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Photoadducts of Metallic Compounds with Nucleic Acids —
Role Played by the Photoelectron Transfer Process and by the TAP and HAT
Ligands in the Ru'" Complexes

Romain Blasius, 2}l Cécile Moucheron,!?! and Andrée Kirsch-De Mesmaeker*!!
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The properties that are characteristic of TAP (1,4,5,8-tetra-
azaphenanthrene) and HAT (1,4,5,8,9,12-hexaazatripheny-
lene) Ru' complexes under illumination are highlighted and
compared with those of other metallic complexes. In particu-
lar, the photo-oxidizing power of their SMLCT states leads to
a quenching of luminescence accompanied by a photoreac-
tion when they are in presence of nucleic acids. The proton-

coupled photoinduced electron transfer with the guanine nu-
cleobases produces metallic adducts on DNA guanine units.
The mechanism of formation, structure, and possible applica-
tions of these photoadducts are discussed and compared with
other DNA metallic adducts currently in the literature.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

During the last 15 years, transition-metal complexes have
been extensively studied in the presence of nucleic acids.
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The interest focused on these complexes stems mainly from
their photophysical and photochemical properties, which
can be easily tuned by the type of ligands and nature of the
metallic centre. The platinum complexes such as cis-
[PtCl,(NHs),], known as cisplatin, and its derivatives are
well-known examples of metallic compounds that have been
widely applied in anticancer chemotherapy.l!~# They have
turned testicular cancer into a curable disease. The activity
of these platinum complexes against a variety of cancers is
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attributed to their reactivity with nucleic acids, mainly by
substitution of their chloride ligands by water and ulti-
mately by two adjacent guanines of DNA,P-¢ which results
in covalent binding of the metallic species to the genetic
material. However, treatment by these drugs leads to im-
portant toxic side effects. Therefore, there is still an urgent
need for other metallic compounds that would be active
mainly at the level of the genetic material and that could
exhibit an equal or higher activity against other types of
cancer but with a lower toxicity.

The use of a photoreactive metallic drug would be rather
advantageous because the action of the drug could be trig-
gered at a chosen time and at selected sites by using optical
fibers. There is thus a motivation to develop metallic com-
pounds that are photoreactive towards DNA. The illumi-
nation of metallic complexes that interact with DNA gener-
ally leads to cleavage (direct cleavage and a cleavage that is
revealed by treatment with piperidine) or to the formation
of photoadducts with a covalent bond between the metallic
compound and a DNA base. These metallic photoadducts
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Figure 1. Structure of the different ligands
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could play an important role in chemotherapy in the future,
a role similar to that played by the Pt compounds. Some of
them have indeed been shown to inhibit DNA replication
or synthesis so that they may be regarded as potential anti-
tumor drugs.[”]

In this review, we describe different mechanisms for the
formation of metallic photoadducts with DNA and polynu-
cleotides. The particular role played by the Ru' complexes
formed with the ligands TAP and HAT (TAP = 1,4,5,8-
tetraazaphenanthrene, HAT = 1,4,5,8,9,12-hexaazatriphen-
ylene, Figure 1) is highlighted. The Ru!' complexes can be
used also as photoprobes of DNA structures or topologies,
and for this particular aspect, the reader should refer to
already published reviews.[¥~14]

Different Types of Metallic Photoadducts with
DNA

1. With Rhodium, Chromium, and Ruthenium Complexes.
Photoadducts Formed by Ligand Substitution

Morrison’s team has shown that irradiation of cis-di-
chlorobis(1,10-phenanthroline)rhodium(m) chloride (Fig-
ure 2) in the presence of 2'-deoxyguanosine (Figure 2) un-
der aerobic conditions gives rise to the formation of a pho-
toproduct in which the metal is bound to the N1 site of
the deoxyguanosine (Figure 3, A); another photoproduct in
which Rh™ is bound to the guanine either through the oxy-
gen atom at C6 or the amino group at C2['519 is also
formed. The illumination of the same starting complex, un-
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Figure 2. Structure of cis-dichlorobis(1,10-phenanthroline)-
rhodium(in) (A) and 2'-deoxyguanosine (B)
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Figure 3. Proposed structure for the rhodium-guanine adducts; A:
NI bound adduct,!'> with 2’'-deoxyguanosine, aerobic conditions;
B: N7-bound adduct!!” with 2'-deoxyguanosine, anaerobic con-
ditions; R represents the sugar group of dG
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der aerobic conditions, in the presence of calf thymus DNA
leads to the identical photoadduct (linked through the N1
position of the guanine) that was isolated after enzymatic
digestion of the nucleic acid.[']

Under anaerobic conditions, illumination of the Rh!!
complex in the presence of 2’'-deoxyguanosine also forms a
photoadduct, but in this case, the metal centre is linked to
the N7 atom of the guanine moiety (Figure 3B).['”! Further-
more, this photoreaction (in the absence of oxygen) pro-
ceeds with a quantum efficiency greater than 1, which has
been explained by a chain reaction initiated by a photoind-
uced electron transfer.'”] However, the irradiation of cis-
dichlorobis(1,10-phenanthroline)Rh™ chloride in the pres-
ence of calf thymus DNA under anaerobic conditions leads
to the same photoadduct as that detected in the presence
of oxygen.[!8]

The key step of the mechanism for the formation of these
photoadducts is an electron transfer from the guanine base
to the excited-state metal complex (step 2).[15-16]

cis-[Rhi"™(phen),CL,]* v o cis-[Rh™(phen),Cl,]"* )
cis-[Rh"(phen),CLT™* +dG  ___,  cis-[Rh(phen),Cly] +dG™  (2)

A chain reaction begins with the loss of one Cl~ ligand
from the Rh'' complex (step 3). In the absence of oxygen,
a subsequent reaction with the most nucleophilic site of dG
leads to an N7—guanine adduct on the Rh complex (step
4). Another electron transfer (in the dark) between the Rh™
adduct and the starting dichloro complex completes the
first turnover of this chain reaction and leads to the forma-
tion of the final Rh'™ photoadduct under anaerobic con-
ditions (step 5). Finally, the chain reaction is terminated by
a back electron-transfer from the Rh'! intermediate species
to dG™* (step 6).

Under aerobic conditions, however, oxygen can kill the
chain propagation by oxidising the cis-[Rh'(phen),CI]"
species formed during step 3, with the simultaneous ad-
dition of a water molecule and production of a chloroaquo
complex and a superoxide anion (step 4a).

The formation of this chloroaquo compound and its
reaction with dG™ (obtained by chemical oxidation—
deprotonation of the guanosine) finally leads to the ad-
duct.l'®! Different sites have been proposed for the radical
position on the guanine; the localisation on N1 explains the
structure of the cis-[Rh™(phen),(N1—dG)(OH,)]*" adduct
formed under aerobic conditions. Coupling with the radical
at either the oxygen atom at C6 or the amino group at C2
has been postulated to explain the unidentified adduct.

cis-[Ri(phen),Cly] —
cis-[Rh(phen),C1" + dG —_—
cis-[Rh"(phen)y(N7—dG)CIT" + cis[Rh™(phen),ClL,]" ——
cis-[Rh%(phen),(N7-dG)CI]" + dG™* —

In conclusion, the preferential binding of cis-
[Rh™(phen),Cl,]* to guanine moieties rather than other
nucleobases is due to the initiation step of the chain reac-
tion, i.e. a primary electron transfer from a base to the ex-
cited complex. This process occurs, of course, preferentially
with a guanine because it is the nucleobase with the lowest
reduction potential for the cation radical.

Interestingly, thanks to this Rh photoreactivity, irra-
diation of cis-dichlorobis(1,10-phenanthroline)rhodium(iir)
chloride in the presence of packaging RNA (which forms a
hexameric complex to gear the DNA translocation process)
leads to some crosslinking of this RNA . [8:19]

It has also been reported that [¢is-Cr(phen),Cl,] upon ex-
citation with visible light in the presence of DNA leads to
the covalent attachment of the metal.?”) This Cr complex
also undergoes aquation, which originates from both ther-
mal and photochemical pathways. The photochemical path-
way stems again from an electron transfer from dG to the
excited state metal complex, with the exchange of one or
two CI~ ligands.?"]

The  photoreactivity of  complexes such as
[Ru(tpy)(X)CI]* {tpy = 2,2":6",2""-terpyridine; X = bipyri-
dine (bpy), 1,10-phenanthroline (phen) and dipyrido[3,2-
a:2',3'-clphenazine (dppz)},l*!l has also been investigated in
the frame of the search for novel photoreagents that are
reactive towards DNA. When these Ru complexes are
photolysed, the Cl~ ligand is easily substituted by a H,O
molecule, which leads to the aquaruthenium complex. This
latter complex, like the Rh species, is reactive towards the
DNA bases and forms a coordination bond with a hetero-
cyclic nitrogen atom!®? of a nucleobase. The covalent bind-
ing of such aqua Ru complexes to DNA has been demon-
strated by ultrafiltration, extensive dialysis and ethanol
precipitation.[>>?¥ However, the reaction between
[Ru(tpy)(X)(H,0)]** and double-stranded DNA proceeds
with a rather poor yield ([Ru]pouna/[DNA-nucleotide] is ap-
proximately 0.02) because of the important steric hindrance
due to the presence of the polypyridyl (X) ligands and the
incoming reactive DNA base.l*?!

2. The Ru'' Complexes Containing TAP and
HAT Ligands

2a. Formation of Photoadduct by Substitution

In 1994 Lecomte et al. showed that [Ru(TAP);]*" can
form photoadducts with AMP (adenosine 5'-monophos-
phate) by photosubstitution of one TAP ligand.>>! This

cis-[Rh"(phen),Cl]" + CI- 3)
cis-[Rh"(phen),(N7-dG)CI]" )
cis[Rh"(phen),(N7—dG)CI*" + cis[Rh"(phen),Cly] (5)
cis-[Rh"(phen),(N7-dG)CIP** + dG (6)

cis-[Rh"(phen),CI]" + O, H:0 5 cis-[Rh"(phen),CI(OH,)]*" + O,  (4a)
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photoreactivity is thus similar to that discussed above in
which the initial chelation sphere around the Ru'' centre is
transformed. The origin of this photoreactivity can easily
be explained. It has been demonstrated (see later) that the
SMLCT (metal to ligand charge-transfer) state of this com-
plex is efficiently thermally activated to a *MC (metal-
centred) state, which produces a rather high quantum yield
of photodechelation (loss of a ligand under illumi-
nation).[?®! Therefore, [Ru(TAP);]>* exhibits, under illumi-
nation, a higher probability of substitution of one of its
TAP ligands by a DNA base than complexes with lower
photodechelation quantum yields. The photoreactivity of
this complex in the presence of AMP has been studied by
UV/Vis absorbance and laser flash photolysis,>> and it
indicates the formation of [Ru(TAP),(AMP)X)]"* (X =
H,0, CI7), which absorbs in the 500 nm region. It is im-
portant to note that such photosubstitution reactions are
not observed with GMP as mononucleotide (see further for
the explanation).

In conclusion, in the photoadducts described up to now
in which a metal—nitrogen bond is formed, the chelation
sphere around the metal centre is destroyed relative to that
in the starting complex. This ligand substitution can be trig-
gered either by a photoelectron transfer, as is the case for
the Rh complexes, or by crossing from the MLCT state
to the MC state at room temperature, as observed with
[Ru(TAP);]** in the presence of AMP.

2b. Formation of a New Type of Photoadduct

Quite different photoadducts were seen for the first time
when analyses of the illuminated solution of [Ru(TAP);]*"
in the presence of 3?P-labeled oligonucleotides were per-
formed by denaturing polyacrylamide gel electrophoresis
(PAGE). These PAGE experiments exhibit the unexpected
appearance of bands of lower mobility than the starting 5'-
3P-labeled  single-stranded  oligomer,?”28]  whereas
[Ru(phen);]>* or [Ru(bpy)s]>* lead to photoinduced strand
breaks by a mechanism involving singlet oxygen.[?>-*°] The
slower bands were attributed to covalent photoadducts of
[Ru(TAP);]** with the oligonucleotide. Interestingly, such
low mobility bands have also been observed with
[Ru(TAP),(bpy)]?*, but not with [Ru(bpy),(TAP)]>*.[27]
Further evidence for photoadduct formation was obtained
by dialysis experiments coupled with detection by UV/vis-
ible spectroscopy.?®! The absorption spectrum indicates that
the photoproduct cannot originate from dechelation/substi-
tution, as discussed in Section 2a of this article, because no
increasing absorption is detected around 500 nm, but a
strong hypsochromic shift with a hyperchromic effect ap-
pears in the 350—400 nm region. The same spectral changes
appear after illumination of [Ru(TAP);]>* in the presence
of GMP, and are thus different from those described above
in the presence of AMP.

Further evidence for the formation of a new type of pho-
toadduct is furnished by electrospray mass spectrometry
(ESMS).B1:321 Strong peaks corresponding to [M —2H
—2PFs P" and [M —2H — PFs]*, where M = [Ru-
(TAP);(PFg), + guanine or + guanosine monophosphate],

3974 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

are typical of the mass of the purified adduct as the PF4~
salt, isolated after illumination of [Ru(TAP);]*" in the pres-
ence of GMP or [Ru(TAP),(bpy)]>*" and DNA after hy-
drolysis of the DNA.P?! Thus, the results show that in the
photoadduct, the chelation sphere has remained intact and
a covalent bond between one of the ligands of the Ru com-
plex and guanine is formed with the simultaneous loss of
two hydrogen atoms.

In 1997, Vicendo et al. showed by ICP (inductively
coupled plasma) and absorption spectroscopy that
[Ru(bpz);]*" (bpz = 2,2'-bipyrazine) also forms photo-
adducts with calf thymus DNAP3 and dGMP. Spectro-
scopic changes similar to those described with the TAP
complexes, appear after illumination of [Ru(bpz);]*>" in the
presence of DNA or dGMP. Subsequently, the same re-
search team confirmed the occurrence of a photoadduct by
gel electrophoresis experiments performed on illuminated
[Ru(bpz);]*>" with single- and double-stranded oligonucleo-
tides.[34

Quite recently, photoadduct formation has also been de-
tected by visible illumination of [Ru(HAT),(phen)]>* in the
presence of GMP, calf thymus DNA and synthetic oligo-
nucleotides.[*1 ESMS analyses of the isolated photoproduct
with GMP confirms the addition of one GMP to the Ru
complex, without loss of the polyazaaromatic ligands.
Furthermore, photoadduct formation with [Ru(HAT),-
(phen)]>* appears only with guanine-containing synthetic
oligonucleotides,*> as shown by gel electrophoresis experi-
ments.

In conclusion, TAP, HAT, and bpz Ru'' complexes con-
taining at least two such ligands form photoadducts with
GMP or G-containing polynucleotides that are quite differ-
ent from those formed with Pt, Rh or other Ru complexes.

Mechanism for Formation of the New
Photoadducts

In order to provide evidence for the primary processes
responsible for the formation of the photoadducts, photo-
physical and redox properties of these particular complexes
have to be considered. Figure 4 represents the classical pho-
tophysical scheme proposed for most Ru'' complexes with
three bidentate ligands such as [Ru(bpy);]>*.B%37 Tllumi-
nation of such polyazaaromatic complexes leads to the
population of a 'MLCT state, which deactivates rapidly

'MLCT ;‘m"
e MLCT MC "]}("'1
1 : N

A 43Y

dechelation
LCT
kﬂ[
IV abs IVem
ground state

Figure 4. Photophysical scheme for [Ru(bpy);]**
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(less than 1 ps) by intersystem crossing to a *MLCT state
with a quantum yield of unity.?¥ This SMLCT state can
deactivate radiatively (k,), giving rise to the emission of the
complex, or nonradiatively (k). A conversion into a higher
3MC state can also take place by thermal activation from
the SMLCT. The *MC state can either deactivate nonradiat-
ively or lead to dechelation (the loss of one polyazaaromatic
ligand). This process is important for [Ru(TAP);]** and is
responsible for the formation of the first type of photoad-
duct with AMP, as discussed in section 2a.

The emission and the excited state lifetime associated
with the MLCT state strongly depends on the environ-
ment. Generally, the interaction of such compounds with
polynucleotides leads to an increase in the luminescence
intensity and lifetime. This effect is attributed to the protec-
tion of the metallic complex by the DNA hydrophobic en-
vironment (protection from water and oxygen quenching).
However, the behaviour of TAP or HAT complexes that
contain at least two or three TAP (or HAT) ligands (thus
with [Ru(bpy),(TAP/HAT);_,]** when n = 0 or 1) is differ-
ent. Instead of a luminescence enhancement, a lumi-
nescence quenching appears in the presence of CT-DNA
and  poly(dG-dC),?”3*401  (see also Figure 5 for
[Ru(HAT),(phen)]>*). The emission is thus quenched by
G-C containing polynucleotides. As described below this
quenching is due to a photoelectron transfer. In Table 1 we
have presented the results on the effect of increasing poly-
nucleotide concentrations on the luminescence of different
Ru'! complexes.

An emission quenching for the same complexes also ap-
pears in the presence of mononucleotides. Large quenching
rate constants of luminescence (of the order of 10° M~ s~ 1)
by GMP are characteristic of complexes containing two or
three TAP (or HAT) ligands, whereas the other complexes
exhibit extremely weak or no quenching at all by GMP.

Actually, the ruthenium(ir) complexes containing at least
two n-deficient ligands (TAP or HAT) with low-lying unoc-
cupied molecular orbitals centred on the ligand are strongly
oxidising in their SMLCT state.*!] Therefore, this excited

2-
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Figure 5. Effect of the polynucleotide/dye (P/D, D = ruthenium
complex) ratio on the emission intensity of [Ru(HAT),(phen)]**;
[Ru] = 5.2 X 1073 M in 10 mm TRIS buffer; the excitation has been
performed at 410 nm; / = emission intensity in the presence of
the polynucleotide; I, = emission intensity in the absence of the
polynucleotide; solid circles: effect of [poly(dA-dT)],. open squares:
effect of DNA

species can abstract one electron from a guanine unit of
DNA or GMP. The oxidising power can be estimated from
the reduction potentials of the ground state and the energy
of the emission maximum (AE, ) (Table 2):

‘max

Ered®* = Ereq + AE;

Taking into account the oxidation potential of GMP
(Eox = +0.92 V vs. SCE!'! or +1.35 V vs. SCE™?) it is
concluded that depending on the value, the excited com-
plexes may or may not be able to oxidise GMP.

The plot of the logarithms of the quenching rate con-
stants (kq in water) as a function of the reduction potential
of the excited state of different TAP and HAT complexes
in MeCN (Figure 6) gives a curve typical of quenching by
electron transfer; one where a plateau value is reached, and
which corresponds to the diffusion rate constant. Actually,
it has been demonstrated for some complexes that the elec-
tron transfer is coupled to a proton transfer in water,[*’] as
evidenced from a decrease in kq from H,O to D,O. This

Table 1. Effect of increasing concentrations of various polynucleotides on the emission intensity of different ruthenium(ir) complexes; 1 :

increase of the luminescence; | : quenching of luminescence

Complex CT-DNA

[poly(dG-dC)],

[poly(dA-dT)], Reference

Ru(HAT);]>*
Ru(”l"AP)3]24r
Ru(HAT)Z(TAP)]ZJr
Ru(TAP)z(HAT)]2Jr
Ru(HAT),(phen)]>*
Ru(TAP),(phen)]>™
Ru(HAT)(TAP)(bpy)]>*
Ru(HAT),(bpy)**
Ru(TAP),(bpy)I**
Ru(bpy)-(HAT)**
Ru(bpy)>(TAP)]**
Ru(phen),(PHEHAT)]>*
Ru(TAP),(dppz)]**
Ru(phen),(dppz)]**
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Table 2. Oxidation (E,,) and reduction (E,.q) potentials of a series
of complexes and the corresponding oxidation (E,*) and reduction
(Ereq™®) potentials in the excited state (the data are expressed in V
vs. SCE)

Complex E,, E. E.* E.q* Reference

41

[Ru(HAT);>* +2.07 — 0.62 — 0.01 + 1.46

1
[Ru(HAT)o(TAP)+ +2.03 - 0.64 — 0.04+ 143 11
[Ru(TAP),(HAT)>*+ +2.02 - 0.68 — 0.02+ 1.36 11
[Ru(TAP)]>* +1.94-075-012+ 132 [0
[Ru(HAT),(phen)]>* +1.86 — 0.66 — 0.03 + 1.23 40
[Ru(HAT),(bpy)*+ +1.79 - 0.76 — 0.08 + 1.12 11
[Ru(HAT)(TAP)(bpy)?* + 1.78 — 0.75 — 0.08 + 1.11 11
[Ru(TAP)(dppz)*+ +1.77 - 080 — 0.18 + 1.15 3
[Ru(TAP),(phen)]*+ +1.73 - 083 — 0.16 + 1.06 [0
[Ru(TAP),(bpy)>* +1.70 — 0.83 — 0.19 + 1.06 [0
[Ru(bpy)>(HAT)>+ +1.56— 0.84 — 0.11 + 0.83 11
[Ru(bpy)>(TAP)]>* +1.51 — 0.88 — 0.23 + 0.86 0
[Ru(phen),(PHEHAT)>* + 1.35 — 0.84 — 0.52 + 1.03 57
[Ru(phen),(dppz)]>* +1.30 — 1.00 — 0.76 + 0.97 57
[Ru(bpy)s]** +1.28—135— 073+ 0.66 [0

proton coupling could explain the appearance of quenching
by electron transfer, even with an oxidation potential value
for GMP as positive as +1.35 V/SCE.

Figure 6. Plot of log(ky) in water as a function of the estimated
reduction potentials of the excited complexes (E*.q) in MeCN;
kq = luminescence quenching rate constant

The electron transfer generates an oxidised GMP"" spec-
ies and a reduced complex [Ru(L,)(L'7)]* (the percentage
of protonated reduced species depends on the pH). If in-
stead of GMP, AMP is present, the excited *MLCT state
cannot be quenched reductively, therefore its thermal cross-
ing to the *MC state is possible and is accompanied by the
loss of a TAP ligand and by a possible substitution by AMP
(see section 2a).

The presence of an electron-transfer process with guanine
units was demonstrated by laser flash photolysis experi-
ments. The monoreduced complex and monooxidized GMP
could be detected after the laser pulse.[40-44]

[RU(L)3]2+* + GMP — [Ru(L)z(L*)]Jr + GMP+
[Ru(L)>,(L')]* + GMP* — [Ru(L);]** + GMP

3976 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

The differential transient absorption measured at about
500—550 nm, characteristic of the absorption of the mono-
reduced complex, disappears according to a bimolecular,
equimolecular process in the absence of oxygen, which indi-
cates the presence of a back electron-transfer process in a
few hundred ps. In the presence of oxygen, the decay of the
transient at the same wavelength becomes pseudo-mono-
molecular and takes place in a few ten ps, due to the reoxi-
dation of the reduced complex by oxygen. The remaining
absorption still present after this decay corresponds to the
absorption of the deprotonated radical cation of GMP*.
By flash photolysis experiments with DNA, a transient ab-
sorption at the same wavelength could also be observed;
however, the amplitude of the decay is too small to perform
a kinetic analysis of the signal, which indicates that the
back electron-transfer is faster with DNA than with GMP.
Moreover, the signal does not decay to zero but to a perma-
nent absorption corresponding to that of the photoadduct.

In conclusion, the results with the mononucleotides and
polynucleotides highlight a correlation between the re-
duction potential of the excited complex (thus the oxidation
power of the excited state), the proton-coupled photoind-
uced electron transfer from guanine units, and the forma-
tion of photoadducts. Thus, the latter could result from the
reaction of the intermediate radicals produced by the elec-
tron transfer. Determination of the structure of the pho-
toadduct is a key element, which allows the confirmation
of this conclusion.

Structure of the New Photoadducts

The determination of the structure of the photoadducts
formed between the TAP and HAT complexes and GMP
was performed mainly by NMR spectroscopy, first with the
system [Ru(TAP);]** and GMP.P!! From the integration of
the different peaks in the NMR spectra, two protons are
missing relative to the spectrum of one equivalent of
[Ru(TAP);]** and one equivalent of GMP. This indicates
that the photoadduct, as concluded from the ESMS data,
contains the starting complex plus one GMP, minus two H.
One of the missing hydrogen atoms corresponds to that on
position 2 of the TAP ligand (see Figure 1 for the number-
ing), which indicates the formation of a covalent bond be-
tween the position 2 of TAP and a guanine moiety. This is
in agreement with the chemical shift of proton 3 of TAP,
which is induced by this addition.®!! The other hydrogen
atom missing belongs to the exocyclic amine (position 2 on
GMP); the signal for the remaining amine proton is shifted
downfield by 8 = 5 ppm relative to that for the exocyclic
amine protons of the free guanine. Thus, the covalent bond
with the TAP ligand is formed with the exocyclic N atom
of the guanine.3!! The structure of this photoadduct, as de-
duced from the NMR-COSY spectrum and the above argu-
ments, is depicted in Figure 7.
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Figure 7. Structure of the photoadduct formed after illumination
of [Ru(TAP);*" in the presence of GMP; the structure shown
corresponds to the photoadduct after acid hydr01y51s to remove the
sugar-phosphate moiety

The structure of the photoadduct formed between
[Ru(TAP),(bpy)]** and CT-DNA has also been studied. In
that case, CT-DNA was hydrolysed or digested by enzymes
after illumination.[3? The NMR spectrum obtained corre-
sponds to a mixture of two products, i.e. two geometrical
isomers (Figure 8), the covalent bond forms with the ex-
ocyclic-N of the guanine residue.l*?! This was confirmed by
mass spectrometry data that showed a fragmentation prod-
uct corresponding to [Ru(TAP-NH,)(TAP)(bpy)]*™".

®=Ry”

Figure 8. Structure of the two geometrical isomers for the photo-
adducts formed after illumination of [Ru(TAP),(bpy)]*" in the
presence of CT-DNA; the structures have been obtained after enzy-
matic digestion and acidic treatment of CT-DNA

More recently, the structure of the photoadducts between
a HAT-containing complex, i.e. [Ru(HAT),(phen)]>" and
GMP, was examined.[®! In this case, two geometrical iso-
mers were also detected from the NMR spectroscopic data,
as with [Ru(TAP),(bpy)]>*. However, a difference appears
at the level of the protons of the guanine moiety, which
suggests that the covalent bond with the HAT ligand is
formed, in this case, with the O6 atom of the guanine unit.
The difference in the structures of the photoadducts with

the HAT and TAP complexes (i.e. addition at the O6 or at
the exocyclic-N of the guanine unit) cannot be explained.
With [Ru(HAT),(phen)]?" illuminated in the presence of
GMP, in addition to the two geometrical isomers men-
tioned above, two supplementary photoadducts were de-
tected by ESMS analyses :(i) a photoproduct containing a
supplementary oxygen atom, which could correspond, for
example, to the addition of an 8-oxoguanosine monophos-
phate to the complex; and (ii) a photoproduct not involving
a 1:1 stoichiometry, i.e. a biadduct corresponding to the
addition of two guanosine monophosphate moieties to one
ruthenium(ir) complex.[33 The structure of these species has
not yet been determined.

On the other hand, the origin of the structures of the
photoadducts with one GMP can be explained on the basis
of the proton-coupled photoinduced electron transfer,#0-44]
ie.

[Ru(TAP/HAT),phen>** + GMP —
{[Ru(TAP/HAT)(phen)(TAPH/HATH]* ,(GMP—H)}

The proton transferred to the TAP'™ or HAT ™ moiety
can stem from the GMP radical cation. Indeed the radical
cation of guanine has a pK, of 3.9, GMP'" #5~47] thus de-
protonates at pH 7 to give a guanine radical. Monoreduced
[Ru(TAP);]** has a pK, of 7.6, which means that it should
be protonated after electron transfer.**! Similar pK, values
can be expected for complexes like [Ru(TAP),(bpy)]**
[Ru(HAT),(phen)]>*. In conclusion, the coupling of the two
radical species resulting from the proton-coupled electron
transfer, followed by rearomatisation, could explain the for-
mation of the isolated photoadducts (reactions 7 and 8).

The formation of photoadducts with nucleic acids should
obviously be preceded by the interaction of the two part-
ners. The question which may be raised is whether the geo-
metry of interaction of the complexes with the polynucleo-
tides would play an important role in photoadduct forma-
tion.

Actually, it has been shown that [Ru(TAP);>" and
[Ru(TAP),(bpy)]** 27481 bind to the surface DNA grooves
and interact with a rather low affinity (10°—10* m~!). In
contrast, [Ru(HAT),(phen)]>*, as probed by monitoring of
the spectroscopic changes of the complex while interacting
with DNA and by DNA viscosity measurements, interca-
lates one of its HAT ligands between the stacking of bases,
and its affinity for the polynucleotides reaches 3.8:10°
M~ LB We may thus conclude that both geometries of in-
teraction, adsorption or intercalation, produce photoad-
ducts since they are detected in both cases.

Applications

One major disadvantage of metallic complexes that react
in the dark with DNA, like cisplatin, or that photoreact

{[Ru(TAP)(phen)(TAPH")]*,GMP(-H)"} ——> [Ru(TAP)(phen)(TAPH-GMPC-H)** ()

(Ru(TAP)(phen)(TAPH-GMP(-H))[* ——-— [Ru(TAP)(phen)(TAP(-H)-GMP(-H)]** (8)
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with DNA, like the TAP and HAT complexes, is their non-
specificity of (photo)reaction. Indeed, they do not interact
with a specific targeted gene, thus a specific base sequence.
This represents a drawback if the expression of this se-
quence has to be inhibited by using the Ru complex as
DNA photoreagent. The antigene or antisense strategies are
well-known to provide means to inhibit such genes. Unfor-
tunately, after hybridization with the synthetic oligonucleo-
tide, the system formed (double helix for the antisense and
triple helix for the antigene strategy) is recognised by the
enzymes and destroyed. Many efforts have been focused on
different possible ways of increasing the stability of the pair-
ing of the synthetic oligonucleotide with the targeted se-
quence. In this context, the use of synthetic oligonucleotides
derivatised by photoreactive Ru'! complexes could be pro-
mising as one can take advantage of the formation of the
photoadduct on the nucleobases. This strategy has been
developed with complexes that show the two types of
photoadducts (without and with destruction of the chel-
ation sphere), thus (i) with the TAP complexes and (ii) with
the precursors of aqua complexes. (i) A photoreactive TAP
complex is chemically anchored to an oligonucleotide with
a sequence complementary to the sequence of the targeted
gene. After hybridization of the Ru'l-labeled sequence to
the target sequence, and after illumination of the attached
complex, the formation of the photoadduct can be “direct-
ed” towards a specific guanine unit of the target strand.
Such a photoreaction should result in the photocrosslinking
of the two strands and could inhibit the expression of the
specific gene. The existence of such photocrosslinkings was
demonstrated by gel electrophoresis with [Ru(TAP),(dip)]*"
(dip = 4,7-diphenylphenanthroline) tethered on different
probe sequences (Figure 9).[497331 Moreover, it was shown
that enzymes such as DNA polymerase and exonuclease 111
are blocked at the level of the photocrosslinking.’* Thus,
a 17-mer Ru'-labeled oligodesoxyribonucleotide was hy-
bridised to its complementary sequence located on the 5'-
side of a 40-mer matrix. After illumination, the elongation
of a 13-mer DNA primer hybridised to the 3'-end of the
same matrix stopped at a position corresponding to the for-
mation of the photoadduct with an efficiency of 100%.

(i1)) On the other hand, oligonucleotide conjugates bear-
ing a Ru" complex such as [Ru(tpy)(dppz)(CH;CN)]**
(tpy = 2,2":6',2"'-terpyridine)>?! have also been tested. This
complex, chemically attached to a probe sequence, can lead
to successful crosslinkings with the complementary se-
quence. Actually, the attached [Ru(tpy)(dppz)(CH;CN)]>*
is simply transformed under illumination into the corre-
sponding aqua complex [Ru(tpy)(dppz)(H,O)]>** which re-
acts (dark reaction) with a base unit of the complemen-
tary strand.

It should be stressed at this stage that the use of the above
complexes in the frame of the antisense strategy would be
limited to treatments of specific cancer cells in dermatology
or hematopoietic cells that can be illuminated outside the
patient. Indeed the visible light (in contrast to IR wave-
lengths) does not penetrate deeply in tissues, which would
prevent an efficient treatment. However, it should be noted
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Figure 9. [Ru(TAP),(dip)]*>*-labeled oligonucleotide in the presence
of its complementary sequence

that the recognition of a target nucleotidic sequence by an
oligonucleotide probe derivatized with a photoreactive
complex, followed by photocrosslinking between the two
strands as described above, could also be applied in biotech-
nology without problems with the visible illumination in
this case.

Conclusions

In this review, we tried to highlight the properties
brought about by n-deficient TAP or HAT ligands in the
resulting Ru'! complexes. Thus the complexes with at least
2 of these ligands induce a photoinduced electron-transfer
with the guanine bases of DNA, a process that generates
an adduct between the two partners. In this photoadduct,
the complex and the guanine species are attached by a co-
valent bond without destruction of the chelation sphere.

One could speculate on the important role which could
be played in the future by these complexes. For example, as
outlined above, the Ru derivatised oligonucleotides could
be applied in biotechnology or for treatments of specific
cancers in the frame of the antigene or antisense strategy,
whose effect could be triggered by light. The important
problem which remains to be solved is the penetration and
transport of the photoreactive agent into the cell. Research,
with this aim, is presently being carried out.
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