
Review Commentary

Photoinduced electron transfer and strand cleavage in
pyrenyl±DNA complexes and adducts

Nicholas E. Geacintov,* Kyril Solntsev, Lawrence W. Johnson, Junxin Chen, Alexander D. Kolbanovskiy,
Tongming Liu and Vladimir Ya. Sha®rovich

Chemistry Department, New York University, New York, NY 10003-5180, USA

Received 22 September 1997; revised 20 February 1998; accepted 25 February 1998

ABSTRACT: The fluorescence of pyrenyl residues in complexes with the nucleic acid bases G, C and T, but not A, is
strongly quenched by photoinduced electron transfer mechanisms. Site-specifically modified 11-mer oligonucleotide
duplexes containing a single modified guanosyl base G* bearing a covalently attached pyrenyl residue were prepared
in order to probe for photochemical damage associated with these photoinduced electron transfer reactions. When the
pyrenyl residue positioned at G* is photoexcited with 355 nm light, direct strand cleavage is observed at that site with
low quantum yield. Frank strand breaks are also observed up to five base pairs away from G*, suggesting that
intrastrand migration of a reactive intermediate from base to base is occurring. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Electron transfer reactions in DNA are a subject of great
current interest (see, for example, Refs 1–3). Upon
photoexcitation of a fluorophore or photosensitizer
molecule bound to DNA, electron transfer reactions with
one of the adjacent DNA bases may occur if the redox
potentials of the donor–acceptor couple are favorable.
The intermediate radical ion pairs thus generated can
either recombine, thus regenerating the singlet excited
state of the fluorophore, or decay radiatively via an
exciplex state4,5 or non-radiatively to the triplet excited
state or ground state6,7 of the fluorophore or photo-
sensitizer molecules. Alternatively, the primary radical
ion pair can initiate a series of chemical reactions which
culminate in DNA strand cleavage or other forms of
DNA damage.2,3,8–10 The detailed characterization of
these processes is important for gaining a better under-
standing of the mechanisms by which nucleic acids
quench the fluorescence of photosensitizers, and the
reaction pathways that lead to DNA damage by type I
electron transfer mechanisms.10 In this paper, we briefly
describe some of our recent work in this area of research
using pyrene derivatives bound covalently and non-

covalently to nucleic acids (see, for example, Refs 5–8
and 11–13).

THE PYRENYL MODEL SYSTEM

Benzo[a]pyrene (B[a]P), a ubiquitous environmental
pollutant, is metabolized in living cells to a variety of
oxygenated derivatives, including the bay region diol
epoxides r7,t8-dihydroxy-t9,10-epoxy-7,8,9,10-tetra-
hydroB[a]P (anti-BPDE, or simply BPDE, Fig. 1). The
(�)-7R,8S,9S,10R and (ÿ)-7S,8R,9R,10Senantiomers of
BPDE react with the exocyclic amino groups of 2'-
deoxyadenosine (dA) or 2'-deoxyguanosine (dG) residues
in native DNA to form covalent adducts. The reactions
can occur either bytransor by cis addition of dG or dA
relative to the epoxide moiety at the C-10 position of BPDE
(Fig. 1). BPDE can also react with water to form the non-
toxic and non-reactive tetraol 7,8,9,10-tetrahydroxy-
tetrahydrobenzo[a]pyrene (BPT, Fig. 1). The photoactive
chromophore is the pyrenyl residue (Py) in all cases.

PHOTOINDUCED ELECTRON TRANSFER AND
QUENCHING OF THE FLUORESCENCE OF PY
RESIDUES

The fluorescence decay characteristics of BPT and
various covalent adducts derived from the binding of
BPDE to dG or dA are summarized in Table 1. The
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fluorescencelifetime, t, of BPT in oxygen-freeaqueous
buffer solutions (20mM sodium phosphatebuffer, pH
7.0) is 200� 5 ns. However, in complexeswith native
DNA, thefluorescenceof BPT is stronglyquenched.14 In
aqueoussolutions,BPT formsnon-covalentground-state
associationcomplexeswith the2'-deoxynucleosidesdG,
dA, dC and dT with associationconstantsin the range
*10 to 200 l molÿ1.11,13

All of these nucleosides,except dA, are strong
quenchersof the fluorescenceof BPT by a proton-
coupled electron transfer mechanism13 involving both
static (ground-statecomplex formation) and dynamic

quenching effects. The fluorescencelifetimes of the
noncovalentBPT–dG,–dCand–dT complexes,inferred
from the data in Ref. 13, are 5.3� 1.1, 5.6� 1.1 and
0.59� 0.12ns,respectively;thefluorescencelifetimesof
BPT in theseassociationcomplexesis thus ca 30–300
timessmallerthanthe lifetime of free BPT.

An analysisof thetransientabsorptionspectrasuggests
that thePy residueis theelectronacceptorin quenching
interactionswith guanineresidues,andtheelectrondonor
in quenchinginteractionswith dC anddT.12,13

In covalentadducts,the fluorescenceintensity decay
profiles,I(t), canbedescribedin termsof 1–3exponential

Figure 1. Metabolism of B[a]P to diol epoxides BPDE [the (�)-7R,8S,9S,10R enantiomer is shown] and reactions of BPDE with
water to form the tetraols BPT, with DNA to form the covalent adducts shown [the 10S(�)-trans-adducts are depicted in each
case].

Table 1. Fluorescence lifetimes of selected adducts derived from the binding of BPDE to dA, dG or oligonucleotidesa

Substance t1 (ns) (A1) t2 (ns) (A2) t3 (ns) (A3) tmean(ns)

BPT 200� 5 (1.0) — — 200� 5
(�)-trans-BPDE-N2-dG 1.4� 0.1 (1.0) — — 1.4� 0.1
(�)-cis-BPDE-N2-dG 0.41(0.83) 2.2 (0.17) — 0.71� 0.2
(�)-cis-BPDE-N6-dA (A*) 180� 5 (1.0) — — 180� 5
5'-dCpA* 20.8(0.72) 4.9 (0.28) — 16.4� 2
5'-dA*pC 76.2(0.99) 20.4(0.01) — 74.9� 3
5'-dCpA*pC 28.1(0.54) 7.6 (0.46) — 18.7� 1
5'-d(CTCTCA*CTTCC) 0.70(0.53) 3.7 (0.36) 12.9(0.11) 3.1� 0.4
5'-d(CTCTCA*CTTCC)�3'-d(GAGAGTGAAGG) 0.60(0.67) 3.4 (0.25) 13.8(0.08) 2.3� 0.3

a The ti andAi termsaredefinedin Eqn (1).
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componentswith lifetimes ti and amplitudesAi (�Ai =
1.0):

I �t� � �iAi exp�ÿt=�i� �1�
The fluorescencequantum yields of a particular

adduct,Φ, relativeto theyield of BPT is Φ = tmean/tBPT

(tBPT = 200ns),andthemeanfluorescencedecaytime is
definedby tmean= �Ai ti.

In the covalent(�)-trans-BPDE-N2-dG mononucleo-
side adducts(Fig. 1) in aqueoussolutions, the decay
profilesarenearlymonoexponentialwith decaytimesof
1.4� 0.1ns (Table 1), implying that Φ is ca 130 times
smallerthanin thecaseof BPT. Thequenchingeffect is
strongly dependenton the stereochemicalpropertiesof
the modified nucleosidessince tmean of the (�)-cis-
BPDE-N2-dG adductis only ca 0.7ns, andΦ is almost
300 timessmallerthanthat of BPT. In contrast,in (�)-
trans-BPDE-N6-dA mononucleosideadducts,the fluor-
escenceyield of Pyis notaffectedsignificantly(Table1),
regardlessof the stereochemicaladductcharacteristics
(datanot shown).The relativeefficienciesof quenching
of thefluorescenceof thePy residuesby dA, dG,dC and
dT, and also the direction of electrontransfer,can be
rationalizedin termsof theredoxpotentialsof thedonor/
acceptorpairs15,16andtheRehm–Wellerequation.17

Thefluorescenceof thePyresiduesin covalentBPDE-

N6-dA mononucleosideadductsis not quenchedsigni-
ficantly. However,the fluorescencelifetimes are signi-
ficantly diminishedwheneverthe nucleotidesdX = dG,
dT or dCareattachedto eitherthe5'- or the3'-sideof the
BPDE-N6-dA moiety (Table 1). However, the fluores-
cencelifetimes aremuchshorterwhendX is positioned
on the 5'-side rather than the 3'-side of the modified
adenineresidue;this effect is illustratedin Fig. 2 which
depictsthefluorescenceintensitydecaycurves,I(t), of a
dXpA* and a dA*pX dinucleosidewith A* = (�)-cis-
BPDE-N6-dA (10S absoluteconfiguration).As summar-
ized in Fig. 3 the mean fluorescencelifetimes are
significantly shorterwhen dX is positionedon the 5'-
side(dXpA*) thanon the3'-sideof A* (dA*pX). ThedT
residuesaremuchstrongerquenchersof thefluorescence
of the Py residuesin the dTpA* dinucleosideadducts
than dC or dG in the dCpA* and dGpA* dinucleoside
adducts.Similar sequenceisomereffectsareobservedin
the stereoisomeric(10S)-(�)-trans-, and (10R)-(ÿ)-
trans-dXpA* and dA*pX adducts (data not shown).
The quenchingefficiency is thereforenot as strongly
dependenton the orientationsof the adenineresidues
relativeto theR or SC-10BPDElinkagesitein A* asit is
on thesequence.Theseresultsindicatethat,on average,
thePy andquencherbasedX arecloserto oneanotherin
the dXpA* than in the dA*pX adducts.Becauseof the

Figure 2. Fluorescence intensity decay pro®les of dCpA* and
dA*pC dinucleoside adducts with A* = (�)-cis-BPDE-N6-dA.
Solid line, ®ts of Eqn (1) to the data points. The ti (A1) values
are shown in Table 1) with w2 values of 1.16 (dCpA*) and
1.04 (dA*pC).

Figure 3. Mean ¯uorescence lifetimes of the Py residues in
the sequence isomers dXpA* and dA*pX, with A* repre-
senting either the A* = (�)-cis- or (ÿ)-cis-BPDE-N6-dA
adducts.
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many variable torsion angles in these dinucleoside
adducts,it is not possibleto ascertainwhat thesecon-
formationsmightbewithout furtherexperimentaldataor
computationsof themostprobableconformations.18

When the BPDE-modifiedadenineresiduesA* are
flankedby cytidine residueson both sides,the fluores-
cenceof Py is strongly quenchedsince tmean= 18.7�
1.0ns (Table1). Similar quenchingeffectsareobserved
whenA* is flankedby dG or dT residueson both sides
(datanot shown).Interestingly,in the 11-meroligonu-
cleotided(CTCTCA*CTTCC) with themodifiedadenine
residue A* = (�)-cis-BPDE-N6-dA positioned in the
center of the sequence,tmean= 3.1� 0.4ns, which is
significantly shorterthan the 18.7� 1.0ns observedin
the caseof the d(CpA*pC) adducts.Thus, quenching
basesmore distantthan the flanking baseson the same
strandinfluencethefluorescenceyield andlifetimesof Py
in the BPDE-N6-dA moieties.With the same(�)-cis-
BPDE-N6-dA moietiesin the 11-merin a complexwith
thenaturalcomplementarystrand,themeanfluorescence
lifetime is also very short, i.e. 2.3� 0.2ns (Table 1).
Theseresultsclearly demonstratethat electrontransfer
fluorescencequenchingreactionscanoccurwith neigh-
boring basesin these adducts,and that these effects
dependon basecompositionandsequence,andpossibly
on thesecondarystructureof theDNA.

PHOTOCHEMICAL EFFECTS: DNA STRAND
CLEAVAGE

Theradicalion pairsgeneratedby photoinducedelectron
transfer reactionsin double-strandedBPDE–DNA du-
plexescanalsodecayby photochemicalpathwaysgiving
rise to DNA damage.Two types of DNA damageare
readilydistinguishable,(1) director (frank)strandbreaks
and(2) chemicallyaltered,or oxidizedDNA nucleotides
that can be convertedto strandbreaksupon hot alkali
treatment(1 M piperidine at 90°C for 30 min). These
effectsaredemonstratedin theexampleshownin Fig. 4
usinganoligonucleotideduplexcontainingasingle,site-
specificallyplacedmodifiedguanineresidueG* [where
G* is (ÿ)-trans-BPDE-N2-dG]. Thisoligonucleotidewas
labeledat the5'-endwith [32P]ATPemployingastandard
T4 polynucleotidekinase 5'-terminus labeling system,
anda duplexwith its naturalcomplementarystrandwas
formedin 20mM sodiumphosphatebuffer solution(pH
7.0).This solutionwasthenirradiatedwith 355nm light
from a mercury–xenonlamp–monochromatorsystem.
After the irradiation, the solution was subjectedto gel
electrophoresis(20% denaturingpolyacrylamidegel) in
order to detectDNA fragmentsthat may haveresulted
from thecleavageof the5'-end-labeled,BPDE-modified
oligonucleotidestrand (Fig. 4). The shorter fragments
migratemorerapidlyandtheir lengthscanbedetermined
by comparingtheir mobilities with thoseobservedwith
Maxam–Gilbertsequencingreactionsobtainedwith the

sameoligonucleotide.8 In Fig.4(A), theresultsareshown
for samplesthathadbeenirradiatedbut not subjectedto
the hot piperidine treatment.The slowestmoving and
mostprominentbandon the left of the gel is dueto the
original,unmodified11-mer;thesharpbandat39mmon
thehorizontalaxisis dueto the11-merresultingfrom the
photoinducedlossof theBPDEresidue(thisbandandthe
neighboring still unidentified degradationbands with
migrationdistanceslessthan50mmcomprise57%of the
initially presentoligonucleotides).The bands labeled
G*6 (0.6%),C5 (0.4%),T4 (0.5%),A3 (0.5%),andC2
(<0.4%)representthedifferent-sizedfragmentsresulting
from strandcleavageon the 5'-sideof the G* residueat
the indicatedbases.It was shownin Ref. 88 that these
small fragmentsco-migratewith Maxam–Gilbertclea-
vage fragments,and thereforehave 3'-phosohateends.
The overall quantumyield of photodegradationis of the
order of 10ÿ6. The resultsshownin Fig. 4(A) indicate
that reactiveintermediatescanmigratewithin the same
strand from the site of generationat G6* to cause
cleavageat the moredistantsitesC5, A3, C2 andC1 of
theoligonucleotide(up to five basepairsfrom thesiteof
excitationof thephotosensitizer).This resultis in agree-
ment with our previousobservationswherewe showed
thatstrandcleavageoccurson boththe5'- and3'-sidesat
distancesup to 5–7basepairsfrom thesiteof thephoto-
sensitizer-modifiedguanosyl residue.8 The fraction of
oligonucleotidescleavedat G6* increasesfrom 0.6%
beforepiperidinetreatment[Fig. 4(B)] to 9%afterthehot

Figure 4. Phosphorimager analysis of autoradiographs
of denaturing gel mobility patterns of fragments ob-
tained after an 8 h illumination (355 nm light) of the Py
residues in the 11-mer oligonucleotide duplex 5'-
d(CCATCG*CTACC)*d(GGTAGCGATGG) (1 mM) where
G* = (ÿ)-trans-BPDE-N2-dG. The modi®ed strand was 32P
end-labeled, and the intact 11-mer oligonucleotide and the
smaller fragment are identi®ed in (A).
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piperidinetreatment.Overall,thefractionof intactoligo-
nucleotide (100% before the irradiation) decreasesto
41%after the irradiationandto 28%after the irradiation
andthehot piperidinetreatment.

Sincethequantumyield of directstrandcleavageis of
the order of 10ÿ6, this is an inefficient process,pre-
sumablybecauseof the predominantnon-radiativere-
combinationof the intermediateradical ion pairs to the
triplet and/orgroundstatesof Py. The mobile reactive
intermediateswhichgive riseto cleavageat basesdistant
from the photoexcitedPy residue may be holes, as
suggestedby Hall andBarton,2 who observedhot alkali-
labile sitesat tandemGG basesdistantfrom the sitesof
attachmentof the metallointercalatorphotosensitizers.
Similar kinds of oxidativedamageat tandemGG bases
havealsobeenobservedby Breslin andSchuster3 using
substitutedanthraquinonesensitizersasphotonucleases.
The elucidation of the chemical stepsthat occur sub-
sequentto the excitationof the photosensitizerand the
initial chargeseparation,andthatultimatelyleadto DNA
strandcleavageat a distance,remainsan interestingand
challengingtask.Theultimateresolutionof this difficult
problemwill provideinformation,atnewlevelsof detail,
onthemechanismsby whichphotosensitizerscauseDNA
damageby Type I electrontransfermechanisms.10
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