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ABSTRACT: Oxidative damage to DNA bases in isolatedHeLanuclei occurs upon treatment with rhodium
intercalators and photoactivation. Oxidation occurs preferentially at the 5′-guanine of 5′-GG-3′ sites,
indicative of base damage by DNA-mediated charge transfer chemistry. Moreover, oxidative damage
occurs at protein-bound sites which are inaccessible to rhodium. Thus, on transcriptionally active DNA
within the cell nucleus, DNA-mediated charge transport leads to base damage from a distance, and direct
interaction of an oxidant is not necessary to generate a base lesion at a specific site. These observations
require consideration in designing new chemotherapeutics and in understanding cellular mechanisms for
DNA damage and repair.

DNA inside of cells can be damaged by a variety of agents
to generate unnatural and potentially mutagenic base lesions
(1). Modified or functionalized bases can be induced by
direct ionization by high-energy X-ray andγ-ray sources,
irradiation with UV light, interactions with reactive oxygen
species, and reactions with a diverse set of small molecules,
both therapeutic and carcinogenic. Studies of DNA-mediated
charge transport have elucidated another possible mechanism
for the generation of base lesions (2, 3). A variety of methods
have demonstrated that the stacked aromatic base pairs of
DNA provide an efficient medium for charge transport,
including oxidation of bases from a distance through the base
pair stack (4, 5). A metallointercalator covalently tethered
to one terminus of an oligodeoxynucleotide duplex can
oxidize 5′-GG-3′ sequences up to 200 Å away (6, 7). The
efficiency of this long-range oxidation displays a very weak

dependence on distance, but it is sensitive to coupling of
the oxidant into the base pair stack and to the stacking of
the intervening base pairs (4, 8-10). Because of their well-
characterized binding and photochemical properties, rhod-
ium(III) complexes were first utilized to study oxidative
DNA damage from a distance, but long-range oxidative dam-
age has now been demonstrated using a variety of photo-
oxidants, indicating that this reaction is characteristic of the
DNA itself and is not a property of an unusual photooxidant.
Photoactivation of naphthalimides, Ru(III) intercalators,
ethidium, anthraquinones, and even sugar radicals has been
shown to promote oxidative damage to 5′-GG-3′ sites from
a distance (11-16).

To examine whether charge migration through DNA oc-
curs within the cell, isolated whole nuclei were incubated
with a rhodium intercalator, Rh(phi)2DMB3+, and then irradi-
ated with ultraviolet light above∼320 nm. Phenanthrene-
quinone diimine (phi)1 complexes of rhodium bind to DNA
avidly from the major groove by intercalation of the phi
ligand into the base pair stack (17) (Figure 1a). These
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complexes react with DNA according to two distinct mech-
anisms when irradiated between 300 and 400 nm (Figure
1b). They generate a frank strand break at the intercalation
site, giving products consistent with the abstraction of the
3′-hydrogen of the sugar by the metal complex (3′- or 5′-
phosphates, free bases, base propenoic acids, and 3′-phos-
phoglycaldehydes) (18). Since this reaction does not involve
a diffusible intermediate, it can be used to determine precisely
where the metal complex is bound. Phi complexes of rho-
dium can also oxidize guanine bases through a long-range
reaction that is mediated by the DNAπ stack (3, 4). The
oxidized guanine radical intermediates are trapped by oxygen
or water to form a variety of irreversible products, including
8-oxoguanine, formamidopyrimidine, oxazalone, and imi-
dazalone derivatives (19). These modified base products do
not generally disrupt the sugar-phosphate backbone, but they
can be converted to strand breaks with 5′-phosphate termini
by subsequent treatment with a mixture of the base-excision
repair enzymes endonuclease III (EndoIII) and formami-
dopyrimidine DNA glycosylase (Fapy glycosylase). The hy-
drogen abstraction and long-range oxidation reactions can
be isolated by excitation with specific wavelengths of light.
However, when the metal complex is irradiated with both
wavelengths of light simultaneously, as we have done here,
a combination of products results. It is then possible to
determine which bases are oxidized by looking at the dif-

ference between the cleavage events in the absence of Fapy
glycosylase and EndoIII (frank strand breaks) and presence
of Fapy glycosylase and EndoIII (base oxidation chemistry
with frank strand breaks).

Preferential oxidation of 5′-guanines of 5′-GG-3′ doublets
and other guanine multiplets is the characteristic signature
of charge transfer through the DNA base stack, whereas
oxidation of all guanines equally or reaction of other bases
points to a different mechanism of damage (3, 19). Guanine
bases are oxidized preferentially because they have the lowest
oxidation potential of the four canonical nucleotide bases
(20), and a selectivity for 5′-guanines of 5′-GG-3′ sites arises
from the effects of base stacking on the ionization potentials
of the bases (21, 22). Oxidation potentials increase in the
following order: 5′-GGG-3′ < 5′-GG-3′ < 5′-GA-3′ , 5′-
GC-3′ and 5′-GT-3′.

Here we examine oxidative damage to DNA within the
nucleus by photoactivation of nuclei containing Rh(phi)2-
DMB3+. Ligation-mediated PCR (LMPCR) can be used to
assess the pattern of base damage for genes of interest (23),
and to establish whether oxidative damage to the DNA may
occur at sites spatially separated from the photooxidant.

MATERIALS AND METHODS

Nuclear Isolation and Photoirradiation with the Rhodium
Metallointercalator.Nuclei and genomic DNA were isolated

FIGURE 1: Photoreactions of the rhodium complexes with DNA. (a) Structure of the rhodium complex Rh(phi)2DMB3+. When phi complexes
of rhodium bind to DNA, one of the phi ligands intercalates into the DNA and the other two ancillary ligands lie along the major groove
(17). (b) Mechanisms of DNA photocleavage by Rh(phi)2DMB3+. Upon photoexcitation with near-ultraviolet light, the complex oxidizes
the 5′-guanine of 5′-GG-3′ sites from a distance by long-range charge transfer through the DNA base pair stack. The damaged guanine
bases that result from this oxidation are revealed by treatment with the base excision repair enzymes formamidopyrimidine DNA glycosylase
and endonuclease III (Fapy glycosylase and EndoIII, respectively). When the rhodium complex is photoexcited at higher energy, the sugar-
phosphate backbone is cleaved directly at the site of intercalation. These frank strand breaks do not require enzyme treatment to be revealed.
When the metal complex is irradiated with both wavelengths of light simultaneously, a combination of products results. It is then possible
to determine which bases are oxidized by looking at the difference between the cleavage events in the absence of Fapy glycosylase and
EndoIII (frank strand breaks) and in the presence of Fapy glycosylase and EndoIII (base oxidation chemistry with frank strand breaks).
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from HeLacells according to the method of Pfeifer and Riggs
(24). Nuclei were isolated by a 5 min lysis in cold buffer
A+ [0.3 M sucrose, 60 mM KCl, 15 mM NaCl, 60 mM
Tris-HCl (pH 8), 0.5 mM spermidine, 0.15 mM spermine, 2
mM EDTA, and 0.5% Nonidet], followed by centrifugation
to pellet nuclei. The nuclei were then resuspended in this
buffer with 33 µM Rh(phi)2DMB3+ and immediately pho-
toirradiated on ice for 1 h using an Oriel 1000 W UV solar
simulator and a 360 nm cutoff filter. WholeHeLacells were
also incubated with the rhodium complex and photoirradi-
ated, but a stronger signal was observed for DNA isolated
from rhodium-treated nuclei. After isolation from nuclei,
untreated naked genomic DNA was suspended in TE to a
concentration of∼100µg/mL with 33µM Rh and photoir-
radiated for 1 h without preincubation. Control samples of
whole cells, nuclei, or naked genomic DNA that lacked either
Rh or photoirradiation were also prepared. Polyamines were
generally used in the nuclear isolation buffer to maintain the
ionic strength. Photoirradiation of identical samples lacking
polyamines showed that although the presence of polyamines
does not affect the general pattern of protein footprints as
measured using photoexcited rhodium complexes, they do
enhance the oxidation of guanine bases relative to frank
strand breaks. Control reactions lacking rhodium demon-
strated that the polyamines do not themselves oxidize or
cleave DNA.

LMPCR and Data Analysis.After isolation and purifica-
tion, the DNA was treated with a mixture of Fapy DNA
glycosylase and endonuclease III where applicable, which
removes a variety of modified base lesions and breaks the
DNA backbone, generating 5′-phosphate termini (25). Ali-
quots (1 µg) of DNA and Maxam-Gilbert sequencing
standards were amplified by LMPCR manually usingPfu
Turbo polymerase from Stratagene (La Jolla, CA) and primer
sequences and reaction mixtures as described previously (26).
Ligation-mediated PCR involves first a primer-extension step
followed by ligation of a linker to the blunt ends of the DNA
(23). PCR is then carried out using primers to the gene of
choice on one end and to the linker on the other. A series of
nested primers are used for these steps to increase the
specificity of the amplification for the gene of choice. The
rhodium hydrogen abstraction reaction generates a variety
of frank strand breaks with different termini (18); however,
only 5′-phosphate termini are amplified by the LMPCR
reaction, so some of the Rh(phi)2DMB3+ frank break sites
may not be amplified.

The LMPCR products were separated and visualized by
denaturing polyacrylamide gel electrophoresis using a
LI-COR DNA model 4200 automated sequencer (LI-COR,
Inc., Lincoln, NE) and were analyzed using the “RFLP Scan”
program (Scanalytics, Inc., Fairfax, VA). Data sets were
normalized if necessary to account for uneven gel loading
by multiplying each measurement in one lane uniformly by
a constant such that the total intensity of each lane (sum of
all of the band intensities) was the same. No bands appeared
in the control lanes in the p53 region. PCR amplification of
the PGK region showed four bands above background that
were deleted from all data sets.

Because the products of the cleavage reactions are ampli-
fied through a series of LMPCR steps, it is generally not
feasible to combine the results of multiple manual experi-
ments directly to obtain error bars (however, see ref26). As

a result, each of the histograms shown in this paper illustrates
the data from a single experiment. However, all of the
experiments were repeated multiple times, both from the
LMPCR step forward and from the first DNA isolation and
nuclear irradiation steps using new batches ofHeLa cells,
to ensure that the patterns of frank strand breaks and base
oxidation are reproducible.

RESULTS AND DISCUSSION

OxidatiVe Damage within the p53 Gene.The damage
induced by Rh(phi)2DMB3+ and near-ultraviolet light in
nuclear DNA was monitored first on exon 5 of the p53 gene.
Some frank strand breaks are present across the exon,
indicating that the rhodium complex intercalates throughout
the DNA (Figure 2a). As published previously, although the
complex shows no high site specificity, there is a minor
preference for the pyrimidine-containing strand of a base pair
(18, 27, 28). Treatment with the mixture of base excision
repair enzymes Fapy glycosylase and EndoIII causes new
bands to appear. The difference between DNA samples
before and after treatment with Fapy glycosylase and EndoIII
represents the base specific damage (Figure 2b). The most
heavily damaged positions are the 5′-GGG-3′ trinucleotide
and the 5′-GG-3′ dinucleotides, followed in intensity by 5′-
GA-3′ dinucleotides, which follows the order of their
oxidation potentials. This pattern is fully consistent with
electron transfer damage. In addition, base damage occurs
preferentially at the 5′-guanines of the these sites rather than
at the 3′-guanines or -adenines. A 5′-bias is characteristic of
charge transfer damage but inconsistent with damage by
singlet oxygen or other reactive oxygen species (19, 22). The
damage seen at guanine doublets and multiplets is not caused
by the light source or any component of the buffer, as both
frank strand breaks and oxidized bases are absent in the
absence of rhodium.

OxidatiVe Damage within a Transcriptionally ActiVe
Promoter. Though the DNA damage generated inside of
nuclei occurs at 5′-GG-3′ sites, consistent with a DNA charge
transfer reaction, these data do not firmly establish that base
oxidation occurs from a distance inside of nuclei. To explore
this possibility, we examined a promoter region where rho-
dium binding should be selectively inhibited by the presence
of transcription factors bound to the DNA (Figure 3). If
guanine doublets are oxidized at these sites where the rho-
dium complex cannot bind directly, then oxidative damage
must occur by a long-range mechanism. Furthermore, the
dual nature of the rhodium photochemistry can be used to
demonstrate directly that intercalation and oxidation occur
at spatially distinct sites. Direct backbone scission by phi
complexes of rhodium has been used to footprint restriction
enzymes and even distamycin, a small minor groove-binding
molecule, on restriction fragments (28). Conversely, long-
range oxidation has been shown to occur through protein
binding sites if the proteins do not disturb the DNA base
stack (29).

Rhodium binding and oxidation were examined in the
promoter region of the phosphoglycerate kinase gene (PGK1),
for which the transcription factor binding pattern is well-
characterized (Figure 4a) and for which LMPCR primers and
protocols are well-established (24, 26, 30). This region
features two GC boxes, containing three consensus binding
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sites for the Sp1 zinc-finger transcription factor, as well as
a CCAAT sequence and a region that is reasonably homolo-
gous to two transcription factor NF1 binding sites.

A comparison of the pattern and intensity of rhodium-
induced frank strand breaks on naked DNA to that on DNA
isolated from nuclei reveals clear footprints on the LMPCR
sequencing gel. The levels of rhodium binding and direct
DNA backbone cleavage are diminished by the proteins
bound to this promoter within the nucleus. In the NF1-like
region, for example, the intensity of frank strand breaks is
decreased noticeably on the transcribed strand, corroborating
protein binding at this site (Figure 4b, lanes 2 and 3). On
the nontranscribed strand, frank strand breaks by rhodium

are rare in the NF1-like region, on both rhodium-treated
naked DNA and DNA isolated from nuclei, because this
strand is purine-rich. Nevertheless, strong oxidative damage
is apparent and is enhanced at the central 5′-GGG-3′ site on
the DNA isolated from rhodium-treated nuclei compared to
naked DNA (Figure 4c, lane 4).

Results are shown as histograms in Figure 5. Photofoot-
printing by the rhodium complex is evident when the
intensity of frank strand breaks in the rhodium-treated naked
DNA is subtracted from that of DNA isolated from rhodium-
treated nuclei (Figure 5a). The strong footprint in the NF1-
like region is seen clearly (red). Interestingly, this footprint
appears to be displaced by a few base pairs relative to that
sequence footprinted using DNAse I (24), and this shift is
consistent with rhodium and DNAse I binding and cleaving
by different mechanisms and in different grooves of the helix
(31). A significant decrease in the level of frank strand breaks
in nuclear DNA is seen also in the CCAAT box protein-
binding region on both the transcribed strand (Figure 5a)
and the nontranscribed strand (not shown). It is noteworthy
that frank strand breaks are increased in the region between
the NF1-like and CCAAT box regions, indicating that
rhodium intercalation is facilitated by binding of transcription
factors to the DNA sequences flanking this region. Such a
hyperreactivity has been seen previously (24, 32). In the
experiment illustrated here, only a weak footprint, at best,
is seen at the GC box proximal to the transcriptional start
site (Figure 5a, green); other cell preparations have shown
more significant footprinting at this site. A strong footprint
is also seen for the more distal GC box, but on the
complementary strand that contains mostly pyrimidines (data
not shown). As with the NF1-like box, in both GC boxes,

FIGURE 2: DNA damage promoted by photoactivated Rh(phi)2DMB3+ on exon 5 of the p53 gene inside of isolated nuclei. (a) Frank strand
breaks corresponding to the rhodium complex binding sites are shown. The complex binds in a fairly sequence-neutral fashion, although
it prefers to cleave at the sugars of pyrimidines (18, 27, 28). Approximately 25 bp are excluded from each end of the exon for clarity on
the histogram. (b) The base damage is subsequently revealed by treatment with Fapy glycosylase and EndoIII base excision repair enzymes.
The most heavily oxidized site is the sole 5′-GGG-3′ site in this exon, followed by the 5′-GG-3′ and 5′-GA-3′ sites, fully consistent with
oxidation by Rh(phi)2DMB3+ from a distance through the DNAπ stack.

FIGURE 3: Assay for oxidation of guanine from a distance by
Rh(phi)2DMB3+ inside isolated nuclei. To determine whether charge
transfer can occur at long range on DNA inside of nuclei (top), the
oxidation of guanines that are protected from direct access of the
rhodium complex was monitored in the presence of stable DNA-
binding proteins. Oxidation of these guanine sites must occur from
a distance (bottom).

12468 Biochemistry, Vol. 40, No. 42, 2001 Accelerated Publications



frank strand breaks are seen preferentially on the cytosine-
rich strand, which is characteristic of the rhodium complex.

Importantly, despite the fact that rhodium binding is
inhibited by transcription factors, significant oxidative base
damage is still apparent. As seen earlier on the p53 exon,
the base damage revealed by treatment with Fapy glycosylase
and EndoIII occurs at guanine multiplets (Figure 5b). This
5′-GG-3′ and 5′-GGG-3′ specific damage is fully consistent
with a charge transport mechanism for DNA damage in this
region. Furthermore, the pattern of frank strand breaks
indicates that rhodium binding is not uniformly distributed
over the PGK promoter, but guanine multiplets are dam-
aged at sites footprinted for NF1, CCAAT, and the proximal

GC box. Guanine multiplets are also preferentially damaged
in the distal GC box on the complementary strand (not
shown).

A plot of intensity of all guanine damage in nuclear DNA
expressed as a percentage of damage versus that on the naked
DNA can be used to compare directly the level of damage
obtained within the nuclei versus that for DNA in the absence
of bound protein (Figure 5c). Damage to guanine multiplets
is enhanced in nuclei relative to naked DNA, but the small
extent of damage at most of the single guanine sites in nuclei
is modestly diminished, especially in regions which are
proposed to bind proteins. Within the NF1-like protein
binding region, there is a small decrease in the level of

FIGURE 4: Analysis of long-range guanine oxidation on the PGK1 promoter inside nuclei. (a) Sequence of a part of the upstream promoter
region of the PGK1 gene, showing regions of the promoter which reproducibly bind transcription factors, as revealed by DNAse I and
DMS footprinting followed by LMPCR (24, 30). Red, green, and blue (and, to a lesser degree, cyan) regions showed a decrease in the level
of cleavage by DNAse I in vivo, whereas italicized bases flanking the protein binding sites showed increases in the level of cleavage. PGK
is an X-linked gene which is constitutively active in normal male cells and in one copy in normal female cells. AlthoughHeLa cells are
derived from female cells, they contain only active X chromosomes. Any copies of PGK are active and demonstrate transcription factor
footprints. (b) LMPCR-amplified DNA cleavage after treatment of bare DNA or nuclei with rhodium and photoactivation is shown for the
transcribed strand of the PGK promoter near the NF1-like binding site (residues-113 to -175). The location of the bound protein as
determined by DNAse I is indicated by dark bracketed lines. Maxam-Gilbert sequencing lanes are shown at the right. All samples were
treated with Fapy glycosylase and EndoIII, unless otherwise indicated: lane 1, naked DNA, without Fapy glycosylase or EndoIII; lane 2,
naked DNA; lane 3, nuclei; lane 4, nuclei, without Fapy glycosylase or EndoIII; lane 5, naked DNA without photoirradiation; lane 6, naked
DNA without rhodium; lane 7, nuclei without photoirradiation; lane 8, nuclei without rhodium; and lane 9, naked DNA without photoirradiation
or rhodium. Note that there is a significant reduction in the level of frank strand breaks between the naked DNA and nuclear DNA samples
in the region of the NF1-like box (compare lanes 2 and 3), resulting in a footprint, and an increase in the level of frank strand breaks
flanking the NF1-like region toward the top of the gel. (c) LMPCR-amplified DNA cleavage after treatment of bare DNA or nuclei with
rhodium and photoactivation is shown for the nontranscribed strand near the NF1-like box (residues-185 to-119): lane 1, naked DNA
without Fapy glycosylase or EndoIII; lane 2, naked DNA; lane 3, nuclei; lane 4, nuclei, without Fapy glycosylase or EndoIII; lane 5, naked
DNA without rhodium or photoirradiation; lane 6, naked DNA without rhodium; lane 7, nuclear DNA without rhodium; lane 8, naked
DNA without photoirradiation; and lane 9, nuclear DNA without photoirradiation. Note that although there are very few frank strand breaks
in either the nuclear or naked DNA on this strand by which to establish protein binding (lanes 2 and 3), there is a strong enzyme-dependent
band in the nuclear DNA lanes at the location of a 5′-GGG-3′ site (lane 4).
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damage at single guanine sites, consistent with reduced
rhodium binding and frank strand breaks in this region,
but an increase in the level of damage at the two 5′-GG-3′
sites and a 300% increase in the level of damage at the
5′-GGG-3′ site. The strong oxidation at the 5′-GGG-3′ site
in the middle of this NF1-like binding sequence can also be
seen clearly on the gel (Figure 4c). This enhancement in long-
range oxidative damage with protein binding has been seen

in studies of long-range charge transport in the presence of
DNA-bound proteins having the helix-turn-helix motif
(29). Such enhancements may be due to the effects of
increased rigidity in stacking on charge transport, or to
changes in the trapping time of a radical intermediate.

Guanine damage within the CCAAT box and the proximal
GC box also shows, in general, an increase in the number
of 5′-guanines of guanine multiplets but a decrease in the

FIGURE 5: Binding and base damage by a rhodium metallointercalator in the PGK promoter region. (a) Difference between the frank strand
breaks on the nuclear DNA and the naked DNA (transcribed strand). Colored regions correspond to the protein-binding domains (Figure
4a). This difference histogram illustrates footprints in the transcribed strand at the CCAAT and NF1-like sequences and a “positive footprint”
of increased sensitivity to rhodium binding and/or cleavage between the two proteins. (b) Base damage in nuclear DNA as revealed by
treatment with Fapy glycosylase and EndoIII (nontranscribed strand). Guanine bases are preferentially oxidized, as in the p53 gene, and no
footprints are apparent at the protein binding sites. (c) Plot of the intensity of all guanine damage in nuclear DNA expressed as a percentage
of damage vs that on the bare DNA (nontranscribed strand), comparing directly the level of damage obtained within the nuclei vs that for
DNA in the absence of bound protein. Damage to 5′-guanines in guanine multiplets is better in nuclei than in naked DNA, but the small
extent of damage at most of the single guanine sites and 3′-guanines in nuclei is modestly diminished, especially in regions which are
proposed to bind proteins. Since there appears to be no significant diminution in the level of oxidation at protein binding sites, it appears
that sites that are blocked from direct binding of the rhodium complex can be oxidatively damaged from a distance. Note that although both
frank strand breaks at guanine and oxidative guanine base damage are represented in this histograms, the majority of the cleavage events
are due to the latter reaction, especially at multiple guanine sites, due to the inherent sequence preferences of the two rhodium photoreactions.
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level of damage at 3′-guanines or single guanines. Clearly,
then, there is no significant diminution in the level of
oxidation across this promoter despite the presence of bound
proteins. These data indicate that sites that are blocked from
direct binding of the rhodium complex are nonetheless able
to be oxidatively damaged.Guanine oxidation therefore must
occur through the DNAπ stack from a distance.

The distances over which this charge transport occurs
cannot be established with certainty, given the many sites
that are available to the rhodium complex. Nonetheless, the
protein footprints are sufficiently large to conclude that
guanine oxidation occurs from a distance of at least 5 or 10
bp (17-34 Å) and possibly from as far asg30 (100 Å).
The upper distance limits of charge migration within the cell
remain to be determined.

Implications. Charge transport through DNA to effect
oxidative damage at a distance has become well-established
(2-16). The data presented here extend DNA charge
transport as a feasible mechanism for the generation of DNA
base lesions within the cellular environment. DNA inside
of cells is therefore susceptible to damage that arises from a
remotely bound site, indeed even at sites that are inaccessible
directly as a result of protein binding. It will be worthwhile
to examine mutagens and therapeutic natural products that
are known to generate base radicals to determine if they
operate through a similar mechanism (33, 34). It will also
be important to determine whether organisms have evolved
to protect their genomes from long-range damage. Perhaps
radical damage is funneled to or insulated from specific sites
within the genome. We do not suggest on the basis of these
data that radical migration occurs over megabase distances,
and indeed, studies on DNA restriction fragments would
suggest that charge transport over those distances is not likely
(12). One could, however, consider that segments throughout
the genome may encode “sinks” for damage, and that other
segments could serve as buffers as a result of local se-
quence-dependent or protein-dependent structural deforma-
tions to protect critical regions. Certainly, the biological
consequences and opportunities for DNA-mediated charge
transport now require consideration.
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