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ABSTRACT: Several luminescent ruthenium(ll) complexes were designed whose main characteristic is their
photoreactivity towards mononucleotides and DNA. It was clearly demonstrated that this photoreactivity originates
from a photoinduced electron transfer from a guanine to the excited complex. This process leads to the formation of an
adduct which was characterized. The structure shows that the complex is anchored to the nucleotidic base via one of
its polyazaaromatic ligands, thus marking irreversibly the DNA guanines. Interestingly, this property can be used in
order to target, for example, (i) specific DNA sequences and (ii) particular DNA topologies. For each purpose a
specific Ru(ll) complex was designed. Synthetic oligonucleotides derivatized with mononuclear complexes were
prepared to target and damage specific DNA sequences containing G sites. In these systems, it is shown that the DN/
damage consists of an irreversible photo-crosslinking of the derivatized oligonucleotide with the complementary
strand. In order to target portions of important deformation along double-stranded DNA, the dinuclear complex
[Ru(phen}],HAT*" was prepared and studied. This complex is too large to penetrate inside the major or minor
grooves of a DNA double helix, so that only single-stranded portions of denatured DNA are accessible to this
compound 1998 John Wiley & Sons, Ltd.

KEYWORDS: ruthenium (II) complexes; photoreactivity; targeted DNA sites

INTRODUCTION compounds based on rutheniumtfior ruthenium(lil)
ions. The latter have led to some clinical applications.
DNA is a biological polyelectrolyte which has been ex- Kepplet* has shown tharansimidazolium|tetrachloro-
tensively studied in biology and biochemistrg.How- bisimidazoleruthenate(lll)] and analogues are active
ever, although the knowledge in that area has progressedhgainst different tumours, mainly by inhibiting the
tremendously, there is an important need for methods andDNA replication.
tools to determine local structures and topologies of DNA  On the other hand, recent studies have shown that
and relate them to their function. Some of the molecular tris(polypyridyl)ruthenium(ll) complexes can penetrate
tools developed in this field are based on polypyridyl cell membranes? This offers an important advantage for
metal complexes. The interest in such coordination clinical applications. In addition, in contrast to the Pt
compounds is due to their luminescence and photoreac-drugs which are active in the dark, the tris(polypyridyl)-
tivity in the presence of DNA-’ The development of  ruthenium(ll) complexes discussed in this paper would
such molecules can also lead to new potential anti- be active only under visible light. The formation of
tumour drugs based on metallic compounds, as is the cas@hotoadducts of these coordination complexes with DNA
with the platinum(ll) complexes. Despite the numerous could indeed interfere with the normal functions of DNA,
studies on Pt(Il) compounds in biological systet&: for example by inhibiting the RNA polymerase.
their toxicity has motivated researchers to investigate When the metallic compounds are designed as novel
new metallic candidates for cancer therapy such asDNA molecular tools or potential anti-tumour drugs, the
main criteria for their preparation are their interaction and
*Correspondence toAndrée Kirsch-De Mesmaeker, Universitébre aﬁ.lmty for DNA’ .thelr phOtore.aCtIVIty Fowards nU(-:IeIC
de Bruxelles, Chimie Organique Physique, CP i60/08, 50 Avenue acids a_nd their interaction with spemgl geomeme_s or
F. D. Roosevelt, B-1050 Brussels, Belgium. topologies of double-stranded DNA. This paper reviews
$D“i"rgg-t ;kgfsgg?eﬂ:)éﬁcé?fhe ENRS (Belgium). the research performed with certain complexes which
Contract/grant sponsorSSTC;contract grant numberPAI-IUAP-4/ reSand to these criteria and Wh_'Ch could be used for
11. possible applications in DNA studies.
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Figure 1. Structures of TAP (=1,4,5,8-tetraazaphen-
anthrene), HAT (=1,4,5,8,9,12-hexaazatriphenylene) and
RU(HAT),(bpy)**.

INTERACTION AND AFFINITY

It hasbeenshownthatorganicmoleculesandcomplexes
interactwith DNA accordingto different geometries:*®

As the tris(polypyridyl)rutheium(ll) complexes are
positively chargedthey caninteractwith the negatively
charged phosphatebackboneof the DNA helix. For

example, Ru(MeTAP):?" (Me,TAP = 2,7-dimethyl-
1,4,5,8-tetraazaphentnrene)hasbeenshownto interact
like Mg®" with DNA and consequentlyelectrostatic
interactions have been proposed as dominating the

associatiowith DNA.'’ The absencef interactionwith

thenucleobasets attributedto sterichindrancedbetween
the methyl groupsandthe doublehelix backbone Less
stericallyhinderedmolecularspeciesnayenterthe minor

or majorDNA groovesThesencludeanti-cancelagents
such as netropsift®*® and metallic complexessuch as
Ru(TAPY?" (TAP=1,4,5,8-tetraazaphenangmef® !
and Ru(TAP)(bpy/phenj" (bpy= 2,2-bipyridine, phen
= 1,10-phenanthrolinéj (Fig. 1).

In manycasegherearespecifichydrogerbondingand
vander Waalsinteractionsbetweernthesemoleculesand
DNA. A third possibility of bindingis theintercalationof
aplanarportionof themoleculebetweerthebasepairsof
DNA.Z* Thisinducesalengtheningandunwindingof the
doublehelix. A batteryof method$*2°suchasabsorp-
tion, luminescenceand proton NMR spectroscopy’~=°
viscosityexperiments>?Scircularandlineardichroisnt®
andmeasurementsf DNA unwinding'**?areneededo
describerealistically the non-covalentbinding of these
compoundgo DNA. Forexample anintercalativemode
of interaction has been unambiguouslydemonstrated
for Ru(phen)(DPPZ}" (DPPZ= dipyrido[3,2a:2',3-c]
phenazine¥>—’ Ru(phen)(PHEHAT)*" (PHEHAT=1,
10-phenathrolino[5,6+]-1,4,5,8,912-hexaazaiphenyl-
enef® (Fig. 2) and Ru(bpyy(TPPHZf" (TPPHZ
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Figure 2. Structures of extended aromatic ligands: DPPZ =
dipyrido[3,2-a:2’,3'-cJphenazine and PHEHAT = 1,10-phen-
anthrolino[5,6-b]1,4,5,8,9,12-hexaazatriphenylene.

= tetrapyrido[3,2a:2',3-¢:3",2"-h:2"",3"-j]phenazine}®
behavesimilarly.

A complete intercalation of the extendedaromatic
ligandis, of course preventeddy the sterichindranceof
thetwo ancillary ligands.Complexeswith suchextended
aromatidigandsexhibitaffinity constantsor DNA (10°—
10" | mol~1)3*3%38muchhigherthantheothercomplexes
and even higher than ethidium bromide. This strong
interactionresultsin importantchangesn the spectro-
scopic properties,making these compoundspowerful
spectroscopicprobes for DNA. Complexeswith less
extendedaromaticitysuchasRu(bpy/phen)HAT)5_ "
(HAT =1,4,5,8,9,12-hexaazatripenylem = 0, 1, 2)*°3
andRu(bpyy(PPZ}" (PPZ= 4,7-phenanthrolino[5,6]-
pyrazine}*™’ also exhibit characteristicsrelevant to
intercalation Forexamplea clearhypochromiceffecton
the MLCT (metalto ligand chargetransfer)transitionin
the presencef DNA**434547r g very slow mobility of
the HAT complex along the double helix*® can be
mentioned.This illustrates clearly that changesin the
chelating ligands may strongly modify the interaction
with nucleic acids. An exhaustivelist of complexes
whoseinteractionwith DNA hasbeenexaminedcanbe
found elsewheré?® It should also be noted that for
metallic complexes,the binding modesmay be more
complicated than for purely organic molecules and
neitherintercalationnor a groove adsorptionare unam-
biguousconceptshut ratherdenominatiorfor groupsof
binding modeswith commonfeatures.

PHOTOREACTIVITY TOWARDS POLYNUCLEO-
TIDES

Photophysical properties

The understandingof the photoreactivity of tris(poly-
pyridyl)ruthenium(ll) complexeswith speciessuch as
mononucleotidesr DNA requiresa goodknowledgeof
their photophysicswhich has been extensivelyexam-
ined>® The singlet MLCT excited state, populatedby
visible irradiation, deactivatesrapidly by intersystem
crossing to a manifold of four *MLCT states in
Boltzmannequilibrium during the decayprocessFrom
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Table 1. Absorption and luminescence maxima of a series of complexes, along with oxidation (£, and reduction potentials
(Ereq) and the corresponding reduction potentials in the excited >MLCT state (Eeq-)

H,O CH:CN
Complex Absorption\ax (M) Emission\max (NM)  Eox (VWSSCE)  Eeq (VWSSCE) Ejoq (VWSSCE) Ref.
Ru(HAT)gé2+ 410sH, 440 596 +2.07 -0.62 +1.46 52
Ru(TAP)y*+ 408,437 602 +1.94 —0.75 +1.32 51
Ru(HAT),(phenf " 408,470 657 +1.86 —0.66 +1.23 55
Ru(HAT),(bpy)™" 408sh,472 661 +1.79 -0.76 +1.12 52
Ru(TAP)(bpyY 412,465 649 +1.70 -0.83 +1.06 55
Ru(TAP)(phen¥+ 410,466 656 +1.73 -0.83 +1.06 55
Ru(phen)(HAT%2+ 430,494sh 732 +1.53 —0.86 +0.87 38,52
Ru(bpyp(HAT)=" 432,484sh 742 +1.56 -0.84 +0.83 52
Ru(bpyp(TAP)*" 439,484sh 714 +1.51 —-0.88 +0.86 51

ash= Shoulder.

thisensemblef *MLCT statesconsideredisoneunique
state,the complex can deactivateby either radiative or
radiationlessdeactivationsthe latter generally control-
ling the lifetime of the *MLCT state,or by a conversion
to the upper *MC (metal centred) state reached by
thermalactivationfrom the 3MLCT state.Two different
reactivitiesare associatedvith the two excited*MLCT
and3MC statesln the former, the reactivity corresponds
mostly to redox processesvhereasthe *MC statemay
photoreacvwia the lossof aligand. As the photophysical
characteristicof mostof the Ru(ll) complexesare such
that they preventan efficient chemistryfrom the *MC
state,severalstudieshave beenfocusedon the 3MLCT
reactivity, in other words on photoredoxprocessesin
addition,asno photoreactivityof Ru(ll) complexeswith
DNA hasbeenshownwhenthe excitedcomplexactsas
the reductant,this review concernsRu(ll) complexes
which are powerful oxidantsin the 3MLCT stateand,
thereforeareableto abstracanelectronfrom ratherpoor
reductants.

Detailed studieswith HAT or TAP complexeswith
bpy or phenasancillaryligands,rationalizetheinfluence
of the ligandson the spectroscopi@nd electrochemical
propertiesof the correspondingomplexes*>2

The oxidation potential is shifted anodically by
increasingthe numberof TAP or HAT ligandsin the
complex.In reduction,the addition of the first electron
takes place on the ligand which exhibits the best =-
acceptorability: first HAT, then TAP andfinally bpy or
phen.Astheorbitalsinvolvedin theelectronictransitions
are the sameas thoseinvolved in electrochemistrythe
energyof thetransition(in absorptiorandin emission)s
correlatedwith the differencebetweerthefirst reduction
andthefirst oxidationpotential.Suchacorrelationallows
oneto estimatethe redox potentialsin the excitedstate
from the potentialin the groundstateandthe energyof
the emissionmaximum. Table 1 showsthat complexes
containingtwo or three n-acceptorigandsare the most
oxidizingin theexcitedstate It shouldbenotedthatHAT
offers a supplementaryadvantage. This symmetric
moleculeis a trischelatingligand which can be usedto
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designpolymetalliccomplexesBi-, tri- andevenhepta-
metallic complexeshavebeenpreparedrom Ru(ll) and
HAT.>?~>* These polynuclear complexesexhibit very
intense absorptionsat wavelengthslonger than their
monometallicanaloguesThesecompounddollow also
the spectroelectrochemat correlation describedabove
andareoxidantsin their3MLCT state Theyaretherefore
also good candidatesas photoreagentsf nucleic acids.
Their photochemistryand special interactionswill be
discussedn thelastsection.

The modulation of the redox properties of the
Ruthenium(ll)complexesaccordingto thetype of ligand
strongly influencestheir photoreactivitywith the mono-
andpolynucleotides.

Evidence for electron transfers with nucleic acids

Generally theinteractionof aluminescentomplexwith
a polynucleotideis accompaniedy an increasein its
luminescencéntensityandlifetime, attributedto protec-
tion by the DNA microenvironmentrigidity, protection
from water and from oxygen quenching). For the
Ru(bpyW(TAP/HAT);_ 2" (n=0, 1, 2, 3) series,con-
siderable changesin the emission are observed by
increasingthe DNA concentratiorn(Fig. 3).
Dependingon the combinationof ligandsin the com-
plex, theemissiorshowstwo differentbehaviourg*#2:5°
If the complex containsless than two TAP or HAT
oxidizing ligands, the luminescenceincreasesupon
additionof increasingamountof DNA. Thisis attributed
to the rigidity and hydrophobicity of the double helix
environmentresultingin a decreasen the efficiency of
theradiationlessleactivatiorprocessedn contrastjf the
complex containstwo or three n-acceptorligands, the
emissionis inhibited by the DNA, andthe correlationof
this luminescenceguenchingwith the redoxpotentialsin
the excitedstatesuggestshatthe quenchingesultsfrom
the reduction of the excited complex by the most
reducingbase.This hypothesishas been supportedby
studiescarriedout with differentpolynucleotidesForall
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Figure 3. Effect of increasing ratio of [DNA] (equivalent in
phosphate concentration)/[complex], i.e. P/D, on the emis-
sion intensity of the complexes at constant concentration, for
Ru(bpy)(TAP)s_,2*, n=0, 1, 2, 3) (adapted from Ref. 21).

the complexescontainingat leasttwo oxidizing ligands,
whose luminescenceis inhibited by DNA, [poly(dG—
dC)], alsoinduceduminescencguenchingOntheother
hand, in the presenceof [poly(dA—dT)],, the lumines-
cenceincrease®n addingthe polynucleotide gxceptfor
the mostoxidizing compound(E " ;eq> 1.4V vs VSCE).
In thatcase[poly(dA—dT)], alsoinducesaluminescence
quenching.Other information in favour of the photo-
induced electron transfer from the nucleobaseto the
excited complex has been gained from experiments
performedwith the mononucleotidesThe emissionof
complexegontainingTAP andHAT ligandsis quenched
in the presencef guanosine-5monophosphatéGMP)*°
Therateconstanbf thesequenchingglearlydependsn
the Egeeru- Value of the complexes.The plot of the
logarithms of these constantsas a function of the
reduction potential of the excited complexes,gives a
curvetypicalfor aquenchinguy electrontransfer(Fig. 4),
where the plateau value correspondsto the most
exergonicprocessesvhich arediffusion controlled>®

The emission of the most oxidizing complexes
(containingthreeoxidizing ligands)is alsoquenchedy
adenosine-amonophosphatAMP), butwith lower rate
constantsj.e. the emissionquenchingfollows the redox
potentialsof the basesasGMP is moreeasilyoxidizable
thanAMP.>°

Furtherevidencdor the photoinducelectrontransfer
consistdn detectingthe monoreduced@omplex.This has
been achievedby detailed flash photolysis studies,as
both the monoreduceccomplex and oxidized guanine
radical cationcanbe observedFig. 5).°6>°

[Feu(TAP)3]2*+G|\/|F>%[Ru(TAP)JAP*‘]*+G|\/|Fr+

Flashphotolysisexperimentperformedwith theseries
of TAP andHAT complexesand DNA leadto the same

0 1998JohnWiley & Sons,Ltd.
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Figure 4. Plot of the logarithm of the luminescence
quenching rate constants k,, measured in the presence of
GMP, versus the excited-state reduction potentials calculated
for the complexes listed in Table 2 (adapted from Ref. 55).
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Figure 5. Differential transient absorption spectrum re-
corded by laser flash photolysis of Ru(TAP);*" in the
presence of GMP (spectrum recorded 1 us after the laser
pulse) (adapted from Ref. 56).

conclusionswhich demonstratelearly the presencef a
photoinducedelectrontransferfrom the nucleobases$o
the excited complex>® The correlationof the lumines-
cencequenchingby the mono-andpolynucleotideswvith
the occurrencef aphotoinducedtlectrontransfershown
by flashphotolysishasheenobservedor thewholeseries
of TAP andHAT complexes.

The data,shownin Table 2, illustrate well that it is
easyto modify the photophysicabehaviourf a complex
towardsthe polynucleotidedy changingin a controlled
fashionthe natureof the ligandsandtheir combinationin
thecorrespondingomplex.As will bedevelopedurther,
this photoinducectlectrontransferwith polynucleotides
is correlatedwith anincreasedyield of strandcleavages
andto the formationof adductson DNA.
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Table 2. Luminescence I|fet|mes and quenching rate constants (kq) by GMP and AMP in aqueous solution of 0.1 M phosphate
buffer, (pH 7), [Ru]l ~ 5 x 107> M, and the effect of increasing concentrations of various polynucleotides on the luminescence

intensity at a fixed wavelength

Quencher AMP,
Quencher GMP, Eox=+1.32

Eox = +0.92VVSSCE VVSSCE

Ereq ko x 107° ko x 107°
Complex Touter (1S)  (VVSSCE)  (Imol™ts™) (Imol~ts™ DNA pd(GC) pd(AT) Ref.
Ru(HAT)322+ 176 1.46 2.16 0.87 ! ! 42,55
Ru(TAP)?" 231 1.32 2.20 0.12 ! ! 1 21,55
Ru(HAT)Z(phen)2+ 580 1.23 1.85 ! 1 55
Ru(HAT)(bpy)" 519 1.12 1.36 l 1 42,55
Ru(TAP)(bpy)y " 231 1.06 0.74 ! 1 21,55
Ru(TAP)Z(phen)? 630 1.06 0.98 l ! 1 55
Ru(phen)(HATg 108 0.87 0.024 1 1 38,55
Ru(bpyh(HAT)*" 78 0.83 0.020 7 1 43,55
Ru(bpyp(TAP)*" 0.86 1 1 21,42

Photochemical reactions

An interesting property of these (polypyridyl)ru-
thenium(ll) complexesis the possibility of using them
asDNA-modificationagentsand, by suitablederivatiza-
tion of thecomplex,to directthedamagedo targetecsites
of DNA (seelater).

Two interestingclassesof reactions(DNA damages)
are the strand photocleavagesand the formation of
covalent photoadductshetweenthe complex and the
polynucleotide.

Strand breaks. The inductionof single strandbreaksin
DNA is commonlystudiedwith plasmidDNA, wherethe
conversionof the supercoiledclosedcircular form to its
opencircular form is readily monitoredby gel electro-
phoresiswhenRu(ll) complexesuchasRu(phen)*"
Ru(bpy)®" areirradiatedwith visible light, singlestrand
cleavagesare observed.Thesereactionsproceedwith
relatively low quantumyields [(1.2-6.6)x 10°°] and
havebeenshownto proceedvia oxygen-dependerdnd
oxygen-independent pathways’*8°° In contrast,
Ru(TAP)?", which has beenshown by photophysical
measurementso photo-oxidize DNA, is much more
efficientat inducing single strandbreaks?* Moreover,a
correlation has beenfound betweenthe photocleaving
ability of the seriesRu(bpy)(TAP/HAT); 2" (n=0, 1,
2, 3) andtheir oxidation powerin the excited state?!55
This suggestghat the guanineradical cation plays an
essential role (possibly similar to that found with
oxidizing radiation or high-power laser excitation) in
the photocleavageprocesses.The generality of that
reactionhasbeenextendedo complexeswith intercalat-
ing ligands,by comparisorof photochemicabehaviours
of Ru(bpyx(DPPZY" with the more strongly photo-
oxidizing Ru(BPZ/TAPY(DPPZf " 150

0 1998JohnWiley & Sons,Ltd.

Formation of covalent photoadducts. While studies
with plasmid DNA have indicated that the series of
oxidizing complexesdescribedaboveare more efficient
to induce photocleavagesthan complexes such as
Ru(pheny*" or Ru(bpy)®", experimentswith 3P-end-
labelledoligonucleotidesurprisinglyhaverevealedthat
the dominantprocesss not a strandbreak,inducingthe
detection of short fragments, but the formation of
adducts,inducing the detectionof fragmentshaving a
lesser mobility than the starting oligonucleotide?*
Adducts are formed with double- and single-stranded
oligonucleotidesandtheformationof photoadductsvith
DNA is readily monitoredby spectroscopi@anddialysis
measurements. The visible light illumination of
Ru(TAPX*" in the presenceof DNA induces an
important hyperchromiceffect at ca 400nm, different
from the change®bservedn the absencef polynucleo-
tide. Theirreversiblecovalentnatureof the bondformed
upon photolysis, betweenthe complex and the poly-
nucleotide is shownby dialysi€* (Fig. 6).

The absorptionspectrumof a dialysed sampleafter
photolysis in the presenceof DNA shows that the
complexis alwayspresenbn DNA insidethemembrane.
Similar spectroscopichangeswith [poly(dG—dC)} but
not with [poly(dA—dT)], suggesthat this adductresults
from a reactionwith guaninesites®* The samekinds of
experimentverethenbeenperformedwith GMP to gain
informationon the photoadduc®! Thesimilar absorption
changegombinedwith theresultsdiscusse@boveallow
oneto concludethat the photoadductvould resultfrom
thetransferof anelectronfrom theguanineto the excited
complex,followed by a proton transfer(both processes
have beenshownto occur by flash photolysis experi-
ments®).

Large-scalgphotolysisexperimentshavebeencarried
out with GMP and Ru(TAP)*" and GMP plus
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Figure 6. Changes in the absorption spectrum of Ru(TAP)3?*
in the presence of calf thymus DNA, (P/D=50 in 10 mm
phosphate buffer, pH 7) for different experimental condi-
tions (adapted from Ref. 55).

Ru(HAT)(bpy¥* to determinethe structureof sucha
photoadduct? Ru(HAT),(bpyY" has an oxidizing
power similar to that of Ru(TAP)*" and, in addition,
asoneof the oxidizing ligands,is replacedby a bettero-
donor,bpy, theresultingstabilizationof the 3MLCT state
preventsaccessto the *MC stateat room temperature
and, consequentlypreventsthe formation of secondary
photodechelationproducts which are observed with
Ru(TAP)?*".%® The GMP adductshavebeenprecipitated
as PFR; salts, purified by ion-exchangeand high-
performanceliquid chromatographyand characterized
by electrospraymassspectrometry ESMS) and nuclear
magneticresonanceNMR).%? The phosphoribosecan
alternativelyberemovedby acidtreatmentThestructure
of thesephotoadductsevealstheformationof a covalent

bondbetweenthe exocyclic N-2 of the guanineandthe
carbonin the S-position to the chelating site. These
productscanbe consideredsresultingfrom anewmode
of covalent binding of metal complexesto DNA,

different from mostother nucleic acid—metaladductsin

which the baseis directly attachedto the metal centre.
Theseadductsareproposedo resultfrom the couplingof

the protonatedmonoreducedomplexwith the deproto-
natedguanineradical,followed by rearomatizatiorf the
ligand by loss of two hydrogenatoms.Thus photolysis
yields a compoundin which the guanineis covalently
linked to oneligand of the complexwithout affectingits

coordination sphere, in other words without ligand
substitution.

[RU(TAPY*™ + GMP—
[RU(TAP)LTAP]"...GMP™} (2)

{[Ru(TAP,TAP~]*...GMP"} —
[RU(TAP),TAPH]*"...GMP(-H)} (3)

{[RU(TAP),TAPH1]*" ...GMP(-H)} —
[RU(TAP),(2 — GMP(-H)-TAPH)*"  (4)

[RU(TAP),(2 — GMP(-H)-TAPH)*" —
[RU(TAP),(2 — GMP(-H)-TAP(-H))|*"  (5)

In thecaseof Ru(HAT)(bpy)*", two isomericguanine
adductsare formed, in both of which the guanineis
bondedvia its exocyclic amino group to one of the C
atomsin the -positionto the chelatedsite® (seeFig. 7).

The formationof two isomersis, of course dueto the
lower symmetryof the complexcomparedwith that of

Figure 7. Structure of the photoadduct formed under irradiation of Ru(HAT),(bpy)>* and GMP, after HC treatment to remove

the ribose phosphate.
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Ru(TAPX*". Recently, visible light irradiation of

Ru(TAPYL(bpy)*" in the presenceof calf-thymusDNA

has beencarried out, followed by enzymaticdigestion
andacidic treatmentof the modified DNA.®> The NMR

and ESMS studiesindicated that Ru(TAP)(bpy)*" is

againconnectedo the guanineexocyclicN-2 positionat
the carbonin the -positionto the chelatedsite of oneof

the TAP ligands. This connectionwould imply that the
adductis formed within the CT-DNA minor groove,
where the NH, group is accessibleThe formation of

these adducts thus allows the generalizationof this
mechanismof photoadditionto a larger classof poly-

pyrazinic complexesof Ru(ll). The following sections
illustrate strategiesto direct these photoreactivecom-
poundsto targeted sequencesf basesor to special
topologiesof DNA.

DIRECTING THE PHOTOREACTIVE COMPLEX
TO SPECIFIC TARGETED SEQUENCES OF
BASES

Although several polypyridylrutheniunfll) complexes
are efficient photoactivatableeagentsof nucleic acids
andareableto form photoadductsvith DNA, theydonot

exhibitinteractionwith specificDNA base®r sequences.

Their only specificity originatesfrom their photoreactiv-
ity exclusivelyversusthe guaninebasesin orderto use
Ru(ll) complexes for therapeutic applications, it is
necessaryo targetparticularnucleic acid sequenceso
damageonly specific genes.To achievethis goal, we
havedevelopedsystemsavherethe photoreactivityof the
complex is directed towards guanines belonging to
specific sequence®f bases.Our approachis basedon
the anti-senseor anti-genestrategywherein both cases
the aim consistsin inhibiting the expressior(during the
transcriptionor the translationprocessesdf the targeted
sequencdy a syntheticoligonucleotide.The inhibition
effectsof the interactionof this oligomerwith double-
stranded DNA or with messengerRNA should be
increasedby the occurrenceof a photoreactioneading
to an irreversible attachmentof the synthetic oligo-
nucleotideto its targetsequenceSyntheticoligodeoxy-
nucleotides functionalized with a photoreactive
Ru(TAP)dip®>"™  (dip = 4,7-diphenyl-1,10-penanthro-
line) complextetheredto a thymine basein the middle
of theprobesequencéFig. 8) werethereforesynthesized
andtheir behavioursxaminedunderillumination.* This
approachshouldallow the irreversible photo-crosslink-
ing of the Ru-derivatizedligonucleotideon thetargeted
sequence.

In contrastto most derivatizationswhere the active
compounds anchoredo a3- or 5-terminalend®®-®our
stategy®is basedntheformationof astableamidebond
betweenthe complexandthe 5-positionof a thyminein
the middle of the syntheticoligonucleotide both species
(complex and thymine) being previously activatedfor
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Figure 8. Structure of a Ru-derivatized oligonucleotide after
hybridization with its complementary sequence.

their couplingreaction.Tetheringthe metalcompoundn
the middle of the syntheticoligomer allows control on
both sidesof the anchoreccomplexof the sequenceand
double-strandedtructure;moreover in this fashionone
forces the complex to remain inside the major DNA
groove. To prepare the metalated oligonucleotide’®
called the conjugate,the thymidine is in a first step
chemically activatedat the 5-positionand insertedinto
the synthetic oligonucleotide sequence Subsequently,
theRu(ll) complexis attachedo themodifiedthymineof
the oligonucleotidevia the dip ligand previously acti-
vated. The so-obtainedRu-labeledsingle strandis then
hybridized with its complementarysequenceto form
rutheniumtetheredduplexes(Fig. 8). The luminescence
propertiesof thesemetalatedduplexesare examinedby
comparisorwith thoseof the Ru(ll) complexattachedo
the correspondingingle strand.

Five ruthenium-labelledl7-mer duplexeshave been
prepare8®°®° (Fig. 9). ThethreesystemsD1, D2 andD3
weredesignedn orderto testthe photoreactivityof the
Ru-derivatized single-strandedoligomers towards the
guaninesn thecomplementangtrandsandfacingthe Ru
complexlabelledsite. The D1 targetsequenceontains
6G whereaghe targetsequencesf D2 and D3 contain
only 2Gtowardsthe5'-andthe 3'-end,respectivelyln the
fourth system, D4, a four base pair mismatch was
introduced near the Ru-modified site to examine the
effect of sucha mismatch.D5, with no guaninein its
target sequencewas used as referenceto verify the
absencef photoreactivityin this case.

The ruthenium effect on the duplex formation and
stability wasexaminedrom thermaldenaturatiorcurves
measuredby absorptionspectroscopyComparisonsof
the resulting curvesfor the Ru-labelledduplexeswith
thoseof the unmetalatedduplexes(usedas references)
showthatthe hybridizationability of the DNA strandds
maintainedn thelabelledoligomerandthatthe attached
complex inducesa slight stabilization of the double-
strandedbligonucleotides.

Foreachsequencethe emissionquantumyieldsof the
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Ru
I
5' CAAAACCCT*ACCCAAAC 3’ D1
3 GTTTTGGGA TGGGTTTG 5'

Ru

1
S5'TTT TTT TAT*CCAATTTA 3' D2
3' AAAAAAATA GGTTAAAT '

Ru

[
S'TTT TTT CCT*TAAATTTA 3' D3
3' AAAAAAGGA ATTTAAAT 5'

Ru
1

5'TTT TTT CCT*TAAATT TA 3' D4
3' AAAAAAATA GGTTAAATS'

Ru
I
S'TTT TTT TAT*TAAATTTA 3' D5
3 AAAAAAATA ATTTAAATS'
Figure 9. The five Ru-labeled 17-mer duplexes D1 and D5,°®
D2, D3 and D4.*°

Ru(ll) complexon the double-strandealigonucleotide
weremeasure@ndcomparedvith thoseof its conjugate.
Hybridizationof the Ru-containingpligonucleotideof D1
with its complementarysequencenducesan important
decreasén emissionintensity, as 85% of luminescence
quenchingof the complex is observed.The emission
quantumyield of the duplex sequencecontaining 2G
towardsthe 5'-position indicatesa 50% inhibition upon
duplex formation whereaswith the other 2G sequence
(without mismatch)only a 35% quenchingis measured.
In contrast,no detectablechangein emissionintensity
was observedon addition of the mismatch-containing
target strand to the conjugate D4. Similarly, for the
duplexwithout guanine,no inhibition was measuredin
contrasthybridizationof the Ru-labelledoligomerD5 to
its complementarystrandinducesa slight increasein
emissionintensity.

These luminescencedata clearly show that the
guenchingprocessis due to the guaninescontainedin
the targetsequencendthatits efficiencyincreasesvith
increasingnumberof guanines.The attachedcomplex
caninteracttowardthe 5'- or 3- endof the complemen-
tary strand within the double-strandedDNA but the
guaninepositionin the targetsequenceseemso play a
role astheluminescenceguenchingoy the 2G sequences
(without mismatch)are not equivalent. Time-resolved
luminescencestudieshavebeenperformedwith the free
complex, the conjugatesand the duplexes.Although a
singleexponentiatlecayis obtainedor thefreecomplex,
the decaysare biexponentiaffor all the metalatedsingle
strands.This is also the casefor the duplex D5. The
presencef a secondifetime twice aslong asthe normal
luminescencdifetime of the free complexis dueto a
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certain protection of the metal complex by the single
stranditself or by thecomplementargtrandin theduplex
D5. In contrast, the non-single exponential decays
obtainedfor the duplexesD1, D2 andD3 aredominated
by a short componentwhose correspondindifetime is
about10% of the value of the free complex. As these
duplexes contain guanines in their complementary
sequencesthis short lifetime may be attributedto the
guenchingby thesebasesas observedirom the experi-
mentsundercontinuousllumination. The questionto be
raisedis to determinewhetherthis quenchingcan be
attributedto an electrontransferfrom the guaninebases
to theattachedexcitedcomplex.Basedon the datain the
previoussectionsijf thisis the caseaphotoadducof the
complexon theseguaninesshouldbe observed)eading
to irreversiblephoto-crosslinkingf the two strands.

In orderto checkthis possibility, continuousirradia-
tion experimentswere performed, followed by gel
electrophoreti@analysesandby absorptiorspectroscopic
measurementg:or this purposepeforethe hybridization
of the duplexes,the complementarystrand of each
conjugatewas 5’ 3%P-end-labelledAfter irradiation, the
samples were analysed by electrophoresisthrough
denaturingpolyacrylamidegelsat 50°C. In the absence
of photo-crosslinkingthe bandson the gel shouldresult
from the migration of the targetsingle complementary
strand FortheilluminatedduplexD5, the migrationdoes
correspondto the *?P-labelled complementaryoligo-
nucleotide,in accordwith the absenceof luminesence
quenchingandthusabsenc®f photo-crosslinkingThese
observationsare also consistentwith the spectroscopic
results,which indicate the absenceof photoproductin
contrastfor theilluminatedduplexedD2 andD3 (D1 was
not tested)anadditionalbandwasdetectecandindicates
the presenceof an oligonucleotidecontaininga double
numberof bases.This clearly confirms an irreversible
photo-crosslinkingoetweenthe complextetheredto the
probe sequenceand a guanineof the target sequence.
Theseesultsarealsoin agreementvith theoccurrencef
a photoadductletectecby absorptiorspectroscopy.

This work thusconstitutesaninitial stepin the design
of new sequence-specifibNA photoreagentsk-urther-
more, this type of conjugatecould be usedfor studying
long-rangetransport(of electronsor holes)throughthe
DNA doublehelix.

SPECIAL DNA GEOMETRIES OR TOPOLOGIES
TARGETED BY THE COMPLEX

In orderto improvethe selectivity of the complex—DNA
binding, otherresearchstudieshavebeenfocusedon the
designof complexesableto direct their interactionand
photoreactivityto particulartopologiesof DNA. In that
field, studieson the interactionsand photoreactionof
dinuclearRu(ll) complexeshasedon the bridging HAT
ligand haveevidencednterestingbehaviours.
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Figure 10. Structure of the bimetallic

complex
[Ru(phen),l,(HAT)**.

Interaction

[Ru(phen}],HAT*" (Fig. 10) hasbeenshownto interact
exclusively with denaturedDNA.”° In the presenceof
calf thymusdouble-strandedNA, only weak emission
increasesare observedat constantconcentrationof the
complexon increasingthe DNA concentrationsuggest-
ing a poor protection of the excited complex by the
doublehelix. Thisis attributedto the sizeof thedinuclear
complex, which prevents its penetration inside the
groovesof the normal DNA double helix. In contrast,
thiscomplexexhibitsdifferentbehavioursn thepresence
of denaturedDNA. This DNA contains60% of normal
double helix portions and 40% of single-stranded
portions. With denaturedDNA, the emissionintensity
of [Ru(phen)],HAT*" increasesby a factor of 2.5°
suggestinghat in that case,the denaturedportionsare
accessibleto the dinuclearcomplex and thus the pro-
tectionfrom solventquenchingis efficient. In addition,
the 44 chargeof the dinuclearcomplexinducesa high
affinity for the DNA strands.This complex therefore
appearsas a novel, interestingtool to be usedfor the
detectionof single-strandedNA portionsin irregular
DNA structures.

Photoreactivity

As mentioned in previous sections, the bimetallic
complexesareoxidantsin the MLCT stateandarethus
good candidatesas photoreagent®f nucleic acids. In
order to establish the existence of a photoinduced
electrontransferbetweenthe dinuclearcomplexandthe
nucleobasesflash photolysisexperimentswere carried
out with GMP (seeFig. 11) and naturaland denatured
CT-DNA.

The transient  spectra  produced  with
[Ru(phen}],HAT*" and these nucleic acids show an
absorptionaround450nm correspondingo the mono-
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Figure 11. Laser flash photolysis of [Ru(phen)z]zHAT4+ in the
presence of GMP (spectrum recorded 2 ps after the laser
pulse) (adapted from Ref. 70).

reducedHAT ligand. The comparisonof the spectro-
electrochemicahnd flash photolysisresultsleadsto the
conclusionthat the monoreducedimetallic complexis

producedafterthelaserpulse,accordingo thefollowing

equation(for GMP):

{[Ru(phem),HAT}** + GMP%

{[Ru(phen)],HAT—}*" + GMP*  (6)

In correlationwith this photoinducedelectrontransfer
process, the formation of a photoadducthas been
observedwith GMP. However,with natural DNA, the
photoelectrortransferdoesnot leadto adductformation.
This probablyoriginatedrom importantsterichindrances
whichpreventgoodcontactof thecomplexwith theDNA
bases.In contrast, the photoelectrontransfer process
leadsin mostcasesto the formation of an adductwith
denaturedDNA. Under theseconditions, the complex
may probably approachmore easily the guaninebases
(whenpresenthat the level of the denaturegortionsand
thus producethe adduct. The luminescencequenching
which shouldresultfrom this reactionis probablylargely
compensatedy the protectioneffect of the denatured
portions, resulting in a luminescenceenhancemenbf
[Ru(phen}],HAT*" by increasingdenatureddNA con-
centration.

In conclusion, it turns out that these bimetallic
complexescould play the role of moleculartools and
photoreagentsto detect and target irregular DNA
structures(single-strandedNA, for example)along a
double-strande®NA. Recently,the pure stereoisomers
of [Ru(phen)],HAT*" havebeenpreparedand charac-
terizedby spectroscopi@ndelectrochemicamethods’*
The behaviourof eachof the three sterecisomergAA,
andA) with nucleicacidsis currentlybeingstudied.
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CONCLUSION

This paperhasshownthat, by changingthe natureof the
ligandsandtheir combinationgn the complexiit is easy
to modify the photoredoxpropertiesof the resulting
complex towards the nucleobasesThe photoinduced
electrontransferwhich occursfrom the mostreducible
basesto the excited complex leadsto DNA damage
including strand breaksand the formation of covalent
adductslin thefutureit shouldbe possibleto increasahe
efficiency of thesereactionsby improving the designof
the complexesin order to adapt them for clinical
applicationssuch as DNA-targetedphototherapieskor
example studieswith derivatizedoligonucleotideshow
that it is possible to increasethe specificity of the
photochemicaprocessedyy controllinganddirectingthe
photoreactionson targeted DNA bases sequences.
Another promising strategy is based on the use of
polymetallic complexesto targetspecific DNA topolo-
gies such as single-strandedortions. Theseexamples
illustrate potential applicationsof thesemetallic com-
plexesas molecular photoprobesand photoreagent®f
DNA.
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