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ABSTRACT: Naphthalene diimide (NDI), a powerful oxidant that binds avidly to DNA by intercalation, is
seen to damage the 5′ guanine of 5′-GG-3′ sites by photoactivated charge transport through DNA. When
covalently tethered to the center of a triplex-forming oligonucleotide and delivered by triplex formation
within a pyrimidine‚purine-pyrimidine motif to a specific site on a restriction fragment, NDI can
photooxidize guanine over at least 25-38 bp in each direction from the site of binding. Charge migration
occurs in both directions from the NDI intercalator and on both DNA strands of the target, but the oxidation
is significantly more efficient to the 3′ side of the triplex. NDI and octahedral rhodium intercalators,
when tethered directly to the 5′ terminus of the triplex-forming strand as opposed to the center, generate
significant amounts of oxidative damage only in the immediate vicinity of the intercalation site. Given
that long-range charge transport depends on DNA stacking, these results suggest that the base stack is
distorted at the 5′ end of the triplex region in the duplex-triplex junction. Targeting of photooxidative
damage by triplex formation extends our previous studies of long-range charge transport to significantly
longer DNA sequences through a strategy that does not require covalent attachment of the photooxidant
to the DNA being probed. Moreover, triplex targeting of oxidative damage provides for the first time a
typical distance distribution for genomic charge transport of∼200 Å around the oxidant.

The stacked bases of the DNA double helix provide an
efficient medium for charge transport, as revealed by a
variety of spectroscopic, electrochemical, and biochemical
methods (1). DNA can act both as a conduit for the migration
of charge within a donor-acceptor pair and as a reactant in
the charge transfer chemistry. Photoexcited rhodium(III)
intercalators bound covalently to one terminus of an oligo-
deoxynucleotide were shown first to oxidize the 5′ guanine
of 5′-GG-3′ sites from a distance (2). Guanines are oxidized
preferentially because they have the lowest oxidation po-
tential of the nucleotide bases (3), and the selectivity for 5′
guanines of guanine doublets is proposed to arise from the
effects of base stacking on the ionization potentials of the
bases (4, 5) so that the oxidation potentials increase across
the series as follows: 5′-GG-3′ > 5′-GA-3′ . 5′-GC-3′ and
5′-GT-3′. This 5′ guanine reactivity has become the char-
acteristic signature of DNA electron transfer, and can be used
to distinguish between charge transfer chemistry and singlet
oxygen chemistry, which damages all guanines indiscrimi-
nately (2, 6). The efficiency of this long-range guanine
oxidation is directly influenced by the coupling of the oxidant
into the π-stack and by the degree of stacking of the

intervening base pairs (2, 7). Moreover, the efficiency of
DNA-mediated oxidation displays a very shallow dependence
on distance (8). Most importantly, it has become clear that
this long distance charge transfer chemistry is a general
feature of double-helical DNA and not of the oxidant; Ru(III)
intercalators (9), as well as organic molecules such as
ethidium (10) and anthraquinones (11, 12), have also been
shown to oxidize guanine doublets from a distance.

It is currently thought that long-range oxidative damage
to DNA involves first injection of the electron hole into the
base pair stack, migration of the hole through the duplex,
and, finally, irreversible damage to the guanine base. Site-
specific injection is commonly initiated by photoactivation
of a tethered, stacked oxidant. Proposals for how migration
through the base pair stack occurs include hopping (13),
polaron formation (11), and tunneling; some combination
of these mechanisms is likely involved (14). It is clear,
however, that equilibration of the radical occurs on the basis
of oxidation potential across the duplex. The guanine radical
has been detected within the duplex by transient absorption
spectroscopy and has a lifetime of∼100 µs (15). On this
time scale, irreversible trapping of the radical with H2O and
O2 occurs, which yields a mixture of oxidation products (6,
16-19).

We previously demonstrated that charge migration on
oligonucleotide duplexes can yield permanent base lesions
at distances of at least tens of base pairs from the damaging
agent. We are interested in considering whether and how
these holes might also migrate along DNA within the cell
to distribute damage across the genome. This possibility
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holds implications both for the generation of damage on
DNA and for its repair (20). In this context, it is important
to determine the distance range for charge transport in natural
DNA sequences. Here we begin to explore this question by
examining the distribution of damage along a DNA restric-
tion fragment through the site-specific targeting of a naph-
thalene diimide intercalator using oligonucleotide-directed
triplex formation.

It has long been known that naphthalene diimide (NDI)1

molecules intercalate into DNA (21-24), and are potent
electron acceptors (25-28). Matsugo et al. showed that
hydroperoxy derivatives of naphthalene diimide molecules
oxidize guanine with a preference for 5′ guanines (29). They
attributed this damage to the generation of hydroxyl radicals
from the hydroperoxy groups on the basis of control
experiments that showed that these functional groups were
necessary for DNA cleavage to occur. It was later demon-
strated that the related noncovalent naphthalimide molecule
lacking the hydroperoxy groups exhibited the same prefer-
ence for 5′ guanines, and this preference was attributed to
electron transfer chemistry (30). Recently, the triplet excited
states of photoexcited naphthalene diimide molecules were
shown to oxidize nucleotides in aqueous solution, with
oxidation of GMP being by far the most efficient (31, 32).
The reduction potential of the triplet excited state was
estimated to be 1.8 V versus NHE, high enough to oxidize
all of the nucleotide bases. In this study, we demonstrate
that naphthalene diimide (NDI) intercalators covalently
tethered to DNA sequences can oxidize guanineat long
range, and we exploit the chemistry of this intercalator to
examine the limits of charge transfer in DNA restriction
fragments.

Since NDI and other intercalating photooxidants bind to
DNA in a relatively sequence-neutral fashion (21), we
tethered NDI to a second molecule which confers upon it
sequence specificity, in this case a triplex-forming oligo-
nucleotide (TFO). Triple helices are formed by the binding
of a single-stranded oligonucleotide in the major groove of
duplex DNA (33). These third strand oligonucleotides bind
most tightly to sequences that contain only purines on one
strand of the Watson-Crick duplex and only pyrimidines
on the other. In the pyrimidine motif used in this study, an
oligopyrimidine third strand binds parallel to the purine
strand of the duplex, forming Hoogsteen hydrogen bonds
between the duplex guanine and the protonated cytosine of
the third strand (C+‚GC), and between the duplex adenine
and the thymine of the third strand (T‚AT). Triple helices
have been shown to bind specifically to their target sequences
on both short nucleotides and plasmid vectors, with associa-
tion constants on the order of 107 M-1 depending on
sequence, salt concentration, temperature, and pH (34-37).
Furthermore, molecules that react with DNA have been
attached to a triple-helix-forming oligonucleotide and de-
livered site-specifically to their target (38, 39). NDI inter-
calators covalently tethered to triplex-forming oligonucleo-
tides stabilize the triplex considerably (40-42). By attaching
our naphthalene diimide intercalator to a 16 bp triplex-

forming oligonucleotide, we have selectively targeted it to
a single site on a restriction fragment and have determined
the extent and pattern of base damage generated by this new
photooxidant on a long piece of genomic DNA.

MATERIALS AND METHODS

Oligonucleotide Preparation.Preparation of oligonucleo-
tides with appended naphthalene diimides has been described
(40-42). The synthesis and purification of Rh(phi)2bpy′3+

and of unmodified oligonucleotides have also been described
in detail elsewhere (43).

Preparation of Restriction Fragments with Triplex-Binding
Sites.Triplex-binding oligonucleotides withEcoRI or BamHI
sticky ends and 5′ phosphate termini were synthesized by
standard phosphoramidite chemistry on an Applied Biosys-
tems DNA synthesizer. These strands were purified twice
by HPLC, annealed, and ligated into the dephosphorylated
BamHI site or EcoRI site of pUC19 by incubation with T4
DNA ligase at 16°C overnight (New England Biolabs).
This plasmid was transfected into commercially available
DH5R competentEscherichia coli(Life Technologies) by
standard methods (44), and the cells were plated out on LB
plates containing ampicillin, X-Gal, and IPTG (Aldrich,
Boerhinger-Mannheim). Cultures were innoculated from
separate clear colonies, and the plasmids were isolated
(Qiagen) and sequenced by the Caltech DNA sequencing
facility.

End Labeling of Restriction Fragments.End-labeled
restriction fragments were prepared by standard methods.
Briefly, 20 µg of plasmid was cut with the first restriction
enzyme, dephosphorylated using shrimp alkaline phosphatase
(Boerhinger-Mannheim), phenol/chloroform extracted, and
ethanol precipitated. Then the DNA was end-labeled using
[γ-32P]ATP (ICN) and polynucleotide kinase (New England
Biolabs) or [R-32P]ATP (Amersham) and terminal transferase
(Boerhinger-Mannheim). This DNA was again phenol/
chloroform extracted and ethanol precipitated before being
digested with the second restriction enzyme. The desired
fragment was isolated by nondenaturing polyacrylamide gel
electrophoresis, identified by autoradiography, extracted by
crushing and soaking in 10 mM Tris-HCl with 1 mM EDTA,
and purified on a C18 minicolumn (Nensorb).

Triplex Annealing.The following mixtures were supple-
mented with the desired concentration of triplex-forming
oligonucleotide: Rh triplexes, 50 mM MES buffer (pH 5.75),
10 mM MgCl2, 1 mM spermidine chloride (Aldrich), 75µM
(base pair) calf thymus DNA (Boerhinger-Mannheim), and
the minimum amount of radiolabeled DNA required for
visualization of the samples; and NDI triplexes, “Wide
Range” phosphate/citrate buffer (9.5 mM citrate and 12.5
mM phosphate) (pH 5.6), 10 mM MgCl2, 1 mM spermidine
chloride (Aldrich), 75µM (base pair) calf thymus DNA
(Boerhinger-Mannheim), 1-2 molar equiv of triplex-binding
oligonucleotide, and the minimum amount of radiolabeled
DNA required for visualization of the samples. The samples
were allowed to equilibrate for at least 12 h at 4°C and
were irradiated at a controlled temperature.

Irradiation and Visualization of Samples.Samples (∼30
µL) were irradiated in the annealing buffer at 11( 1 °C at
the desired wavelength on a 1000 W Hanovia Hg-Xe arc
lamp equipped with a monochromator. After irradiation, the

1 Abbreviations: NDI, naphthalene diimide; TFO, triplex-forming
oligonucleotide; phi, phenanthrenequinone diimine; DMB, 4,4′-di-
methyl-2,2′-bipyridine; bpy′, 4-butyric acid 4′-methylbipyridine; NHE,
normal hydrogen electrode.
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DNA was ethanol precipitated to remove as much spermidine
chloride and magnesium chloride as possible. The DNA was
then cleaved by incubation in 100µL of 10% piperidine for
30 min at 90°C and dried in vacuo. Samples were analyzed
by denaturing polyacrylamide electrophoresis on a 6% gel,
followed by visualization and quantitation by phosphor-
imagery (ImageQuant by Molecular Dynamics).

RESULTS

Intercalator-DNA Conjugates.A 17-mer pyrimidine
triplex-forming oligonucleotide was prepared with Rh(phi)2-
bpy′3+ appended to the 5′ end of the sugar-phosphate
backbone by a nine-carbon linker. Two naphthalene diimide
(NDI) conjugates with a pyrimidine 16-mer oligonucleotide
were also prepared for these studies. In the first, the
intercalator was attached to the 5′ end of the sugar-
phosphate backbone through a short linker and a phosphodi-
ester, and in the second, the intercalator was attached directly
to the N4 amino group of a methylated cytosine base
incorporated into the base sequence. These conjugates, along
with Rh(phi)2DMB3+ and protected, noncovalent NDI, are
illustrated in Figure 1.

Targeting Rh(phi)2bpy′3+ to a Single Specific Sequence
by Triplex Formation.Although Rh(phi)2bpy′3+ intercalates
avidly into DNA, its binding is largely sequence-neutral (45).

To confer sequence specificity to the intercalator, we tethered
it to a pyrimidine triplex-forming oligonucleotide (TFO), and
we incorporated a specific binding site at two locations within
the plasmid pUC19 for the TFO to target (Figure 2).

When the metallointercalator-TFO conjugate was incu-
bated with a restriction fragment containing the target
sequence, the rhodium complex was delivered to the target
site and bound to the duplex adjacent to the triplex region.
We established the binding site of the 5′-tethered rhodium
complex by direct photocleavage of the sugar-phosphate
backbone using 313 nm irradiation (2, 45). Specific binding
to the target site and concomitant photocleavage were
observed from 8µM down to less than 16 nM rhodium
triplex strand (Figure 3). Furthermore, no nonspecific damage
was observed, even at 8µM triplex-forming oligonucleotide.
The fact that the triplex-forming oligonucleotide was bound
to the target site and not elsewhere on the restriction fragment
at a concentration of∼1 µM was confirmed by DNase I
footprinting experiments, in which a clear footprint was
observed in the triplex region in both the absence and
presence of tethered metallointercalator (data not shown).

Having established that the 5′-Rh-tethered TFO binds
specifically to its target site, we irradiated the conjugate with
its target restriction fragment and observed piperidine-
sensitive damage in the same region as the direct photo-

FIGURE 1: Structures of the intercalating photooxidants and oligonucleotide conjugates used in this study. At top left is the naphthalene
diimide molecule in the noncovalent form. On the right is the cytosine-tethered naphthalene diimide molecule, which can be prepared as
a phosphoramidite and incorporated into an oligonucleotide according to standard solid-phase methods (33). In the middle is the 5′-tethered
NDI, attached to the sugar-phosphate backbone through a five-atom linker (34), and the Rh(phi)2DMB3+ octahedral metallointercalator,
a strong photooxidant which has been shown to damage guanine bases at long range through the DNA base stack (2). On the bottom are
shown two of the intercalator-oligonucleotide conjugates. “5” represents 5-methylcytosine.
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cleavage. However, we observed little or no long-range
damage (Figure 4), in contrast to that seen repeatedly on
oligonucleotide duplexes (2, 7, 8). Proposing that the metal
complex was not well-intercalated into the duplex DNA, we
systematically changed the length of the tether, the orientation
of the linker ligand, the composition of the buffer, the
chirality of the metal center, and the sequence of the putative
intercalation site. In addition, we examined base oxidation
by a 5′-tethered Ru(phen)(bpy′)(dppz)3+ complex. In all
cases, we observed a pattern of damage localized to the
duplex-triplex junction at the 5′ end of the triplex (data not
shown).

Oxidation of 5′-GG-3′ Sites in DNA Duplexes by Naph-
thalene Diimide Intercalators.We examined first photooxi-
dation on a 22 bp oligonucleotide duplex by noncovalent
naphthalene diimide (Figure 5a). The target sequence con-
tained two 5′-GG-3′ sites. Selective oxidation at the 5′
guanines of both guanine doublets was observed when the
mixture was irradiated at 313, 340, and 365 nm but not at
400 nm (Figure 5b). Absorption maxima for NDI are at 340,
358, and 378 nm. For subsequent work, irradiations were
conducted at 365 nm, since this wavelength provides a high
intensity from the lamp, yields a low level of background
DNA damage, and has been used for other photooxidation
experiments. Base damage was revealed upon cleavage of
the DNA at the lesion with hot aqueous piperidine. Some
oxidation was also observed at a single guanine positioned
near the end of the sequence.

We compared this oxidative damage to that generated by
photoexcited Rh(phi)2bpy′3+ covalently tethered to the 5′ end
of the same duplex, and we found that the oxidation pattern
was strikingly similar to that generated by noncovalent NDI.
When both oxidants were present simultaneously, the amount
of damage generated at guanines was diminished but not
eliminated, which may be due to oxidation of NDI by
photoexcited Rh(phi)2bpy′3+. To demonstrate that the simi-
larity in the pattern of oxidation was not fortuitous, we
compared also the pattern of base oxidation generated by
noncovalent NDI and noncovalent Rh(phi)2DMB3+ on a 250
bp restriction fragment with irradiation at 365 nm. The
pattern of oxidation was the same across the entire fragment
for both agents (not shown). Both preferentially oxidize the

FIGURE 2: Sequence of the designed restriction fragments used in this study, showing only the part of the fragment flanking the target
polypurine-polypyrimidine site. The restriction fragments used in this study are in fact considerably longer than these sequences by
approximately 200 bp. A 5′-tethered and a base-tethered intercalator-TFO conjugate are also shown. Note that both TFOs can bind to both
restriction fragments, since both sequences contain the identical target site and differ only in their flanking sequence. “5” represents
5-methylcytosine. The terms “5′ side” and “3′ side” refer to the direction along the duplex relative to the orientation of the third strand, and
“PUR” and “PYR” refer to the purine-rich and pyrimidine-rich target duplex strands, respectively.

FIGURE 3: Direct photocleavage with 313 nm irradiation of a
restriction fragment from the polypurine strand containing sequence
1 by Rh(phi)2bpy′3+ covalently tethered to a triplex-forming
oligonucleotide. Samples contained the following concentrations
of Rh-TFO, in lanes 3-17, respectively: 8µM, 4 µM, 2 µM, 1
µM, 500 nM, 250 nM, 125 nM, 63 nM, 32 nM, 16 nM, 8 nM, 4
nM, 2 nM, 1 nM, and 0 nM. Samples were prepared in MES buffer
(pH 7.0). Other conditions are as described in Materials and
Methods. Maxam-Gilbert purine-specific sequencing reaction
mixtures were loaded in lanes 2 and 21, and pyrimidine-specific
sequencing reaction mixtures in lanes 1 and 20; lane 18 is a light
control, and lane 19 is a dark control. The designed binding site is
indicated by a bracket and the binding site of the appended metal
by an asterisk. The arrow points to the site of direct photocleavage
by the photoexcited metallointercalator.
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5′ guanine of 5′-GG-3′ steps, a characteristic “signature” of
electron transfer.

Long-Range OxidatiVe Damage to Guanine by NDI in
Restriction Fragments.Having demonstrated that an inter-
calator can be delivered to a specific site on our designed
restriction fragments by covalent attachment of a triplex-
forming oligonucleotide, we then explored whether NDI
might be applied to examine the distance range and sequence
effects for charge transfer in a restriction fragment. With
the 5′-tethered NDI triplex-forming oligonucleotide, oxidative
damage occurred predominantly at the intercalation site (not
shown), just as we had observed with Rh(phi)2bpy′3+

appended to the 5′ terminus of the pyrimidine third strand.
To improve the electronic coupling of the intercalator into
the duplexπ stack, we constructed a new NDI-tethered
triplex-forming oligonucleotide with the naphthalene moiety
attached to an internal cytosine residue. In this new construct,
the intercalator clearly binds at a different location and
possibly with a different geometry than the 5′-appended
intercalators. The sequence of the 16-mer pyrimidine strand
with the internal NDI was similar to that of the 5′-tethered
NDI conjugate, except for the placement of the NDI
intercalator and replacement of 5-methylcytosine by cytosine
for synthetic reasons (Figure 2). The same target sequences
were used as well, since all of the TFOs were designed to
target one site.

With the internally tethered NDI, we observed strong
oxidation at a distance of approximately 100 Å from the site

of intercalation in both directions and along both duplex
strands in the restriction fragments containing the target site
(Figures 6-8). Damage occurred almost exclusively at the
5′ guanines of 5′-GG-3′ and, to a lesser extent, 5′-GA-3′ sites.
Furthermore, the naphthalene-induced damage at guanine
occurred with high efficiency, since most of the duplex DNA
was cleaved within∼10 min of irradiation. Minimal back-
ground damage was observed in the control sequences
lacking the TFO binding site. The pattern of oxidative
damage promoted by the triplex-directed naphthalene diimide
intercalators on both restriction fragments is summarized in
Figure 9.

More specifically, on the polypyrimidine strand of the
restriction fragment containing sequence 2 (the duplex strand
complementary to the polypurine TFO target strand), we
observe strong guanine oxidation at the 5′ guanine of a 5′-
GG-3′ site 33 bp (112 Å) away from the NDI-tethered
cytosine, 3′ to the triplex region (Figures 6 and 9). Guanine

FIGURE 4: Oxidation of a restriction fragment from the pyrimidine
strand of sequence 1 by Rh(phi)2bpy′3+ covalently tethered to a
triplex-forming oligonucleotide and irradiated at 365 nm. Samples
were prepared in MES buffer (pH 5.75). Other conditions are as
described in Materials and Methods. Minimal long-range damage
is observed at a range of irradiation times (lanes 4-11, irradiation
at 365 nm for 0, 15, 30, 45, 60, 75, 90, and 120 min, respectively),
although the TFO is bound to its designed site (lanes 3 and 12,
irradiation at 313 nm). The site of oxidation is indicated by an
arrow, while the designed TFO binding site is marked by a bracket
with an asterisk indicating the binding site of the metallointercalator.

FIGURE 5: Oxidation of a short oligonucleotide duplex by nonco-
valent NDI. (a) Sequence of the 22 bp duplex oligonucleotide. The
rhodium intercalator is tethered to the 5′ end of the top strand,
indicated by an “X”, where applicable. (b) Piperidine-sensitive base
damage generated by covalently tethered Rh(phi)2bpy′3+ and
noncovalent NDI: lane 1, Rh-22-mer, irradiated at 313 nm to reveal
the location of intercalation; lane 2, Rh-22-mer, irradiated at 365
nm to initiate long-range oxidative base chemistry; lane 3, Rh-22-
mer and noncovalent NDI, irradiated at 365 nm; lane 4, Rh-22-
mer dark control; lane 5, 22-mer and noncovalent NDI, irradiated
at 313 nm; lane 6, 22-mer and noncovalent NDI, irradiated at 340
nm; lane 7, 22-mer and noncovalent NDI, irradiated at 365 nm;
and lane 8, 22-mer and noncovalent NDI, irradiated at 400 nm.
Samples contained 2.5µM duplex and 2.5µM NDI, if applicable,
in 35 mM Tris-HCl (pH 8.3) with 10 mM NaCl. All samples were
irradiated for 1 h atroom temperature.
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oxidation is also observed at a 5′-GGG-3′ triplet ∼20 bp
away and, to a lesser extent, at two intervening single
guanines. Weaker oxidation beyond that point probably
occurs as well, although it is difficult to quantify relative to
background damage. No guanine oxidation is evident in the
triplex region, since the sequence on this strand is composed
entirely of pyrimidines. No oxidative base damage occurs
to the 5′ side of the triplex region either; although several
5′-GG-3′ sinks are present in this region, all are located on
the complementary strand. The absence of oxidative damage
either within or 5′ to the triplex region was confirmed on
another restriction fragment containing sequence 2 that was
radiolabeled at a different restriction site (not shown).

On the target polypurine strand of sequence 2 (Figures 7
and 9), the strongest oxidation is observed at a guanine
doublet 15 bp removed from the binding site on the 3′ side
of the triplex, with weaker damage observed at the 5′-GG-
3′ site within the triplex and at other single-guanine sites.
There is also strong damage at a distal guanine doublet
located∼38 bp from NDI, as judged from the intense band
of small fragments at the bottom of the gel. The location
and sequence of this distal cleavage site were confirmed on

another restriction fragment containing sequence 2 radio-
labeled at a different restriction site (Figures 8 and 9).

Because the intense cleavage 3′ to the triplex region
masked any other concurrent damage further up on the gel,
we isolated a slightly different restriction fragment containing
sequence 2 and radioactively labeled it at the opposite side
of the triplex-forming region (Figures 8 and 9). In this case,
we observed significant oxidative damage on the polypurine
strand within the triplex region itself. The strongest piperi-
dine-exposed cleavage occurred at the guanine doublet
immediately adjacent to the triplex region at the 3′ triplex-
duplex junction (15 bp away from the intercalated NDI). Less
damage was observed at the guanine doublet within the
triplex region and at the guanine immediately adjacent to
the intercalator itself. Minimal oxidation was observed at
the guanine doublets 16 and 26 bp away that are 5′ to the
triplex region.

FIGURE 6: Long-range oxidation of guanine bases by the triplex-
directed NDI intercalator. On the pyrimidine target strand of
sequence 2 and a control fragment from pUC19. Lanes 1, 2, 9, and
10 are Maxam-Gilbert sequencing lanes. Samples in the remaining
lanes were irradiated at 11°C for different lengths of time at 365
nm, as follows: 0, 1, 2, 5, 10, and 15 min. Other conditions are as
described in Materials and Methods. The region 3′ to the triplex is
shown toward the top of the gel and the 5′ region toward the bottom.
The location of the triplex-forming target site is indicated by a
bracket, and the putative intercalation site is indicated by an asterisk.
Arrows point to the sites of significant base oxidation by the NDI-
tethered TFO. Minimal damage is observed in the pUC19 control
fragment that does not contain a binding site.

FIGURE 7: Oxidation of guanine bases on the purine strand
containing sequences 1 and 2 and the pUC19 control fragment.
Lanes 1, 2, 10, 11, 19, and 20 contained Maxam-Gilbert sequenc-
ing lanes. Lanes 3-9, 12-18, and 21-26 contained samples at 11
°C irradiated at 365 nm for varying lengths of time, as follows: 0,
1, 2, 4, 7, 10, and 15 min, respectively. Other conditions are as
described in Materials and Methods. The region 5′ to the triplex is
shown toward the top of the gel and the 3′ region toward the bottom.
The location of the triplex-forming target site is indicated by a
bracket, and the putative intercalation site is indicated by an asterisk.
Arrows at the right point to damage in the fragment containing
sequence 2; arrows at the far right point to damage in the fragment
containing sequence 1. Only minimal damage is observed in the
pUC19 control fragment that does not contain a binding site.
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By comparison, on the target polypurine strand of a
restriction fragment containing sequence 1, extremely intense
oxidation occurs at a guanine base immediately adjacent to
the 3′ end of the triplex region, 12 bases away from the NDI-
tethered cytosine (Figures 7 and 9). Fairly strong damage is
also seen at the 5′ guanine of a 5′-GG-3′ site 24-25 bases
from the intercalator, and at a 5′-GGGG-3′ site 31-34 bases
from the intercalator. The 5′-GG-3′ site inside of the triplex
region also appears to be somewhat damaged. However, it
is difficult to quantify any of the damage within or 5′ to the
triplex region since most of the strands are cleaved in more
than one place, and only the shortest piece which retains
the radioactive end label appears on the gel. On the
polypyrimidine strand of a restriction fragment containing
sequence 1, the NDI intercalator oxidizes the guanine base
immediately adjacent to the triplex on the 5′ end (data not
shown). This guanine at the duplex-triplex junction is very
heavily oxidized. It appears that no other bases 5′ to the
triplex region are oxidized, although this absence of oxidation
could not be confirmed by labeling at another restriction site,
as no other restriction sites were available 5′ to the triplex
region. On this polypyrimidine strand of sequence 1, the NDI
intercalator also oxidizes a 5′-GGG-3′ site∼30 bp from the

intercalator to the 3′ side of the triplex and two intervening
single-guanine bases.

We have observed that some of the NDI-tethered oligo-
nucleotides, in sharp contrast to metallointercalator-tethered
oligonucleotides, can aggregate and can also bind nonspe-
cifically at concentrations where all of the specific target
sites are saturated. Furthermore, NDI-tethered oligonucleo-
tides are subject to some photodecomposition when irradiated
in oxygen. Therefore, it was critical in each system to test
for any possibility of intermolecular reactions or nonspecific
binding. In the case of our internally tethered NDI triplex-
forming oligonucleotides, we observed little or no damage
in the pUC restriction fragments which lack a specific
binding site (Figures 7-9). This control indicates that neither
free NDI, potentially generated by photodecomposition, nor
stray NDI-TFO is binding nonspecifically to the restriction
fragments. Moreover, it is apparent that the distribution of
damage around the triplex site is markedly asymmetrical
(Figure 9), further evidence that a model in which NDI is
released and diffuses away cannot explain the long-range
damage that we observe.

DISCUSSION

Triplex Formation, Site-Specific DeliVery of Rhodium
Intercalator, and Base Oxidation.It has been shown previ-
ously that polypyrimidine triplex-forming strands can be used
to deliver a variety of small molecules to long DNA duplexes
(38, 39, 46). In general, the addition of an appended
nonspecific intercalator improves the binding constant of the
triplex-forming strand but does not change its inherent
sequence specificity. In the study presented here, we
observed, using DNase I footprinting and exploiting the direct
strand scission chemistry of the phi complexes of rhodium,
that a pyrimidine TFO can deliver a 5′-appended rhodium
intercalator to a specific site within a∼250 bp restriction
fragment (Figure 3). When we irradiated these samples at
365 nm to initiate long-range damage to guanine, however,
we observed damage only locally (Figure 4). It was therefore
apparent that the metallointercalator, delivered by triplex
formation, was not well-coupled into theπ stack of the
restriction fragment. Interestingly, systematic changes to the
intercalator and the intercalation site were insufficient to
improve the electronic coupling. Since we could not deter-
mine whether the absence of long-range damage was due to
poor intercalation by the octahedral complexes or to an
unusual structure in the DNA duplex, we examined next
whether a planar, extremely hydrophobic, organic intercalat-
ing photooxidant, covalently attached to the terminus of the
sugar-phosphate backbone or to a methylated cytosine
embedded in the oligonucleotide sequence, might promote
long-range charge transport in restriction fragments using
the triplex-directed binding methodology.

Naphthalene Diimide Intercalation.It is clear that oligo-
nucleotide-tethered naphthalene diimide molecules can oxi-
dize guanine at long range by charge transport through the
DNA base stack. The deep intercalation of NDI within a
triplex or duplex is likely advantageous in promoting long-
range charge transport. Almost 20 years ago, it was shown
spectroscopically and viscometrically that naphthalene di-
imides bind to DNA by intercalation (23). Later work
revealed that alkylamino-substituted diimides intercalate by

FIGURE 8: Oxidation of guanine bases on the purine strand
containing sequence 2 and the pUC19 control fragment. Maxam-
Gilbert sequencing lanes are not shown due to poor color contrast.
Samples at 11°C were irradiated at 365 nm for varying lengths of
time, as follows: 0, 1, 2, 4, 6, 8, 10, and 12 min, respectively.
Other conditions are as described in Materials and Methods. The
region 5′ to the triplex is shown toward the bottom of the gel and
the 3′ region toward the top. The location of the triplex-forming
target site is indicated by a bracket, and the putative intercalation
site is indicated by an asterisk. Arrows at the left point to damage
on the fragment containing sequence 2. Background damage is
observed in the pUC19 control fragment.
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a threading mechanism in which one of the substituents must
slide between the base pairs (22). This binding mode results
in a DNA binding affinity on the order of other planar,
aromatic intercalators, such as ethidium, but with association
and dissociation kinetics that are considerably slower. More
recently, it was shown that this favorable stacking interaction
with DNA can be exploited to stabilize triplex formation (40).
NDI hairpin linkers can be used to stabilize duplex and
triplex formation by end capping, as shown by the increased
melting temperatures relative to those of the same hairpins
with hexa(ethylene glycol) linkers. Furthermore, NDI inter-
calators attached to cytosine residues within a triplex-forming
strand can dramatically improve the melting temperature of
a triplex (41). Similar NDI conjugates incorporated at the 3′
or 5′ termini (or both) of the third strand give rise to increased
triplex stability, presumably as the result of intercalation into
the base pairs of the target duplex (41, 42). This extensive
evidence of the intimate association between NDI and the
DNA base pairs confirms that that they are well coupled
into the DNA base stack and hence effective participants in
charge transport chemistry.

Oxidation by Naphthalene Diimide Intercalators.Photo-
excited naphthalene diimides are powerful oxidants, esti-
mated to have a reduction potential around 1.8 V versus NHE
(31, 32). They have been used recently in several model
studies of electron transfer between tethered donor and
acceptor molecules (24-28). On the basis of a careful
photophysical characterization of NDI in solution and the
somewhat contradictory evidence for guanine oxidation by
related molecules available in the literature, Aveline et al.
proposed the following mechanism for the interaction of NDI
with DNA (47); upon photoexcitation at 355 nm, the excited
singlet species can produce hydroxyl radicals or undergo a
rapid intersystem crossing to the excited triplet species. The
excited-state triplet can then oxidize another NDI molecule
or some other available electron donor or generate singlet
oxygen. In our system, the hydroperoxy group which forms

hydroxyl radicals is absent, and on average, only one NDI
molecule is present per duplex, eliminating two of these
possible reaction pathways. The best available electron donor
in the native DNA duplex is guanine. We propose that
irradiation of NDI in our system leads to oxidation of guanine
or the generation of singlet oxygen. In oligonucleotide
duplexes and restriction fragments irradiated with noncova-
lent NDI, we observe oxidation of guanine with a strong
preference for 5′ guanines of 5′-GG-3′ doublets (Figure 5).
This damage pattern is consistent with electron transfer
processes but is inconsistent with damage from singlet
oxygen (2, 6).

Probing Triplex Structure Using Long-Range Charge
Transfer.The NDI intercalator, delivered specifically to a
single site, was used to probe the structure of triplex regions
and examine long-range charge transport in restriction
fragments. We have shown that long-range charge transfer
initiated by photoexcited Rh(phi)2bpy′3+ could be used to
probe the structure of DNA-protein complexes; the extent
of charge transfer through the base stack was diminished
upon binding of a protein which disturbedπ stacking in a
base-flipping reaction (48). Here charge transport through
the base stack initiated by photoexcited NDI yields insights
into the structure of the triplex region and its effect upon
neighboring duplex regions. We observe that in general
charge moves through the triplex region to the duplex,
resulting in significant oxidation at a distance from the
intercalation site, which lies within the triplex (Figure 9).
Consequently, it is clear that the bases within the triplex
region are well-stacked with each other and with the duplex
region to the 3′ side. This conclusion is consistent with NMR
solution structures of intramolecular triplex hairpins showing
such base stacking (albeit neither B- nor A-form) (49-51).

In contrast to the large amounts of oxidative damage on
the 3′ side of the triplex site, oxidation to the 5′ side of the
triplex is minimal. This becomes important to consider in
the context of observations that very little long-range

FIGURE 9: Histogram showing sites of significant base oxidation by triplex-directed naphthalene diimides on restriction fragments containing
sequences 1 and 2. The sizes of the arrows reflect the relative amounts of damage generated at various guanine bases, although such
measurements are merely an approximation since the data from several different gels were combined to make this histogram. Base oxidation
is observed almost exclusively at guanine bases of 5′-GG-3′ or 5′-GA-3′ sites, which is characteristic of electron transfer damage through
the π stack. Minimal oxidation is observed 5′ to the triplex region containing sequence 2. It is unclear whether significant oxidation is
observed 5′ to the triplex region containing sequence 1 due to the large amounts of oxidized guanine generated at other guanine bases,
which mask damage in this region on the gel. The triplex-forming strand is shown adjacent to the target polypyrimidine strand to make
space for the arrows.
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oxidation is observed with 5′-appended oxidants, both NDI
(not shown) and Rh(phi)2bpy′3+ (Figure 4). Similar results
have been reported previously with a 5′-appended flavin TFO
(52). Thus, it appears that the triplex region is not well-
stacked with the duplex region to the 5′ side, i.e., that there
is a junction between the two regions where the bases do
not overlap. The junction effect is directional, in that the
duplex-triplex stacking on the 3′ side appears to be effective
and on the 5′ side appears to be poor. This hypothesis
explains why several 5′-tethered intercalators do not oxidize
guanine bases at long range, but an internally tethered NDI
can do so.

The observation that the duplex-triplex region is poorly
stacked is actually also consistent with previous results which
showed poor charge transfer through 5′-TA-3′ steps (8).
Generally, one expects that 5′-pyrimidine-purine-3′ steps
provide less efficient charge transport because of the
diminishedπ overlap between the pyrimidine and purine base
pairs, theoretically inhibiting coupling and surely increasing
the probability of kinked structures and dynamic bending
(53). In contrast, 5′-purine-pyrimidine-3′ steps display sig-
nificantly more overlap due to the helical twist of the DNA.
A 5′-pyrimidine-purine-3′ step is present at the 5′ duplex-
triplex junction in both plasmid 1 and 2, whereas a 5′-purine-
pyrimidine-3′ step exists at the 3′ junction, leading us to
expect a more continuous transition between triplex and
duplex at the 3′ junction than at the 5′ end. Obviously, it is
important not to overemphasize this effect, since both
sequences abound with 5′-pyrimidine-purine-3′ steps which
do not appear to reduce the extent of charge transfer
significantly. Any discontinuity in the base-base stacking
at the duplex-triplex junction is generated by the unusual
stacking in the triplex region which does not overlap well
with the bases of the duplex region, and the discontinuity
may be merely exacerbated or localized by the inherently
poor stacking of a 5′-pyrimidine-purine-3′ step. The informa-
tion concerning stacking at duplex-triplex junctions gleaned
from this charge transport study is especially valuable in light
of the fact that little or no structural information about such
junctions is available currently (54). Indeed, measurements
of charge transport provide a novel and sensitive probe of
DNA stacking and dynamics.

Clearly, less oxidative damage arises within the triplex
region compared to the distal duplex region. It has been
proposed that this reduced yield of oxidized guanine within
a triplex could be due to (i) the effect of reduced oxygen
accessibility and trapping, (ii) the effect of altered stacking
on the redox potentials and charge stabilization of guanine
doublets, or (iii) the effect of protonated cytosine bases on
the electronic structure of the guanine bases (55). The first
suggestion is almost certainly true, given that the major
groove is occupied by the triplex-forming strand and ordered
water molecules, which must reduce oxygen accessibility.
Since the stacking of the bases is not substantially altered
compared to that in canonical B-form DNA (49-51), and
since the differences in potential generated by stacking
interactions are likely to be small (4), it is unlikely that the
oxidation potential could be perturbed sufficiently to grossly
disturb guanine oxidation in the triplex region; it may account
for a small fraction of the diminution. The third proposal is
also plausible, but the effect of a protonated third strand on
the electronic structure of the duplex should be experimen-

tally accessible via comparison of charge transfer through
purine versus pyrimidine triplexes.

In and around the triplex region, guanine bases on both
strands of the duplex are damaged. This observation is
especially interesting when we consider that in the triplex
region, between 17 and 20 continuous purine bases are found
on one strand and the complementary continuous string of
pyrimidines is found on the other. The fact that guanine bases
on both strands are damaged implies that migrating charges
can move from one strand of the duplex to the other, and
we have previously observed interstrand charge transfer in
spectroscopic studies (56). Alternatively, our results may
imply that charges can move through long stretches of
pyrimidine bases as well as through purine bases, since
significant damage is observed on the pyrimidine duplex
strand.

These results and their implications for the structure of a
DNA triplex appear to be fairly consistent with recent work
of Kan et al. on guanine oxidation by anthraquinones on short
oligonucleotide triplexes (55). However, our system in which
the NDI chromophore is delivered to a restriction fragment
by a TFO offers important new insights. Since oxidation in
the NDI-tethered triplex system was monitored on both the
polypurine and polypyrimidine strands of the duplex, we can
assess charge transport through polypyrimidine sequences.
Furthermore, since our experiments exploited restriction
fragments instead of short oligonucleotide duplexes, the
ability of the NDI-tethered TFO to find its target site within
a long genomic sequence was established. Most importantly,
the targeting of guanine damage in restriction fragments with
random DNA sequences by triplex formation provides a strat-
egy for probing long-range charge transfer and base oxidation
in genomic DNA, a critical issue in assessing the physi-
ological consequences of DNA-mediated electron transfer.

Long-Range Oxidation in Restriction Fragments.Using
specific triplex formation as a means of delivering a
photooxidant to a specific location on a long DNA duplex,
we have now observed charge transfer to damage guanines
at long range, over roughly 25-38 bp in each direction, or
approximately 70 bp total. The triplex delivery system allows
us to examine for the first time charge transfer to damage
guanine on both strands of the DNA duplex, confirming that
oxidized guanine is generated on both strands with a similar
distance range for its distribution. This distribution of
oxidized bases seen here provides an example of the distance
range for charge transport in a random sequence restriction
fragment. This range appears to be about half of what we
had previously observed on a synthetic oligonucleotide
construct (8). However, here the charge can migrate in two
directions, which should on average cut in half the signal at
the distal sites, and the weaker damage is more difficult to
measure due to background from nonspecific binding and
the possible distribution of very long-range damage among
many distal sites. Base damage is therefore seen to be
distributed over about 70 bp (∼235 Å). This overall distance
distribution for charge transport is roughly comparable to
what we have observed previously in one direction on
oligonucleotides. It is interesting to consider whether this
distance, roughly equal to one loop around a nucleosome,
may therefore represent the distance regime to consider for
chemical communication using DNA-mediated charge trans-
port (20).
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CONCLUSIONS

Naphthalene diimide intercalators are efficient long-range
DNA photooxidants. When covalently tethered to a triplex-
forming oligonucleotide, they can be delivered to a single
specific site on a restriction fragment. Triplex-directed NDI
intercalators were used to demonstrate that charges can
migrate through genomic DNA over 25-34 bp in both
directions down the helix and along both duplex strands, to
generate permanent base lesions. The potential now exists
to examine long-range charge transport in a variety of
biological systems, including supercoiled plasmids, mam-
malian chromosomal DNA, and even inside of cells, to
examine the biological relevance and implications of DNA-
mediated charge transport in vivo.

ACKNOWLEDGMENT

We thank William Greenberg for his helpful suggestions.

REFERENCES

1. Kelley, S. O., and Barton, J. K. (1998) inMetal Ions in
Biological Systems(Sigel, A., and Sigel, H., Eds.) pp 211-
249, Marcel Dekker, New York.

2. Hall, D. B., Holmlin, R. E., and Barton, J. K. (1996)Nature
382, 731-735.

3. Steenken, S., and Jovanovic, S. V. (1997)J. Am. Chem. Soc.
119, 617-618.

4. Sugiyama, H., and Saito, I. (1996)J. Am. Chem. Soc. 118,
7063-7064.

5. Prat, F., Houk, K. N., and Foote, C. S. (1998)J. Am. Chem.
Soc. 120, 845-846.

6. Burrows, C. J., and Muller, J. G. (1998)Chem. ReV. 98, 1109-
1151.

7. Hall, D. B., and Barton, J. K. (1997)J. Am. Chem. Soc. 119,
5045-5046.
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