 2.5 - 106 M—1) [1] and,
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asaconsequencef intercalationdramaticchangesn the photophysicapropertiesof the
dyemoleculeareobsened.For example thefluorescencdfetime of EtBrincrease$rom
1.8 nsin aqueoussolutionto 23 nswhenintercalatedn DNA [2—4]. The intercalationof
EtBr betweerthe strandsof DNA hasbeenthe subjectof mary investigationg1,3,4]. A
recentlyproposedaserversionclaimedto introducea high yield with DNA basedamage
andstrandscissionat intercalationsites[5]. The effect hasbeententatvely explainedby
aresonance-induateenegy transferfrom the biphotonicalyexcitedchromoforeto DNA.
However, in our previousflash-photolysiendEPRstudied6—8], we have shavn thation-
izationandgeneratiorof highly reactve hydroxylradicalsarealsoimportantprocessem
high intensitylaserphotolysisof DNA photosensitizersncluding EtBr. Thus,at present,
it is not clearwhetherhigh intensitylaserphotosensitizationf DNA occursthroughthe
intermediaryof dye cationradicalsor involvesanenegy migrationmechanismit is well
establishedhat light absorptionby aromaticcompoundsn agueoussolutionmay result
in photoejectiorof electronswhich subsequentlyin atime of about10~!? s) hydrateto
give €;, atphotonenegieslying well below their gasphaseionization potential[9,10].
In the conditionsof pulseirradiation, the possibility of electronejectionvia two-photon
absorptiormustalwaysbe considered11,12].

In this article, we describea picosecondpump-probing”techniquein a comparatie
studyof hydratedelectrongeneratiorin EtBr, isolatedandin intercalationcomplex with
DNA, usinghigh-intensitylaserradiationat 355 nm. We determinethe possibleprimary
processefom excitedstateof EtBr by measuringhequantityof irreversiblydecomposed
moleculesunderUV laserphotolysis.

2. Materialsandexperimentatednique
EtBr (2,7-diamino-10-ethyl-9-pheglpherarthridinium bromide) (Fig. 1) was pur-

chasedfrom the firm Sigmaand usedwithout further purification. Calf thymus DNA
(Sigma)waspurifiedfrom proteinsby phenolextraction.

NH,

Fig. 1. Ethidiumbromidemolecule(EtBr).

Experimenthave beencarriedoutin 10 mM phosphatduffer, 5 mM NaClpH 7.6 at
EtBr concentratiore, = (1 — 60) - 10=3 M, andDNA concentratiorwascg = (1.0 —
1.5) - 10~2 M. The absorptionrwas A = 0.033 and A = 0.09 for EtBre¢, = 3 -10~*
M, andEtBr-DNA complex ¢g = 1.5 - 103 M, respectiely, at 355nmin a0.1cmlong
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cell. Simplified schemeof the picosecondlashphotolysissetupis shavn in Fig. 2. Laser
excitation was provided by pulsesof 30 ps durationfrom a mode-locled Nd: YAG laser
system.Theaveragepulseenegy of the 355nm radiationat the exit of thethird harmonic
wasbetween3 and8 mJ. The exciting beamwasformedby a cylindrical lensof a focal
lengthf = 40 cm. Thedimensionf the exciting beam
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Fig. 2. Simplified schemeof the photolysissetup.The notationsare: BS — beamsplitter;
C—cell(h =0.03cm, d = 0.55 cm,l = 0.1 cm), CL — cylindrical lens,D — diaphragm,
DL - delayline, ES— electromagnetishutter EV — enegy variation,F - - filter, L —lens,
LT —lineartranslationP — prism, PBP— Pelin-Brocgorism, PC— connectiorto personal
computerPD3andPD4— photodiodesPE1andPE2— pyroelectricalenegy meters,PU
— pumpandRC — Ramarcell. TheNd:YAG lasergenerates beamwith A = 1064.1 nm,
2v is theseconcharmonic(Ae = 532 nm) and3w is thethird harmonic(As = 355 nm).

atthepositionof the0.1cmcellwasadjustedo A = 0.03 cmandd = 0.6 cm. Thesolution
flowed througha quartzcell at a rate adjustedto provide a freshsolutionfor every laser
shot. The exciting beamwas perpendiculato the probebeam,andit entirely overlapped
theprobebeamin thecell. Theexcitationenegy wassetby rotatingtwo antiparallelguartz
plateg(EV in Fig. 2) while thekeepingoeamgeometryin thecell unchangedThevariation
of the time interval betweenthe pumping(355 nm) andthe probing (700 nm) beamsn
the cell was achieved by an optical delayline. Laserpulse-inducedormationof €, is
conveniently studiedby measuringransientabsorbancet 700 nm, nearthe maximum
of the g, absorptionband,the extinction coeficient being 18000M~! cm~! [13]. For
simplicity, the probingbeam(A = 700 nm) wasobtainedby stimulatedRamanscattering
(2™ Stokes)in CH;CN solutionandsubsequentut-off filtering. The experimentalerror
of Dygo measuremerat 700nm waslessthan5 - 10~2 (i.e 0.1 %) whenaveragingover
80 shots.The quantumyield (QY) of hydratedelectronavasdefinedastheratio between
the numberof generatecelectronsand of photonsabsorbediy ground-statenolecules
[14], andit wascalculatedusingthe experimentaDrqo valuesasdescribedn Refs.7 and
8. Linearabsorptiomapproximationvasusedbecauséehe directdeterminatiorof thereal
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QY of aphotoproceseccurringuponnonlinearexcitationwasnot possible All datawere
calculatedn realtimein apersonatomputer

3. Resultsanddiscussion

Thedoseresponsef thequanturnyield (QY) of hydratedelectrongenerations shavn
in Fig. 3a. The solid line represents fit usingthe formulafrom Ref. 17 for optical thin
layer
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Fig. 3. Quantunyield of hydratecelectrongeneratiorfor differentlaserdosegdelaytime
is 1.7ns) andthetheoreticalfit (the curve) for a) EtBr, concentratiore, = 3 - 10~* M, b)
DNA intercalatedEtBr, concentrationsEtBr e, = 3-10~* M andDNA basegg = 3-10~3
M.

whereE is the exciting laserdose(numberof photonsper pulse);o; ando, arethe ab-
sorptioncross-sectionsf theSy — S; andS; » — S, transitionsrespectiely. § is the
groundstateandS; arethe excited statesof EtBr molecule,and ¢ is the quantumyield
of ionizationfrom the S; and S, states.In orderto interpretthe influenceof excitation
enegy ontheresultswe turn to theschemen Fig. 4. Therearetwo pathwaysfor second
photonabsorptionfrom the excited EtBr molecule.The enegy of the photon(A = 355
nm) correspond$o theexcited S, state.Thesecondhotonmaybeabsorbedrom S;, but
S, hasa shortlifetime. During the pumpingpulse,nonirradiated-elaxationto the longer
living S, stateandabsorptiorfrom S, to S, arepossibletoo. Both pathwaysmaygenerate
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freeelectron(e™) and EtBr cation-radical The fluorescencgrovesthe populationof the
S, state.Thelifetime of the S; stateis 1.8 nsfor free EtBr, and23 nsfor intercalatedn
DNA EtBr. We ignoretransitionto triplet statesn the caseof 30 pspumppulse.Onthe
otherhand,the enegy of S,, correspondso the enegy of excited watermolecule.After
resonancenegy transferfrom highly excited EtBr
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Fig. 4 Schemeof the electronicstatesof EtBr. Sy is the groundstate,S, andSs arethe
excitedstatesands,, is the highly excitedstate.o; is theabsorptiorcross-sectioffor the
absorptiontransitionSy, — Sa andos is the absorptioncross-sectiotfor the absorption
S, — S, andS, — S, transitions.ThetransitionS; — Sy shavsthethefluorescence.

to watef OH—, Ht and €,, aregenerateds]. For EtBr, the absorptioncross-sections
o1 = 7-107'8 cm? . The bestfit shovn in Fig. 3acorresponds$o gos, = 2.3 - 10718
cn?. Sinceno appreciablehangeof the absorptiorat 355 nm wasobsenredin thewhole
intensityrangewe assumehato; = o5 andy = 0.20. Theresultsfor o3 andy cannotbe
determinedseparatelyn this procedure.

Whenthe doublestrandDNA with thebaseconcentratior; = 3 - 10—3 M wasadded
to EtBrwith ¢, = 3-10~* M, we obtainedabout100%of intercalateccomplexes,without
free EtBr. Thenthe maximumof theabsorptiormovedfrom 480nmto 500nm. Figure3b
shavs thatthe quantumyield of hydratedelectronfrom intercalateccomplexesdecreased
by afactorof aboutfive, not dependingon the delay At the moment,we have no unam-
biguousexplanationof thatfinding. No changeof D7g atatime delayof upto 2 nsafter
theflashwasobsered (thetime resolutionwas30 ps),indicatingthe absencef electron
recombinationn thistime interval.

When pulsesof 40 ns durationwere used,the transientabsorptionat 700 nm was
verylow atfluenciesup to severaltenthsof J/cn? (notshown), correspondingo hydrated
electronQY of lessthan(1 — 2) - 10~2. Similar findingshave alreadybeenreportedfor
hematoporfiring7].
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DNA strandbreakagéiasbeenobsenedto occuruponUV lampirradiation(A = 350
nm) [15] andN. laserirradiation(A = 337 nm) [5] of EtBr DNA complexes.The corre-
spondingQYs were5 - 10~% and1.9 - 10~5, respectiely, at saturationintensity At low
intensitylampirradiation,DNA cleaszagewasexplainedby electrontransferfrom the ex-
citedEtBr to DNA basesthelow quantumyield being
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Fig. 5. Quantumyield of hydratedelectrongeneratiorfor differentlaserdoseswithout
delay for differentEtBr concentrationsa)c, = 1.87- 1075 M, b)e, = 7.5-107% M, ¢)
ce =3-10"* M andd)c, = 6-10~* M.

dueto afastback-transfeof electron.Whenmethylviologen(MV) wasaddedto EtBr —
DNA complees,the QY of DNA strandscissionincreasedy a factorof about10. The
MV wassupposedo preventback-transfeof electronthusmakingpossiblethe oxidation
of theadjacenbaseby oxidizedEtBr[16]. Theuseof two DNA bindingsubstancesistead
of oneleadsto a decreasef the quantumyield of strandscission.

Whenhigh intensitylaserpulseswere used,the quantumyield of DNA cleasagein-
creasedy morethan3 ordersof magnitudedueto the biphotonicexcitationandpresum-
ably also by the fastenegy transfer[5]. However, no experimentalevidencein support
of theinvolvementof enepgy transferhasbeenpresentedOur electrongeneratiorstudies
shavedthatbiphotonicgeneratiorof hydratedelectronds a predominanprocesst high
laserintensity Figures3, 5 and6 shav nonlineardependencef hydratedelectronquantum
yield on laserdosefor a numberof EtBr concentrationin watersolution. The generation
of hydratedelectronaftertwo-quantunEtBr excitationmay occurby two processes:
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Fig. 6. Quantumyield of hydratedelectrongeneratiorwithout delay for differentlaser
doseof: a)isolatedEtBr, concentratione, = 1.5 - 10~% M, b) DNA intercalatedEtBr -

EtBr, concentrationsz, = 1.5- 10~* M andthebaseconcentrationey = 3-10~2 M, and
c) DNA intercalatedEtBr with addedmethylviologenthe concentrationsz, = 1.5- 1074

M, cq = 3-107% M ande,, = 1.5- 1073 M, for EtBr, DNA basesandmethylviologen
moleculesrespectiely.

1) the EtBrionization(Fig. 7a),and
2) thewaterionization(Fig. 7b).

In eachof the processedwo absorbeghotondeadthe EtBr moleculeto a highly ex-
cited stateS, (EtBr*). In thefirst processdirectionizationis possibleto cationradical
(EtBrt). The ejectedelectronhydratesin the bulk. In the secondprocessthe resonance
enegy transferfrom a highly excited state(EtBr**) to HoO moleculemayleadto the ex-
citedwatermolecule(H2O*). At leasttwo processearepossibleif thewatermoleculeis
in the excited state:generatiorof H¥ andOH™, ande;,. This correspondso theresults
shavn above on registeredhydratedelectronsaswell asto our previousresultson regis-
teredOH~ radicals[8]. Figure6 shaws laserdoseresponsibldor the quantumyield of
hydratedelectrongeneratiorwithout delayin the casesof isolatedEtBr (Fig. 6 a), DNA
intercalatedEtBr alone(Fig. 6 b) andwith addedmethylviologen(Fig. 6 c). The control
experimentswith 34nsdelayshav generatiorof €, , excludingabsorptiorat 700nmfrom
S;. TheDNA intercalationof EtBr leadsto a competitionof otherpossibleprocessedsig.
8).
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Fig. 7. Schemeof possibleprimary processesifter two-photonEtBr excitation. a) EtBr

ionizationandb) resonanc@&negy transferto water The notationsare: EtBrt- — cation
radicalEtBr, EtBr* —highly excitedEtBr, H,O" — excitedwatermoleculeg,, —hydrated
electronH»O" —jonizedwatermolecule,e~ —freeelectron.

Oncethe electronshave beenejectedandhydratedvia the pathway shovn in Fig. 8a,
theresultingEtBr cationradicals(EtBrt) have enoughtime to reactwith theneighbouring
basesleaving presumablypasecationradicalsandotherreactive nucleosidantermediates
BOH (OH - aducts)andB-H (H abstractions)which are known to leadto direct strand
scissionor to its labilization. On the otherhand,enepy transferto a neighbouringbase
may leadto the baseionization(Fig. 8b) andmodificationor strandenegy migration. It
is difficult to differentiatebetweerthe processeé&) and(b), becausg@roductsaresimilar.
We don't know aboutthe possibility of resonanenepy transferto water but keepingin
mind the known characteristicef DNA-EtBr compleces, it doesnt seemto be very im-
portant.Not only the S, statelifetime is changedvhenEtBr intercalateput themaximum
of absorptiorbandmovesfrom 485 nmto 500 nm. This shawvs strongcomplex influence
on EtBr excited states But if the solutioncontainsfree EtBr, the generatiorof hydroxil
radicalstroughwaterdissociatiormustbe consideredThedecreasingf hydratecelectron
quantunyield, whenaddingof methylviologen(Fig. 6), shovs undoubtedlythe participa-
tion of theionizationin the previous processeSBriefly, our resultsarein
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Fig. 8. Schemeof possibleprimary processesfter two-photon excitation of DNA-
intercalatedEtBr a) EtBr ionizationandb) resonancenegy transferfrom highly excited
EtBr to DNA base.Thenotationsare:EtBrt —cationradicalEtBr, EtBr** — highly excited
EtBr, H.O* —excitedwatermoleculee~ —freeelectron,g;, —hydratedelectron,B-DNA

—connectedo DNA baseB*-DNA —excitedconnectedo DNA baseB *-DNA — another
excitedconnectedo DNA base Bt -DNA — ionizedconnectedo DNA base BOH-DNA
andBH-DNA — OH andH products.

agoodagreementvith a dye-cation-radical-mediatddNA damageatherthananenegy
transfermechanismEtBr worksasa"Typel” (freeradical)photosensitizefFurtherstud-
ies including chemicaland electrophoreticahnalysisof laserinducedsensitizedesions
in DNA arein progressThe mostimportantadvantageover the known methodsjnclud-
ing classicalphotochemistryis the rapidity of photolesiongormation - within a single
picosecondaser pulse, thus enablingconformationaldynamicstudiesto be carriedout
in-situ or evenin-vivo.

4. Conclusions
The highly excited free EtBr in agueoussolution generatedree electronsby direct
ionizationand/orOH—, HT and €., by enegy transferto water EtBr is an effective pho-

tosensitizerWe believe that dye-cation-radical-mediatddNA damagds more probable
thantheenegy transfermechanism.
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UCINCI UV ZRACENA VISOKOG INTENZITETA NA IZDVOJENI SDNA
INTERKALIRAN ETIDIUM BROMID

Istrazivali smoetidium bromid (EtBr) pomctu pikosekundnéljeskovne fotolize ve-
likogintenzitetaOdredensukvantniprinosifotoprodukatai ovisnostio intenzitetuaser
skog snopa.lstrazivao se je EtBr u vodenojotopini i interkaliranis DNA. Rezultatise
usporeduju oni pokazujuda preteno dvofotonskiprocesitvore hidriraneelektronee; .
Raspraljaju setakoderprimarniprocesifotosenzitiranjdDNA.
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