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Long-Range Oxidative Damage in DNA/RNA Duplekes

Duncan T. Odom and Jacqueline K. Barton*
Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California 91125

Receied February 12, 2001; Résed Manuscript Receéd May 31, 2001

ABSTRACT. Oxidative damage as a result of DNA-mediated long-range charge transport occurs readily
and at high yield in duplex DNA, and it is of interest whether similar damage can occur in duplex
oligonucleotides that include both ribo- and deoxyribonucleotides. Assemblies containing RNA and mixed
RNA-DNA strands were constructed containing tethered ethidium as a photooxidant. In photooxidation
experiments, long-range oxidative damage to the ribose-containing strand of the oligonucleotide duplexes
was examined. Hole injection by photoexcited ethidium followed by radical migration to oxidatively
susceptible guanines afforded significant damage on ribose-containing strands at long~a8g¥).(

This damage does not differ substantially in yield and location from that found in B-DNA duplexes. No
oxidative damage was found upon photooxidation of DNA/RNA duplexes containing tethered metal-
lointercalator, despite the ability of the rhodium complex to promote oxidative damage at a distance in
DNA duplexes. This result is attributed to the poor coupling of the rhodium complex into the A-like
RNA/DNA duplex. The ability for long-range charge transport to occur in double-stranded nucleic acids
of different comformations is considered in light of modeling studies that show interstrane b
overlap between the opposing, complementary strands that make up RNA/DNA hybrid duplexes. Thus,
the possibility of long-range radical migration to effect oxidative damage or signaling may be considered
also in the context of transcriptional events.

Recently, the ability of DNA to both mediate and with base 22). Many different covalently attached photo-
participate in charge transport has been the subject ofoxidants have been used to cause this type of long-range
considerable research-12). Oxidative damage to DNAis  damage, including metallointercalato28), ethidium deriva-
suspected to play significant roles in processes as disparateives @4), anthraquinone derivativeg, 26) and flavins 27).
as aging and cancer, and understanding the molecular basig\|| of these photooxidants can easily access the electronic
of genetic degradation has become an important research goadtructure of the base stack by intercalating into or stacking
(13—15). In addition, recent nanotechnological research has gnto the end of the DNA helix, whereas photooxidants that
highlighted on the possible uses of DNA duplexes as possiblecannot electronically access the base stack in this manner
one-dimensional quantum wires and templates for directedave not been observed to damage thguanine of a
material deposition1), and larger nucleotide assemblies guanine doublet from a distancag]. Studies have shown
as building blocks for nanoscale structures and signaling {4t modifying the structure of the base stack, for instance
devices 17—20). Dissecting possible roles that thestack by the introduction of bulges3(), mismatches3L, 32), or
can play in Iong—_range pharge transport, and t'he prGCiseprotein binding 83, 34), can aff'ect charge tran'spo}t. Al-
parameters for this reaction are of fundamental interest. though considerable discussion exists as to the exact mech-

The heteroaromatie-stack of duplex DNA plays a critical  znism of radical migration through the base sta;i5( 35—

role in facilitating long-range charge transport to effect 40), electron and hole hopping between bases and domains
oxidative damage to DNA at a distance from the location of ;s gimost certainly involvedi(, 25, 41).

an introduced electronic hold{8). Typically, a photooxi- oth . h lied f hi
dant is appended covalently to one site of a duplex, and ther experiments have applied fluorescence quenching

electronic holes are injected into the base stack by thesel© Investigate electron transport in DNAZ, 43). DNA base
oxidants at a known location. In our laboratories, we have @nalogues that have donor and acceptor properties, but that
focused on appending metallointercalators to stack near thestill form hydrogen bonds to complementary bases, can be
terminus of the DNA duplex4). As a result of long-range introduced into DNA at known locationg?). Because these
charge transport, the injected radical then localizes onto thePases retain their usual base-pairing properties, their duplexes
5'-guanine of 5GG-3 doublets, the most oxidatively sensi- are in standard B-form, and the distance and orientation
tive sites @1). Subsequent trapping of the radical wita® ~ between donor and acceptor are precisely known. By varying
or O, leads to formation of an irreversible lesion that is easily the location and orientation of these two species, fluorescence
visualized by denaturing gel electrophoresis after treatmentquenching as a function of distance was probed. When both
donor and acceptor are on the same strand, the rate of
* Supported by NIH Grant GM49216, electron transfer is significantly more rapid than when they
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Long-range radical migration has also been investigated purified by C18 reverse-phase HPLC. These oligonucleotides
in non-B-form DNA. It was found that migrating charges were then detritylated and HPLC-purified a second time.
can access single-strand overhangs from a duplex region thaEthidium-modified 43) and rhodium-modified4) oligode-
has had a radical injected into i#4). Interestingly, the oxynucleotides were prepared according to published pro-
preference for 5guanine damage in a guanine doublet was cedures, and stored in dried aliquots-&t0 °C until needed.
eliminated; instead, guanines were evenly damaged regard- RNA SynthesifRNA oligonucleotides and chimeric RNA
less of surrounding base identity. Similar experiments have DNA hybrids were prepared on an ABI 392 RNA/DNA
shown that triple-stranded DNA, both in short oligonucle- synthesizer entirely with fresh reagents, and deprotected
otides @5) and in plasmid fragments46), can promote using standard techniques. These deprotected, desilanized
charge transport over significant distances. Our continuing sequences were purified using a preparative-scale, nonde-
interest in long-range charge transport in various nucleic naturing, 10% polyacrylamide gel. The desired sequence was

acids led us to investigate the RNA/DNA hybrid duplex as
a possible medium for radical migration.

In solution, heteroduplexes of RNA and DNA assume
conformations between the A-form of RNA duplexes and
the B-form of DNA duplexes, and are central to genetic
biochemistry 47—52). Reverse transcriptases, most promi-
nently HIV reverse transcriptase, produce RNA/DNA hybrids
when replicating viral genomes. RNA/DNA hybrids are also
found during transcription of a DNA template into a mRNA
transcript. Furthermore, in DNA replication, lagging strand
synthesis is initiated by synthesis of a short RNA oligo-
nucleotide by primase, from which are formed Okazaki
fragments.

visualized by rapid UV shadowing, cut from the gel, crushed,
and eluted at 2C overnight into 10 mL of RNase-free 50
mM Tris-HCI, pH 7.5, with 1 mM EDTA (TE). This solution
was loaded onto a 12 cn$ep-Pak cartridge using standard
procedures and rinsed extensively with water and the
oligonucleotide eluted with 10 mL of 50% aqueous aceto-
nitrile. The purified oligonucleotide was stored in aliquots
at —70 °C as a dry solid, and redissolved as needed.
RNA and DNA Techniques and Photoirradiation Experi-
ments The oligonucleotides used wereénd-labeled using
[y-32P]ATP and polynucleotide kinase. The reaction mixture
was desalted, treated for 30 min with eitdeM piperidine
at 90°C (DNA) or 1 M aniline acetate at 60C (RNA and

Some research investigating long-range charge transportRNA-DNA hybrids), and purified on a 20% nondenaturing

in RNA/DNA hybrids and part ribose, part deoxyribose
containing chimeric nucleic acid (CNA)/DNA hybrids has
been carried out53). These studies focused on oxidative
damage that occurs on DNA strands in a DNA/RNA or
DNAJ/CNA hybrid. Long-range oxidative damage of guanines
was observed at 38, but not at 20°0C, and no preference

was observed for oxidative lesions to localize on th&5

of a 5-GG-3 doublet. The low levels of strand cleavage
were attributed to the hydrophobic nature of the A-like
structure of the RNA/DNA hybrid duplex. No inspection of

acrylamide gel. The desired band was cut from the gel, and
soaked in 3x 1 mL of TE buffer, and isolated by use of
NENsorb 20 oligonucleotide columns (Dupont) using stan-
dard procedures. Samples used in irradiations were annealed
on a thermocycler by heating to 9C for 5 min, followed
by linear cooling to 4°C over 90 min. Noncovalent
intercalators, when used, were added after duplex annealings
were complete.

Irradiations were performed at 2Z on 10uL samples
in pre-siliconized 1.5 mL Eppendorf tubes using a 1000 W

the damage that may occur on the RNA strand or segmentHg/Xe arc lamp equipped with a monochromator. Samples

was conducted.

were prepared in 17 mM sodium salt phosphate buffer at

Here, we demonstrate that long-range transport occurspH 7.0, 50 mM NaCl, and contained 11 duplex strands.

efficiently through the RNA strand of an RNA/DNA duplex
to the B-guanine of 5GG-3 doublets. We utilized base

In experiments where intercalator was bound noncovalently
to the duplex, the concentration of @Me was also 1&M.

sequences used previously to explore the role of the DNA/ After irradiation, the samples were dried by vacuum con-

DNA z-stack as a bridge for remote oxidatio?d). As in
previous studies5d), our results indicate that RNA/DNA

centration. These samples were then either directly diluted
into formamide gel loading buffer or heated for 30 min in a

hybrids can act as a bridge for electron transfer. However, total volume of 10QuL in the presencefol M piperidine

in contrast to previous result$3), we find that radical
migration occurs in similar amounts in RNA/DNA hybrids
to that found in purely DNA duplexes at ambient tempera-

(90 °C), or 1 M aniline acetate (60C) for all-DNA and
RNA-containing samples, respectively, to reveal oxidative
damage. Drying in vacuo was followed by dissolution into

ture, and that the resultant oxidative damage in both casesdenaturing, formamide-based gel loading buffer. Sequencing

is overwhelmingly localized to the'yuanine of a 5gg-3
doublet.

MATERIALS AND METHODS

Materials All chemical reagents and starting materials

gels were 20% denaturing polyacrylamide containing 8 M
urea, and were analyzed by phosphorimagery.
Calculation of Base Base Qerlaps Using an Q SGI
workstation and Insightll software with Biopolymer Module,
idealized stick-drawn B-form DNA dinucleotides were

were purchased from commercial sources and used as2SSembled. These nucleotides were centered down the dyad

received. Bt and its methyl ester were synthesized as axis, and frame pictures were taken. After exporting to a
previously described4@). Macintosh G3, these pictures were opened by Adobe
Oligodeoxynucleotides were synthesized on an ABI 392 PhotoShop, and the overlap between the stacked bases was

RNA/DNA synthesizer with trityl protecting groups and Shaded. Hardcopy prints of these photographs were made,
and the stick structures were cut out and weighed to

determine the partitioning of overlap between neighboring
bases. The same procedure was followed for the DNA/RNA
hybrid duplexes, using the A-form DNA/RNA tool.

1 Abbreviations: phi, phenanthrenequinone diimine;'bgybutyric
acid, 4-methylbipyridine; DMB, 4,4dimethylbipyridine; Et N-8-
glycylethidium.



Oxidative Damage in RNA/DNA Hybrids
RESULTS

Experimental DesignTo investigate the ability of RNA/
DNA hybrids to mediate long-range hole transfer, ethidium
was used as a photooxidant in many of our experiments.
Ethidium can intercalate into both A- and B-form DNA, as
seen by luminescence enhancement when this intercalator
is bound to either duplex RNA or B-form DNASE, 56).
Because of the non-B-form structure of the duplexes used
in this study, the ability to intercalate into A-form, B-form,
and forms intermediate to these two was an essential
requirement for the photooxidant. Previous studies in our
laboratory have shown that ethidium, when photoexcited, can
cause radical migration through DNA, and subsequent
guanine oxidation at a distanc24j. Here, as previously,
covalently bound ethidium showed significant damage at the
guanine located at its intercalation site after irradiation at
313 nm, consistent with the direct formation of a covalent
lesion at the site of intercalation. Conjugates of Rh-
(phi):bpy 3t with the same sequence were used to compare
the effect photooxidant stacking has on the ability of an
intercalator to introduce radicals into the base stack; phi
complexes of rhodium are not expected to intercalate
effectively into A-form nucleic acids5({7, 58).

To facilitate comparison with previous work, base se-
guences identical to those found in earlier repd2®y (vere
utilized in these studies (Figure 1). These sequences con-
tained guanine doublets proximal and distal to the tethered
photooxidant. The sugar identity of the strand complementary
to the one bearing the tethered photooxidants was varied to
focus on the role(s) that conformation plays in enabling long-
range oxidation. The strands were synthesized as phosphor-
amidites, and purified by nondenaturing gel electrophoresis.
The strand integrity was verified by radiolabeling with
polynucleotide kinase, and inspecting the band pattern on a
denaturing 20% polyacrylamide sequencing gel.

Guanine Oxidation in an RNBNA Hybrid Duplex by
Photoexcited EthidiumDNA-GG duplexes with tethered
ethidium as a photooxidant showed, as expected, oxidation
at the 3-guanine of the 5GG-3 sites upon photoirradiation.
Direct damage to the guanine located at the ethidium
intercalation site is also evident when photoirradiated at 313
nm for an hour, indicating the site of association (Figure 2).
Hence, oxidation at the'85G-3 sites results from a long-
range transport event. By annealing the same ethidium-
bearing strand to a complementary RNA strand, RNZG
is assembled (Figure 1). Subsequent photoirradiation fol-
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|
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3'-TGCCGTGATGCCGAGCA Olfu“WHﬂgk

*5' -ACGGCACTACGGCTCGT-3"
3'-TGCCGTGATGCCGAGCA-5' (-Int)
DNA-GG
*5'-acggcacuacggcucgu-3'
3'-TGCCGTGATGCCGAGCA-5"' (-Int)
RNA-GG
*5' -AcggcACTAcggcTCGT-3"'
3'-TGCCGTGATGCCGAGCA~-5' (-Et"')
CNA-GG
*5' -ACAACACTACAACTCGT-3'
3'-TGTTGTGATGTTGAGCA-5' (-Et"')
DNA-AA
*5'-AcaacACTAcaacTCGT-3'
3'-TGTTGTGATGTTGAGCA-5"' (-Et')
CNA-AA

lowed by aniline treatment showed that, as with exclusively Ficure 1: Nucleic acid duplexes used to investigate long-range

DNA assemblies, sites of greatest damage are'tgednines  ragical migration. The assemblies are named based on the sugar
in 5-GG-3 doublets. Moreover, the ethidium intercalation composition of the second strand, followed by the base composition
site also shows damage that corresponds closely with thatof the sites of oxidation, and can have ethidium, Rhghipy 3+,

seen in DNA/DNA hybrids irradiated under the same ©F N0 photooxidant covalently tethered to tHeefid of one of the

o : - . .. strands. Thus, DNA-GG represents an assembly where the strand
conditions, due to the direct reaction of excited-state ethidium complementary to the intercalator is entirely DNA with guanine

with the adjacent guanine. As with DNA-GG, here t00 doublets. RNA-GG has a complementary strand entirely of ribose
oxidative damage at the guanine doublets is the result of sugars and guanine doublets; CNA-GG has a chimeric mixture of
radical migration from a distance. RNA and DNA with guanine doublets; DNA-AA contains a DNA

. . . rand with nines in pl f nines; and CNA-AA contain
Notably, when either DNA-GG or RNA-GG is photoir- Zt ihidmertic asthande?Nithp:ggnci)negugoub?est’s?n?i(r:1 the figcl?reta °
radiated in the presence of noncovalently bound, equimolaryepresents the attachment site of a generic intercalator.
ethidium, the proximal guanine doublet is not damaged,
though both the distal site guanine and the intercalation site
guanine still show oxidation (Figure 2). The reason for this constructs show consistently higher backgrounds and degrade

lack of reaction at this site is not clear. In addition, the RNA more rapidly than do exclusively DNA assemblies.
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Table 1: Partitioning between Oxidatively Damaged Sites in

a b
@ RNA (b) DNA RNA/DNA and DNA/DNA Duplexes

$12345678

second strand RNA DNA CNA

covalent Etdistal/prox 0.6 (0.2) 1.1(0.1) 0.9 (0.2)
covalent Etprox/direct 0.5(0.2) 0.3 (0.05) N/A
covalent Etdist/direct 0.3(0.1) 0.3 (0.05) N/A

- 2 These ratios were obtained by comparing the direct damage at the
intercalation site guanine by photoexcited ethidium that is not dependent
- - on base treatment, and the base-dependegu&nines of 5GG-3
doublets proximal and distal to the ethidium-bearing end of the duplex.
Each number is the average of three trials. Experimental conditions
are described in the caption to Figure 2, and under Materials and
Methods of this paper.

O
812345678

Prox. e

calculated above at the intercalation site. Also shown are
the ratios of distal to proximal damage, which, based on the
above reasoning, is a measure of the efficiency of charge
transport through a sequence.

Guanine Oxidation in an RNENA Hybrid Duplex by
Photoexcited Rhodium Compléffective coupling between
the intercalator injecting the radical and the base stack which
mediates the charge transport is required for efficient charge
migration. To demonstrate this, the ethidium intercalator was

CAS' CA® replaced with a metallointercalator previously shown to have
FIGURE 2: Long_range guanine damage in RNA-GG dup|exes (a) a StI’OI’lg preference for B-form DNA over the A-form. Here,
and DNA-GG duplexes (b) with covalently attached Bhown is a derivative of [Rh(DMB)phil®*" was tethered to a DNA
the phosphorimagery of a representative 20% denaturing gel. Lanespligonucleotide and subsequently annealed with RNA to form
are as follows: G-1, RNase T1 digestion; AG, C>T, Maxam- the substrate duplex RNA-GG (Figure 1), and photoirradia-

Gilbert sequencing reactions; lane 1 is 313 nm irradiation with hot . .
base trea‘?ment (1%% piperidine at 80 with DNA, 1 M aniline tion of these assemblies was performed at both 313 and 365

acetate at 60C for RNA); lane 2 is nonirradiated duplex with ~NM. Damage can be seen at the binding site upon irradiation
base treatment; lane 3 is 313 nm irradiated duplex without base at 313 and 365 nm when the complementary strand is either
treatment; lane 4 is nonirradiated duplex without base treatment; RNA or DNA, as is evident with RNA-GG in Figure 3.
lanes 5-8 are identical to lanes-14, but with noncovalent Etised However, little oxidative damage is evident atGG-3

ith unmodified duplexes, instead of covalently attached interca- . L - . .
Y;'tor_”A” irr;(;iatio‘;g V\fere lloerformed fo;ll h gnd the foulowing doublets. This observation is consistent with the close, albeit

concentrations were used: 1 duplex, 17 mM sodium phos-  honintercalated, binding of the rhodium complex. Instead,
phate, pH 7.0, buffer, 10M ethidium methyl ester in experiments  limited depurination is evident throughout the duplex, and
with noncovalent intercalator. The sequence of the Oligonucleotidesthe f|rst prox|ma| guar"ne doublet ShOWS S“ght Ox|dat|ve
is shown to the left of each panel, with the reactive guanines in ' - ) :
slightly larger font, boldface, and indicated by arrows, damgge. In contrast, efficient long-range charge transp_ort in
rhodium complex-coupled DNA-GG occurs at both oxida-

Quantitation of the oxidative damage for the different tively sensitive sites (not shown). Therefore, we conclude
constructs is shown in Table 1. The amount of direct strand that because the rhodium complex is ineffective at intercalat-
scission caused at the binding site guanine by photoexcitationing into the RNA/DNA hybrid, it is ineffective at promoting
of the intercalated ethidium is assumed to correlate with the Oxidative damage at a distance through the RNA/DNA hybrid
amount of ethidium intercalation. The damage that is seenduplex.
at the guanine located at the ethidium binding site is largely ~ Guanine Oxidation in an CNBNA Hybrid Duplex by
independent of base treatment, consistent with previousPhotoexcited EthidiumHaving shown that RNA/DNA
results that indicate that this intercalator is able to cause directhybrids can efficiently support radical migration when the
strand scission at guanines when photoexcited at an ap-{hotooxidant is well-coupled into the base stack, we inves-
propriate wavelength2d). tigated also the effect of junctions between regions of ribose

In the analysis presented here, the direct damage at thisand deoxyribose sugars (CNA-GG) on long-range charge
guanine is determined by subtraction of the respective darktransport. The oxidatively sensitivé-6GGC-3 cassettes
control from the photoirradiated but not base-treated sample;were replaced in the parent DNA sequence with the RNA
this procedure varies slightly from that performed in cassette '5cggc-3, thus creating a strand with discrete
quantitating long-range oxidation, where the amount of regions of ribose and deoxyribose sugars. After annealing
damage is determined by subtracting the base-treated andhe strands to form the duplex CNA-GG that contains a
irradiated samples from those that were irradiated but not covalently attached ethidium, photoirradiations were per-
treated with base. The resulting value reflects the binding formed, as previously. After photooxidation, the guanine
of ethidium. Averaging this experiment over three trials doublets appear to show some damage, but it is modest
reveals that the actual damage intensity at this location is (Figure 4). Considerable nonspecific damage also occurs in
from 2 to 3 times that found at the distal sites. To assessthese constructs. Notably, the single guanine proximal to the
absolute yields of damage, ratios are presented for distal andntercalated ethidium shows lower than expected damage
proximal guanines normalized to the direct damage asfrom direct reaction with the photooxidant.
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Ficure 4: Long-range oxidative damage dtdg-3 cassettes in
CNA-GG. Sample concentrations are as in Figure 2. The sequence,
shown to the left of panel (a), was determined by alkaline hydrolysis
G ® (AH) of the RNA-containing regions. AH lanes were exposed to
50 mM NaCO;, pH 11, for 5 min. Sequencing hydrolysis cleavage
occurs one base pair from the oxidative cleavage site. Lands 1

> G of each panel are 15, 30, 60, and 120 min irradiations followed by
Ficure 3: Intercalation site and long-range guanine oxidative aniline acetate treatment of the samples; lane8 &re the same
damage in RNA-GG duplexes when [Rh(pbpy]3* is covalently irradiation times without aniline treatment.

appended. Sequencing lanes are as in Figure 2. Other lanes are as
follows: lane 1, photoirradiation fol h at 365 nmwith aniline further supporting the contention that these are the sites of
treatment; lane 2, photoirradiation for 10 min at 313 nm, no base oxidative susceptibility.

ealment lane % horiadiated samples wih anine Ueament. 1" " xidation in a Duplex Lacking Guanine Doublets by
duplex, 17 mM sodium phosphate, pH 7.0, buffer. Photoexcited EthidiumTo verify that the damage seen here
is specific to guanine, the'®&GGC-3 cassettes were

It is important to note that we have assigned the location replaced with 5CAAC-3' cassettes to afford DNA-AA and
of the damage observed to the guanine sites by comparisorlCNA-AA target strands. As can be seen in Figure 5, neither
with the sequencing reactions. Sequencing reactions wereconstruct, when assembled with covalently tethered ethidium
performed by alkaline hydrolysis of the RNA-containing and photoirradiated, showed any significant damage except
regions. Basic hydrolysis marks a site that is one baseat the lone remaining guanine at the intercalation site. This
upstream of the site of strand scission by base-liberatedsite corresponds to that of lowest oxidation potential in this
oxidative damage. Damage to the heterocyclic base andsequence; the result confirms that the damage seen earlier
subsequent cleavage cause loss of the stgfaosphate is indeed guanine-specific.
attached to it. In contrast, intramolecular hydrolysis at the  Analysis of BaseBase Qerlaps in RNADNA and DNA
3'-hydroxyl attached to the same base leaves the sugar DNA DuplexesUsing the Insightll program to generate the

phosphate intact. Thus, direct hydrolysis of thégdroxyl structures of idealized dinucleotides, we calculated the-base
affords a fragment that is one base longer than oxidative base overlaps that occur in different canonical duplexes
reactions. (Table 2). These dinucleotides only represent static snapshots

In contrast to the relatively modest damage that occurs atof idealized configurations for nucleic acids in solution.
the intercalation site, the sites damaged most severelyFurthermore, our calculations of these overlaps give prefer-
comigrate with the expected location for guanine oxidation. ence to the occlusion of the ring systems, as the stick bonds
Much of this damage can be attributed to hydrolysis, a used to trace the shortest line between atom centers were
particular issue for oligonucleotides containing RNBNA arbitrarily chosen to define the base surface area. In
junctions. This assumption is further supported by the heteroaromatic bases of nucleic acids, this assumption in
dependence of the damage on aniline treatment (Figure 4).effect biases the overlap calculations toward the ability of
All analyses of oxidative damage, therefore, subtracted thethese ring systems to stack with overlappiriglouds. Even
nonirradiated samples as controls. In addition, experimentsin our modeling, all of the dinucleotides are in van der Waals
where the CNA-GG duplex was incubated with noncovalent contact. Clearly, this analysis neglects the considerable
ethidium, and photooxidation reactions performed, showed sr-overlap that occurs with exocyclic carbonyls and amines.
that aniline-dependent damage occurred at the same siteddeally, these effects could be investigated with much more
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overlaps comparable to those for-R steps on the purine
base, but with even greater coverage (exceeding 50% of the
surface area in some cases) for the pyrimidine base.
Pyrimidine—pyrimidine (Y=Y) junctions in all cases have
minimal to no overlap. Most interestingly, however, pyri-
midine—purine (Y—R) steps, which in DNA/DNA duplexes
have no overlap, show appreciabietrastrand overlap
between the purines on opposite strands when in an idealized
A-form RNA/DNA duplex. Exemplifying these data, two
base steps,'82G-3 and 3-GG-3, are shown in Figure 6 in
both A- and B-conformations.

DISCUSSION

The ability of photooxidants to damage guanine at a
distance by long-range charge transport in ribose-containing
nucleic acids is governed by multiple factors. First, radical
injection must occur efficiently. Second, this generated
radical must propagate through the intervening base steps
to an oxidatively sensitive site. Third, the site oxidized must
be thermodynamically and kinetically reactive on the time
scale of the radical lifetime, and a lesion must be formed
that can be visualized by chemical or biochemical means.
Figure 7 summarizes the results obtained; the experiments
conducted in this study provide considerable information
about the relationship of nucleic acid conformation to these
factors.

Efficient Radical Injection Is a Prerequisite for Long
Range Charge TransporClearly, without efficient radical
injection into the base stack, charge transport is not possible.
The differing ability of ethidium and [Rh(phibpy]3" to
induce guanine oxidation at a distance when conjugated to
duplexes of the same sequence demonstrates this dependence.
Previous studies investigated the guanine oxidation that
occurs in DNA duplexes conjugated to ethidium, and the
results here for DNA-GG coupled to ethidium are, as
expected, in line with previous reports, including the damage
yield and partition ratios between sites (Table 1). In RNA-
GG with covalently tethered ethidium, long-range charge
transport occurs to the same locations as in DNA-GG and
with roughly the same vyield (Figure 2 and Table 1),
unambiguously demonstrating efficient radical injection.
Because of the facile intercalation and high-affinity binding
of ethidium in both A-form and B-form nucleic acids, upon
photoirradiation, this intercalator can efficiently inject a
radical into the base stack, regardless of the stacking
orientation and sugar conformation(s).

In contrast, the irradiation of similar duplexes, but with
[Rh(phi)bpy]®" covalently tethered to the end of the duplex
in place of ethidium, affords considerably different results.
In normal B-form DNA, irradiation at 313 nm of phi

Ficure 5: Oxidative damage found in the absence of guanine complexes of rhodium promotes cleavage of DNA backbone
g:loubletsin ethidium-tethered .DNA-AA (a) .and.the equivalent result sugars at intercalative b|nd|ng sites via direct hydrogen
in CNA-AA (b). No damage is apparent in either case, except at gpsiraction from the sugar ring9). Using this convenient
the guanine located at the intercalation site. . X = o -
photochemistry to mark the sites of binding, it is evident
computationally intense and exacting modeling, but the ideal that the metal complex is bound near the end of the duplex.
dinucleotides that we use give a general picture of the inter- Photoirradiation of [Rh(phippy]3*-tethered DNA duplexes
and intrastrand stacking that occurs. at 365 nm leads to injection of a high-energy radical into
As is evident in Table 2, purirepurine (R-R) steps are  the base stacl8]. Migration of this charge, and subsequent
extremely well-stacked, with typical intrastrand overlaps of localization onto an oxidatively sensitive site, causes ir-
their aromatic rings greater than one-fourth of the surface reversible lesions that can be revealed with hot base
area. Purinepyrimidine (R-Y) steps have intrastrand treatment. In DNA-GG, photoirradiating this duplex at 365
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Table 2: Base Surface Overlap in Idealized Dinucleotides

% 5-base surface % 3-base surface % DNA 3'-base % RNA 3-base % 5-base % 3-base
DNA/RNA area overlap area overlap area surface overlap area surface overlap DNA/DNA  area surface area surface
sequence (intrastrand) (intrastrand) (interstrand) (interstrand) sequence overlagp overlap
5-AA 26 26 — — 5'-AA 27 27
5'-AG 26 26 — — 5-AG 29 28
5-GA 28 29 — — 5-GA 28 28
5-GG 28 28 - - 5-GG 33 33
5-AT 42 67 — — 5'-AT 20 33
5-AC 37 59 - — 5-AC 25 37
5-GT 42 29 — — 5-GT 21 52
5-GC 43 72 - - 5-GC 22 36
5-TT 0 0 - - 5-TT 5 5
5-TC 0 0 — — 5-TC 4 4
5-CT 0 0 - - 5-CT 4 4
5-CC 0 0 — — 5'-CC 3 3
5-CG — = 19 19 53-CG 0 0
5'-CA - — 18 18 53-CA 0 0
5-TG — = 18 18 5-TG 0 0
5-UA - — 26 26 5-TA 0 0

aDinucleotides of the sequences listed were generated as idealized duplexes in Insight Il using the Biopolymer Module. Since both strands are
fitted to ideal parameters, the overlaps found in the dinucleotides of both strands of the RNA/DNA hybrid duplexes are i#tiBateahrea
overlaps were obtained as follows. Photographs of the dinucleotides were obtained by centering the view directly down the dinucleotide axis in
Insightll. The pictures were exported into Photoshop 4.0.1, classified as overlap or nonoverlap base area, and then cut out and weighed. These
weights were assumed to correspond directly to area, and used to calculate the percentage overlap. Errors in measurement are estimated to be 5%.

nm affords roughly equal partitioning of oxidative damage appear to be less specifically damaged at the ethidium
between the proximal and distal sites. In contrast, RNA-GG, intercalation site. This lower level of damage may represent
when tethered to [Rh(phhpy]3", shows almost no oxidative  a conformation at the binding site that is less favorable
damage at the'5gg-3 sites that were strongly damaged at toward direct reaction.
a distance by photoexcited ethidium (Figure 3). The low yield  Distal/proximal ratios were calculated for each of the
of guanine oxidation at a distance in RNA-GG, despite ethidium-tethered constructs, DNA-GG, RNA-GG, and CNA-
appreciable damage at the site of metal complex binding, isGG. As expected, the ethidium-tethered DNA-GG has a
probably due to groove binding of the covalently tethered partition ratio of 1, within the uncertainty of the experiment.
[Rh(phixbpy]3*. This nonintercalative reaction is driven by Notably, ethidium-tethered RNA-GG, which contains a
tethering; electrostatics also may play some role. The metalsecond strand of purely ribonucleic acid, shows slightly more
complex is not tightly stacked between the bases in the casedamage at the proximal guanine doublet than does its
of RNA-GG because it cannot fit into the narrow major ethidium-tethered DNA-GG counterpart. Taking into account
groove associated with A-like conformation of the nucleic the uncertainty in this series of experiments, RNA-GG has
acid, in contrast to the wide major groove of B-form duplex a somewhat lower distal/proximal ratio compared to DNA-
DNA. No photocleavage within A-form duplex regions was GG. These data suggest that RNA is a viable conduit for
seen in previous studies with phi complexes of rhodium when charge transport but perhaps poorer than the B-form DNA
noncovalently bound to tRNASQ). duplex. Certainly the closeness of the ratios suggests that
Propagation of Charge through the Base Stack and the stacking interactions in the core of the duplex are more
Radical Trapping Estimates of the charge transport ef- important to radical migration than the identity of the sugar
ficiency, once a radical is successfully introduced into the and global conformation of the assembly. Not unexpectedly,
base stack, can be made by comparing the distal versughe distal to proximal ratio for CNA-GG is between that of
proximal ratios of guanine oxidation. This ratio is determined RNA-GG and DNA-GG. Therefore, it seems likely that the
by the ability of a charge to migrate through the base stack base stack of CNA-GG may have more B-form character
between two sites, and directly reflects the capacity for a than that of RNA-GG.
nucleic acid to act as a bridge for radical migration. In  The absolute yield of charge migration can be estimated
addition, the ratio of the direct damage caused by ethidium by normalizing the guanine oxidation that occurs remotely
at its site of intercalation to the damage seen at oxidatively at the distal site to the direct damage induced by photoexcited
sensitive sites located a distance from the binding site of ethidium at its binding site. Taking the ratio of the distal
the photooxidant can be calculated and used to determinedoublet to the direct damage as a benchmark measure,
absolute yields. Notably, this estimate of absolute yield covalently bound ethidium is seen in both RNA-GG and
assumes that radical trapping is comparable between RNADNA-GG to be a very efficient photooxidant. Typically,
and DNA strands. Our data suggest that this assumption isguanine doublets located distal to the site of intercalation
correct, based on the high levels of long-range guanine show approximately 30% of the guanine oxidation that occurs
oxidation that occur with ethidium-coupled RNA-GG, and by direct contact with photoexcited ethidium. Thus, a
the similarities between the RNA and DNA distal/proximal significant percentage of the radicals introduced into the base
ratios and overall yield of oxidative damage (Table 1). stack by photoexcited ethidium, when either DNA or RNA
Although this supposition appears to be valid for RNA-GG is the complementary strand, migrate to a remote site and
and DNA-GG for the reasons outlined, CNA-GG duplexes are irreversibly trapped. The absolute yield of long-range
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FiGure 6: Selected ideal dinucleotide base overlaps in A-form and g e 7: Schematic illustration of the oxidative and direct damage
B-form nucleic acids. The'ase and sugar are colored by atom - geen jn each duplex investigated here. The name assigned in Figure
type, and the Sunderlying’ base is colored light blue for the sugar 1 5 shown to the right of each duplex, and oxidative damage levels
and gray for the base. Views are directly down the helical axis. (a) shown by arrows are approximate (quantitative values are found
A-form 5-CG-3, (b) B-form 3-CG-3, (c) A-form 5-GG-3, (d) in Table 1). Hollow arrows indicate the oxidative damage revealed
B-form 5-GG-3. Comparison of panels (&) and (b) reveals that py hot pase treatment, while the black arrows represent direct strand
the interstrand overlap in A-form'&G-3 (discussed further in  ggission location for rhodium-appended nucleotides and direct base
the text) is caused by overlap of the six-membered ring of the purine yeaction locations with ethidium. The first two duplexes are rhodium

bases. Contacts exist between the purine rings in the B-form (panelgompex-tethered the latter three are ethidium-tethered.
b) but are limited to the edges of the six-membered rings. Panels

(c) and (d) clearly show that the overlap present WG&-3 is . . .
comparable in magnitude between these two different forms, but ~ Effect of Ribos®eoxyribose Junctions on Electron Trans-

differs in alignment. port. Ethidium-tethered CNA-GG shows damage at a dis-
tance after photoirradiation, but little damage at the inter-
calation site. The direct trapping of the radical at the binding
guanine oxidation, however, is negligible when the rhodium sjte in CNA-GG may follow a different mechanism than in
intercalator is used as a photooxidant in RNA-GG. This RNA-GG or DNA-GG, or possibly the same mechanism has
diminution is most likely the result, not of an inability of an appreciably lower yield. This low yield for the direct
the nucleic acid to transport charge, but of poor electronic reaction precludes discussion of absolute yields in CNA-
coupling between the metallointercalator and the RNA-GG GG constructs, as without a reliable value for the direct
base stack. damage, it is impossible to estimate the amount of interca-
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lative binding by ethidium, and to relate this value to damage of our complexes, however, decomposition of the function-
at a distance. alized strand in base makes such experiments difficult.
Previous research that introduced a single ribose sugar in  Furthermore, the RNA/DNA hybrids here display oxidative
an otherwise entirely DNA duplex can induce an entire damage patterns on the RNA strand that are equivalent to
duplex to assume an A-like conformation in the solid state those found when purely DNA/DNA hybrids are used. Other
(60, 61), but solution studies using NMR suggest somewhat researchers have suggested that RNA/DNA hybrids, at least
more complicated conformations with deoxyribose sugars on the DNA strand bearing a photooxidant, lose the hallmark
assuming a more B-like structure and ribose regions tendingdamage at the'syuanine in 5GG-3 doublets §3). Clearly,
to A-form (47). Hence, CNA-GG may have a structural our results show that thé-§uanines of 5GG-3 sites retain
junction between regions of ribose versus deoxyribose sugarstheir preferred oxidative susceptibility when on an RNA
but the overall stacking of the duplex bases is expected tostrand.
be continuous. Clearly, the distal to proximal ratio demon-  Radical Migration and Base @rlap. To explore theoreti-
strates efficient charge migration to remote sites of oxidative cally whether long-range coupling through the stacked
sensitivity in this chimeric duplex. aromatic heterocycles of A-form nucleotides was feasible,
Comparison with Preious StudiesOur results provide  molecular modeling was also used to estimate the overlap
an interesting comparison and contrast to the damage onof idealized A-form RNA/DNA hybrid dinucleotides and
DNA strands of RNA/DNA hybirds reported previoush3). B-form DNA duplex dinucleotides. Although we found that
Previous research showed that oxidative damage partitionedthe base-base overlaps on the whole were quite comparable
roughly equally between sites distal and proximal to a between the two conformations, there were notable differ-
covalently linked anthraquinone when oligonucleotides were ences, as illustrated in Figure 6. Most importantly, B-form
between A-form and B-form. However, the absolute yield DNA shows little basebase overlap between the two
was decreased greatly, and thegbanines of 5GG-3 separate strands that make up the duplex. In contrast, in
doublets were no longer the most sensitive oxidatively. The A-form nucleotides, significaninterstrandbase overlap is
low yield was attributed to trapping effects, and further found in a number of cases, notably between the adjacent
experiments increasing the temperature and, thus, B-formguanines in 5CG-3 steps (Figure 6a).
characteristics of the hybrid duplexes seemed to increase the One implication of this interstrand overlap not directly
overall yield of oxidative damage. Presumably, the trapping explored here is the possibility that long-range charge
of the generated guanine radical was greatly improved with transfer, which is sensitive to stacking and also is strand-
increasing B-form character of the constructs. Indeed, in the specific in B-form DNA, may equilibrate more rapidly
most A-like structures previously investigated, no long-range between the two duplex strands when they are in conforma-
oxidative damage at all was seen in homosaccharide RNA/tions that approach the A-form. The potentially greater
DNA duplexes on the DNA strands. Importantly, however, electronic coupling between the two strands could signifi-
no measure of anthraquinone binding was provided for cantly change the pathway by which radicals propagate
normalizing the reactions. through the base stack. Previous results have shown that in
In contrast to this decrease in yield, our duplexes show duplex B-form DNA a difference of 3 orders of magnitude
comparable yields of oxidative damage between DNA in rate was evident in comparing interstrand balsase
duplexes and RNA/DNA hybrids, as estimated based on electron transfer to intrastrand electron trans#®).( The
ratios to the direct damage at the intercalation site. The results here suggest that this difference may not hold in
partitioning of radical damage between oxidative sites in our A-like conformations. Indeed, it is possible that ribose-
duplexes, like those seen previously, seems to be largelycontaining nucleic acids show a slightly steeper distance
independent of the sugar composition of the oligonucleotide. dependence due to the diffusion of the migrating radical into
However, long-range charge transport and its trapping atthe second strand; any damage that occurred on the second
susceptible guaninesn the RNA stranaf an RNA/DNA strand to trap the radical would be undetectable by our
hybrid duplex seem to be almost identical in magnitude as methodology.
in B-form DNA/DNA duplexes of the same base sequence. An equally important issue raised here is the relative
Similar experiments in previous studies that focused on the susceptibility of guanine doublets toward oxidation in
damage on the DNA strand of an RNA/DNA hybrid found duplexes in and between A- and B-conformations. Again,
considerably reduced yields at oxidatively sensitive guanine in computer modeling of guanine doublets, the overlap seen
sites 63). between neighboring intrastrand guanines was quite signifi-
It is also clear from our results that coupling of the cant in both A-form and B-form. Note that the B-form
photooxidant into the duplex is a critical parameter governing guanine doublet overlap obtained through this modeling
the efficiency of long-range charge transport. Just as we differs somewhat in each of the two studies for which
observed a poor yield with [Rh(phDpy]®"-coupled du- overlaps have been shown previougg,(63). The alignment
plexes, perhaps this inefficient coupling can account in part for the two conformations (A-form and B-form) in our
for the results with anthraquinones3j. Since little structural modeling study also differs (Figure 6c¢,d). Because of this,
data are available, it is certainly possible that the an- itis possible that the oxidation potentials are not equivalent
thraquinones are not stacked closely or perhaps evenly onin these two cases; however, it is clear that guanine doublets,
the top of the A-form RNA/DNA duplex, and, thus, are experimentally, are found to be the most sensitive sites for
poorly electronically coupled to the guanine doublets. Direct oxidative damage on the RNA strand of RNA/DNA hybrids,
comparison of the two systems by radiolabeling of the as well as in B-form, duplex DNA. This suggests that even
intercalator-bearing strand and performing photoirradiations if the exact trapping mechanism is different between these
of the subsequent assembly would be desirable. In the caséwo cases, the rate of trapping appears to be quite comparable
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between a B-form DNA strand and a more A-form RNA
strand. Otherwise, the yields at the guanine doublets between
different nucleic acid conformations would vary greatly.

Our finding that mixed nucleotides can support radical
migration efficiently is consistent with the effective stacking
found in idealized A-form constructs. Hence, consistent with
previous results, it appears that the most critical parameter
that determines electronic coupling is the ability for the bases’
aromatic surfaces to stack regularly, though the overall
conformation of the sugar backbone and the three-dimen-
sional location and orientation of the base strands can vary
quite widely.

ConclusionsIn summary, RNA/DNA hybrids can act as
conduits for long-range oxidative damage, comparable to
DNA/DNA counterparts of an identical sequence. Hence, it
is possible that oxidative damage can occur at a distance
when a radical is introduced on the RNA strand generated 29.
by DNA-to-RNA transcription, polymerase priming, and
Okazaki extensions. The results described here underscore
the inherent tendency for well-stacked nucleic acids to act
as bridges for charge migration, regardless of the identity of
the sugars. Remarkably, the overall yield and oxidative
behavior of ribose-containing nucleotides are extremely
similar to those found in duplexes entirely composed of
DNA, reflecting the significant pairwise stacking in RNA-
containing duplexes.
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