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ABSTRAcr

The fluence of polycyclic aromatichydrocarbon.nucleicacid complexes is quenchedby photoinduccd
clcc_,on transfermechanismsin aqueous solutions at ambient_apemtures. These effects are illusuamd with the
biologicallyimportantcompo_d be,nzo[a]pyr_ne-7,8-diol-9,10-epoxide(BPDE),a mutagerLicandc_,_cinogenic
metaboliteof theenvironmentalpollutantbcnzo[a]pyrene,whichformscovalentmutageniclesionswith2'.
deoxyguanosine(dG)rcsiduc.sinDNA. Th__dcpcnde.nceoftheR_.ore_¢nceyieldandfluorescencedecaytimesof
thecovalentmod_ladduct(+)-trans-BPDE-N2-dGasa/'tractionoftcmpeaatumandmethanol/watexcompositionare
described. Because of the scnsitiviW of the fluorc_caco of the pyrenyl residue to the po'laxity of the
microenvimnmcnt,the magnitude of the fluozescence yield can beused to distinguishbetweenhighly hydropl_bic
(e,g,inle_c.alalion)andothermoresolvent_exposcdBPDE-nucI_:acidbindingsites.

J

I,INTRODUCTION

Hydrophobicpolycyclicaromatic,hydrocarbon(PA_ moleculesreadilyformn_ncovalentcomplexeswith
DNA I.Aflermetabolicactivationtoepox,dederivafivm2,covalentadditionproducts(adducts)areformedaswell3.
Forexample,bcnzo[a,]pyrenc,oneofthemostwidelystudiedenvironmentalPAH pollutants,ismetabolizadinvivo
toover30 diffm'cnloxygenatedderivatives_. The mosttumorigenicmetabolimisthediolepoxidc(+).anti.

bcnzo[a]pyrene-7,g..diot.,9,10-e_oxidc(BPDE)whichformscovalcn_adductswithDNA byprcdominantJyreacting
withtheexocyclicaminogroup(N')ofguaninevia_ 10-positim_(reviewedinref. 3).However,ina competing
re,action,BPDE alsoreactscffickntlywithwatertoformthebiologicallyinactivemtraolhydrolysisproductsBPT
(7,8,9,10-re,U'ahydroxyma_yd_benzo[a]py,_c, l_ig.1), Incelhflarenvkonmems, some of thec.ov_entBPDF.-DNA
lesions,iftheyarcnotremovedbylhcenz__y:maficrepairmachinezy,int_fe.r¢withthenormalDNA replicationand
arcbelievedtocausemutationsandcan_F_'_.

Fluorescencew..chniquesam frequentlyemployed_oWacemxlidentifycarcinogenicPAH.DNA adductsand
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tostudytheinmracfionsofPAH metaboliteswithDNA . However,atambientt_mpcratm'es,th_fluore_nc_
1,7,g.I0,11,12

ofbothnoncovalentlyandcovatenttyboundPAH moietiesisstronglyquenched , Forexample,the
fluorescenceofcovalentBPDI!-DNA adducts is - 70 times iow_rthan theflum'escenc¢yieldofBPT inaqueous
solution in theabsence of nucl_c acids10. The pyrene-likefluorescenceof BIT is_cadilyqucnch_ by DNA]2 and
by 2"-deoxyguanosine_3(dG) upon physical complex formation,

Re_ntly.employingtransientfl,_photolysistechnique,andBPT/dGmixturesandZheadductBPDE-dG
(inwhichBPDE iscovalentlylinkedviaits10-positiontotheN_groupofdG)asmodelsystems,wc have'shown
thatthequenchin_mechanisminvolvesa pho_oinducedelcc_n l_n.sfea fromdO loBPT orfromthedG residue
tothecovalenflylinked pyrenylresiduein the B.PDE-dGadduc_s,Inthiswork,thesolvent-andtempe_amre.
dcl_n_nc¢ofthefluorescencedecaytimesandyieldsoft_ covalentlylir_dBPDE-deoxyguanosin¢complexes
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am described.Md _ese_m__c8 are showu m be consistent wflh the pho_olnd_.ed _lectron transfer
mecl_sm. This mode of non-ra_tivo &cay iJ h_y to be _e dominantfluorescencequenching mochani_,nin
covalent m_dno_ovalent PAH-nucleic _id compl_xm.
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HS. 1: S__ ofBPT and_ BPDP,_G _

The(+)-BPDEe_andom_wasobtainedfrom_ N_onalC_c_ L_sfi_ChemicalCa_mogenRe_ce
StandardRepository, Th_BPDF.,,.dGadduct((+)-trans-BPDE,.N2-dG,in whichthecxocyclic amino groupof guanin_
adds transrelative to the fing-opeaed cpoxidegroupat theC10 positionof BPDE, Fig. 1) was pr¢paredas described
c_scwhere_4, This adductwas purifiedby reverseph_ I-_LCmethodsemploying a Hypersil-ODS250x10 mm
column(KeystoneScienti_, Inc., Bellefonte,PA), and0.90% linear gradientsof methanolia 20 mM sodium¢

phosphatebuffersolution in 60 minutes(flc,w rate 3.0 nrl/rain).The BPDE-dGadductsarecharacterizedby pyrenc-
li_ vibronic_ption spcclrawith maxima,near315,330, ani 345nm. Its concentrationswereestablishedby
using a molar extinctioncoe_cie_,of 29,000 M"Zcm"Iat 345 m.

The covalentBPDE,oligoatr.leo_le adductd(S'.CACATGBPDDrACAC)and _ otigonuclcotideadducts,
in which the single guanineis modifr_dat the¢xocyclic aminogroupby trans addition,was preparedas described
re,eenflyZ_; aais addcet has the same trans.N2.dG s_emical characteristics as tl_ BPD_ adduct, but the
modified guanine is flanked by dT on both th_ 5'-sides and T-sides in this oligonucleoti&.

The sho_r fluor_¢ decayprofiles(-_15_=)we_determinedatportU9B of TheNationalSynchrotron
!_ Light Some-,at the BrookhavenNationalI,,abcmto_ usingsingle photc_,time-co.dated techniquesasdescribedby
_;:; Laws and Suth_rhandt6;the time between sueeessive sTngtaotmnlight ._o.lseswas - 19 ns. The longer lifetimes

were dcmrmir_ with a conventional40 kHz nitrogenflash di_cl_rge h_p (Pho_chemical Research Associates,
London, Ontario)a.d single-photon counting¢lectrcmicssimilarto ti_o_ used at Brooldmv_ 16, A model 190'2Spex
Fluorologsingle-photoncountingfluorometer(SpexIndu.m_, Edison, NJ)was employedtomeasaaerelative
fluores_,en¢_yields as a function of te_lpu'amre. In lhntemeasureme_s, the BPDE-dGadductswere dissolved in
70% ethylene glycol/30 % (vN) water mix.es. The variabletemperatureexp_ments we,re canSedout with the
aid of a Cryog_mieW_n (Model RC 157,,O3_ Industri_, Salem, NH).

3. RI_ULTS

The relative fluore,s_nce yield of BPDE-dG addtu:ts increases by a factor30-3.5 as the t_mperatare is
lowered from room tempera=un=to 100-120 K. This ri_ is particularlysharp in the region of 190 - 270 K (II, Fig.
2); ia this temperattu_ range, the viscosity of the mixlm'e inc_ases, and sotidification oceum m about 195 K. The
fluo_esceneedecay _ofiI_ are mono-_ponential below 270 K, increase from9,6ns at 270 K to about 300 ns at 1(30
K (_, Fig. 2), and closely follow the temperaturedepmdenceof the fluorescen_ yields.
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Fig. 2: Temperalurede,pcndcnce of the fluorescenceyield (I) and themeaa fluore,,cencedecay time (,,) of BPDE.
dG adducts(1.0 _ in a 70% e_yt_e, glycoU30_w_1_rmixtlLm.
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Rg. 3: Rcla_v¢ fluore,_e_c¢ Y_eldsof the BPDE.dG adrift (A, 0.24 IJ2VI)and d(5'-CACATGBPDF'TACAC)
oligonucleol;ideadduct (I, 1.2 _M) in met_ml/water mixtures of different compositions (24 °C). Mean
fluorescencedecay times of the BPDE-dGadduct03) takenfrom Table t. Bothsolutions wctc do-oxygcnatr.4by
ni_ogen bubbling. In ai.r-_1umledsolutions,only the yields aLthe two highestmethanolconcentrationsare
somewhat iow_ than in the nil_ogen-satm'ated solution&
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At 150-160 i_ there is a sharpdL_:mlmuousjump in the fluorescenceyieldbya factorof 2-3 (notshown
in Fig.2). This effectis duetoa solventpha_ uansition,whichis evidencedby theappearanceof cloudinessand
increasedlight scattering.Suchdisco_tMulticsin thestonetempe_me range_¢ aboobservedwithothersamples
of fluorophore.s.In contrast,the fluore.ccncedecaytimesof BFDE-dOadductsdonotexhibitany discontinuities
as thetemperatureuaver_ thb phs._mmsitio_Rsionnear150K (A, Fig.2). Therefore,thedi_continui_sin the
fluo_..cnce y/eM._havebeene/bnL,_tedin thepresentationof the data in Fig. 2 by matchingthe fluorescenceyields
on either _de of the ptme tnmsttlor,at 150.160 tL

Thevariationsinfluorescenceyieldsof(+)-Ira_.BPDE,.N2-dGadductsaridofa (+).trans.BPDE-N2-dG
adductincorpomte,d inthesingl¢-stran@..dmodifiedoLigonucleotide5'-d(CACATGBPDF"I'ACAC),asa functionof
the mole fraction of methanol in a methanol/wamrmixture, are shown in Fig, 3. In pure water, the yield of the
oligonuclt,otide _duct is 2.4 times higher thm_thatof the nucleosid= monomer BPDE-dG adduct; otherwiae,the
fluorescence yields of these two adducts exhibit :-a/hersimilar increases as the mole fraction of met.hanoiis increased.

The fluoreacencedecayIxof'desoftheBPDF.,-dGadductweremeasuredinwaterandintwodif[erent
water/methanolmixtmes _t theNational Synchron_ Light Source at Brookhaven. Two typical fluorescence decay
profilesare shown in Figs. 4 and 5 (no methanol,and_0%MeOH/20qb1-[20mixture (v/v), respectively). The time.
dependent decay, I(t), wtu interpretedin termsof bi-exponentialdecay profiles as foUowsl6:

I(t)--'A1exp{-_1}+ A2exp{-V't:_) (I)

in which the sum of the amplitudes is normalized to unity (A1 + A2 = 1.0), and the two lifetimes _e denoted by
_t and _. The residuals (bottom inset) and autocorrelationfunction (top right) arc also shown in Figs. 4 and 5.
In general,because of the srna/lquantities oi"samples which were available, and the limitedbeam time, it was not

feasible to accumulate a sufficiently large numberof counts to improve the statistics beyond the limits shown.
Furthermore,because of the conformationalbetexogcaeitiesof these BPDE.dG adducts (see below), the fluorescence
decay Droftlesare likely to be mt_tiexponentialrather than bi-exponential. Therefore, it was decided to limit the
fits to a two-componentexpression (F.,q,1), in spit_ of the rO.herindifferent fits as shown by the autocomtation
functions,and bearingm mind theintrinsic limitationof this two-exponential approachand the relatively low number
of counts. Some typical results obtained from fits of Eq. 1 to the data, as wealas the mean lifetimes (zm,_ -- Alzi
+ A_.%)aresummarized in TableI.

Table 1: Fluorescence decay parametez_ of BPDE-dG adducts* in different methyl alcohoVwater mixtures.

ieOFl,molefraction x_,as,(A_) h, ns,(A2) z,,,_ , ns

0 0.86 (0.37) 2.0 (0,63) 1.6
....... i ii ii ii t ii i,l lli .lp

10% 0.89(0.16) 3.8(0.84) 3.3

64% 1.3 (0,06) 15 (0,94) 14

*In thee particuLarexperiments, the BPDEMG adduct contained a phosphate groupat the,5'.end of dG. However,
the fluorescenceproperties are not affected by the presence of _hLsphosphate group (damnot shown).
"'_meam= A:Xl . A'2X2' The values for "Jmreduced;_z values are for the three sets of data (top to bottom): 0.918,
0.790, 0.856,

The mean fluorescence decay times axesuperimposed on the relative fluorescence yield data in Fig. 3. In

.... 11

" "II' ...... s .... _,arll "'"Ir_ ...... ii ,qli_ ru 'rl 'illlll .... ,' '.' ,MM''II_ H ,, H,,, _p....... itr ,: s,,i_r,, aU'"T'IN' " .,I,, _,,'n ,, rr 's'F,' itr,,. ,,,l,U_,,l,,r,i v ,,,,irrs,,,,lll,_ll,,, 'lII'Ir'l,, ..... ,.,.ili_il?,,, _r'...... "f." _['flr":,",'p,l,l:.rl'.',: _,,,' 'rll'i,, "'''M .i].Ui_i:%,_,_,.lll,.._



.TAM03 'c_" :• ._ 14 45 P,6/12

, , ; ," ,,, ,
,.a

,; . , .... , ,. , ', ,q , ,,, ,

, . .I,

L__-! .....I---I .... C-i' "l --I "'1 -] _ a u _ _ I- J

74-4,0 IIAI.I,,,,1,_ _.

o I:III\ ]
0

U 3730

18_50

0

J.__I 1 I I . I I ,I I ,I,,,I I i I _ I

2,0 6,0 1 0..0 '14,.0 18.0

' Time (n_)

:ig. 4: Fluorescence dexmyprofile of a BPDE.dG (1.0 pM) adduct in watar. S_ text and Table 1 (analysisof'data
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spite of the crudene,_of the damand the inherent limitations of the two-exponent_i anMysis,there is a good
correlationbetween the fluorescenceyield dataand v,mo_aobtained at differentMeOH mole fractions,

4.DISCUSSION

4.1Solveatdependence.

Thepolarityofthe,olventenvironmentcanhaveaprofoundeffectonp_tolnducedelectrontransferrates
andefficiencies,andthusonthequenchingofexcitedstatesandfluorescenceyields17"7'2,Thepolarityofthe
solventsaffectsboththeionpairCoulombinteractionenergyaswellthesolvationenergiesofthenegativeand
positiveradicalIons.Ingeneral,thehigherthepolarity,the8rearertheprobabilitytha_solvent.stabilizedradicalions
ofoveralllowerenergywillbeformed,thuspreventingrecombinationandregenerationofthefluorescence-emitting
singlet excite,d states,

In the case of the N-(deoxyguanosin.8.yl).2.aminofluorce.eadduct, sn increase in the waterconmntof a 1-
propanol/watermixture causes theflu_ence yieldtodecreaseand,theemissionmaximumtoshiftprogressively
tothered21.Red-shiftedexciplexemissionhasalsobeenobservedinthecaseofcov_IcnZlylinkedpyrcne.(CH2)a.
N,N-dimethylanilinecomplex_r23.InthecaseoftheBPDE-dG _dducLhowever,themolecularpyrene-likeemission
spectrumremainsunchangedasthemolefractionofmethanolinanaqueousmethanolsolutionisdecreasedL:.This
suggeststhat,inthiscase,thesolvent-stabilizedradicalionsrecombinebacktothegroundstateby non.radiative
routes.

Thefluorescenceyieldincttaseaobservedastheeff_tive dielectricconstantofthesolventisdecreased(Fig.
3),iscMractexisticofelectrontr,msfer-MseAfluorescew.cquenchingmechanisms17'18'20'2122.ltisinterestingto
notsthatinthecaseoftheBPDE-dGadduct,therelativemeanfluorescencedecaytimeisapproximatelyproportional
totherelativefluorescenceyieldatdifferentMeOH molefractions.Similarbehaviorwasnotedwiththecovalcnfly
linked'donor/acc@torN-(dcoxyguanosin.8.yl)-2.aminofluorenesystem21.However,inthenoncovalentlybound,
anthraccncldiothylan/linechargetmmf_complex,thefluorescenceyieldofthecomplexincreasesmoresharplythan
lhclifetimeasthedielectricconstantofthesolventisdccreascdl?:thi,,,effectwasattributedby Knibbcct_l.to
differencesintheprobabilitiesofcxclplex/contaczionpairformation,andtheprobabilitiesofdecayofth_cxciplcx
byafluoccsccncemechanism.Theapproximatecorrespondencebetweenthefluorescencelifetimesandfluorescence
yieldsexhibitedby thecovalentlylinkedPAH-guanosinemoieties(Fig.3 andrcf,21),suggeststhatphotainduced
clccLrontransfer,foUowedbysolvent-stabilizationoftheradicalionpaks,competesdirectlywithfluorescencedecay
mechanisms.As themean dielectricconstantofthesolventmixture is decrcaseA,theprobabilityofsolvent-
stabilizationoftheionpair,witha concomitantloweringoftheenergybelowthatofthefluorescence-emitting
exciplexleveldecreasesandthefluorescenceyieldincreases,

InthecaseoftheBPDE-<IGadducLthereisasharpriseinthefluorescenceyieldinthe30.50%rangeof
molefractionsofmethanol(Fig.3).Similareffectshavebccnobsexve.dinotherfluorcscew.eemittingcharge-
transfercomplexesinacetonitrile.,anddimethylsulfoxide/watermixturea22. Theseeffectsmightbe due to
displacementsofwaterbyMeOH moleculesfromthefirstsolvationshellsinthisrangeofmolefractions(selective
solvationeffects22).Suchachangeinsolvationisexpectedtoaffectcontributionsoftheinnerandouter_hcre
reorganizationenergiestotheovea_freeen_gyof.photoinducedelectrontransfcx20'2Z24_.

43. The tempe_ture dependence

The parallelbehaviorof the fluorescence yields and lifetimes as a functionof temperatme(1.,hg.2), suggest
that photoinducedelectrontransferfluorescencequcnctfingcompetes withfluorescencedecay. In this respect,the
solventpolarityandthetemperataredependenciesofthesetwo fluore,_encedecayparametersam shriller.

Theobfedvcdupperlifetimelimitof,_300nsforBPDE-dGadductsat- 100 K is the sameasthatof the
tctraolBPT inthesamesolventandatthesametemperature(damnetshown).Thus,be.low160-190K, theelectron
transferramappearstobecomparable,or lowerinmagnitudetitanthefluorescencedecayrate.
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Besidesebctrostaticeffects,othermlventeffects,suchasthetcmperature-<lependenceof theviscosity,could
b_ importantIn determiningthe magnitudeof the electronlnmsf_ rateconstants. The BPDB..dOsdductis
confommtlonallymobileduetorotationsabouttheCI0-N2andN:-C2 bonds. Thisgivesds¢to fluctuationsin th_
relativeorientationsandaveragecenter-centerdistancesI:¢twecnthecovalentlyboundBPDEanddOmoietieswhich,
in mm, may stronglyInfluencethe r_cs andyieldsof elec_on l_nsfe_. Changesin solventviscositiesas a
functionof temperature,shouldalso affect thisconformation_ mobility,andthusthepmbabillticsof electron.transfer
asevidencedby variationsin the fluore_enc_ yields.Furthexmor¢,theprobabilitiesof conformationsin which there
arestrongerhydrophobic_.stacldns in_u'actlonsbetw_n the dO andBPDEmoioUesare likely to decrease as the
mole fractionof methanol inc_. Thus, the rising fluorescence yields with decreasing temperaturemay be
attributed to any ono or a combinationof these effects.

The formationof soivent.st_bLlizedion radicalsmay be associated witha small activation en_gy2') which
wouldalsogiverisetoan increaseinthefltmresc_ceyieldasthetemperatureislowered.Ingeneral,the
tempe.raturedependenceoffluorescencequenchingpros by photoinducedel_trontr,msf_raraexpectedtobe
complexanddifficult m inmrpmt27'28. ThestrongtcmperaluredependenceOfth_ fluorescencelifetimesandyields
of the BPDE.dGsystem(big. 3) resemblesthe tempexaturedependenceof the fluorescencedecaytimes of a
covalcntlylinkedflee baseporphyrin-qtfinon_compbxin 2-methyl-teWahydrofuran29, In thatcase,thetemperature
del:cndenc_of photoinduce,d electronwarmferwas intezpret_din theLightof Marcus'theory25;a sharpchangein
thetemperaturedc_nd_nceoftheelectrontransferrateconstantwasnotednear160K;however,itwasnotpossible
todeterminewhe_ thbtransitionisduetoachangefromanon-adiabaticelectrontransfermcch_misminthehigher
temperaturerange,toan 'adiabaticsolvent-controlledregimeinthelowertemperaturerange29. Inviewofthese
complexities,nofurtherattemptswcrcmadetointerpretthe'temperaturedependenceofthefluorescencequantum
yieldandlifetime.s(Fig.2)asa functionoftemperature.

4.3Comparisonsoffluorescenceyieldsofdifferentsystems

ThefluorescenceyieldsOfBPDE-dO andothercovalentcomplexesinwaterrelativetothefluorescence
yieldofthe[etr,telBPT arecomparedinTable2.

Table 2. ReLativefluorescenee yields in water at 24 °C.

,,,,,, .......... ,- __-, , , ,,

SUBSTANCE Yield, %
I i'lli i i . i iii .................... 7-- - i i

BPT (Tetmol) 100
. ii _l,.,ri,Ju ,, , i

(+)-trans-BPDE.N2.dG Adduct 0.8
................... . ....... _._o.

(+)-uans.BPDE-Na.dA Adduct 66
li , -- 11 J t_ ]S]LL-;77tIII'_L lI

d(5'-CTATrGBPDF'rTATC),(+).transAdducl 1,9

d(5'-CTATAGI3PDI_ATATC),(+)trans Adduct 4.2
.... ill I i iiiii imllll......

The fluorescence yield of the BPDE-dG adduct in water at 24 °C is over a 100 times smaller thm_that of
BFT (the fluorescence decay time of BPT in deoxygenated aqueous solutions is 200 nsf0"). This strong quenching
of the fluorescencein the covalently linked BPDE-dG adducts is attributed to photoinduced electron transfer. As

9-
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detailedelsewhereI_.thephotoLaducedelectrontransferfromtheguanosylmolelicstothepyrenylmoietiesin
covalenUylinkedBPDE.dO adductsIsconsistentwiththeredoxcharacteristicsofthepyreneringsystem3°andof
guanosine)l_a, TheoxidationpomntialofadenosineishigherthanthiefguanosLae_IP:_;we observethatthe
fluorescenceof covalentBPDE.adcnosln_adducts((+).trana.BPDE.N%dA)isonlyslightlylowerthanthe
fluorescenceyieldofthetotraolBPT (Table2),Apparently,phominducedelectrontransferratesam muchsmaller
inth_BPDE-adenoslnethaninthe BPDE.guanosineadducts;theseobservationsarecons/st_ntwith _e differences
intheoxidationpomnttalsofthesetwoprairiederivatives,

Finally,becausethe/luo_scenceyieldsofBPDE-dOadductsarehighlyscns|tlvetothepolarityofthelOcal
micr_nvh'onment,theseyieldsdependonthenatureoflhcnucleotidesimmediatelyadjacenttotheBPDE.-dGadduct
indifferentoligonucleotides.ThisisillusuamdinTable2, First,thepymnylresiduefluorescenceyieldisabout
2.4tim_greaterintheoligonucleotided(5'-CTATTGBPDB'q'_ATC)thanintheBPDE.(IGadduct,Inthed(S'-
CTATAGI_D_ATATC) adduct,inwhichtlmBPD_ chxomophoreisflankedbyadenineresidues,theyieldishigher
thaninthe--..TGBPDE'r,,..sequence,Sincethepurineadeniner_siduesam bulkierthanthepyrimidinethymine
residues,theseresultsareconsismntwitha lowerwateractivity,andthusa higherfluozesccnceyieldinthe.--
AGSPDIZA---sequence.Insummary,theseresultssuggestthatthephoto_nducedelectrontransferandfluorescence
quenchingphenomenoncanserveasausefulteeltoprobethelocalpolarityandsolvent-accessibilityofPA.I.:l.nucleic
acidcomplexes.Inlhismanner,itmightbepossibletodistinguishbetweenintercalation.typecomplexes(relatively
hydrophobicbindingsites),andothertypesofcomplexeswithgreaterde_ccsofexposuretotheaqu_ussolvent
environment,

_.CONCLUSIONS

Theobservedsolventpolarityandtemperaturedependenceofthefluorescenceyieldsisfullyconsistentwith
aphotoinduccdelectrontransferfluozesce.nccquenchingmechanism.Thiseffectislikelytoplay,_nimportantrole
inthedecayofexcitedsingletstatesofmostPAH compoundsboundnoncoval_tlyorcovalentlytoDNA andother
nucleicacids,
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