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Long-range oxidation of guanine by Ru(lll) in duplex DNA 
Michelle R Arkin, Eric DA Stemp”, Sabine Coates Pulver and Jacqueline K Barton 

Background: Theoretical and experimental studies have demonstrated that 
5’-GG-3’ sequences in DNA are ‘hot spots’ for oxidative damage, but few 
studies have definitively addressed whether oxidative damage to DNA may 
arise from a distance via long-range charge migration. Towards this end, we 
have prepared tethered ruthenium(Ru)-oligonucleotide duplexes and used a 
flash-quench strategy to demonstrate long-range charge transport through the 
DNA double helix. 

Results: DNA assemblies containing a tethered Ru(ll) intercalator have been 
synthesized. Ru(lll), generated in situ in the presence of externally bound 
electron-transfer quenchers, promotes base damage selectively at the 5’-G of a 
5’-GG-3’ doublet located -37A from the binding site of the oxidant. In the 
absence of a guanine doublet, oxidative damage occurs equally at all guanine 
bases in the strand. Oxidative damage is also observed at long range for 
guanine in a G*A mismatch but not in a G*T mismatch. 

Conclusions: The present study expands the scope of long-range electron- 
transfer chemistry in terms of experiments, applications, and possible reactions 
within the cell. Here we demonstrate oxidative damage to DNA occurring with a 
high quantum yield over a distance of -37 A using a ground-state oxidant. 
These results point to the equilibration of the radical across the DNA duplex to 
the sites of lowest energy. In addition, this charge migration is sensitive to the 
intervening n-stack formed by DNA base pairs and hence may be useful for the 
detection of mismatches. 
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Introduction 
It is important to consider radical migration through the 
DNA double helix in delineating routes to mutagenesis and 
carcinogenesis [l-3]. Both experiments and theory have 
explored this issue. For example, radiation biologists have 
investigated the ionization of DNA by measuring conduc- 
tivity of DNA [4-6], formation of nucleobase radicals [7-91, 
and reactivity of intercalated radical traps [lO-131 following 
a pulse of high energy radiation. On the basis of these 
experiments, researchers have debated whether charge 
migration can occur over distances ranging from 3 to 200 
base pairs (bp) [l]. In another approach, chemists have used 
spectroscopic tools to monitor photoinduced electron trans- 
fer between DNA-bound donors and acceptors ([2,3,14-251; 
S.O. Kelley, R.E. Homlin, E.D.A.S. and J.K.B., unpub- 
lished results). Results of such studies have suggested that 
electron transfer reactions are mediated by the x-stacked 
array formed by the DNA base pairs when the donor and 
acceptor are intercalated. Theoretical models based on 
quantum mechanical calculations have also been proposed 
for the electronic structure of DNA [Z-31]. These studies 
all need to be reconciled in order to understand more fully 
how radicals affect damage to DNA within the cell. 

From a biological perspective, it is essential to determine 
whether the migration of charge through DNA leads to 

permanent damage. For this reason, several laboratories 
have used small molecules as photooxidants to generate 
ionizing species bound to DNA [29,32-40]. In these 
studies, damage has been observed primarily at guanine 
(G), the most easily oxidized base. Furthermore, anthra- 
quinones [34,35,41], napthalimides [29,38], riboflavin [37] 
and rhodium(II1) intercalators [32,33] have been shown to 
cause oxidative damage selectively at the 5’-G of 5’-GG-3’ 
sequences; this sequence selectivity has been attributed 
to preferential binding of the oxidant, perturbations in the 
DNA sequence, and hole migration through the DNA 
base stack. Calculations by Saito and coworkers [29] have 
suggested that sequences containing adjacent guanines 
show a lowered oxidation potential with the majority of 
electron density centered on the 5’-G; thus, the extended 
electronic structure of the DNA base stack may explain 
the observation that 5’-GG-3’ sequences are ‘hot spots’ for 
oxidative damage. 

In order to examine directly whether oxidation reactions 
could occur over long molecular distances, the potent 
photooxidant and intercalator Rh(phi)2(bpy’)3+ [Rh = 
rhodium; phi = phenanthrenequinone diimine; bpy’ = 
4-(carboxybutyl)-4’-methyl-2,2’-bipyridine] was tethered to 
a DNA oligonucleotide duplex [32]. This assembly pro- 
vided the first demonstration that DNA oxidation could 
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Figure 1 
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of guanine 

Flash-quench electron transfer cycle. The 
ground-state intercalating oxidant of DNA, 
Ru3+, is generated in situ by electron transfer 
to a groove-bound quencher, Cl. Once 
generated, Rus+ promotes oxidation of 
guanine (G). Recombination reactions with 
CY*d limit the yield, but if Qr*d is unstable, the 
yield of damage, Go”, is high. 

proceed from a remote position through the DNA n-stack, 
and damage of 5’-GG-3’ sequences was observed over a dis- 
tance of -34A. This metallointercalator was also shown to 
cause the catalytic repair of thymine dimers in duplex 
DNA over distances of 17-26A [42]. Work with tethered 
Rh(II1) photooxidants thus indicates that the DNA n-stack 
can mediate chemistry at a distance. 

We recently reported the application of a flash-quench 
methodology for oxidizing guanine within the DNA duplex 
using Ru(phen),dppzz+ [Ru = ruthenium; phen = l,lO-phen- 
anthroline; dppz = dipyridophenazine] (Figure 1; [43]). 
Complexes of Ru(I1) bearing dipyridophenazine ligands 
have been extensively studied as luminescent probes of 
DNA due to the large (-103) enhancements in emission 
observed upon DNA intercalation [14,44-47]. A flash- 
quench cycle using polypyridyl complexes of Ru(I1) has 
been devised by Gray and coworkers [48] for the spectro- 
scopic study of protein-mediated electron transfer; more- 
over, the well-characterized spectroscopy of Ru(I1) 
complexes can be exploited in the study of electron transfer 
chemistry between Ru(I1) intercalators and DNA [49]. 

As shown in Figure 1, the flash-quench reactions are initi- 
ated by visible light which generates an excited Ru(I1) 
complex, *Ru(II). Intercalated l Ru(II) is then quenched by 
a nonintercalating electron acceptor Q to form Ru(II1); this 
species can be reduced back to Ru(I1) either through 
bimolecular recombination with reduced quencher Qred or 
by electron transfer with a nearby guanine base. Spec- 
troscopy studies are consistent with the formation of the 
neutral guanine radical, G’(-H), resulting from deprotona- 
tion of a guanine cation radical. The oxidized guanine 
radical can then return to its resting state by reaction with 
the reduced quencher or undergo further reaction with 0, 
or H,O to form the stable oxidation product(s) Go”. Using 
transient absorption spectroscopy, we have monitored the 
formation and decay of the guanine radical formed by the 

flash-quench cycle in poly(dG-dC) and in a mixed 
sequence of DNA [43]. 

It is noteworthy that the method described in Figure 1 is 
not purely a reaction cycle, but rather a method for gener- 
ating stable products. Kochevar and coworkers [36] have 
performed an analogous experiment in DNA with ethid- 
ium as an intercalated donor and methyl viologen (MVz+) 
as a quencher; using gel electrophoresis, these authors 
demonstrated single-strand breaks at all guanine bases. 
We find that the flash-quench methodology yields perma- 
nent damage at 5’-GG-3’ and 5’-GGG-3’ sequences fol- 
lowing continuous irradiation. The quantum yield of 
oxidative damage (Qdamage) was found to be modulated by 
the choice of quencher; unstable Qred leads to greater 
amounts of GO”. The ability to tune the yield of oxidative 
damage readily is an important advantage of the 
flash-quench method over photooxidation. 

Here, we use a flash-quench experiment to demonstrate 
oxidation of 5’-GG-3’ sequences by intercaladed Ru(II1) 
when the reactants are separated by 11 bp (37A) of duplex 
DNA. To prepare a system in which the separation 
between Ru(II1) acceptor and DNA donor is well defined, 
we have tethered Ru(phen)(bpy’)(Me2dppz)2+ [Me2dppz = 
9,10-dimethyl-dipyridophenazine] to an oligonucleotide 
duplex to produce Ru(II)-DNA. The site of Ru(I1) inter- 
calation is determined by i02-sensitized damage of nearby 
guanine bases, thus providing an approximation of the dis- 
tance between the Ru(II1) oxidant and 5’-GG-3’. Addi- 
tionally, we explicitly compare oxidative damage in an 
oligonucleotide duplex containing 5’-GC-3’ in place of a 
5’-GG-3’ sequence and also explore the effects of base 
mismatches on the oxidation of guanine both within and 
beyond the mismatch. Taken together, these results 
demonstrate, in a well-defined chemical experiment, that 
long-range charge migration can occur in DNA. These 
experiments expand the scope of DNA-mediated electron 
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Figure 2 

Schematic illustration of oxidation reactions. The position of binding Ru(ll) in the presence of externally bound, oxidative quenchers such as 
can be monitored by ‘0, sensitization (left pathway). The IO,, Ru(NH~)~~+ or MV2+ (right pathway). Electron transfer from l Ru(ll) to 
sensitized by *Ru(ll), reacts with nearby guanine bases; oxidation the quencher creates a hole on the Ru(lll) intercalator; this hole is filled 
products are revealed as strand breaks after treatment with piperidine. by back-reaction with reduced quencher or by oxidation of guanine. 
Long-range electron transfer from guanine is initiated by excitation of Piperidine treatment reveals the ultimate site of guanine base oxidation. 

transfer reactions by using a ground-state oxidant to 
produce long-range oxidative damage in high yield over a 
well-defined distance. 

Results and discussion 
Intercalation of Ru(II)-DNA conjugates 
Figure 2 illustrates how we determine the sites of Ru(I1) 
intercalation and base oxidation. Intercalation by the 
pendant Ru(I1) complex is measured by singlet oxygen 
(10,) sensitization (left pathway), because irradiation of 
Ru(I1) polypyridyl complexes in the presence of DNA and 
0, leads to ‘0, damage at guanine residues [50,.51]. For the 
first time, we use this technique to establish the site of 
intercalation of a dppz complex of Ru(I1). In contrast to 
lo,-sensitization, the flash-quench experiment (right 
pathway) uses the ground state Ru(III), formed by quench- 
ing of *Ru(II) by externally bound Q, to oxidize DNA at 
the site of lowest oxidation potential. The resultant base 
damage is revealed by strand scission following treatment 

with hot piperidine [SZ]. Moreover, since only the dppz 
ligand is intercalated into DNA, a significant portion of the 
octahedral Ru(I1) complex is accessible to solvated reac- 
tants such as 0,. Hence, by photolyzing the oligonu- 
cleotide assemblies in the absence and presence of 
electron transfer quenchers, we can assay both the position 
of intercalation and the yield of base oxidation. 

Figure 3 presents the damage caused by the ‘0, and 
flash-quench experiments on an oligonucleotide containing 
tethered A-Ru(phen)(bpy’)(Me2dppz)2+ and one 5’-GG-3’ 
doublet. The oligonucleotide S’-TGATCGGTGCGTCT- 
GAGACT-3’ was 5’-32P-end-labeled and hybridized to the 
5’-ruthenated complement, as shown in Figure 3b. Lane 2 
(Figure 3a) shows ‘02-sensitized damage generated by irra- 
diation of Ru(II)-DNA (8 PM) with visible light followed 
by hot piperidine treatment. Cleavage occurs primarily at 
the guanine closest to the site of Ru(I1) attachment indicat- 
ing that the complex is bound only in that region of the 
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(a) Autoradiogram after 20% denaturing polyacrylamide gel 
electrophoresis showing oxidation reactions of Ru(II)-DNA. The 
oligonucleotide 5’-TGATCGGTGCGTCTGAGACT-3’ was 5’-s2P-end- 
labeled, hybridized to Ru(ll)-labeled complement or to unmodified 
strand, and irradiated as described in the Material and methods 
section. Samples shown are as follows: lanes 1 and 13, Ru(II)-DNA 
without irradiation; lane 2, Ru(II)-DNA irradiated for 60 min in the 
absence of quencher; lane 3, unmetallated DNA+MV*+ irradiated for 
5 min; lanes 4-6, Ru(II)-DNA+ MV*+ irradiated for 1, 2, 5 min, 
respectively; lanes 7 and 8, Maxam-Gilbert sequencing reactions G 
and C+T, respectively; lane 9, unmetallated DNA with Ru(NH3)s3+ 
irradiated for 30 min; lanes 1 O-l 2, Ru(II)-DNA + Ru(NH&3+ 
irradiated for 10, 20, 30 min, respectively; lane 14, Ru(phen),(dppz)*+ 
+ DNA, irradiated for 60 min; lane 15, Ru(phen),(dppz)*++ DNA with 
MV*+ irradiated for 5 min; lane 16, Ru(phen),(dppz)*+ + DNA with 
Ru(NH3)s3+ irradiated for 30 min. Lamp power in these experiments 
was -6 mW at 442 nm. (b) Oxidative damage of the oligonucleotide 
duplex by A-Ru(phen)(bpy’)(Me,dpp@+-DNA. Arrow heights reflect 
the relative cleavage intensity. The position of intercalation is estimated 
on the basis of ‘0, sensitization. 

oligonucleotide duplex. Previous studies have indicated 
that the rate constant for the oxidation of guanine by ‘0, is 
-lOO-fold greater than for the reaction with the other nucle- 
obases [53]. Therefore, only damage at guanine is expected 
under these experimental conditions. Intercalation of this 
metal complex is supported by the strong emission of 
Ru(II)-DNA, by hypochromicity in the Me2dppz absorp- 
tion band, and by a 3°C increase in melting temperature of 
Ru(II)-DNA compared to the unmetallated 20 bp duplex 
(data not shown). As expected, the extent of ‘02-sensitized 

8- 

CO 
0 40 

Ru(NH~;:~+ (PM) 
120 160 

Plot showing the yield of piperidine-labile DNA damage (blue circles) 
and the fraction of emission quenching of tethered 
A-Ru(phen)(bpy’)(Me,dppz)*+ (red circles) as a function of 
concentration of Ru(NHJs3+. Samples contained 
5’-TGATCGGTGCGTCTGAGACT-3’ hybridized to Ru(ll)-modified 
complement (8 FM duplex) in a buffer of 5 mM phosphate, 50 mM 
NaCI, pH 7. The fraction of oxidative damage was determined by 
phosphorimagery of 3*P-labeled DNA; the fraction of emission 
quenching was measured by integration of time-resolved 
luminescence decays at 616 nm. 

damage also increases twofold for Ru(II)-DNA in D,O 
compared to H,O (45% compared to 20% cleavage after 1 h 
irradiation), because D,O increases the lifetimes of both 
‘0, and *Ru(II) [54,55]. These data demonstrate that ‘0, 
sensitization can be used to mark the site of intercalation. 

In contrast to the specific 102-sensitized damage 
observed for Ru(II)-DNA, all guanine residues are 
damaged when Ru(phen)zdppz2+ is noncovalently bound 
to the oligonucleotide duplex (Figure 3a; lane 14). The 
lower cleavage intensity observed in lane 14 compared to 
lane 2 is likely to be due to the fourfold lower emission 
quantum yield (Q’emission) of Ru(phen&dppzz+ compared 
to A-Ru(phen)(bpy’)(Me2dppz)2’ (0.007 compared to 
0.03, respectively) and due to the specific binding of the 
tethered complex. 

Long-range oxidative damage 
In the flash-quench experiment, we add an electron 
transfer quencher, photolyze Ru(II)-DNA, and monitor 
the yield and position of damage to DNA initiated by 
electron transfer. As predicted by experiments with non- 
covalently bound Ru(phen&dppzz+ [43], oxidative 
damage to DNA is observed at the 5’-G of the 5’-GG-3’ 
doublet. Importantly, this 5’-GG-3’ doublet is placed 11 
bp away from the Ru binding site, and thus damage is 
observed -37A from the Ru(II1) reactant. As shown in 
Figure 3, this reaction requires light (lane l), quencher 
(lane Z), Ru(phen)(bpy’)(Me2dppz)2+ (lanes 3,9), and 
piperidine treatment (not shown). 
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Table 1 

Parameters for flash-quench cycle wlth A-Ru(phen)(bpy3(Me2dppz)-DNA*. 

Quencher equivalents Q % quenching+ kq* %maae5 

1WNH3&J3+ 20 73 4.1 x 10’0 M-‘s-1 1.3 x 1 o-5 

methyl viologens+ 10 13 5.2 x 1 OS M-‘s-’ 2x 10-3 

*Conditions are: 8 uM Ru(II)-5’7AGTCTCAGACGCACCGATCA-3 
hybridized to complement in an aerated buffer of 5 mM phosphate, 
50 mM NaCI, pH 7. +Measured by steady-state emission; uncertainty is 
-5%. *lo/l = 1 + [a]( 

Y 
kobs); kobs = weighted average of a 

biexponential fit of *Ru II) emission, k, = 1.8 x 1 O6 s-l (60%) 

As in experiments with noncovalently bound Ru(I1) inter- 
calators [43], the yield of the guanine oxidation reaction in 
Ru(II)-DNA is modulated by the choice of quencher. For 
the quenchers methyl viologen (MVz+) and Ru(NHJb3+, 
damage increases with irradiation time (Figure 3; lanes 4-6, 
lanes 10-12, respectively) and with the concentration of 
quencher (Figure 4). Damage also correlates with the insta- 
bility of the reduced quencher; as described in Table 1, the 
yield of damage in the presence of MV*+ is -loo-fold higher 
than with Ru(NH,),~+. Ru(NH,),~+ formed in the quench- 
ing reaction can efficiently re-reduce both intercalated 
Ru(phen)(bpy’)(Me2dppz)3+ and G’(-H). By contrast, MV+ 
is known to react readily with dissolved 0, to form MVz+ 
and superoxide, with a rate constant of -109M-rs-’ [56]. We 
have obtained evidence for this reaction by transient 
absorption spectroscopy; the rapidly formed MV+ is found 
to decay on the 100 p,s timescale (Xobs=380nm), whereas 
Ru(II1) decays on a longer timescale [43]. The rapid loss of 
MV+ thus permits increased formation of G*(-H) by elec- 
tron transfer with long-lived Ru(II1). Superoxide has previ- 
ously been shown to react with G’(-H), thereby providing a 
pathway for reformation of guanine [34]. Thus the yield of 
irreversible damage is greater when Ru(II1) and G’(-H) 
cannot be readily reduced by pd. Moreover, because the 
damage yield depends sensitively upon the character of the 
quencher, the oxidation cannot be a result of any excitation 
of guanine. 

Table 1 lists the quantum yield of damage (adamage) to the 
5’-G of 5’-GG-3’ doublets. Note that only *Ru(II) com- 
plexes which are oxidatively quenched provide the oxidiz- 
ing species Ru(II1); for example only 13% of *Ru(II) react 
with 10 equivalents of MVz+ giving a damage yield of 0.002. 
As shown in Figure 4, the yield of Ru(II1) formed and the 
guanine oxidation observed increase concomitantly with 
quencher. The flash-quench method therefore allows the 
yield of guanine oxidation to be modulated in two ways: by 
changing the efficiency of Ru(II1) formation or by changing 
the rate of recombination of Ru(II1) or G’(-H) with Qred. 

In order to characterize the product of guanine oxidation, 
Ru(II)-DNA was irradiated in the presence of Ru(NH~&~+ 

k, = 3.4 x 1 O6 s-1 (20%) k4 = quenching rate constant. Uncertainty is 
- 10%. §@‘damqe = ratio of the yield of piperidine-mediated strand 
breaks at the 5’-G of 5’-GG-3’ doublets to aET. QET = T k,.JC& where 7 
is the average emission lifetime in the presence of Q. Uncertainty in 
@ damage is -20%. 

and then subjected to enzymatic digestion [37]. Quenching 
by Ru(NH,),~+ leads to significant production of 8-0x0-G 
products as identified by high performance liquid chro- 
matography (HPLC; Figure 5); analysis of the products 
formed by M+V*+-induced oxidation was complicated by the 
coelution of methyl viologen and the nucleosides dG, dT, 
and d8-0x0-G. We sought to correlate the yield of strand 
scission with the yield of 8-0x0-G obtained in the presence 
of Ru(NH~&~+, and found that 8-0x0-G was the major 
product [32,34,37,57]. Although it is difficult to quantitate 
the total amount of strand scission because there are several 
guanine residues on the unlabeled DNA strand, we esti- 
mate that the yields of piperidine-labile sites and 8-0x0-G 
are the same within a factor of two. Thus, the flash-quench 

Figure 5 
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HPLC traces of nucleosides produced by enzymatic digestion of 
damaged oligonucleotides. The duplex B’-TGATCGGTG- 
CGTCTGAGACTB’ hybridized to Ru(phen)(bpy’)(Me2dppz)2+- 
modified complement (10 FM) was irradiated in the presence of 
Ru(NH3)s3+ (200 JLM). The oligonucleotide was then subjected to 
digestion with nuclease P, and alkaline phosphatase and analyzed by 
HPLC chromatography (A,,- -295 nm). The retention time for 8-0x0-G 
was 9.2 min. The product was identified by UV-visible absorption and 
coelution with authentic standard. 
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Figure 6 
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Autoradiogram after 20% denaturing polyacrylamide gel 
electrophoresis monitoring the extent of interduplex 5’-GG-3’ oxidation. 
5’-32P-TGATCGGTGCGTCTGAGACT-3’ was hybridized to 
unmetallated complement and incubated with unlabeled Ru(II)-DNA of 
the same sequence. Samples shown are as follows: lane 1, 32P-DNA 
without irradiation; lanes 2 and 3, Maxam-Gilbert sequencing 
reactions G and C+T, respectively; lane 4, Ru(II)-DNA + s*P-DNA 
irradiated for 60 min; lane 5, Ru(ll)-DNA + 32P-DNA + Ru(NH,),~+ 
irradiated for 30 min; lanes 6 and 7, Ru(II)-DNA + 32P-DNA + MV*+ 
irradiated for 1 min and 5 min, respectively. 

oxidation reaction yields the primary oxidative DNA lesion 
found within the cell [S&59]. 

Diffusion versus long-range oxidation 
We can distinguish long-range oxidation in the 
flash-quench experiment from a reaction mediated by a 

diffusible species. First, the ‘0, pattern (Figure 3, lane 2) 
exemplifies damage caused by a reactive, diffusible species 
generated at the Ru(I1) binding site; damage is strongest 
nearest the Ru(I1) and tapers off as the distance from the 
site increases. It is noteworthy that the yield of ‘02-sensi- 
tized damage is minimal under conditions where long-range 
oxidative damage is observed. Additionally, we monitored 
the oxidative damage of a radiolabeled DNA duplex in the 
presence of unlabeled Ru(II)-DNA (Figure 6) and found 
that no damage occurs to the radiolabeled but unmetallated 
duplex when the quencher is Ru(NH,),~+ (lane 5). This 
control experiment indicates that Ru(NH,),~+ does not 
damage DNA, that A-Ru(phen)(bpy’)(Me2dppz)3+ is only 
intercalated into the DNA helix to which it is covalently 
attached, and that damage is not caused by a species which 
can diffuse to another duplex. Using Ru(NH,),~+ as 
quencher, we detect no intermolecular damage at high 
phosphorimager sensitivity. When this experiment is 
repeated using MVZ+ as quencher, no interstrand damage is 
observed after 1 min of irradiation (lane 6) and minimal 
damage (-10% of intramolecular damage) at 5’-GG-3’ is 
observed after 5 min of irradiation. We attribute this cross- 
reactivity to a small amount of long-lived Ru(II1) intercalat- 
ing into other duplexes, because the decay of 
A-Ru(phen)(bpy’)(Me2dppz)“’ (k-lo2 s-l) [43] occurs on a 
timescale that is similar to the dissociation of this intercala- 
tor (k-lo3 s-l) [47]. Similar results for both quenchers were 
obtained when the labeled duplex was identical to the met- 
allated DNA (Figure 6) or when the 32P-labeled duplex had 
a different sequence from Ru(II)-DNA; thus, the rates of 
strand exchange are negligible in these experiments. 
Taken together, these data indicate that oxidation of 
5’-GG-3’ by Ru(II1) is affected by complexes intercalated 
into DNA, not by a diffusible species, and thus occurs 
between reactants separated by - 11 bp. 

Oxidation of DNA containing no 5’-66-3’ sequences 
We have also considered long-range oxidation in an 
oligonucleotide duplex constructed without a 5’-GG-3’ 
doublet (Figure 7), using a sequence which differs by only 
one base pair from the duplex shown in Figure 3. These 
experiments form a bridge between spectroscopic studies 
which indicate that guanine radicals are formed when 
poly(dG-dC) is oxidized by Ru(II1) and gel electrophoresis 
experiments which indicate that permanent damage occurs 
primarily at 5’-GG-3’ doublets [43]. When no 5’-GG-3’ 
sequences are present, oxidative damage is observed at all 
guanine residues on the labeled strand, with no large 
sequence preference or sensitivity to the distance from the 
oxidant (Figure 8). The total reaction on the duplex is com- 
parable to that seen with the duplex containing 5’-GG-3’ in 
Figure 3. Such comparisons can only be made qualitatively, 
given the different reaction conditions; however, it is 
important that the cleavage observed in Figure 7 is not 
simply the background damage observed at other guanine 
residues in Figure 3. These results suggest that radical 
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Figure 7 Figure 8 
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Autoradiogram after 20% denaturing polyacrylamide gel 
electrophoresis showing oxidation reactions of Ru(ll)-DNA. The 
oligonucleotide 5’-TGATCGCTGCGTCTGAGACT-3’ was 5’-32P-end- 
labeled, hybridized to Ru(ll)-labeled complement and irradiated as 
described in the Materials and methods section. Samples shown are 
as follows: lanes 1 and 2, Maxam-Gilbert sequencing reactions G and 
C+T, respectively; lane 3, unirradiated Ru(II)-DNA; lane 4, Ru(II)-DNA 
irradiated for 60 min; lane 5, Ru(II)-DNA + Ru(NH3)s3+ irradiated for 
30 min; lane 6, Ru(II)-DNA + MVa+ irradiated for 5 min. 

damage is able to migrate to the site of lowest redox poten- 
tial, where a fraction of the radical is subsequently trapped 
to yield permanent damage [29,34]. In the absence of a low 
energy site, the radicals become evenly distributed over the 
20 bp DNA duplex on a timescale which is faster than that 
of trapping. The striking difference in the pattern of oxida- 
tion evident with only a single base change argues against 
any transient openings in the intervening DNA structure in 
accounting for long-range oxidation. These results are also 
consistent with Rh(II1) photooxidation systems, in which 

1 
*5&PCG&C&TCT&&24 CT 3’ 

3’ACTAGCCACGCAGACTC 

Without 5’-GG-3’ doublet: 

’ + bzC’ ’ &A-CT3 ‘YTGATCGCT GTCTGA 
3’ACTAGCGACGCAGACTCT#A 5’ 

&rb 

Oxidative damage caused by tethered A-Ru(phen)(bpy’)(Me2dppz)3+ in 
the oligonucleotide duplex containing a 5’-GG-3’ doublet (Figure 3) 
and in the mutated duplex containing a 5’-GC-3’ sequence (Figure 7). 
Arrow heights reflect relative cleavage intensity. The position of 
intercalation is estimated based on 10, sensitization. 

two 5’-GG-3’ sequences placed in the same oligonucleotide 
were damaged with similar efficiencies [32]. These observa- 
tions graphically underscore the notion of an equilibration 
of a radical across the DNA duplex. 

Mismatches 
We have also investigated the effects of a single base mis- 
match on the long-range oxidation of guanine both within 
and beyond the mismatch. Figure 9 presents the damage 
caused by the ‘0, experiment on oligonucleotides contain- 
ing tethered Ru(phen)(bpy’)(Me2dppz)“‘, a G*A or GOT 
mispair placed -5 bp, and a single 5’-GG-3’ sequence 
placed -11 bp from the Ru(I1) binding site. In these 
experiments, the oligonucleotide sequence S-ACGACGG- 
TGACGCTGAGACT3’ was 5’-3ZP-end-labeled and hybri- 
dized to 5’-ruthenated complement. Lanes 2, 6, and 10 
show 102-sensitized damage in the assemblies containing 
the fully complementary sequence, the G*A mismatch, 
and the GOT mismatch, respectively. As anticipated, cleav- 
age is observed only at the guanine that is closest to the 
site of Ru(I1) attachment, indicating that the complex is 
intercalated into the oligonucleotide duplex. 

Also shown in Figure 9 are the results of the flash-quench 
experiment on these Ru-DNA duplexes utilizing MV2+ as 
the external quencher. In the fully complementary assem- 
bly, guanine damage is evident only at the 5’-GG-3’ 
doublet (lanes 3-S). In contrast, duplex containing a G*A 
mismatch displays oxidative damage both at guanine of the 
mispair and at the more distal 5’-GG-3’ doublet (lanes 7-9). 
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Figure 9 

(a) 
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II I 
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Comparison of long-range oxidative damage on Ru(ll)-modified DNA in containing a G*A mismatch (G*A): lane 6, Ru-DNA irradiated for 60 
a complementary duplex and in duplexes containing a G=A or G*T 
mismatch. (a) Autoradiogram after 20% denaturing polyacrylamide gel 
electrophoresis monitoring the extent of G oxidation by Ru-DNA. The 
oligonucleotide 5’-ACGACGGTGACGCTGAGACT-3’ was 5’-32P-end- 
labeled, hybridized to A-Ru(ll)-modified complement, irradiated and 
piperidine treated as described in the Materials and methods section. It 
should be noted that for the fully complementary assembly the A- 
enantiomer of the Ru(II)-DNA conjugate could not be isolated, so 
experiments were conducted using rat-Ru(ll)-DNA. The lanes labeled 
A+G and C+T correspond to Maxam-Gilbert sequencing reactions. 
Lanes l-5 present data from studies of complementary duplex (G*C): 
lane 1, Ru-DNA without irradiation; lane 2, Ru-DNA irradiated for 60 
min in the absence of quencher; lanes 3-5, Ru-DNA + MV2+ irradiated 
for 1, 2, 5 min, respectively. Lanes 6-9 present data from duplex 

min in the absence of quencher; lanes 7-9, Ru-DNA + MV2+ irradiated 
for 1, 2, 5 min, respectively. Lanes 1 O-l 3 present data from duplex 
containing a GmT mismatch (GOT): lane 10, Ru-DNA irradiated for 60 
min in the absence of quencher; lanes 1 l-l 3, Ru-DNA + MV*+ 
irradiated for 1, 2, 5 min, respectively. It should be noted that the 
guanine damage seen at the base of the gel is artificially high; the 
parent bands indicate that the DNA has been overcleaved for Ru-DNA 
+ MVs+ irradiated for 2 min and 5 min. This is likely to be a function of 
high lamp power (-70 mW at 442 nm) during the experiment. (b) 
Oxidative damage of GoC, G*A and GOT oligonucleotide duplexes by 
Ru(phen)(bpy’)(Me,dppz)3+-DNA. Arrow heights reflect relative 
cleavage intensity. The position of intercalation is estimated based on 
‘0, sensitization. 

The results of the flash-quench experiment are notably 
different when the more destabilizing GOT mismatch is 
substituted at the G*X site. Lanes 11-13 reveal that 
although the 5’-GG-3’ doublet is oxidized, only minimal 
damage of guanine at the mismatch site is observed. Thus, 
the flash-quench methodology provides a sensitive probe 
for detecting a G*A mismatch within duplex DNA. 

These observations suggest that guanine oxidation at a mis- 
match is a function of increased solvent accessibility of the 
G*A over G*T mismatch and/or differing redox potentials 

of guanine residues. These two possibilities are predicted 
to affect the rates of different steps in the flash-quench 
experiment; solvent accessibility would modulate the rate 
of reaction between G’(-H) and 0, or H,O to generate Gox, 
while oxidation potential would affect the formation of 
G’(-H). While there are no direct studies of the variation of 
redox potential with base mismatches, there have been 
several studies addressing the differences in structure 
between the G*A and GOT mismatch [39,60-62]. These 
have shown that distortions are highly localized to the base 
pair site, that the G*A mismatch is most structurally similar 
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to a Watson-Crick base pair, and that the two H-bonds in 
the GOT mismatch direct the thymine into the major 
groove and the guanine towards the minor groove relative 
to Watson-Crick base pairs. Interestingly, X-ray crystallog- 
raphy of an oligonucleotide duplex containing a GOT 
mispair shows a highly ordered network of solvent mol- 
ecules surrounding the base mismatch [61]. The reactivi- 
ties of these two mismatches have also been probed by 
cyclic voltammetry [39]. Using the nonintercalating 
Ru(bpy),3+, Thorp and coworkers [39] found that G*A mis- 
matches were more readily oxidized than GOT base pairs; 
the difference in oxidation rates in this case was attributed 
to the accessibility of guanine in the minor groove. It is 
noteworthy that, in contrast to our studies using a remotely- 
placed intercalator, the geometry of electron transfer reac- 
tions between Ru(bpy)33.+ and DNA are ‘perpendicular’ to 
the DNA base stack. Thus Ru(II1) oxidants are able to dif- 
ferentiate mismatches both from within the DNA base 
stack and by diffusion to the DNA groove. 

As discussed above, one consequence of a mismatch in 
duplex DNA is a localized disruption of the helix. We also 
may investigate the effect of such a distortion on guanine 
oxidation by comparing the relative amount of damage 
observed at the 5’-GG-3’ doublet in duplexes containing 
either a G*A or a GOT mismatch. It should be noted that 
in this comparison the fully complementary assembly is 
not included because only the racemate of this particular 
Ru(II)-DNA conjugate could be isolated, and previous 
work has demonstrated a difference in DNA electron 
transfer reactions between A and A isomers [14,32]. For 
the assemblies containing a mismatch, lOa-sensitization 
reveals equal damage at the Ru(I1) intercalation site, sug- 
gesting that the complex is well intercalated in both 
sequences. In the Ru(II)-DNA oligonucleotide duplex 
containing the G*A mismatch, 16% guanine damage is 
observed at the distal 5’-GG-3’ doublet, but only 10% 
damage is observed at that site in the presence of the 
more disruptive G-T mispair. A similar sensitivity to helix 
disruption has been observed for photooxidation of a GG 
doublet distal to a DNA base bulge [33]. Both results indi- 
cate that long-range guanine oxidation is sensitive to the 
intervening DNA base stacking. 

Comparison of flash-quench and photooxidation with 
metallointercalators 
It is valuable to compare Ru(II1) oxidation of guanine resi- 
dues with reactions caused by photooxidants [32,34,37,38]. 
In some respects, the characteristics of long-range oxida- 
tion should be identical in both systems, since they seem 
to differ only in the method of hole generation on the 
intercalator. Some similarities have been observed, for 
example, between Ru(phen)(bpy’)(Me2dppz)3+ and 
*Rh(phi),(bpy’)3+ (*Rh(III)) [32]. Both experiments use 
tightly bound metallointercalators, and we have shown 
that both reactions can occur over distances of -3OA with 

the same sequence-selectivity of damage and the same 
final product, 8-0x0-G. 

There are, however, important differences between the 
Ru(II1) and *Rh(III) systems. Possible advantages of the 
flash-quench system include high damage yields, long 
wavelength of irradiation, and tunability of the oxidation 
potential of the Ru(I1) donor. First, the quantum yields for 
oxidative damage are -103-105-fold higher for the flash- 
quench system than for the *Rh(III) systems, and suitable 
quenchers can be chosen for a particular experiment. For 
example, the good stability and low absorptivity of 
Ru(NH,),~+ make it ideal for photophysical measurements, 
while MVZ+ gives high yields and thus permits short irradi- 
ation times. Second, in contrast to the Rh(phi)2(bpy’)3+ 
photooxidant which shows evidence of direct photocleav- 
age of DNA at 365nm [32,63], the flash-quench reactions 
result in a very low background of DNA damage. This rela- 
tively clean reaction results from the long wavelength of 
irradiation and high photochemical stability of Ru(I1) 
polypyridyl complexes. Finally, we expect that the reactiv- 
ity and sequence-selectivity of oxidation reactions may be 
tuned by varying the redox potential of the Ru(I1) 
complex. In this context, the use of tris(heteroleptic) com- 
plexes greatly increases the number of tethered Ru(I1) 
intercaIators that may be synthesized [64]. 

The photooxidation systems provide other advantages 
[32,34,37,38]. The flash-quench cycle, as described, uses 
diffusible species which can complicate the experiment, 
particularly if other noncovalent interactions, such as 
protein-DNA binding, are involved. Additionally, Rh(II1) 
photooxidation systems allow a more detailed analysis of 
the intercalation site, because phi complexes of Rh(II1) are 
known to photocleave the backbone of DNA directly at 
the site of binding [32,63]. The contrasts between these 
two experimental systems should direct the choice of 
oxidant in future studies. 

Perhaps the most important point is that both *Rh(III) and 
ground-state Ru(II1) intercalators can affect the same 
guanine oxidation chemistry. Contrasting the energetics 
and timescales of these two systems could therefore 
provide insight into the reaction mechanism(s). For 
example, because the reactive forms of the two metal com- 
plexes are likely to have different energies, it appears that 
the long-range oxidation of DNA is not highly sensitive to 
the energy of the generated hole. Additionally, the differ- 
ence in adamage observed for these two systems could 
relate to the timescales for the two reactions; the *Rh(III) 
lifetime is less than 1OOns [6.5], whereas Ru(II1) is stable 
for hundreds of microseconds [43]. The difference in 
yields is unlikely to be due to the thermodynamic driving 
force, because *Rh(III) has a reduction potential of 2V 
[65], whereas Ru(II1) has a reduction potential of 1.6V 
[ 141. Further comparisons between photooxidation and 
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ground-state hole formation will help define the parameters 
for long-range oxidative damage of DNA. 

Significance 

intercalator is covalently tethered to one end of an 

Mobile positive and negative charges, generated in 
duplex DNA by ionizing radiation, have been sug- 

oligonucleotide duplex containing a S-GG-3’ sequence. 

gested to be a significant source of the DNA damage 
that causes mutagenesis and, eventually, cancer. 

By employing a well-characterized flash-quench tech- 

Researchers have also used DNA-binding molecules as 
photooxidants to cause oxidative damage in DNA. 

nique, we have demonstrated oxidation of 5’-GG-3’ 

These studies have shown that S-GG-3’ sequences are 
‘hot spots’ for oxidative damage. Few studies have 
measured the distance over which oxidative damage 
may travel through DNA. Here, we have prepared 
electron transfer assemblies in which an oxidizing 

and [Co(NH,),CI]CI, were purchased from Aldrich and used as 

received. Ru(phen)(bpy’)(Me,dppz)2+-modified oligonucleotides were 

HP1 050, Dynamax C4 or Cl 8, 300A column (Rainin)). HPLC condi- 

prepared from the racemic metal complex. This trisheteroleptic complex 
was synthesized according to the general method of Strouse et al. [89] 

tions were as follows: solvent A=NH,OAc buffer (100 mM), pH 6.5; 

and Anderson et al. 1641; the two isomers of rat-[Ru(phen)(bpy’) 

solvent B=CH,CN; gradient=5-25% B over 40 min to elute DNA and 

(Me,dppz)]s+ (with the carboxylate arm axial or equatorial to the 

Mesdppz ligand) were not separated. Both metal complex isomers were 
conjugated to the oligonucleotide by a solid-phase methodology as 

Ru(II)-DNA, 25-50% B over 10 min to elute unconjugated metal 

follows. The oligonucleotide was prepared with an ABI 394 DNA syn- 

complex. Coupling of the two metal complex isomers to DNA led to for- 

thesizer using standard solid-phase methodologies [66,67]. The linker 
NH&CH,),NHCO- was added to resin-bound DNA at the 5’ sugar 
[70]. Coupling of metal complex to the amino-terminated DNA was then 

accomplished by stirring a slurry of Ru(phen)(bpy’)(Me,dppz)CI, 
(7 pmol), hydroxyazobenzotriazole (14 kmol), N,N’-diisopropylethy 

lamine (14 u,mol), and resin-bound DNA (2 kmol) in 400 f.d dimethylfor- 
mamide [71-731. After 12 h, the resin was rinsed and the Ru(II)-DNA 
conjugate cleaved and deprotected by treatment with 2ml NH,OH at 
55°C for 6 h. Purification was achieved by HPLC (Hewlett Packard 

sequences separated from the Ru(II1) oxidant bv mation of A- and A- diastereomeric conjugates; the reaction thus gave 

-1I bp (-37A;). Hence, long-range charge migration is four products. The first A-isomer that elutes was used in all studies. 

not only apparent with photooxidants but can also be Ru(ll)-DNA conjugates were characterized by UV-visible spectroscopy 

demonstrated with a ground-state oxidant. Further- 
(e 

44o= 1.9x 1 O4 M-l s-l), circular dichroism spectroscopy, electrospray 
ionization mass soectrometrv. and enzvmatic diaestion. 

more, long-range oxidation of DNA occurs in high yield 
using the flash-quench method and leads to formation 
of 8-0x0-G, a common cellular lesion. 

By varying the base sequence in these assemblies, we 
may begin to characterize features of charge migration 
in DNA. Experiments in which the 5’-GG-3’ doublet is 
mutated to a 5’-GC-3’ sequence demonstrate that posi- 
tive charge migrates through the helix on a timescale 
that is faster than the time required for trapping of the 
radical. Moreover, results point to the equilibration of 
charge to the sites of lowest energy. The mechanism 
underlying this charge migration, such as tunneling or 
hopping, still needs to be elucidated. The long-range 
chemistry is also sensitive to the presence of mis- 
matches. Here, we have shown that G*A mispairs are 
more readily oxidized than G*T mispairs and that their 
presence affects the yield of oxidative damage of a 5’- 
GG-3’ doublet beyond the mismatch. Thus, this chem- 
istry may be useful for the detection of mismatches in 
duplex DNA. Given the versatility and efficiency of this 
reaction, the flash-quench method described here pro- 
vides a useful new probe of the DNA helix and its 
chemistry. Indeed, this chemical reactivity of DNA 
needs to be considered within the biological context of 
the cell. 

Materials and methods 
Materials 

Emission quantum yields were measured on an SLM8000 steady-state 
fluorimeter and were determined relative to @aufbpy)s2+ = 0.012 in 
aerated CH,CN [75]. To determine the quantum yield of damage, 
samples (20 (~1) were irradiated at 436 nm, treated with piperidine, and 
analyzed by gel electrophoresis (vide supra). The yield of damage was 
then quantitated by phosphorimagery and was not corrected for the 
~1.5% strand scission/G detected in control experiments with piperi- 
dine-treated DNA. Using the same geometry as for sample irradiations, 
ferrioxalate actinometry 1761 was conducted to determine light intensity. 

Oligonucleotides were prepared on an Applied Biosystems 394 DNA 
synthesizer, using standard phosphoramidite chemistry [66,67]. 
Duplexes were formed by slow cooling of equal concentrations of com- 
plementary strands. Ru(phen)z(dppz)s+ was prepared as described pre- The quantum yield of damage (0damage) was then calculated as moles of 
viously [68]. The quenchers [Ru(NH,),]CI,, methyl viologen dichloride, strand breaks/moles photons. Care was taken to perform actinometry 

Assays of oxidative products 
Strands were 5’32P-end-labeled (*) by standard protocols [74] and 
hybridized to either the Ru(ll)-modified or unmodified complementary 
strands in an aerated buffer of 5 mM phosphate, 50 mM NaCI, pH 7. 
Oligonucleotide duplexes (8 FM) containing 1 O-20 equivalents of 
quencher were irradiated at 436 nm with a 1000 W HglXe lamp 
equipped with a monochromator (-6 mW at 442 nm); for the experi- 
ments on duplexes containing mismatches the power was -70 mW at 
442 nm. Irradiation with a CW He-Cd laser (-25 mW at 442 nm) 
yielded similar results. Irradiation times varied from 10 s to 60 min. 
After irradiation, samples were treated with 100 f.r,I of 1 M piperidine at 
90°C for 30 min, dried, and electrophoresed through a 20% denatur- 
ing polyacrylamide gel. The extent of damage was quantitated by 
phosphorimagery (Imagequant). 

To characterize the products of oxidative damage, samples (200 ~1) 
containing oligonucleotide (10 ~.LM), Ru(ll) complex (10 FM) and 

quencher (200 PM) were irradiated as described above. DNA was 
then digested (2 h each) with nuclease P, (Boehringer Mannheim) 
and then alkaline phosphatase (Boehringer Mannheim) [32,37]. The 
resultant nucleosides were separated by HPLC (Hewlett Packard 
HP1 090, Microsorb MV Cl 8, 1 OOA column (Rainin)) and identified by 
coelution with authentic standards (Caymen Chemicals). HPLC condi- 
tions were as follows: oven temperature = 40°C; solvent A = citric 
acid, NH,OAc buffer, pH 5; solvent B = CH,OH; gradient = l-4% B 
over 40 min. 

Quantum yield determinations 
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and cleavage experiments under the same conditions, and several trials 
were run to ensure precision. Light intensity was calculated from 

where I = light intensity in Einstein&; As,c = absorbance of actinometry 
solution of volume Vfinal (ml); V,,, = volume of irradiated sample (I); E = 
extinction coefficient of Fe(phen),*; @ 43s = quantum yreld of actinometer; 
t = time (s); V,, = volume of ferrioxalate solution (ml). 
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